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1. First-Order Differential Equations

1.1. Introduction

Definition 1.1 (ordinary differential equation). An ordinary differential equation (ODE) is a relation
containing one real variable x, the real dependent variable y, and some of its derivatives y',y" ..., ym

with respect to x.

The order of an ODE is defined to be the order of the highest derivative that occurs in the equation. As

such, an n'" order ODE has the general form

F (x7y7y/7""y(n)> :0'

Definition 1.2 (linear ODE). An n' order ODE is said to be linear if it can be written in the form
ao (x)y(”) +a (x)y(”_l) +...Fa,(x)y=r(x).
The functions a; (x), where 0 < j < n, are called the coefficients of the equation. Also, we will always

assume that ap (x) # 0 in any interval for which the equation is defined.

If r(x) = 0, the equation is said to be homogeneous. The equation is said to be non-homogeneous

otherwise, and r (x) is called the non-homogeneous term.

A functional relation between the dependent variable y and the independent variable x that satisfies the
given ODE in some interval is called a solution of the given ODE on the interval. A general solution of an n'"
order ODE depends on n arbitrary constants. Recall the equation mentioned in Definition 1.1, so a first-order

ODE may be written as
F (x,y,y’) =0.
In this chapter, we will only consider first-order ODE.

Definition 1.3 (explicit solution). The function y = ¢ (x) is called an explicit solution of F (x,y,y’) =0
in the interval J provided that F (x, ¢ (x),¢’ (x)) =0 for all x € J.

Definition 1.4 (implicit solution). A relation of the form y (x,y) = 0 is an implicit solution of
F (x,y,y") = 0 provided it determines one or more functions y = ¢ (x) which satisfy F (x, ¢ (x), ¢’ (x)) =
0.

Definition 1.5 (parametric solution). The pair of equations

x=x(t) and y=y(t)

is a parametric solution of F (x,y,y") = 0 if

F (x(z),y(t),)i?i) ~0.

t
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Example 1.1. Consider the ODE

dy
x—l—ya

=0 for xe(-1,1).

We say that x? 4y = 1 is an implicit solution, whereas x = cos? and y = sint, where ¢ € (0, &), is a parametric

solution.

The solutions of a first-order ODE

E :f(x,y)

represent a one-parameter family of curves in the xy-plane. These are called integral cuvres. In other words,
if y =y(x) is a solution to y' = f (x,y), then the vector field F (x,y) = (I, f(x,y)) is tangent to the curve
r(x) = (x,y(x)) at every point (x,y) since r’ (x) = F (x,y).

Given a family of functions parametrised by some constants, a differential equation can be formed by
eliminating the constants of this family and its derivatives. Consider Example 1.2 for instance.

Example 1.2. The family of functions y = Ae* + Bsinx satisfies the ODE

d*y
— 7y = 0

a7

when the constants A and B are eliminated using the derivatives.

Example 1.3. Find the differential equation satisfied by the family of functions

y=x° forx >0, where c is a parameter.

Solution. We have

ldy ¢
Iny=clnx so ——=-.
ydx x
As such,
dy 'y Iny ylny
dx  x Inx xlnx’
which is the desired differential equation. (I

Definition 1.6 (separable equation). A separable differential equation can be written as

dy _f(x)

dx  g(y)

It is easy to obtain the solution of a separable differential equation (Definition 1.6). By rearranging the
equation, we have

g(y) dy=f(x) dx.

Integrating both sides with respect to their respective variables, we obtain the general solution.

Example 1.4. Solve

d
d—y = —2xy with the initial condition y (0) = 1.
X

Solution. This is a simple exercise from MA2002 so we omit the solution. One can deduce that y = e . O
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More generally, given the differential equation

dy y)
dx ! (x ’
we can reduce it to a separable equation by using the substitution u = y/x. As such, we obtain the differential
equation
1 1
du=-d
fu)—u e
Example 1.5. Solve
d
2xyl +x2—y?>=0.
dx

Solution. Dividing both sides by x?, we obtain

d 2
2(2)Z+1-(3) =0
x/ dx X
This prompts us to consider the substitution u = y/x, so

du_xfbyc—y:1<dy >

— = — —u
dx x2 x \dx

The differential equation becomes
d d
2u x—u—i-u +1-u*>=0 so0 u2+2xu—u+120.
dx dx
The remaining process is trivial. (]
Definition 1.7 (homogeneous function). A function is said to be homogeneous of degree n if

f(tx,ty) =1t"f (x,y) forallx,y,z.

Example 1.6. \/x2 +y? and x +y are homogeneous of degree 1, x> + y? is homogeneous of degree 2, and
sin (x/y) is homogeneous of degree 0.

Definition 1.8 (homogeneous DE). The ODE
dy
M N — =0
(x,y) +N (x,y) -

is said to be homogeneous of degree n if both M (x,y) and N (x,y) are homogeneous of degree n.

If we write the differential equation

d
M(x,y)JrN(x,y)dij =0
as
% = f(x,y) where f(x,y)= —m

then f (x,y) is homogeneous of degree 0. To solve the DE y' = f (x,y), we consider the substitution y = xz so
the differential equation becomes

z+x% = f(x,x2) =x°f (1,2) = £ (1,2).
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As such, the variables can be separated to yield
1

1
——dz=-dx.
f(l,Z)—Z : X *

Integrating both sides yields the solution.

Example 1.7. For example, we wish to solve the differential equation

dy x+y
dx  x—y
Solution. Using the substitution y = zx, we have
dz  x+zx
Z+x—
dx  x—zx
dz  1+z
Yo T1-z °©
dz 147
dx  x(1—72)

Using separation of variables, and integrating both sides,
-z
112 dz= / dx
1
tan~!(z) — Eln(l +72) =In|x|

tan~! (i) =In\/x2+y*+c¢

An equation of the form

dy aix+biy+c
dx arx+bry+c;

can be reduced to a homogeneous equation by a suitable substitution
x=z+handy=w+k where a1b;+# arby,
where A and k are solutions to the system of linear equations
ath+bik+c1=0 and arh+brk+cy =0.
To see why this works, consider the original differential equation. The numerator can be written as
a(z+h)+bi(w+k)+c1 =aiz+biw+cy,
whereas the denominator can be written as
ar(z+h) +ba(w+k)+c2 = arz+baw+c.

Note that 4 dy J 4
X dy dw
—=land —=1 =
dz dw dx  dz’
As such, the differential equation can be written as
dw _aiz+biw+c
dz  az+bw+cy

This new equation will become easier to solve.

1.2. Exact Equations and Integrating Factors
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Definition 1.9 (exact ODE). We can write a first order ODE in the following form:
M(x,y)dx+N(x,y)dy =0

This differential equation is exact if there exists a function u(x,y) such that

du du
M + —duy—=— ‘
(x,y)dx+ N(x,y)dy = du e dx+ R dy

Proposition 1.1. If the differential equation is exact, then the general solution is u(x,y) = ¢, where c is
an arbitrary constant.

Theorem 1.1 (condition for ODE to be exact). If we have a first order ODE of the form M (x,y)dx +
N(x,y)dy = 0 and we assume M and N, together with their first partial derivatives, to be continuous in

the rectangle S defined by the region |x —xo| < a and |y —yo| < b,

a necessary and sufficient condition for the differential equation to be exact is

oM _on

3~ ox for all (x,y) € S.

Note that this has some semblance to Green’s theorem. When this condition is satisfied, a general
solution, given by u(x,y) = ¢, can be written as

i y
u(x,y) = / M(s,y) ds—l—/ N(xo,t) dt for some constant c.
X0 Yo

Example 1.8. We wish to solve the differential equation
(x* 4 3xy%)dx+ (3x°y +y*)dy = 0.

Solution. This differential equation is exact since

i(x3 +3xy%) = i(3x2y+y3) = 6xy.

dy dx
It is clear that
/ (¥ +3xy%) dx = 24 + 3x;y2 and / (3x’y+y*) dy = 3x;y " “f
and hence, the general solution is x* + 6x2y> +y* = c. (I

Definition 1.10 (integrating factor). A non-zero function (x,y) is an integrating factor of M (x,y)dx+
N(x,y)dy = 0 if the equivalent differential equation

1 (x,y)M (x,y)dx+ p(x,y)N(x,y)dy = 0

is exact.
If u is an integrating factor, then (uM), = (UN)y, so by the product rule,

UMy + pyM = PN+ (N so Npe— My, = p(My —Ny).
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One may look for an integrating factor of the form u = p(v), where v is a known function of x and y. Hence,
ldu  My—N,
pdv  Nve—Myy

If the right side is a function of v alone, say ¢ (v), then

[ o= fors

2= fo000)

We use this method of integrating factor to help us solve differential equations. There are three common choices

for v, namely v =x, v=yand v = xy.

Example 1.9. Solve the differential equation

d
Py+y+1+x(1 +x2)—y =0.
dx
Solution. Note that M(x,y) = x’y +y+ 1 and N(x,y) = x(1 +x?). Let i be an integrating factor of the
differential equation. Then, M, — N, = —2x%. It would be apt if Nv, — Mpv, is a function solely in terms of

x, which prompts us to set v = x. Hence, Nv, — Mv, = x(1 +x?), implying that

1

HF=Tre

Multiplying both sides of the differential equation by u gives us

y+ +xy' =0,

1+x2

and we observe that it is an exact equation. Setting u, =y + ﬁlxz and u, = x, integrating the first equation gives
u(x,y) = xy+tan~'x+ ¢ (y). Taking the partial derivative with respect to y, we have u, = x+ ¢’(y) but since
uy = x as mentioned, it implies that ¢’(y) = 0, and so ¢(y) = c. Therefore, the general solution is

xy—i—tan_lx =c.

Example 1.10. Solve the differential equation

d
xy? 2% —y? 4 (6B + 20y — 2x2)d—i =0.

Solution. Consider M, — N, = xy? — 2x%y 4+ 4x — 2y. It hints to us that Nv, — M vy should be a function in terms

of xy. Consider the substitution v = xy. Then, Ny — Mx = —x?y. Putting everything together,

My-N. 2
Ny—Mx —  xy’

which is a function in terms of xy. The integrating factor is

2 e”
;,L—exp</l—vdv> = o)

Multiplying both sides of the differential equation by ut gives

1 2 2\d
e” <y+2—2> +e® <1+x—2) 2y,
X X y y* ) dx
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which is an exact equation. Taking the integral of M with respect to x and using integration by parts,
u(x,y) = /e"y (' +2-x7?) dx
:y/e"y)c_1 dx—|—2/exy dx—/exyx_2 dx+¢ (y)
= y/e"yxfl dx+2e%y~ ! — /exyxfz dx+¢ (y)
= y/exyx_l dx 427y 1 4 ey} +y/exyx_1 dx+ ¢ (y)
= (27 )+ y)

As uy = ¥ (1 +2xy~! —2y~2), then taking the partial derivative of u(x,y) with respect to y, we have u, =
eV(1+2xy~ ' —2y72 +¢/(y). Set ¢’(y) =0, so ¢(y) = c. Hence, the solution to the differential equation is

(x+2y ) =c,

where ¢ is a constant. ]

Proposition 1.2. Some useful formulae are as follows:

(e))
P (x) _ ydx — xdy
y »
(2)
d (xy) = xdy+ ydx
3
d (x2 —i—y2) = 2xdx+2ydy
4)
(it (7)) 222
y x4y
)] e
d <ln E ) _ yelt— iy
y Xy

1.3. First-Order Linear Equations

Definition 1.11 (homogeneous linear equation). A first order homogeneous linear equation is of the
form

¥ +yP(x) =0,

where P(x) is a continuous function on an interval J.
Theorem 1.2. The general solution to the differential equation

Y +yP(x)=0 is y=ce "™ where P(x) = / P(s) ds.

Proof. Set P(x) = [ P(s) ds. Then, multiplying both sides of the equation by ¢”*), we obtain
d
@ (yemx)) —0,

which implies that ye” ) is some constant, say c. The result follows. 0
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Definition 1.12 (homogeneous non-linear equation). We consider a first order non-homogeneous
linear equation, namely

Y +yP(x) = O(x),

where P(x) and Q(x) are continuous functions on an interval J.

Theorem 1.3. The general solution to the differential equation

Y+yP(x)=0(x) is y=e W /x "DO(t) dr where P(x) = /XP(s) ds

Proof. Set P(x) = [ P(s) ds. Multiplying the original differential equation by ¢”*) gives

d

4 (1) = gL,

Integrating both sides with respect to x and dividing by e’ ), we obtain the general solution. O

Example 1.11. Solve the differential equation

d
Pacd + 3y = 5x%, where x > 0.
dx

Solution: We divide both sides by x so that the differential equation becomes

dy y
3 <7> - 5 ’
ar + o X

thus it is clear that P(x) = 3/x and Q(x) = 5x. The integrating factor is exp ( [ 3/x) = x*. Multiplying both sides
by the integrating factor, it is easy to see that

d 3 4
— =5x".
T (x y) X
Integrating both sides with respect to x and dividing by x*, we conclude that the solution is

C
y:x2+—3.
X

Definition 1.13 (Bernoulli equation). An ODE of the form

Y +yP(x) =y"0(x),

where n # 0, 1, is called the Bernoulli equation. The functions P(x) and Q(x) are continuous functions
on an interval J.

To solve differential equations of this form, we need to perform a trick such that it reduces to a non-
homogeneous linear equation (discussed in the previous section). Consider the substitution u = y!~”. Then,

du _dy vyt [(du dy
— 1 - n_- _ = —,
dx (1=n)y ax 2 1-n (dx) dx

Hence, the differential equation becomes

du

S (1=muP(x) = (1-n)Q(x),

which is indeed a first order linear ODE.



MA3220 ORDINARY DIFFERENTIAL EQUATIONS Page 10 of 62

Definition 1.14 (Riccati equation). An ODE of the form
Y = P(x) +yQ(x) +y*R(x)

is called a Riccati Equation. The functions P(x), Q(x) and R(x) are continuous on an interval J.

In general, the Riccati equation cannot be solved by a sequence of integrations. However, if a particular
solution is known, then it can be reudced to a linear equation, and thus is solvable. The constraints on the
Riccati equation are that P(x) # 0 and R(x) # 0. Note that if P(x) = 0, we obtain the Bernoulli equation and if
R(x) = 0, we obtain a first order non-homogeneous linear equation which can be easily solved by the method
of integrating factor.

Let us come up with an approach to solve the Riccati equation.

Theorem 1.4. If y = yo(x) is a particular solution of the Riccati equation, we set H(x) and Z(x) to be
the following:

HEx) = | :Qa) +2R(1)yolt) dr
Z(x) = e "W (c— /x HOR(t) dt>

X0
where c is an arbitrary constant. Then, the general solution is given by
() + 5

=yo(x)+ =——.

Proof. Let u(x)z(x) = 1 and y = yo(x) 4 u(x), which yields

Y =yo+u =P+ 0o+ u) +R(yo+u)>.

As y =yg is a particular solution, then yz) =P+ Oyo +Ry%, which implies that ' = (Q + 2Ryo )u + Ru?. This is
a Bernoulli equation, where n = 2. The rest of the proof is left as an exercise since I believe you know where
I’m heading towards. O

Example 1.12. Solve the Riccati equation

d
o —x°+ Y +x3y2,
dx X

where y, = x is a particular solution.

Solution. Let the general solution be y = x + u. Differentiating both sides yields y/ = 1+, and so
du
dx
Using the substitution uz = 1, we have uz’ + zu’ = 0 and so the differential equation becomes

2
() oy Lip ()
z \ dx Xz Z

dz x»z 1 xz+1 2
L P+

u
:—P+;+£u+m?

dx u ux uz

dz ) Z 3 2

. _ 2ty 1
X'z +x(xz+1)

d 1
£+Z <+2x4> = —x
X
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The rest of the working uses the method of integrating factor so I shall not delve into it. The general solution is

2 b}
xexp (—g‘ )
5 )
c—Sexp (%)

for a constant c. O

given by

y=x+

Example 1.13 (MA3220 AY24/25 Sem 1 Midterm). Given that yo = x is a particular solution to the Riccati

equation
y = (1 +x4 247 cosx) — (1 +4xcosx)y+2y*cosx,
find its general solution.

Solution. Let the general solution be y = yo 4+ u# = x + u. Then,

dy du
— =1+—.
dx * dx

As such,

d
l—i-dfu = 14x+2x*cosx— (x+u) (1 +4xcosx) +2 (x+u)*cosx
x

d
d—u = x+2x%cosx — x — u — 4x% cosx — 4uxcosx + 2x> cos x + duxcos x + 2u> cos x
x
d
a_ —u+2u*cosx
dx
1 du Iy
—_—= CcOSX
u? dx u

By using the substitution v = 1/u, we obtain

dv

— —v = —2cosx.
dx
The integrating factor is e so
d
— (ve™) = —2¢ *cosx.
X
Using integration by parts,
1 . .
v=— (e “cosx—e “sinx+c) so v=cosx—sinx+ce".
e
The general solution is
1
y=x+

cosx — sinx + ce*

Theorem 1.5 (Riccati equation). The general solution of the Riccati equation can be written as

cF(x)+ G (x)

YT ) e
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The cross ratio of four distinct particular solutions of a Riccati equation is independent of x. As a

consequence, we have the following result (Theorem 1.6):

Theorem 1.6. If y;,y, and y3 are three distinct particular solutions of a Riccati equation, then the

general solution is given by

1 —y2)(y3—v)

= c¢ where cis a constant.

1 =) (3 —y2)

Theorem 1.7. Ify; and y, are two distinct particular solutions of a Riccati equation, its general solution

is
Y=
y—=—»n

i

= /(yl (x) —y2(x))R(x) dx+c¢ where c is a constant.

Definition 1.16 (Abel's equation). A generalisation of the Riccati equation is Abel’s equation of the

first kind. The latter has the formula

Y = P(x) +y0(x) + y°R(x) +y’S(x),

where P(x),Q(x),R(x) and S(x) are continuous functions on an interval J and S(x) # 0.

Abel’s equation can be reduced to either a Riccati equation or a Bernoulli equation.

1.4. First-Order Implicit Equations

Previously, we discussed first-order explicit equations, i.e. equations of the form y’ = f (x,y). Now, we will

discuss solutions of some first-order explicit equations

F (x, v, y’) =0 which are not sovlable in y’.

Consider an equation solvable in y, say y = f (x,)’). Let p = y'. Differentiating y = f (x, p), we obtain

(fe(x,p) — p) dx+ f, (x,p) dp=0.

This is a first-order explicit equation in terms of x and p. If p = ¢ (x) is a solution of the above equation, then
y=f(x,0(x))is asolution toy = f(x,y’).

This prompts us to discuss Clairaut’s equation (Definition 1.17).
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Definition 1.17 (Clairaut’s equation). Clairaut’s euqation is of the form

d d
y= x—y +f = where f has continuous first-order derivative.
dx dx
The trick to solving Clairaut’s equation is to let p = y'.

dy 1 (dy\®
YT 0 T a\ax)

Solution. Let p = dy/dx. Then, differentiating both sides of the original equation yields

dy d’ N dy 1 [dy\ [d%
—=x—+——=| = — .
dx dx?  dx 2 \dx/) \ dx?

Example 1.14. Solve Clairaut’s equation

As such,
dp 1 dp
P=ra TP 2P ax
P (2x-p) =0
Either dp/dx = 0 or p = 2x. The rest of the working is trivial. One should be able to deduce that y = cx — c? /4
or y = x° respectively. U

We then discuss the method of parametrisation, which can be used to solve equations where either x or y
is missing. Consider F (y,y") = 0, where x is missing. Let p =y’ and we can write the differential equation as
F (y,p) = 0. This determines a family of curves in the yp-plane. Let one of the curves be defined by y = g(¢)
and p = h(t) parametrically, i.e. F (g (¢),h(t)) = 0. Since

, _dy dy dy g'(t)dt

YT ax y p h(t) ’

and consequently, we have

_[g@)
x-/to o dt+c.

The solutions to the original differential equation F (y,y’) are thus

x:/t:é;((;)) dt+c and y=g(r).

dy 2

2

— ] —1=0.
()

Solution. We can use the method of parametrisation. Alternatively, we will use a different method. Differenti-

Example 1.15. Solve

ating the original differential equation once, we obtain
dy . (dy\ (d%
2y—+4+2(— |- ]=0
Yax T (dx) (dx2

dy d’y
td 227) o
dx <y+ dx2>

Either dy/dx = 0 or y +d?y/dx* = 0. We omit the remaining details (solving the second-order ODE requires a
technique on finding its characteristic equation which we will discuss in due course). O
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Thirdly, we also have the method of reduction of order. Consider the equation F (x,y’,y”) = 0, where y is

missing. Let p =/, then y” = p’. As such, the differential equation can be written as F (x, p,p’) = 0. This is a

first-order equation in x and p. If p = ¢ (x,c) is a general solution to F (x, p, p’) = 0, then the general solution

to F (x,y,y")=01is
X
y:/ O (t,c1) dt+cs.
X0

Example 1.16. Solve the differential equation

dzy dy 2
€y D32
xdx2 dx o

Solution. We use the substitution p = dy/dx so the differential equation becomes

dp 2
L
.xdx p X

As such, we now use the method of integrating factor. One should check that the solution is y = x> +c1x* + ¢2

for some constants ¢; and c5.

]
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2. Linear Differential Equations

2.1. General Theory
Consider the n™ order linear equation
Y tar )y 4 an (x)Y +an (x)y = f(x),

where y(¥) denotes the k™ derivative of y with respect to x. Throughout this chapter, we assume that a j(x) and
f (x) are continuous functions defined on the interval (a,b). When f (x) # 0, the above equation is said to be

non-homogeneous. As such, the associated homogeneous equation is
Y fay ()Y 4+ ap (x)yY 4 an (x)y =0.
We begin with the initial value problem
Y tay (x)y" D 4L a (x)y = £ (x)
y(
Y

X0) = Yo

X0) =1

Y (x0) = yui

Theorem 2.1 (existence and uniqueness theorem). Assume that a; (x),...,a,(x) as well as f(x)
are continuous functions defined on the interval (a,b). Then, for any xo € (a,b) and for any numbers
Y0, - - -, Yn—1, the initial value problem

Y +ar ()Y D+ 4 a, (x)y = (%)
¥y (x0) = Yo
Y (x0) = y1

Y7 (x0) = Y
has a unique solution defined on (a,b). Especially if a; (x) and f (x) are continuous on R, then for any

xo and yo, ..., y,—1, the initial value problem has a unique solution defined on R.

Corollary 2.1. Lety=y(x) be a solution to the homogeneous equation
Yy a; (x)y" V4. +a, 1 (x)y +a,(x)y=0 inaninterval (a,b).

Assume that there exists xo € (a,b) such that

Y(x)=0 Y (x0)=0 ... " V(x)=0.
Then, y(x) =0 on (a,b).
We consider general solutions to both the homogeneous and non-homogeneous cases. Given continuous

functions a; (x), where 0 < j < n and f (x), define an operator L as follows:
L] = ao(x)y" +ar (x)y" "V +.. +a,(x)y

Then, the following properties hold:
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Proposition 2.1. We have the following:
(i) L[cy] = cL][y] for any constant ¢
(i) L[u+v]=L[u]+L][v|
An operator satisfying these properties is said to be a linear operator.

Example 2.1. The differential operator L is a linear operator.

Note that the homogeneous and non-homogeneous equations discussed at the start of this chapter can be

written as
Lly]=0and L[y] = f(x) respectively.
As such, we obtain the following:

Theorem 2.2. The following hold:
(i) Superposition principle: If y; and y, are solutions of the homogeneous equation in an interval
(a,b), then for any constants ¢; and ¢,

y=rci1y1+cay2 s also a solution to the homogeneous equation on (a,b).

(ii) If y, is a solution to the non-homogeneous equation (called a particular solution) and yj, is a
solution to the homogeneous equation on (a,b), then

y=yn+yp isalso a solution to the non-homogeneous equation on (a,b).

In order to discuss the structure of solutions, we need to introduce the idea of linear independence.

Definition 2.1 (linear independence). Functions ¢; (x),..., ¢ (x) are linearly dependent on (a,b) if
there exist constants cy,. .., cg, not all zero, such that

101 (x)+...+cxdp (x) =0 forall x € (a,b).

A set of functions is linearly independent on (a, b) if they are not linearly dependent on (a,b).

vector values functions

are linearly dependent on (a,b).

Definition 2.2 (Wronskian). Let ¢; (x),..., ¢, (x) be n functions. We define their Wronskian W to be

() Oy,

W (1,...,0,) (x) =det ) :
(P(”—l) (P(”—l)

n

‘ Lemma 2.1. Functions ¢; (x),...,¢ (x) are linearly dependent on (a,b) if and only if the following
‘ 1
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Theorem 2.3. Lety; (x),...,y, (x) be n solutions of
Y ta @)y 4.+ an 1)y +a.(x)y=0
on (a,b) and W be their Wronskian.
(i yi1(x),...,yn (x) are linearly dependent on (a,b) if and only if W (x) = 0 on (a,b)
(ii) y1(x),...,ys (x) are linearly independent on (a,b) if and only if W (X) does not vanish on (a,b)
Corollary 2.2. The Wronskian of n solutions of
Y +a () y" V4 4 a0y +a,(x)y=0
is either identically zero, or nowhere zero. Also, n solutions y,...,y, of
y(") +a; (x)y("_l) +ot a1 (x)yY +a,(x)y=0

are linearly independent on (a,b) if and only if the set of vectors

1 (xo) Yn (X0)
¥ (xo) ¥ (x0)
W (x) WY (x0)

are linearly independent for some xq € (a,b).

Example 2.2. Consider the differential equation

d’>y 1dy
EY 290 forx>0.
dx?  xdx orx =

Both ¢; (x) = 1 and ¢ (x) = x* are solutions of the differential equation. Also,

1 2
W (1,0)(x)=det|  ~ | =2x#0 asx>0.
0 2x
Thus, ¢ and ¢, are linearly independent solutions.
Theorem 2.4. We have the following:
(i) Letaj (x),...,a,(x) and f (x) be continuous on the interval (a,b). The homogeneous equation

y(") +ay (x)y("_l) +.oit a1 (x)y +a,(x)y=0

has n linearly independent solutions on (a,b).
(ii) Letyy,...,y, be n linearly independent solutions of

Y +ay )y V4 ap (0)y +an(x)y=0
defined on (a,b). The general solution to this differential equation is

y(x) =ciy1 (x)+...+cuyn(x) for some constants cy,...,cy.
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2.2. Linear Equations with Constant Coefficients

We begin with second-order linear equations with constant coefficients, i..e

d?y dy
ﬁ_‘_adi +by 0.

Here, a and b are constants. We look for a solution of the form y = e**. Substituting this into the differential
equation, we see that

™ is a solution to y' +ay + by =0 ifand only if A%>+ad+b=0.

This equations is called the auxiliary equation or the characteristic equation of the differential equation. The

roots of the characteristic equation are called characteristic values, or eigenvalues. As such,

—a++Va*—4b —a—+\a*—4b
llzf and lzzf.

Theorem 2.5. Based on our earlier discussion, we have three cases to consider.
(i) If a®> —4b > 0, then the characteristic equation has two real and distinct roots A; and A;, and the
general solution to the differential equation is

y= Clellx_i_cZe?sz

(ii) If a> —4b = 0, then the characteristic equation has only one real root 4, i.e. A; = A,. The general
solution to the differential equation is

Aix

y=cieM + coxe™* .

(iii) If a®> —4b < 0, then the characteristic equation has a pair of complex conjugate roots
M=o+B and A =a—Bi.
So, the general solution to the differential equation is

y = c1e* cos Bx + cre* sin Bx.

Example 2.3. Solve

d? d

d% + dl —2y=0 with initial conditions y (0) = 4 and y (0) = —5.
Solution. Check that the roots of the characteristic equation are A; = 1 and A, = —2 so the solution to the
differential equation is y = e* + 3¢~ >, ]

Example 2.4. Solve the differential equation

d? d

y )2) 4 dy +4y=0 with initial conditions y (0) = 3 and y’ (0) = 1.
X

Solution. The roots of the characteristic equation are repeated, i.e. A} = A = 2. One checks that the solution

to the differential equation is y = (3 — 5x) e**. O

Example 2.5. Solve the differential equation

d?y dy
——2— 10y =0.
dx2  “dx +
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Solution. The roots of the characteristic equation are A; = 1+ 3i and A, = 1 — 3i. As such, it is clear that the
general solution to the differential equation is y = e* (¢1 cos 3x + ¢, sin 3x). ]

Now, we consider n™ order homogeneous linear equations with constant coefficients, i.e.

Y tay™ VL a1y +any =0,

Ax

where ay,...,a, are real constants. Again, y = ¢** is a solution to the differential equation if and only if A

satisfies the characteristic equation
A a A" ra, A 4a,=0.
Let A4,..., A, be the distinct eigenvalues of the characteristic equation. Then, we can write
At ra A" da At an= A=) (A=) (A= A)™
where my,...,m; € Nand m; + ...+ my; = n. We call the m;’s the multiplicity of the eigenvalues A; respectively.

Lemma 2.2. Assume that A is an eigenvalue of the differential equation
YW +ay" 4 ta, Y +ay=0 of multiplicity m.

Then, the following hold:
(i) ¢ is a solution to the differential equation
(ii) If m > 1, then for any positive integer 1 < k < m— 1, x*¢** is a solution to the differential equation
(iii) If A = o+ Bi, then

*e® cos Bx and e sin Bx are solutions of the differential equation, where 0 <k <m— 1

We then discuss solutions to the non-homogeneous equation

d? d
TSP 00y =1 ().

The associated homogeneous equation is

d?y dy
— P - —

for which this method also applies to higher-order equations.
First, we have the variation of parameters. Let y; and y, be two linearly independent solutions of the associated
homogeneous equation

O p Y owy=0
dx? Y dx XY=

and let W (x) be their Wronskian. We look for a particular solution to the non-homogeneous equation of the
form

Yp (¥) = w1 (x) y1 (x) + w2 (x) y2 (x)
where u; and u, are functions to be determined. Suppose

u)y1 +uhyys = 0.
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Differentiating this equation once, we obtain
Wiy +uyyr = —uhy) —hyh.
As such, we obtain
Wy +upyy = f
which implies )} and i} satisfy
uyyr +uby, =0 and u)y| +uby, = f.

Solving this system, we obtain

Integrating both yield

u (x) = — x:i;g;f(t) dt and uz(x):/x:)v;g;f(t) dt.

Example 2.6. Solve the differential equation

dzy + sec
— = X.
dx? Y

Solution. A basis for the solutions of the homogeneous equation consists of y; = cosx and y, = sinx. Note that
the Wronskian W (y,y2) = 1 so

up = —/sinxsecx dx =In|cosx|+c;
Uy = / cosxsecxdx =x—+ca
From this, a particular solution is obtained by
yp = cosxIn|cosx|+ xsinx
so the general solution is
y = cjcosx+ ¢y sinx + cosxIn |[cos x| + xsinx.
O

The method of variation of parameters can also be used to find another solution of a second-order
homogeneous linear differential equation when one solution is given. Suppose z is a known solution to the
equation

dzy dy
—+P(x)—4+Q(x)y=0.
/2 ( ) Ix Q( )y

Assume that y = vz is a solution so one can deduce that

As such,

1 1
V= e JPd g9 y= [ S P
7 z?

One can show that z and vz are linearly independent solutions by computing their Wronskian.
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Example 2.7. Given that y; = x is a solution to

find another solution.

Solution. We shall write the differential equation as

d’>y ldy 1
CY 29y
dx2+xdx 27

Then, P (x) = 1/x. Assume that y = vx is another linearly independent solution. Differentiating both sides yields

Q = v+xﬂ SO diy —2@+xd—2v
dx dx dx2 Tdx T dx?
Hence,

P LG (LA

dx “dx*  x dx x2

d*v dv
—+3—=0

xdx2 + dx

We see that we deviated from the method that was suggested but anyway, this new differential equation is
known as a Cauchy-Euler equation which we will mention in due course. We will not discuss the method here
(fairly straightforward just like finding the characteristic equation of the corresponding differential equation)
but anyway,

As such, the general solution is y = ¢jx+ ¢ /x. O

Next, we also have the method of undetermined coefficients. Consider the equation

d*y dy
“c 7 2y =
g2 Ta Ty =),

where a and b are real constants.
* Case 1: Suppose f (x) = B, (x) e**, where P, (x) is a polynomial of degree n > 0. We look for a particular
solution of the form y = Q(x)e**, where Q(x) is a polynomial. Substituting this into the original
differential equation, we obtain

0"+ (2a+a)Q + (a* +ao+b)Q =P, (x).

— Subcase 1: Suppose o> +ac +b # 0, i.e. ¢ is not a root of the characteristic equation. Then, we can
choose Q = R,, which is a polynomial of degree n, and y = R, (x) e**. The coefficients of R, can be
determined by comparing the terms of the same power on the two sides of the above equation.

— Subcase 2: If a> +aa+b =0 but 2a+a # 0, i.e. a is a simple root (of multiplicity 1) of the
characteristic equation, then the equation above is reduced to

Q"+ (2a+a)Q =P,

We choose Q to be a polynomial of degree n+ 1. Since the constant term of O does not appear in
0"+ (2a+a)Q = P,, we can choose Q (x) = xR, (x), where R, (x) is a polynomial of degree n. As
such, y = xR, (x) e**.
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— Subcase 3: If a> +aa+b =0 and 2a +a = 0, then « is a root of the characteristic equation
of multiplicity 2. As such, we obtain Q" = P, so we choose Q (x) = x’R, (x), where R, (x) is a
polynomial of degree n. As such, y = x?R,, (x) e**.
We first deal with some examples.

Example 2.8. Find the general solution to the differential equation

d’y dy 2

— — = —2y=4x".

a2 ax 2T
Solution. The solution to the homogeneous equation is y;, = cje* +coe™. We then try to deduce the particular
solution, for which we infer that y should be a quadratic polynomial ax® + bx + c. Substituting this into the

original differential equation, one should deduce that y, = —2x% +2x—3. O

Example 2.9. Find a particular solution to the differential equation

Ly Py dy

—<+2—=——=—=3x"—2x+1.

dx3 + a2 dx o
Solution. Similar to Example 2.8, we infer that the particular solution y, should be some cubic polynomial
ax® + bx?> + cx + d. Substituting this into the differential equation, one should be able to obtain that Yp =

—x3 —5x2 —27x. O

Example 2.10. Solve the differential equation

Solution. The solution to the homogeneous equation is y, = cje* + cpxe”. One checks that the particular solution
is of the form y, = cx?e*. However, this fails so we try Yp = cx3e*. This works and in fact, one can deduce that
c=1/6. O

We return to our casework.
* Case 2: Suppose

f(x)=P,(x)e*cosBx or f(x)=P,(x)e* sinPx,
where P, (x) is a polynomial of degree n > 0. We first look for a solution to the differential equation
y”—l—ay’—i—b’ —P, (x) e(OH—Bi)x.

We obtain a complex-valued solution where u (x) = Rez and v (x) = Imz. Substituting z (x) = u (x) +v (x)
into y' 4+ ay’ + b’ = B, (x) e**tF)* and taking the real and imaginary parts, we deduce that u (x) = Rez
and v (x) = Imz are solutions to

d’y d d’y d
di}; + ad—y +by =P, (x)e* cosfx and d—)zj + ad—y +by =P, (x)e*sinfx respectively.
x X x X
Example 2.11. Solve the differential equation
d’y dy
2 —Za +2y=e"cosx.

Solution. The solution to the homogeneous equation is y, = cje*cosx + cpe*sinx. Suppose the particular
solution is of the form

yp =P (x)e" (Acosx+ Bsinx).

Substituting this into the original differential equation, one can deduce that the particular solution is %xex sinx.

Combining the homogeneous solution y, and the particular solution y,, we obtain the general solution. O
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Theorem 2.6. Let y; and y; be particular solutions of the equations
y'+ay +by=fi(x) and y'+ay+by=fr(x) respectively.
Then, y, = y1 +y» is a particular solution of

Y'+ay' +by=fi(x)+ f2(x).

Example 2.12. Solve the differential equation
dZ

d—)z) —y=¢"+sinx.
X

Solution. A particular solution for y” —y = ¢* is given by y; = 4xe*. Also, a particular solution for y” —y = sinx
is given by y, = —% sinx. As such, we obtain the particular solution y, = %(xex —sinx). The homogeneous

solution is cje ™ + ce*, where ¢ and ¢, are constants. As such, the general solution is

1
y=cie “+cre'+ 3 (xe* —sinx).

2.3. Operator Methods

Definition 2.3 (differential operator). Let x denote independent variable, and y be a dependent
variable. Define
n

y=y".

d
Dy:ay and D"y= 7

Also, let D%y = y. Given a polynomial

n
L(x)= Z a;jx’  where a; are constants,
j=0

define a differential operator L (D) by

n
L(D)y=Y a;Dy.
=0

The equation

Z ajy(j) = f(x) canbewrittenas L(D)y= f(x).
j=0

Proposition 2.2. Let [L(D)]~" f denote any solution of L(D)y = f (x). Then, we have
D'D=DD'=D° and [L(D)] 'L(D)=L(D)[L(D)] ' =D".

However, [L(D)]™" f is not unique.

Proof. To see why these properties hold, recall that D~! f means a solution to y' = f. Hence, D! f can be
regarded as the integral operator

D’lf:/f.
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As such, it follows that

D~'D = DD~ = identity operator D°.
As for the second equality, note that a solution to L(D)y = L(D) f is simply f. By definition of [L(D)] ', we
have [L(D)]"'[L(D) f] = f. so [L(D)]"' L(D) = D°. Lastly, since [L(D)]"" f is a solution to L(D)y = f (x),

the result follows. OJ

More generally, we have the following proposition:

Proposition 2.3. We have the following:

(@)
Dl f(x) = /f(x) dx+c
(ii)
(D—a)"' f(x) = Ce™ 4™ f (x) dx
(iii)
L(D) (" f (x)) = e“L(D+a) f ()
(iv)

[L(D)] ! (¢“f (x)) = e [L(D+a)] ™" f (%)
Let L(x) = (x—r1)...(x—ry). The solution to L(D)y = f (x) is
y=L@)] " f@)=[(D=r)] (P =r)] T F ().
Then, we obtain the solution by successive integration. Moreover, if the r;’s are distinct, we can write

d A A

L(x) x—r = x—ry
where the A ;’s can be found by the method of partial fractions. As such, the solution is
y= (A=) A (D=7 F ().
For the case of repeated roots, let the multiple root be m and the equation to be solved be
(D—m)"y=f(x).

To solve this equation, assume a solution of the form y = ¢”v(x), where v (x) is to be determined. One can
verify that (D —m)" &™v = ™ D"y, so (D—m)"y = f (x) reduces to D"v = ¢~ "™ f (x). Integrating this n times,

we obtain
v:/.../e_mxf(x) dx...dx+co+cix+ ...+ !

and we conclude that

(D—m)_”f(x):em"/.../e*””f(x) dx...dx+co+cix+...4+cp X"}
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Example 2.13. Solve
(D2 — 3D+2)y = xe".
Solution. By partial fraction decomposition, we have

1 1 1
D2—-3D+2 D-2 D-1

Hence,
y= (D2 - 3D—|—2)_1 (xe®)
=(D-2)"" (xe*) — (D—1)"" (xe")
=D (e_zxxe") —e'D7! (e_"xex)

=e™D ! (xe ) —e' D7 (x)

1
=X (—xe’x —e '+ cl) —e" <2x2 + cz>

1
=€ <x2 +x+ l) +cre® +cpet

2
O
Example 2.14. Solve
(D*-3D*+3D—1)y=e"
Solution. By the binomial theorem, we see that the differential equation is equivalent to
(D—1)y=¢".
As such,
y=(D-— 1)73ex = (///e_xex dx+co +C1x+62x2)
=" (éx3 +co+cix+ czx2>
]

Note that if f (x) is a polynomial in x, then
(1-D)(14D+D*+...) f={.

As such, (1 —D)_1 (f) = (1 +D+D*+.. ) f- So, if f is a polynomial, we may formally expand (D —r)"~
into power series in D and apply it to f. If deg f = n, then it is only necessary to expand (D — r)_1 up to D".

1

Example 2.15. Solve
(D*—2D° +D?*)y=1x".
Solution. We have
y=(D*-2D3+D*) "' f
1

"Dl —D)Zx3

=D *(14+2D+3D*+4D* +5D* +6D° +...) x°

=D7? (x4 6x* + 18x+24)

1
=D! <4x4 +23°0 + 9% + 24x>

1 1
= %)CS + §x4 +3x° 4 1247
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As such, the general solution is

1 1
y=(c1+cax)e’ + (c3+cax) + %xs + §x4 +3x° 4 1247,
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3. Second-Order Linear Differential Equations
3.1. Exact Second-Order Equations
Definition 3.1 (exact equation). The general second-order linear differential equation is of the form
Po(x)y"+p1(X)y +p2(x)y = f (x).
The equation can be written as
(Poy’ = P0y) + (P1y)' + (PG — Pi+ p2) y = f (%).
We say that

the differential equation is exact if py— p}+ p2 =0.

Theorem 3.1. In relation to Definition 3.1, if the differential equation is exact, we have

Po(x)Y —po(x)y+p1(x)y= /f(x) dx+cy.
Example 3.1. Find the general solution to the differential equation

1dzy+ 1 2\dy 1 2 .
-— —— || =s—-—=]y=ec.
x dx? x  x2) dx 2 a)

1 1 2 2 1

p)=— p)=-—75 pK=3-5

Solution. Here,

One checks that pfj — p| + p» = 0. By Theorem 3.1, we have

tdy 1, (1 2 -
- 4= —— = |y=¢"+c
X dx x2y x  x? Y !

By the method of integrating factor, one can deduce that

1
y= Exex +c1x+coxe™™.

3.2. The Adjoint Differential Equation and Integrating Factor
Recall the differential equation
po(x)y"+p1(x)y +p2(x)y = f (x).

Suppose this is multiplied by a function v(x) so that the resulting equation is exact. Then, v(x) is said to be an
integrating factor of the differential equation. That is,

(pov)” = (p1v)' + p2v =0.
This is a differential equation in terms of v, which is, more explicitly, by the product rule,

Po()v" + (2pp(x) = p1 () + (pg (x) — pi(x) + pa(x))v = 0.
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This equation is called the adjoint of the original differential equation. Thus, we see that a function v(x) is an
integrating factor for a given differential equation if and only if it is a solution of the adjoint equation. Note
that the adjoint is in turn found to be the associated homogeneous equation of the original differential equation,

thus each is the adjoint of the other.

In this case, a first integral is
(x)pol)y’ = (V) pol)) v+ v(x)pr (Wy = [ () f(x) drtec
Example 3.2. Find the general solution of the differential equation
(x* —x)y" + (2x* +4x—3)y +8xy = 1.
Solution. The adjoint of this equation is

(2 =) — (2x% — 1)V 4 (dx —2)v = 0.

2

By trying powers of x, one checks that v = x? satisfies this equation. In turn, x? is an integrating factor of the

original differential equation. Multiplying it by x?, we obtain
(=) + (2x* +4x° —322)y + 8%y =%
Hence, a first integral is
(x* =)y — (4 =32y + (2x* + 4 —3x%)y = /x2 dx+c.

Upon simplification, we have

2x 1 + ¢
1T 3a-1)  Ba-1)
One can use the method of integrating factor to deduce that

1 X 1+C1+ —2x
=—F|-—=-+5+ce .
YT aoz\e 4T e

Y+
X

Example 3.3. The differential equation

(p(x)y") +q(x)y+Ar(x)y=0

is called a Sturm-Liouville equation, where A is a real parameter (often called an eigenvalue parameter), and
the functions p(x),q(x),r(x) are given with p(x) > 0 and r(x) > 0 on some interval. It is a well-known fact that
the Sturm-Liouville operator is self-adjoint under suitable boundary conditions. This means that the adjoint of
the differential operator

Lly] := —(p(x)y") +q(x)y

is the operator itself, in the sense of the inner product
b
(.80 = [ 1) dr.
a
To see why this is the case, note that we can write the equation as

—(p(x)y") +q(x)y = Ar(x)y.

The formal adjoint of the operator L can be computed using integration by parts and turns out to be identical to
L when the functions and boundary conditions are chosen appropriately. Hence, Sturm-Liouville operators are

self-adjoint in the formal sense.
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3.3. Lagrange’s ldentity and Green’s Formula

Recall the differential equation pg (x)y” + p1 (x)y' + p2 (x)y = f (x). Let L be the differential operator given
by the left side of this equation, i.e. L[y] = po(x)y” + p1(x)y’ + p2(x)y. The formal adjoint of L is the differential
operator defined by L™ [y] = (po(x)y)” — (p1(x)y")’ + (p2(x)y, where p{j, p| and p, are continuous on an interval
[a,b]. Let u and v be functions having continuous second-order derivatives on [a, b]. Direct simplification yields
Lagrange’s identity (Theorem 3.2) relating L and L.

Theorem 3.2 (Lagrange's identity). Let P(u,v) = up1v —u(pov)’ + u’ pov. Then,

L{u]v—uL™[v] = %[P(u, v)].

Integrating both sides of Lagrange’s identity yields Green’s formula (Corollary 3.1).

Corollary 3.1 (Green's formula). We have

/a ’ (Lulv — uL ) dx = P(a,v)(b) — () ().

3.4. Regular Boundary Value Problem

The problem of finding a solution to a second-order linear differential equation
Y'+p(x)y' +q(x)y = f(x) wherex € (a,b)
satisfying the boundary conditions

aj 1y(a) + alzy’(a) + by 1y(b) -+ b]zy/<b) =d
aziy(a) + axny'(a) + bay(b) + by (b) = d,

is known as a two-point boundary value problem. When d; = d, = 0, the boundary conditions are said to be

homogeneous; otherwise we refer to them as non-homogeneous.

Proposition 3.1. For the homogeneous equation y” + p(x)y’ + g(x)y = 0 for all a < x < b with
homogeneous boundary condition, we have the following properties:
(i) If ¢(x) is a non-trivial solution, then so is c@ (x) for any constant c. That is, the differential equation
has a one-parameter family of solutions.
(ii) If the differential equation has two linearly independent solutions ¢; (x) and ¢ (x), then any linear
combination ¢1@; (x) +c¢2(x) is also a solution to the differential equation for any constants ¢y, ¢;.
Thus, the equation has a two-parameter family of solutions.
(iii) The remaining possibility is that ¢ (x) = 0 is the unique solution to the differential equation

For the case where the equation is non-homogeneous, there is a possibility that it has no solution. We give

some examples to illustrate these cases.

Example 3.4. Find all solutions to the boundary value problem
1" / - _ T _ —T/4
y' +2y' +5y=0 wherey(0)=2andy 1) =¢ .

Solution. The general solution to the equation y” + 2y’ + 5y =0 is y = cje”*cos 2x + ¢y~ * sin 2x. Substituting
the boundary conditions, one can deduce that ¢c; = 2 and ¢, = 1 so the boundary value problem has the unique
solution y = 2e~*cos 2x + e~ * sin 2x. O
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Example 3.5. Find all solutions to the boundary value problem
y'+y=cos2x wherey (0) =0andy'(7)=0.

Solution. The general solution to the equation y” +y = cos2x is y = ¢ cosx + ¢; sinx — %cos 2x. Thus, y' =
—cysinx + ¢ cosx + %sian. Substituting the boundary conditions, we have ¢; = 0, so the boundary value
problem has a one-parameter family of solutions y = ¢; cosx — %cos 2x, where c; € R. U

Example 3.6. Find all solutions to the boundary value problem
y' +4y=0 where y(—n) =y(n) and ¥ (—7) = y' (7).

Solution. The general solution to the equation y”’ 4+ 4y = 0 is y = ¢; cos2x + ¢ sin2x. One checks that the
boundary value problem has a two-parameter family of solutions y = ¢j cos 2x + ¢; sin2x, where ¢,c; € R, [J

Example 3.7. Find all solutions to the boundary value problem
y'+4y=4x where y(—7) =y(r) and y'(—7) = y' (7).

Solution. The general solution to the equation y” +4y = 4x is y = x + ¢1 cos2x + ¢ sin2x. Since y(—7) =
—m+c; and y(m) = w+ ¢y, there are no solutions satisfying y(—n) = y(7). Hence, the boundary value problem
has no solution. U

3.5. Regular Sturm-Liouville Boundary Value Problem

Let Ly] = (p(x)y’)’ +g(x)y. Consider the regular Sturm-Liouville boundary value problem L[y| + Ar(x)y =
0 with a < x < b, where ay(a) + axy'(a) = 0 and b1y(b) + b2y (b) = 0. Here, p(x),p’(x),q(x),r(x) are
continuous functions on [a,b] and p(x),r(x) > 0 on [a,b]. We will exclude the cases where a; = a, = 0 or
by =by=0.

Let u and v be functions that have continuous second derivatives on [a,b] and satisfy the boundary conditions.
The boundary conditions imply that W (u,v)(b) = W(u,v)(a) = 0. This is because the system of equations
aju(a) + ax/(a) =0, ayv(a) + azV' (a) = 0 has non-trivial solutions in a; and a, since a; and a; are not both
zero. Therefore the determinant of the system W (u,v)(a) must be zero. Similarly W (u,v)(b) = 0.

Thus by Green’s formula (Corollary 3.1), we have ([L]u,v) = (u, [L]v). Therefore, L is a self-adjoint operator
with domain equal to the set of functions that have continuous second derivatives on [a,b] and satisfy the
boundary conditions. Self-adjoint operators are like symmetric matrices in that their eigenvalues are always
real.

Here we only require u# and v satisfy the boundary conditions in (3.5.13) but not necessarily the differential
equation L[y] + Ar(x)y = 0. However, if u and v satisfy the differential equation, then L[u]v = uL[v] = —Aruv
and hence,

([L]u,v) = (u,[L]v)

too.

The regular Sturm-Liouville boundary value problem involves a parameter A. The objective is to determine
for which values of A, the equation has non-trivial solutions satisfying the given boundary conditions.
Such problems are called eigenvalue problems. The non-trivial solutions are called eigenfunctions, and the
corresponding number A an eigenvalue. If all the eigenfunctions associated with a particular eigenvalue are just
scalar multiples of each other, then the eigenvalue is called simple.
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Theorem 3.3. All the eigenvalues of the regular Sturm-Liouville boundary value problem are real, have
real-valued eigenfunctions and simple.

Two real-valued functions f and g defined on [a,b] are said to be orthogonal with respect to a positive
weight function r(x) on the interval [a, b] if

/abf(x)g(x)r(x) dx=0.

Theorem 3.4. Eigenfunctions that correspond to distinct eigenvalues of the regular Sturm-Liouville
boundary value problem in are orthogonal with respect to the weight function r(x) on [a, b].

Theorem 3.5. The eigenvalues of the regular Sturm-Liouville boundary value problem form a
countable, increasing sequence

ll<k2<l3<-~, with  lim A, = +oo.
n—soo

Example 3.8. Consider the regular Sturm-Liouville boundary value problem
Y'+24y=0, y(0)=y(r)=0.

When A < 0, the boundary value problem has only the trivial solution y = 0. Thus for A < 0, it is not an
eigenvalue. Let us consider A > 0. The general solution to the equation y” 4+ Ay = 0 is given by

y = Acos(VAx) + Bsin(VAx).

Now y(0) = 0 implies that A = 0, and y(7) = 0 implies that Bsin(v/A7x) = 0. Since we are looking for nontrivial
solutions, we must have B # 0 so that sin(v/A7) = 0. Therefore A = n?, where n = 1,2,3, ... with corresponding
eigenfunctions ¢,(x) = B, sin(nx). One can easily verify that (@,,, ¢,) = 0 for m # n.

Thus, associated to a regular Sturm-Liouville boundary value problem, there is a sequence of orthogonal
eigenfunctions {¢,} defined on [a,b]. We can use these eigenfunctions to form an orthonormal system with
respect to r(x) simply by normalising each eigenfunction ¢, so that

b
/ ¢ (x)r(x)dx=1.
a
Now suppose {¢,} is orthonormal with respect to a positive weight function r(x) on [a,b], that is

0, n#m;

[ ononortan= 1"

, n=nm.

Then with any piecewise continuous function f on [a,b], we can identify an orthogonal expansion

ﬂm~iwmm
where
b
on= [ £ (x)r()

For instance, the eigenfunctions ¢,(x) = sinnx gives rise to the Fourier sine series expansion. Like the theory
of Fourier series, the eigenfunction expansion of f converges uniformly to f on [a,b] under suitable conditions.
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Theorem 3.6. Let {¢,} be an orthonormal system of eigenfunctions for the regular Sturm-Liouville
boundary value problem. Let f be a continuous function on [a,b] such that f” is piecewise continuous on
[a,b], and f satisfies the boundary conditions. Then

where .
= [ 100,x)r(x)d.

Furthermore, the eigenfunction expansion converges uniformly on [a, b].

3.6. Non-Homogeneous Boundary Value Problems

Of interest now are non-homogeneous regular Sturm-Liouville boundary value problems with homoge-
neous boundary conditions. Let L[y] = f(x) where a < x < b and ay(a) +azy'(a) = 0 and by y(b) + by’ (b) =0,
where L[y] = (p(x)y')" + q(x)y, p(x), p’(x),q(x) are continuous functions on [a,b] and p(x) > 0 on [a,b], and
f(x) is continuous on [a, b].

Theorem 3.7. The non-homogeneous problem has a unique solution if and only if the homogeneous
problem has only the trivial solution.
Example 3.9. Find the Green’s function G(x,7) for the boundary value problem
y' = f where y(0) =0 and y(x) = 0.

Solution. A general solution to y” = 01is y = Ax+ B. Thus, y; = x is a solution satisfying y(0) =0, and y = 7 —x
is a solution satisfying y(7r) = 0. Also, y; and y, are linearly independent. As such, the Green’s function is

o LT o <r<x
0= s ifx<r<n.

Hence, for f(x) = —6x, the solution is given by
V3
y(x) :/ G(x,t)f(t) dt =x (> —x*).
0

Since the homogeneous problem y” = 0, where y(0) = 0 and y(7) = 0, has only the trivial solution, the above
solution to the homogeneous problem y” = —6x with y(0) = 0 and y(7) = 0 is unique. O

We can strengthen Theorem 3.7 as follows (Theorem 3.8):

Theorem 3.8 (Fredholm). The non-homogeneous problem has a solution if and only if for every
solution y(x) of the homogeneous problem, we have

[ s ai=o

Example 3.10. Show that the boundary value problem

5 2
y”—i—y’—i—iy:f where y(0) :Oandy<;) =0

2r/3
/ ¢*/?sin <3x> f(x) dx=0.
0 2

has a solution if
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Solution. Consider the homogeneous boundary value problem y” +y' + %y =0, with y(0) =0 and y (27”) =0.
The general solution of the homogeneous equation is y = e /2 (A cos ( 37)‘) + Bsin ( 37")) Since y(0) = 0, then
A =0. Thus, y = Be */?sin ( 32—’“) This also satisfies y (27”) = 0. Thus, the homogeneous boundary value problem
has a one parameter family of solutions. Note that the given differential equation is not self-adjoint, but we can
convert it into a self-adjoint equation by multiplying throughout by a factor ¢*. So, we may write the problem
as

5 2
() + Eexy =¢'f(x) where y(0) =0andy <3717> =0.

By Fredholm’s theorem (Theorem 3.8), this problem has a solution if and only if

21/3
/ﬁ Bfﬂ%m<?>ev@)m:o
0

which is equivalent to the condition mentioned in the question. (I

3.7. The Sturm Separation Theorem and the Sturm Comparison Theorem

Consider the homogeneous second-order linear differential equation y” + P(x)y’ + Q(x)y = 0. It is rarely
possible to solve this equation in general. However, by studying the properties of the coefficient functions, it
is sometimes possible to describe the behaviour of the solutions. One of the important characteristics that is of
interest is the number of zeros of a solution to the mentioned differential equation. If a function has an infinite
number of zeros in an interval [a,e), we say that the function is oscillatory. Hence, studying the oscillatory
behaviour of a function means investigating the number and locations of its zeros.

As a motivation, consider the familiar equation y” 4+ y = 0, which has two linearly independent solutions
s(x) = sinx satisfying y(0) = 0 and y'(0) = 1, and ¢(x) = cosx satisfying y(0) = 1 and y’'(0) = 0 respectively.

z 3 5m
202020
and c¢(x) are said to interlace one another in the sense that between two successive zeros of s(x), there is a zero

The positive zeros of s(x) and c(x) are 7,27,37,... and . respectively. Note that the zeros of s(x)

of ¢(x) and vice versa.

y
k- _--=~_ c(x)=cosx
~ el e
.
N e .
Sz 3 . s(x) = sinx
2 2,7
N 7’
\\ ,/ x
\\ T /, 27‘["

Figure 1: Interlacing of zeros of two linearly independent solutions

This property is described by the Sturm separation theorem (Theorem 3.9).

Theorem 3.9 (Sturm separation theorem). If y;(x) and y,(x) are two linearly independent solutions
to

y'+P(x)y +0(x)y =0,

then the zeros of these functions are distinct and occur alternatively in the sense that y;(x) vanishes
exactly once between any two successive zeros of y,(x) and conversely.
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Corollary 3.2. Suppose one non-trivial solution to y” + P(x)y’+ Q(x)y = 0 is oscillatory on [a,0). Then,
all solutions are oscillatory.

Now, note that the equation y” + P(x)y’ + Q(x)y = 0 can be written in the form u” + g(x)u = 0 by setting

1
4

the standard form and the transformed one as the normal form. Since v(x) > 0 for all x, the above transformation

y=uv, where v=e"2/P 4% and q(x) = Q(x) — 1 (P(x))? — 1 P'(x). We refer to the original differential equation as

has no effect on the zeros of the solutions, and therefore leaves unaltered the oscillation behaviour of the
solutions.

X3 . .
Example 3.11. By using the substitution y = ¢~ 5 u, find the general solution of the equation
V' 4+2x% + (x4 2x4+ 1)y =0.
Show that the distance between two consecutive zeros of any non-trivial solution is 7.

Solution. We leave it to the reader to deduce that
3
y=Ae 3sin(x—0).
Setting y = 0, we have sin (x — 6) = 0, so the result follows. O

Theorem 3.10 (Sturm comparison theorem). Let y; be a non-trivial solution to y” + ¢ (x)y = 0 and y,
be a non-trivial solution to y” 4+ ¢ (x)y = 0, where a < x < b. Assume that ¢, (x) > ¢ (x) foralla <x < b.
If x; and x, are two consecutive zeros of y; on (a,b) with x; < x,, then there exists a zero of y in (x1,x2),

unless ¢2(x) = g1(x) on [x,x;] in which case y; and y; are linearly dependent.

Corollary 3.3. Suppose g(x) <0 for all x € [a,b]. If y is a non-trivial solution to y” 4+ g(x)y = 0 on [a, b],
then y has at most one zero on [a, b].

Example 3.12. The equation

2y +xy + (x2 _ pz)y =0 wherex>0

is called Bessel’s equation of order p. For a > 0, we shall discuss the number of zeros in the interval [a,a + 7).
The substitution y = ux~7 transforms the mentioned equation to the one as follows:

d*u pz—ﬁ
dx2+<1— 2 u=0 wherex>0.

Since y = ux*%, the distribution of zeros of a solution y to the old differential equation is the same as the
corresponding solution u to the new equation. We shall compare the solutions to the new equation with those
to u”” +u = 0. Observe that u(x) = Asin (x —a) is a solution to #” + u = 0 and has zeros at a and a + 7.

21
px24 < 1 for all x € [a,a+ 7). By the Sturm
comparison theorem (Theorem 3.10), a solution to the new equation cannot have more than one zero in

s Case 1: Suppose p > 1/2. Then, 4p> —1 > 050 1 —

[a,a+ m) because u(x) = Asin(x — a) does not have a zero in (a,a+ 7).
21
* Case 2: Next, suppose 0 < p < 1/2. Then, 4p*> —1 < 0 so that 1 — Px24 > 1 for x € [a,a+ 7). Again

by the Sturm comparison theorem (Theorem 3.10), a solution to the new equation must have a zero in

(a,a+ ) since a and a + 7 are consecutive zeros of u(x) = Asin(x — a).
 Case 3: If p = 1/2, then the differential equation reduces to #” +u = 0, which has the general solution
u(x) = Asin(x — a). Consequently, it has exactly one zero in [a,a + 7).
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4. Linear Differential Systems

4.1. Linear Systems
The following system is called a linear differential system of first order in normal form:

xXp =an(t)xr+-+ai(t)x, +gi(t)

/

Xn :anl(t)xl+"'+ann(t)xn+gn(t)

where a;;(¢) and g(t) are continuous functions of 7 and ’ denotes differentiation with respect to . Denote

x1(t) g1(7) ap(t) - an(t)
x@)=1 : gr)=1 : Ar) = : ' :
(1) gn(t) am (t) -+ an(t)
Define
x(t) [ x1(2)dt
x = : x(1)dt = :
X, (1) Jxa(t) dt

Then, the linear system can be written in the matrix form:
x' = A(t)x+g(t).

When g = 0, the above equation is reduced to x' = A(r)x. This equation is called a homogeneous differential
system.

Example 4.1. The system

x) = 2x1 +3xy + 3t

xh = —x1 +x, — Tsint

(o)~ (3 ) () ()

Example 4.2. Given a second order system

is equivalent to

d2
d—;:x+2y+3r

%y

let u = x’ and v = y'. Then we have

X =u,

u =x+2y+3t,
Y=,

vV =4x+5y+6t.

Next, we consider the initial value problem:
X = A(t)x+g(1)
x(fo) = Xo,

where Xg is a constant vector.
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Theorem 4.1. Assume that A(z) and g(r) are continuous on an open interval a < ¢t < b containing fo.

Then, for any constant vector Xg, the initial value problem

X =A(r)x+g(t)

X(to) = Xo,

has a solution x(7) defined on this interval. This solution is unique. Also, if A(¢) and g(¢) are continuous
on R, then for any 7y € R and x( € R”, the initial value problem has a unique solution x(¢) defined on R.

4.2. Homogeneous Linear Systems

Now, we assume A = (g;;(t)) is a continuous n x n matrix-valued function on (a,b).

Lemma 4.1. Let x(7) and y(¢) be two solutions of X' = A(7)x on (a,b). Then for any constants cy, ¢,
the function z(¢) = c1x(¢) 4 c2y(¢) is also a solution of the differential system on (a,b).

Definition 4.1. x;(¢),...,x,(¢) are linearly dependent on (a, b) if there exist constants cy,...,c,, not all
zero, such that
axi(t)+--+ex.(t)=0 forallz € (a,b).

Otherwise, they are linearly independent.

Lemma 4.2. A set of solutions x;(),...,X,(t) of X' = A(¢)x are linearly dependent on (a,b) if and only
if x1(to),-..,X,(fy) are linearly dependent vectors for any fixed 7o € (a,b).

(i) The differential system in X' = A(7)x has n linearly independent solutions
(ii) Let x,...,X, be any set of n linearly independent solutions of x' = A(z)x on (a,b). Then the
general solution of the differential system is given by

X(t) = c1X1(t) 4+ -+ + X (1)

where c; are arbitrary constants.

Definition 4.2 (Wronskian). The Wronskian of n vector-valued functions

x11(2) X1n(t)
x1(t) = : e Xu(1) = :
Xnl (t) Xnn(f)
is defined as the determinant
xll(t) xlz(l‘) )C]n(l‘)
01(t) xn() - xu(1)

W(t) =W(xy,...,x,)(t) =

Xn1 (1) xp2(t) -0 Xun(2)

| Theorem 4.2. The following hold:
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Theorem 4.3. The following hold:
(i) The Wronskian of n solutions of x' = A(¢)x is either identically zero or nowhere zero in (a,b)
(ii) n solutions of X' = A(7)x are linearly dependent in (a, b) if and only if their Wronskian is identically
zero in (a,b)

A set of n linearly independent solutions of x' = A(#)x is called a fundamental set of solutions, or a basis
of solutions. Let

x11(f) x1n(1)
=] i | - m=]|
Xnl (t) Xnn (l‘)

be a fundamental set of solutions of X' = A(#)x on (a,b). The matrix-valued function

x“(t) xlz(l‘) xln(t)
o) — | 0l
Xnl (t) Xn2 (t) ot Xnn (t)

is called a fundamental matrix of the linear system on (a,b).

Theorem 4.4. Let ®(¢) be a fundamental matrix of X' = A(z)x on (a,b). Then the general solution of
the linear system is given by

where ¢ = (cy,...,c,) is an arbitrary constant vector.

4.3. Non-Homogeneous Linear Systems

Now, we consider the solutions of the non-homogeneous system x’ = A(z)x +g(¢), where A = (a;;(1)) is
a continuous n X n matrix-valued function and g(t) is a continuous vector-valued function, both defined on the
interval (a,b).

Theorem 4.5. Let x,(t) be a particular solution of ' = A(#)x+g(#), and () be a fundamental matrix
of the associated homogeneous system x’ = A (#)x. Then the general solution of X' = A(7)x+g(7) is given
by

X(t) = ®(t)e+x,(t)

where ¢ is an arbitrary constant vector.

4.4. Homogeneous Linear Systems with Constant Coefficients

Consider a homogeneous linear system x' = Ax where A = (q;;) is a constant n x n matrix. We shall try to
find a solution of the linear system of the form x(r) = e*k, where k is a constant vector, where k # 0. Plugging
it into the system, we see that Ak = AKk.

Definition 4.3. Assume that a number A and a vector k # 0 satisfy Ak = Ak, then we call A an
eigenvalue of A, and k an eigenvector associated with A.

Recall the following. Let A be an n X n matrix and Ay,...,A; be the distinct roots of the characteristic

polynomial det (A — AI) = 0. Then there exist positive integers m;, ... ,my, such that

det(A — AT) = (—1)" (A — A)™ (A — A2)™ - (A — Ag)™,
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and

my+mpy—+---+mg =n.

m; is called the algebraic multiplicity (or simply multiplicity) of the eigenvalue A;. The number of linearly
independent eigenvectors of A associated with A; is called the geometric multiplicity, denoted 1 (A;). We always
have

p(A)) <mj.

If u(A;) =mj, we say A; is quasi-simple. If m; = 1, we say A; is a simple eigenvalue.
Theorem 4.6. If A is an eigenvalue of A and Kk is an associated eigenvector, then
x(t) = Mk

is a solution of X' = Ax. Let A be a real matrix. If A is a complex eigenvalue of A, and k is an eigenvector
associated with A, then
x; = Re(eMk)  x, = Im(eV'K)

are two linearly independent real solutions of x’ = Ax.

Theorem 4.7. If A has n linearly independent eigenvectors Ki,...,k, associated with eigenvalues
M, ..., Ay, respectively, then
D(r) = (e)“”kl penn ,el”tkn>

is a fundamental matrix of X' = Ax and the general solution is given by
X(t) = (b(t)c = Clelltkl 4ot cnel,,tkn

where ¢ = (cy,...,c,) is an arbitrary constant vector.

, (-3 1
X = X.
1 -3

Solution. The coefficient matrix has eigenvalues A; = —2 and A, = —4 with respective corresponding

Example 4.3. Solve the system

eigenvectors (1,1) and (1,—1). So, the general solution is

1 1
Xx=cre 2 <1> +cpe ¥ (_1> )
-3 1 —6
I —2t
N (1 _3>X+e (2>

Solution. We first solve the associated homogeneous system which yields two linearly independent solutions
x1(t) = (e7%,e72) and x,(t) = (e, —e~*). The fundamental matrix is

Example 4.4. Solve the system
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We then use the method of variation of parameters. Let g(t) = =% (—6,2). Then,

u(t) = /O o (5)gs) ds = (_2;1 2)

O(r)u(t) = 207 (:; 1) +2e (_11) .

Combining the homogeneous solution with the particular solution yields the general solution. U

, (0 1
X = X.
—4 0

Solution. The coefficient matrix has eigenvalues +2i. For A = 2i, we have an eigenvector k = (1,2i). As such,

o [ 1 cos2t .{ sin2t
e = . +1 .
2i —2sin2t 2cos2t
X(1) cos 2t . sin 2t
=c c .
! —2sin2t 2 2cos?2t

SO

Example 4.5. Solve

consider

Hence, the general solution is

Example 4.6. Solve

¥ = -3x+4y-2z

Y =x+7z
7 =6x—6y+5z
Consider the matrix
-3 4 =2
1 0 1
6 —6 5

which has eigenvalues 2,1, —1 and the respective corresponding eigenvectors are (0, 1,2),(1,1,0),(1,0,—1).
Hence, the general solution is

X 0 1 1
yl=ce? | 1|+ 1| +ce]| 0
z 2 0 -1

Lemma 4.3. Assume A is an eigenvalue of A with algebraic multiplicity m > 1. Then the system

(A — AI)"v = 0 has exactly m linearly independent solutions.

Theorem 4.8. Assume that A is an eigenvalue of A with algebraic multiplicity m > 1. Let vo # 0 be a
solution of (A — AI)"v = 0. Define

Vl:(A*).I)Vl_l 121,2,-",7’}1*1,
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and let
1’2 tm—]
x(1) =M Vo +tVi+ Vot b V|
2 (m—1)1""
Then x(7) is a solution of X = Ax. Let V(()l) yoe ,v(()m) be m linearly independent solutions of (A —AI)"v =

0. They generate m linearly independent solutions of X' = Ax.

Note that for v; = (A — AI)v,_, where 1 <[ <m— 1, we always have
(A= AD)v,—1 =0.

If v,,_1 # 0, then v,,_1 is an eigenvector of A associated with the eigenvalue A. In practice, to find the solutions

to x' = Ax associated with an eigenvalue A of multiplicity m, we first solve (A — AI)"v = 0 and find m linearly

independent solutions v(()l),v(()2) Yoo ,V(()m). For each of these vectors, say V(()k) , we compute the iteration sequence

ng) = (A—)LI)VEI?1 where [ =1,2,....
There is an integer 0 < j < m — 1 (j depends on the choice of V(()k)) such that
VW20 and (A-2a1v =0.

Thus v, is an eigenvector of A associated with the eigenvalue A. Then the iteration stops and yields a solution

2 J
k PV (5 IR (O B A () -
x O (1) = e | vy + v tovy )
Example 4.7. Solve X' = Ax, where
-1 1 0
A= 0 -1 4
1 0 -4
Solution. The eigenvalues of A are A; = —3 with with multiplicity 2, and A, = 0 which is a simple eigenvalue.
For the double eigenvalue A; = —3, we solve
4 4 4
(A+3D%v= |4 4 4|v=0
1 1 1

and find two linearly independent solutions V(()l) =(1,0,—1) and V(()z) = (0,1,—1). So,

2 1 2
Vgl) = (A+3I)v(()l) = -4| xW=¢> (V(()l) —val)) =¥ 0 |+t]| -4

2 |\ 2 /|

1 [0 1]
ng) = (A+3I)V(()2) =-2| xP=¢? (V(()z) +tv§2)) = 1| +r| -2

1 —1 1

For the simple eigenvalue A, = 0, we find an eigenvector k3 = (4,4, 1), so the general solution is

X(l) = C]X(l) _|_sz(2) + c3Kk3

1 2 0 1 4
=cie || 0 |+t -4 +ce® || 1 |+t|-2]||4c:|4
—1 2 —1 1 1
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4.5. The Phase Plane
Consider a system of two first order equations
X(1)=f(xy) and y(r)=g(xy).

It is called an autonomous system since f and g are independent of ¢. So, if (x(¢),y(¢)) is a solution to the
system, then the pair (x(t +c¢),y(f +¢)) is also a solution to the system for any constant c. Now, let (x(¢),y(¢))
be a solution to the system. If we plot the points (x(z),y(z)) on the xy-plane, the resulting curve is called an

integral curve of the system, and the xy-plane is called the phase plane.

Let F(x,y) = (f(x,y),g(x,y)) be the vector field on the xy-plane defined by f and g. If we plot the unit vectors
defined by those non-zero F(x,y) at various points of the phase plane, we obtain the direction field of the

system. For any point p(¢) = (x(),y(¢)) of the system, we have
p'(t) = (X' (1), (1)) = {f(x,),8(x,y)) = F(x,).

So, F(x,y) is everywhere tangential to the integral curve p(z).

The equation

dy _ g(x,y)
dx  f(x,y)
is called the phase plane equation. So, any integral curve of the system satisfies the phase plane equation.
y
U F(X))—Mj;lﬁ
N\ \ A \ \ —>
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A A TSN NS T a4
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AT I I NN IF T T )
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Figure 2: Direction field of % = f(x,y), % = g(x,y)

A linear autonomous system in the plane has the form

xl(l‘) =apx+apy+b;
Y (t) = anx+axny+b;
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where the a;;’s and b;’s are constants. We assume that a;jaz — azjai> # 0. By a simple translation, the system

can always be written in the form

X' (t) = ax+by
Y (t) =cx+dy

where ad — be # 0. The point (0,0) is called a critical point of the system since both ax + by and cx + dy are
zero at x = 0, y = 0. Corresponding to the critical point (0,0) of the system, we have x(¢) = 0 and y(¢) = 0 for
all ¢ being a constant solution of the system. Our interest is to investigate the behaviour of the integral curves
near the critical point (0,0). The behaviour of the solutions to the system is linked to the nature of the roots r;

and r, of the characteristic equation of the system, i.e. r; and r, are the roots of the quadratic equation
X? —(a+d)X + (ad — bc) = 0.

There are five cases to consider.
(i) Case 1: Suppose ry,r; are real and distinct and are of the same sign. Then, the critical point (0,0) is a
node. Suppose r; < rp < 0. Then, the general solution to the system has the form

x(t) = c1A1e" + crAze’™

y(t) = c1B1e"" + cyBye™

where the A’s and B’s are fixed constants such that /Ii—i #* % and cy,cp are arbitrary constants. When
¢z = 0, we have the solution x(7) = cjA1e"" and y(t) = ¢;B1e"". For any c¢; > 0, it gives the parametric
equation of a half-line A;y = Bjx. As t — oo, the point on this half-line approaches the origin (0,0). For
any c; < 0, it represents the other half of the line Ajy = Bix. As t — oo, the point on this half-line also
approaches the origin (0,0).

The two lines Ay = Bjx and A,y = Byx are called the transformed axes, usually denoted by x and y

on the phase plane.

If ¢; # 0 and ¢, # 0, the general solution are parametric equations of some curves. Since r; < 0 and
ry < 0, these curves approach (0,0) as t — co. Furthermore,

y _cBie + By (c1Bi/c)el" " + By

X - C1A1€r1t —|—c2A2e’2’ o (clAl/cz)e(rlﬂ’z)f _|_A2'

Asry—ry <0, we see that 2 — % as t — oo s0 that all the curves enter (0,0) with slope %.

A critical point is called a node if it is approached and entered (with a well-defined tangent line) by
each integral curve as t — oo or t — —oo. A critical point is said to be stable if for each R > 0, there
exists a positive » < R such that every integral curve which is inside the circle x> +y> = 12 for some
t = to remains inside the circle x> 4+ y* = R? for all ¢ > 5. Roughly speaking, a critical point is stable if
all integral curves that get sufficiently close to the point stay close to the point. If the critical point is not
stable, it is called unstable. A critical point is said to be asymptotically stable if it is stable and there exists
a circle x* +y* = r(% such that every integral curve which is inside this circle for some ¢ = 7y approaches
the critical point as t — co. A node is said to be proper if every direction through the node defines an

integral curve, otherwise it is said to be improper.

In our situation, we have (0,0) being an asymptotically stable improper node.
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If r1 > r, > 0, then the situation is exactly the same except that all curves now approach and enter
(0,0) as t — —eo. So all the arrows showing the directions are reversed. The point (0,0) is an unstable
improper node.

Case 2: If ry, r; are real, distinct and of opposite sign, then the critical point (0,0) is a saddle point. Let’s
suppose r; < 0 < rp. The general solution is still represented by

x(t) = c1A1e" + crAre’™

y(t) = c1B1e" +cyBre’™

The two half-line solutions x(¢) = c¢jA1e" and y(¢) = ¢;B1e""" (for ¢; > 0 and ¢; < 0) still approach and
enter (0,0) as 7 — oo, but the other two half-line solutions x(¢) = cyAze™,y(t) = c2Bae™" approach and
enter (0,0) as r — —eo. If ¢; # 0 and ¢3 # 0, the general solution

x(t) = c1A1e™ + crAze™

y(t) = c1B1e™ +cyBre’™
defines integral curves of x'(t) = ax+ by and y'(r) = cx+dy, but since r; < 0 < r, none of these curves
approaches (0,0) as t — o or t — —o0. So (0,0) is not a node. Instead, as t — oo, each of these curves
is asymptotic to one of the half-lines of the line A,y = Bx; whereas as t — —oo, each of these curves is

asymptotic to one of the half-lines of the line A;y = Bx. In this case, the critical point is called a saddle
point and is certainly unstable.

Example 4.8. Find and classify the critical point of the system
X =2x+y+3

y =-3x—2y—4

Solution. Solving 2x+y+3 =0 and —3x—2y—4 =0, we have (x,y) = (—2,1). Next, write

()= D0

The coefficient matrix has eigenvalues 1, which are real and of opposite sign. So, the linear system has
a saddle point at the origin of the linearised system. O

Case 3: If r|, rp are real and equal, then the critical point (0,0) is a node. Let r; = r, = r. In this case,
the general solution may or may not involve a factor of 7 times e'’.

We first consider the subcase where ¢ is not present. Then the general solution is

x(t) = cre”

y(t) = cre”

where c; and ¢, are arbitrary constants. The integral curves lie on the lines c1y = cox. When r > 0, the
integral curves move away from (0,0), so (0,0) is unstable.

When r < 0, the integral curves approach (0,0) and (0,0) is asymptotically stable. In either situation,
all integral curves lie on lines passing through (0,0). Because every direction through (0,0) defines an
integral curve, the point (0,0) is a proper node.

We now discuss the case where a factor of 7 times e’ is present. Suppose r < 0. The general solution
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can be written in the form

x(t) = c1Ae”™ +cr (A1 +At)e”

y(t) = ci1Be"" +cy(By +Bt)e"”
where A’s and B’s are definite constants and cj, ¢, are arbitrary constants. When ¢, = 0, we obtain the
solutions x(1) = cjAe and y(r) = c;Be". These are solutions representing the two half-lines (for ¢; > 0

and ¢; < 0) lying on the line y with equation Ay = Bx and slope B/A; and since r < 0, both approach
(0,0) as r — oo. Also, since y/x = B/A, it is clear that both of these half-lines enter (0,0) with slope B/A.

If ¢; # 0, the solutions

x(1) = c1Ae” + c2(A; +Ar)e”
y(t) = c1Be™ +cy(By + Bt)e"
are curves. As r < 0, these curves approach (0,0) as t — co. Furthermore,

y _ciBe" +cy(Bi+Bt)e"  c1B/ca+Bi+Bt

x  clAe" + (A FAt)e"  c1Afcy +A+At

approaches B/A as t — oo; so these curves all enter (0,0) with slope B/A. We also have y/x — B/A
as t — —oo. So, each of these curves is tangent to § as  — +oo. Consequently, (0,0) is a node that is
asymptotically stable.

If r > 0, the situation is unchanged except that the directions of the curves are reversed and the critical
point is unstable.
(iv) Case 4: If |, r are conjugate complex but not purely imaginary, then the critical point (0,0) is a spiral.

Let r = a+if and r, = @ — if. First, observe that the discriminant of the quadratic equation
X2 —(a+d)X + (ad —bc) =0

is negative. That is,
(a+d)* —4(ad — bc) = (a — d)? +4bc < 0.

The general solution of the system

X' (t) = ax+ by
Y (t) =cx+dy
is given by
x(t) = e™[c1 (A1 cos Bt — Ay sin Bt) +c2(Ay sin i + A cos Bt )]
y(t) = e*[c1 (B cos Bt — By sin Bt) + c2(By sin Bt + By cos ft )]

where A’s and B’s are definite constants and c¢’s are arbitrary constants.

Suppose o < 0. Then, we see that x — 0 and y — 0 as t — oo. That means all integral curves approach
(0,0) as t — co. Next we shall show that the integral curves do not enter (0,0) as r — oo. Instead they wind
around like a spiral towards (0,0). To do so, we shall show that the angular coordinate 6 = tan~!(y/x)
is always strictly increasing or strictly decreasing. That is d6/dr > 0 for all t > 0, or d6 /dt < O for all
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t > 0. Differentiating = tan~!(y/x), we have:
a0 _xG —vi
dt x24y?
Using X/ (t) = ax+ by and y'(t) = cx+dy, we get

d0  cx?+(d —a)xy — by

dt x2+y?

Since we are interested in solutions that represent integral curves, we assume x> + y*> # 0. Recall that
the discriminant of the quadratic equation is < 0, which implies that » and ¢ have opposite signs. We
consider the case b < 0 and ¢ > 0. When y = 0, then we have d6 /dt = ¢ > 0. If y # 0, d6 /dt cannot be
0. If it were, we have cx? + (d — a)xy — by* = 0, or c(x/y)?> + (d — a)(x/y) — b = 0 for some real number
x/y. But this contradicts the fact that its discriminant is < 0. Thus, we conclude that d6 /dr > 0 for all
t >0 when ¢ > 0. Similarly in case b > 0 and ¢ < 0, d0/dt < 0 forall # > 0.

x and y change sign infinitely often as r — oo, all integral curves must spiral in to (0,0) (counterclockwise
or clockwise according to ¢ > 0 or ¢ < 0). The critical point in this case is a spiral, and is asymptotically
stable.

If a > 0, the situation is the same except that the integral curves approach (0,0) as t — —oo and the
critical point is unstable.
(v) Case 5: If |, r are purely imaginary, then the critical point (0,0) is a centre.

The general solution is given by

x(t) =c1(Ajcos Bt — Ay sin Br) + c2 (A sin ft + Ay cos Bt)
y(t) = c1 (B cos Bt — By sin 3t) + c2(By sin Bt + By cos fr)

Thus x(7) and y(¢) are periodic functions of period 27 so that each integral curve is a closed path
surrounding the origin. These curves can be shown to be ellipses by solving the phase plane equation

dy cx+dy
dx ax+by’

Example 4.9. Show that the integral curves of the system

X' =—By
/
y =Bx
are circles.
Solution. Differentiating the first equation yields x” = — By’ = —B2x. The characteristic equation is m?> -+

2 — 0, which has roots m = +pi. Hence, the solution is

x(t) = Acos (Bt)+ Bsin(pBt).

Hence, y(t) = Asin(Bt) — Bcos(Bt). One can show that x> +y> = A2 + B2, which represents a circle
centred at the origin of radius v/A2 + B2, O

‘We now summarise the above discussion.
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Theorem 4.9 (classification threm). Assume (0,0) is an isolated critical point of the linear system x’ =

ax+ by and y' cx+dy, where a, b, c,d are real and ad — bc # 0. Let ry, r; be the roots of the characteristic

equation

X2 — (a+d)X + (ad — bc) = 0.

The stability of the origin and the classification of the origin as a critical point depends on the roots r, 7,

as follows:
Roots Type of critical point Stability
distinct, positive improper node unstable

distinct, negative

opposite signs

equal, positive

equal, negative

complex value with positive real part
complex value with negative real part
purely imaginary

improper node

saddle point

proper or improper node
proper or improper node
spiral point

spiral point

centre

asymptotically stable
unstable

unstable
asymptotically stable
unstable
asymptotically stable
stable

/

e

L

.
)/

Figure 3: Unstable node and saddle

Figure 4: Centre and spiral
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s

7

Figure 5: Star and improper node
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5. Power Series Solutions

5.1. Power Series

We do a bit of recap of MA3210.
Definition 5.1 (power series). An infinite series of the form

Z an(x—x0)" =ap+ay (x—xp) +az (x—xo)2 +... isapower series in x — xg.
n=0

In this section, we will pay close attention to the point xo = 0. Substituting xo = 0 into the infinite series in

Definition 5.1, we obtain

Zanx" =ay+tax+ax*+....
n=0

This series is said to converge at a point x if
m
lim Y a,x"  exists,
n=0

and the value of this series is the value of this limit. Recall that each power series like
Z a,x"  corresponds to a positive real number R  called the radius of convergence.
n=0

The radius of convergence has the following property:

the series converges if |x| <R and diverges if |x| > R.

We say that R = 0 when the series converges only at x = 0, and equal to oo when it converges for all x. In many
important cases, R can be obtained by the ratio test (Theorem 5.1).

Theorem 5.1 (ratio test). Consider the series

Z a,x".
n=0

If each a, # 0 and if for a fixed point x £ 0 we have

. a xn+1 ) a

lim |22 | = fim |2 x| = L,

n—oo a,x" n—e | a,
then

the series converges for L <1 and diverges for L > 1.

As such,

R = lim if the limit exists.

n—e | dp+1

If the limit of the ratio is infinity, then we say that R = co.
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Definition 5.2 (interval of convergence). The interval (—R,R) is called the interval of convergence in

the sense that inside the interval, the series converges. Outside the interval, the series diverges.
Example 5.1. The power series

Zn!xn =14+x+2%+313 +...

n=0
converges only at x =0, so R =0.
Example 5.2. The power series
o X" ¥ X
n;)a: R TR TRNE

converges for all x, so R = oo. In fact, this is the famous Maclaurin series for e¢*.

Example 5.3. The power series

Zx":1+x+x2+...
n=0

converges for |x| < 1, so R = 1. In fact, this is a geometric series with first term 1 and common ratio x.

Proposition 5.1. Suppose the series

Y ax"  converges for |x| < R with R > 0.
n=0

We denote its sum by f (x). That is,
flx)= Z apX" = ag+ax+axx® +...
n=0
so one can prove that f is continuous and has derivatives of all orders for |x| < R. Also, the series can be

differentiated termwise in the sense that

fix)= Znanx”_l = ay +2a0x+3a3x* + ...

n=1

@)=Y n(n—1)ax""*=2a+3 2a3x+...
n=2

and so on. The resulting series are still convergent for |x| < R. These successive differentiated series yield
the following basic formula relating a,, with f (x) and its derivatives. That is,

f(0)

n!

a, =

Proposition 5.2. Suppose the series
Z anx"  converges for |x| < R with R > 0.
n=0

The series can be integrated termwise provided that the limits of integration lie inside the interval of

convergence.



MA3220 ORDINARY DIFFERENTIAL EQUATIONS Page 50 of 62

Proposition 5.3. Suppose

:Zanx":ao—l—a]x—i—azxz—i—... and g(x be = bo+b1x+byx* + ..
n=0 n=0

are power series with interval of convergence |x| < R. Then, the series can be added or subtracted
termwise, i.e.

fx)£g(x) =Y (an£by)x" = (ao £ bo) + (a1 £b1)x+ (ar £ by) x* +
n=0
Just like multiplication of polynomials (convolution), we have

X) = Z c, X" where ¢, =agb,+aib,_1+...+a,by.

Theorem 5.2. Suppose two power series

x):Zanx”:ao—i—a]x—i—azxz—i—... and g(x anx =bo+bix+byx*+..
n=0 n=0

converge to the same function so that f (x) = g (x) for [x| < R. Then, because a, = £ (0) /n!, we have
a, = by, for all n. In particular, if

f(x)=0forall |x| <R then a,=0forallne€ Zs>.

Let f (x) be a continuous function that has derivatives of all orders for |x| < R. Can it be represented by a
power series? Given that a, = £ (0) /n!, it is natural to expect

L0
2!

Z x> +... forall x| <R.

n=0

fO)+f(0)x+

Unfortunately, this is not always true. Instead, one can use Taylor’s expansion for f (x)*, which is

n (n+1)
n(x)  where the remainder R, (x) = fi(xo)x"“
(n+1)!

for some xg € (0,x).

Example 5.4. The following familiar expansions are valid for all x:

e 2 3
=Y = =1+x + R ,+
= n! 3!

X X X
inx=Y (=1)" ——— =x—"-+ = +...
S r;)( T Tk TR T

oo x2n x2 x4
n P PR — JR—
cosx—ngb(—l) )] =1 o +4' +

"This is formally called Taylor’s theorem with Lagrange form of the remainder.
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Definition 5.3 (analytic function). A function f (x) with the property that a power series expansion of
the form

f) = 20 (x—x0)"

is valid in some interval containing the point xg is said to be analytic at xo. In this case,

_ % (xo)

n:

an and the above series is called the Taylor series of f(x) at xo.

One would encounter analytic functions (Definition 5.3) in MA3211 Complex Analysis.

Example 5.5. €%, sinx and cosx are analytic for all x € R.

Proposition 5.4. The following hold for analytic functions:
(i) Polynomials, €*, sinx and cosx are analytic at all points
(ii) If f(x) and g (x) are analytic at xo, then

F@)£g),f(W)g),f(x)/g(x) areanalyticat xy

For the quotient f (x) /g (x), we further add the constraint that g (xp) # 0
(iii) In relation to the inverse function theorem, if f(x) is analytic at xo and f~!(x) is continuous
inverse, then

f1(x) is analytic at f (xg) if £’ (x0) #0

(iv) If g (x) is analytic at xp and f (x) is analytic at g (xo), then f (g (x)) is analytic at xo
(v) The sum of power series is analytic at all points inside the interval of convergence

5.2. Series Solutions of First-Order Solutions

A first-order ODE y’ = f(x,y) can be solved by assuming it has a power series solution. Here are two
familiar examples.

Example 5.6. Consider the differential equation
Y=y
We assume that it has a power series solution of the form
y=ag+aix+ax*+...4ax"+... which converges for |x| <R.
So, the equation y' =y has a solution which is analytic at the origin. Then,
y =aj; +2ax+...+na,x""'  which converges for |x| < R.

Since y' = y, both series have the same coefficients. As such, we obtain the recurrence relation

(n+1)apy1 =a, forn=0,1,2,...

so by recursion, we have

S|
S

a, =
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As such,

x? X"
y:a0<1+x++...++...>
2! n!

where ay is an arbitrary constant. Of course, this is the Maclaurin expansion of e*, which has the general solution
y = ape’.

Example 5.7. The function y = (1 +x)” where p € R satisfies the differential equation

(1+x)y =py where y(0)=1.
Just like before, we assume that y has a power series solution of the form

y=ap+ax+ a2x2 +...4ax"+... with positive radius of convergence.
Then,
Y =ay+2a0x+3a3x> + ...+ (n+1)ap X" +...
SO
xy =aix+2ax* +...+nax*+... and py= pay+ paix+ parx*+ ...+ pax" + ...

By considering the differential equation and equating coefficients, we have

p—n

1 = SO - — .
(n =+ )anJrl +na, = pay ap+1 1 ap

This recurrence relation holds for all n € Z>. So,

ay=p
o PP
2
o= PP=1P=2)

2.3

so in general, one can deduce that

0 pp—1)...(p—n+1)
" n! '

In other words,

~1 —1)(p-2 —1)...(p—n+1
y:HpHp(pz’ ) PP 2?3(p )y 4P )n‘(P )+

for which one can deduce that the series converges for |x| < 1 by the ratio test. Since the differential equation
has a unique solution (due to the initial value), we conclude that

(p—1)xz+p(p—1)(1!9—2))63+ +P(p—1)~-(p—n+1)xn

P
14+x)? =1
(T+2)" =14 pr+ ==, 2.3 nl

+... for x| < 1.

This is in fact the binomial expansion of (1 + x)?.

5.3. Second-Order Linear Equations and Ordinary Points
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Definition 5.4 (ordinary and singular points). Consider the homogeneous second-order linear ODE
Y +P(x)y+0Q(x)y=0.

The point x is an ordinary point of the ODE if P (x) and Q (x) are analytic at xo. If at x = xo, P (x) and/or
Q (x) are not analytic, then x is a singular point of the ODE.

Definition 5.5 (singular point). A singular point x( at which the functions
(x—x0) P(x) and (x—x0)>Q(x) are analytic

is a regular singular point of the ODE y” + P (x)y + Q(x)y = 0. If a singular point x is not a regular
singular point, then it is an irregular singular point.

Example 5.8. If P(x) and Q (x) are constant functions, then every point is an ordinary point of y” + P (x)y +
Q(x)y=0.

Example 5.9. For the differential equation y” + xy = 0, the function Q (x) = x is analytic at every point, so
every point is an ordinary point.

Example 5.10. Consider the Cauchy-Euler equation
Y+ ﬂy' + a—iy =0 where a; and a; are constants.
x x

Then, x = 0 is a singular point but every other point is an ordinary point.

Example 5.11. Consider the differential equation

1 8
Z /
Yy o+ y+ y=0.
(x—1)? x(x—1)
The singular points are 0 and 1. At the point O,
8
xP (x) = a 5 and KO (x)=— T are analytic at x = 0.
(x—1) X

So, 0 is a regular singular point. At the point 1, (x— 1) P (x) = 1/ (x — 1) which is not analyticat x =1, sox = 1
is an irregular singular point.

To discuss the behaviour of the singularities at infinity, naturally, we use the substitution x = 1/¢. This
converts the problem to the behaviour of the transformed equation near the origin. As such, the original
differential equation

d*y dy d>y (2 1 _(1\\dy 1 (1

— +P(x)— =0 b — -—<sP(-] ]| =+=50|-])y=0.
ae (x) ax " Qx)y ccomes g\ \7) ) ar " t4Q t)”
Hopefully, the reader would know how to define the point at infinity.

Example 5.12. Consider the differential equation

A’y 1/1 1\dy 1
—— 4 5+-)=+—=y=0.
a2 2 (x2 +x> ax T2

The substitution x = 1/¢ transforms the differential equation into
d*y 3—t\dy 1
— — | —+7y=0.
dt2+( 2t ) ar 2

As t = 0 is a regular singular point of the new differential equation, we say that the point at inifinity is a regular
singular point of the original differential equation.
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Example 5.13 (hypergeometric equation). Consider the hypergeometric differential equation

(1 ) d2y + [ ( +b+ 1) ] dy b 0 where a,b, c are constants
x(1—x)——=+|c—(a X| = —aby = a,n,c :
dx? dx g .

Show that the equation has precisely 3 regular singular points at 0, 1, co.

Solution. We have
d*>y c—(a+b+1)xdy ab

dx? x(1—x) dx x(l—x)y:O'
So,
_c—(atb+1)x N e ab
P(x) = x(1—x) and - Q(x) x(1—x)

One checks that x = 0 and x = 1 are regular singular points. By using the substitution # = 1/x, one can deduce

that r = 0 is a regular singular point, so x = o is a regular singular point. O

Theorem 5.3. Let xo be an ordinary point of the differential equation
y'+P(x)y +Q(x)y=0 where ap and a| are constants.

Then, there exists a unique function y(x) that is analytic at xo which is a solution to the differential

equation in an interval containing x¢, and satisfies the initial conditions y (xo) = agp and y’ (xp) = a;.

Moreover, if the power series expansions of P(x) and Q(x) are valid on an interval |x—xo| < R,
where R > 0, then the power series expansion of this solution is also valid on the same interval.

Definition 5.6 (Legendre's equation). The differential equation
(1-2%)y" —2xy'+p(p+1)y=0

is known as Legendre’s equation. Here, p is a constant called the order of the equation.

The functions defined in the series solution of Legendre’s equation are called Legendre functions. When
P € Z>o, one of these series terminates and becomes a polynomial in x. For example, if p = n is a positive even
integer, the series representing y; terminates and y; is a polynomial of degree n; if p = n is odd, y; is again
a polynomial of degree n. These are called Legendre polynomials P, (x) and they give particular solutions to
Legendre’s equation

(1-x*)y"—2xy +n(n+1)y=0 wheren € Zs.

We define the first six Legendre polynomials as follows (please refer to the graphs of Py (x), ..., Py (x) in Figure
6):

Ry(x) =1

P (x) =x

P (x)= % (3x*—1)

Ps(x) = % (5x° —3x)

Py(x) = % (35x* —30x* +3)
Ps(x) = % (63x” —70x° + 15x)
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=

y=P(x)

y=Pi(x)

.\‘:PZ(X) 05+

0.8 —0.5 —04 —0.27 ]

Figure 6: The graphs of the first five Legendre polynomials P, (x) where 0 <n < 4

Returning to Legendre’s differential equation, we have

ixx2 and Q(x):ip(lﬂ_l).

P(x)=— 2

1

The origin is an ordinary point, and

5]

we expect  a solution of the form y = Z apx".
n=0

As such, the differential equation can be written as

oo oo

(1 —xz) Z (n+1)(n+2)ay2x" —ZxZ (n+1DapxX"+p(p+1) Zanx” =0.
n=0 n=0 n=0

Equivalently,

Y (n+1)(n+2)apox" =Y n(n—1)an" =Y 2nan+ Y p(p+1)ax" =0.

n=0 n=2 n=1 n=0

Since each series contains terms in x" and the sum of these series is zero as mentioned, the coefficients of x”
must be zero for all n. This yields the second-order recurrence relation

(n+1)(n+2)app—n(n—1)a, —2na,+p(p+1)a,=0 foralln>2.

Equivalently, the recurrence relation can also be written as

(p—n)(p+n+1)
(n+1)(n+2)

anp42 = — ay.

We can consider n being odd and n being even, so that we can obtain an explicit expression of the recurrence
relation in terms of a; and ag respectively. We omit the details here, but anyway one can check that the desired



MA3220 ORDINARY DIFFERENTIAL EQUATIONS Page 56 of 62

explicit expression for the n™ Legendre polynomial P, (x) is

oEnten-am oy

IZ(X)::,gg 2nk!01_-kﬂ(n——2kﬂ

Rodrigues’ formula (Theorem 5.4) provides a nice formula for generating the n'™ Legendre polynomial.

Theorem 5.4 (Rodrigues’ formula). We have

1 a "
B = mae 1)

Definition 5.7 (Hermite's equation). Let p be a constant. Then,
/! /
y —2xy +2py=0
is known as Hermite’s equation.

We leave it to the reader to verify that the general solution to Hermite’s equation is y(x) = agy; (x) +

ayz (x), where

) =1- %l;xz+ 2 <Z!—2>x4_ 23p<p—62!) (=46,
p=x- 22 20009 s 2e-DE-=3),,

The Hermite polynomial of degree n, denoted by H, (x), is the n™ degree polynomial solution to Hermite’s
equation, multiplied by a suitable constant so that the coefficient of x" is 2". The first six Hermite polynomials

are
Hy(x)=1
H, (x) =2x
Hy(x) =4x* -2
Hs(x) = 8x> —12x
Hy(x) = 16x* —48x> + 12
Hs (x) = 32x° — 160x> 4+ 120x

5.4. Regular Singular Points and Frobenius’ Method

Consider the second order linear homogeneous differential equation

2y +xp(x)y +q(x)y =0,

where p(x) and ¢(x) are analytic at x = 0. In other words, 0 is said to be a regular singular point of the differential
equation. We write p(x) and g(x) as power series, i.e.

p(x)=po+pix+px*+... and g(x)=qo+qx+qxt+....

Suppose the differential equation has a series solution of the form

y=x" Z ax' = Z ax"t.
n=0 n=0
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An infinite series of this form is called a Frobenius series, and the method that we will be using to solve the
differential equation is known as the method of Frobenius. We may assume that ay # 0 because the series must
have a first non-zero term. Termwise differentiation yields

y = Zan(n—i-r)x"“*l and y' =Y ay(n+r)(n+r— )" 2,
n=0 n=0

One can substitute the series of y,y’,y” into the differential equation. Thereafter, we omit the algebraic
manipulation but the idea is that the coefficient r(r — 1)ag + porao + goao of X" must vanish. Since ag # 0,
it follows that » must satisfy the quadratic equation

r(r—=1)+ por+qo=0.

We call this the indicial equation, which is the same equation obtained with the Cauchy-Euler equation. The
two roots of the indicial equation (which are possibly equal) are the exponents of the differential equation at
the regular singular point x = 0.

Let r; and r; be the roots of the indicial equation. If r| # r;, then there are two possible Frobenius solutions
and they are linearly independent. On the other hand, if r; = r;, then there is only one possible Frobenius series
solution. The second one cannot be a Frobenius series and can only be found by other means.

Example 5.14. Find the exponents in the possible Frobenius series solutions of the differential equation
2% (1+x)y" +3x(1+x)% — (1-x*)y=0.

Solution. Note that x = 0 is a regular singular point since p(x) = %(1 +x)% and g(x) = —3(1 —x) are
polynomials. Rewriting the equation in standard form yields

3 2 1
S(14+2x+x —5(—x
i P (L N
X X
We see that pg = % and gg = —%, so the indicial equation is
3 1
—1)+-r—==0.
r(ir—1)+ )
The roots are r| = % and r, = —1, so the two possible Frobenius series soliutions are of the form
yi(x) —xl/zza X" and  yy(x Zanx

Example 5.15. Find the Frobenius series solutions of
xy" +2y +xy = 0.

Solution. Rewrite the equation in standard form so we obtain

X2y +2xy +x%y = 0.

So, p(x) =2 and g(x) = x%. Thus, po = 2 and g¢ = 0 and the indicial equation is 7(r — 1) +2r = 0. Hence, r; = 0
and r, = —1. In this case, r| — r; is an integer and we may not have two Frobenius series solutions. Having said
that, we know that there is a Frobenius series solution corresponding to r; = 0. We consider the possibility of
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the solution corresponding to the smaller exponent r, = —1. We begin with

=x! i Xt = i ey
n=0 n=0

Substituting into the given equation, we obtain

oo

Z (n—1)(n—2)c,X" 242 i(n— e+ i X' =0.

n=0 n=0 n=0

Hence,

y n(n—1)c,x" 2+ y CpoX' 2 =
>

n=0 n=2
Equating coefficients, we obtain the recurrence relation

Cn—2

C":_n(n—l) forn > 2.
It follows that for n > 1, we have
(=1)"co (—1)"¢
= d =
Hence,
—1 .- €0 - 2n C1 .- (_l)n 2n+1
=X — X —l— PSR .
Y n;) X ; = (2n+1)!

By recalling some classic series expansions, we recognise this general solution as y = (co cosx+ ¢; sinx). On
the other hand, if we begin with the larger exponent, we will obtain the solution S O

Example 5.16 (MA3220 AY14/15 Sem 1 Tutorial 10). Find the Frobenius series solutions of the differential
equation
xy"+2y +9xy=0 where x > 0.

Solution. Assume that the differential equation has a series solution of the form

y= Z anxn-i-r
n=0

Then,

oo oo

y = Z(n—kr)anx”*r*l and y' = Z(n+r)(n+r— Dax"t 2.
n=0 n=0

Substituting all these into the differential equation yields

Y aul(n+r)(n+r—1)+2(n+r)]"" 1+ Y 9a,0" 7 =0.

n=0 n=0
We then look at the lowest power term which is x"~!. Setting n = 0 yields r(r — 1) +2r = 0, which is our indicial
equation. It has roots r; = —1 and r, = 0. When r = 0, substituting this into our series yields

oo

n(n+ Dax '+ 3 9aq,x" "1 =0
Y n(n+1)

n=0 n=0

We then combine this into a single series, so

oo

Z [n(n+1)a,+9a, )X ' =0 so n(n+1)a,+9a,_»=0.
n=2



MA3220 ORDINARY DIFFERENTIAL EQUATIONS Page 59 of 62

The recurrence relation can be rewritten as

ay = —

2
nn+1) "%

By repeatedly applying the recurrence relation, we have

9 92 = (—1)"9n cos3x
_ - S A S U o ‘
() “0( 23" T23a5" > "On;)(znﬂ)!x W0

When r = —1, one can obtain the Frobenius series solution being some constant times % As such, we have

obtained two linearly independent solutions. O
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6. Fundamental Theory of Ordinary Differential Equations

6.1. Existence-Uniqueness Theorems

Here, we consider the initial value problem

dx

= = f(t,x) where x(fy) = xo.

Definition 6.1 (Lipschitz continuity). Let G C R?. We say that f(¢,x) : G — R? satisfies a Lipschitz
condition with respect to x in G if there exists a constant L > 0 such that for any (¢,x), (¢,x2) € G,

|f(taxl)—f(f,x2)| §L|X1 —le.

L is called a Lipschitz constant.

Theorem 6.1 (Picard). Let f(z,x) be continuous on the rectangle
R:|t—to|<aand |[x—xo| <b wherea,b>0.

Also, let |f(¢,x)] < M for all (¢,x) € R. Furthermore, assume f satisfies a Lipschitz condition with
constant L in R. Then, there exists a unique solution to the initial value problem

d b
d—f = f(¢,x) with x(fo) =xo on the interval I = [ty — @, + o] where o@ = min {a, M} .

Example 6.1. Let f(z,x) = x%e~"" sint be defined on
G={(t,x) €R2:0§x§2}.

Let (t,x1),(¢,x2) € G. Then,

lf(t,x1) = f(t,x2)] = ‘x%eftz sint —x3e " sint‘ = ’e*tz sint‘ |x1 4 x2] |x1 —x2|

t

*sint , we see that the maximum value is =~ 0.397 < 1, and |x] +x;| < 4, so we

Based on the graph of y = ‘e‘
may take L = 1-4 so f satisfies a Lipschitz condition on G with Lipschitz constant 4.

Example 6.2. Let f(z,x) = t1/x be defined on
G={(tx)eR*:0<r<1,0<x< 1},

Consider the two points (1,x),(1,0) € G. We have

1
VX
However, as x — 0", we have ﬁ — 400, 50 f cannot satisfy the Lipschitz condition on G for any finite constant
L>0.

‘f(lvx)_f(LO)’:\/;C: ]x—O\.

Proposition 6.1. Suppose f(z,x) has a continuous partial derivative f(¢,x) on a rectangle R on the
tx-plane. Then, f satisfies a Lipschitz condition on R.

Example 6.3. Let f(t,x) = x* be defined on G = {(#,x) € R?: 0 <7 < 1}. Then,

|f(t,x1) = f(t,x2)] = |x1 +x2| |x1 —X2|.
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Since x; and x; can be arbitrarily large, then f cannot satisfy a Lipschitz condition on G. However, if we replace
G with any compact subset of R? (equivalent to closed and bounded by the Heine-Borel theorem), then f will
satisfy the Lipschitz condition.

Example 6.4 (MA3220 AY14/15 Sem 1 Tutorial 11). Let

R={(t,x) € R?: |t < a,lx| < b} wherea,b>0.
Let f(t,x) =tsinx+xcost be defined on R. Show that f satisfies a Lipschitz condition with respect to x on R.
Solution. We have

| f(z,x1) — f(t,x2)| = |t sinx; — ¢ sinx; + x| cost — x, cost|
< |t] |sinx; — sinxp| 4 |cost||x] — x2|

<a-2+1-2b=2a-+2b

so we can take the Lipschitz constant to be 2a + 2b. Hence, f satisfies the Lipschitz condition with respect to x
on R. [l

6.2. The Method of Successive Approximations

6.3. Gronwall’s Inequality

Theorem 6.2. Let f,g,h > 0 be continuous functions defined for ¢ > 1. If

1) Sh0)+ [ g)f(s)dstors 2t then (1) < he)+ [ gls)h(s)e s ds fors > 1

Proof. Let

()= [ 8(5)f(s) ds.

To
Then, for t > ty, we have /(1) = g(r) f(¢) by the fundamental theorem of Calculus. Since g(z) > 0, multiplying
both sides of the given inequality by g(¢) yields

2(t) < g(t)[h(t) +z(1)] so (1) —g(r)z(t) < g(t)h(t).

This is a first order differential inequality which can be easily solved by the integrating factor method. We omit
the remaining details. O

Theorem 6.3 (Gronwall's inequality). Let f,g > 0 be continuous functions for 7 > fy. Also, let k be
any non-negative constant. If

t t
ft) < k+/ g(s)f(s)dsfort >ty then f(t) < ket ¥ fort > 1.
1o

Proof. Set h(t) = k in Theorem 6.2. O

Corollary 6.1. Let f be a continuous non-negative function for ¢ > fy and k be a non-negative constant.
If .
fr) < k/ f(s)dsforallt >ty then f(r)=0forallz> t.
fo
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Corollary 6.2. Let f(t,x) be a continuous function which satisfies a Lipschitz condition on R with a
Lipschitz constant L, where R is either a rectangle or a strip. If ¢ and ¢ are two solutions to the initial
value problem

x' = f(t,x) where x(ty) = xo,

on an interval / containing fy, then ¢ (¢) = ¢(z) forall r € I.

Theorem 6.4 (Peano). Suppose G C R? is an open subset containing (fy,xo) and f(¢,x) is continuous
on G. Then, there exists @ > 0 such that the initial value problem has at least one solution on [ty —a,f +al.

Example 6.5. Suppose ¢(¢) is a solution to the initial value problem

dx X —x

1
E = m where X(O) = —.

2

Show that 0 < ¢(z) < 1 for all # € J, where ¢(¢) is defined on the open interval J containing 0.

Solution. Let ¢ (t) be a solution defined on the open interval J, where 0 € J. Suppose there exists s € J such that
¢(s) > 1. Without loss of generality, assume s > 0. Since ¢ (¢) is continuous and ¢ (0) = 3, by the intermediate
value theorem, there exists so € (0,s) such that ¢ (so) = 1. We can take sy to be the least value in (0, s) such that
¢(so) = 1. Thatis tosay, ¢(r) < 1 forall 0 <t < spand ¢(so) = 1.

We now consider the initial value problem

dx X —x

E = m where X(S()) =1.

The function f(t,x) = % satisfies Picard’s theorem on existence and uniqueness (Theorem 6.1), so there
exists a unique solution defined on an interval I = [sp — o, o + ¢] for some ¢ > 0. The function ¢(z) defined on
J is a solution to this initial value probm, and it has the property that ¢ (z) < 1 for all < so. However, ¢ (t) = 1 is
a solution to this intiial value problem on /, but ¢ and ¢ are two different solutions to the initial value problem,
contradicting the uniqueness of the solution. It follows that ¢ (z) < 1 for all € J. Similarly, ¢(¢) > 0 for all

reld. U
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