Introduction

Method of Laplace transform is very useful in solving differential equations. Its main feature is
to convert a differential equation into an algebric equation, which allows us to obtain the Laplace
transform of the solution. There immediately lies the main difficulty — to obtain solution from its
Laplace transform (Inversion problem) is not easy at all except for some special forms. We shall
start with a brief review of improper integral.

1 Improper Integral and Laplace Transform

Suppose f(t) is a function on inteval 0 <t < oo (we can regard ¢ as time).

Improper Integral: If the limit of integral over finite intervals

h—oo

h
lim / ft)dt
0
exists, then we say improper integral fooo f(t)dt converges and define it by

/OO F(t)dt 2 lim hf(t) dt.
0 h—c0 Jo

Otherwise, we say the improper integral diverges.

Example: Evaluate the improper integral

&0 1
dt; h
/0 o ere p>0

Solution: First assume p # 1. For h > 0, we have

h 1 1-p
/ gt = (1+1)
o (L4t 1—p

which implies that

Poaentr

0 1—p 1—p

h 1
1 — 1
lim / - gg={ 1 P2
h—oo Jo (1 +t)P oo ; p<l1

Therefore the improper integral converges for p > 1, but diverges for p < 1. In case of p =1,
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we have

h
1
/0 (1+t)dt:10g(1+h) — oo as h— oo,



and the improper integral diverges. In one word, the improper integral diverges for p < 1,
and convergess for p > 1 with value

/M—QL—ﬁ e a1
— or .
o @+op b1 p

Example: Evaluate improper integral
[e.e]
1
/ L
o 1+1t2

h
/ —dt = arctant\g =arctanh — E, as h — oo.
o 1+t 2

Solution: It follows that

Therefore, the improper integral converges with value

*© 1 T
— _dt=—
tA 1+ 2 2

We state without proof a theorem that is very useful in determining the convergence of improper
integral.

Theorem: If |f(t)| < g(t) for all ¢ > 0 and improper integral fooo g(t) dt converges, then improper
integral [ f(t)dt also converges. On the other hand, if f(t) > g(t) > 0 and [, g(t)dt
diverges, then [;° f(t) dt diverges.

Example: Prove that the improper integral

o0 2
/ eV dt
0

converges. Actually, it can be shown that

/ e*tz dt = ﬁ
0 2

Solution: It is easy to see that e <elfort>1 and e <1for0<t< 1. Hence
e~ < g(t) with
1 ; 0<t<l1

Mﬂ:{€4 L ot>1

But [;°g(t)dt =1+ 1 converges. Therefore [;° e~t* dt converges.

To calculate the improper integral, it suffices to show that
A o0
A_/ e dt = /7

However, we have



Using Polar coordinates, x = rcosf,y = rsinf, with » > 0,0 < 6 < 27, we have dxdy =

rdrdf and
o) 2 9 o) ) 500
= / / e " rdrdd = 27r/ re”" dr == —m-e " = T.
o Jo 0 0

This completes the proof. O

Exercise: Determine whether the following improper integrals converge or diverge.

1. fo t2 t. (Hint: Diverge, since the integrand goes to 1 as t — o0)

2. [Te smtdt Here s > 0. (Hint: Converge, since |e~*'sint| < e™*)

0o 14t 1+t 1
3. f 1;;2 (Hint: Diverge, since 1;;2 > 1—+t)

Definition of Laplace Transform: Suppose f(t) is defined for 0 < ¢t < co. The Laplace trans-
form of f is defined as the improper integral

A oo
L) =F6) & [ etrar
0
for all s such that the improper integral converges.

Remark: The Laplace transform of f(¢) is a function of s.

The following theorem will give a satisfying description regarding the domain on which the Laplace
transform is well-defined.

Theorem: If improper integral fooo e St f(t) dt converges for some s = sg, then it converges for all
S > S0.

Example: Find Laplace transform of f(t) = e®. Here a is a constant.

Solution: The Laplace transform

o
L {e“t} = e St = —— for s> a.
0 S a

1

Example: Find Laplace transform of f(t) = 7

Solution: The Laplace transform is

L T

22

Here the second equality follows from change of variable ¢ = % (we can assume s > 0,

otherwise the Laplace transform is clearly co).
Example: Find Laplace transform of f(¢) = sinat, where a is a constant.
Solution: One way to find its Laplace transform is using formula
6iat‘ o e—iat

sin at =
21



However, for s > 0,
1

s —ia

L {eiat} _ / ef(sfia)t dt =
0

We have, for s > 0,

1 1 1 a
L{sinat} = — _ _
{sinat} 21’(5—2’@ s+ia) 52 +a?

Exercise: Find the Laplace transform of f(t) = cosat. (Answer: ¥.3)

There are many theorems that facilitate the computations of Laplace transforms of more com-
plicated functions. We shall state below a relatively simple one without proof.

Theorem: Suppose Laplace transform F(s) = L{f(¢)} is well-defined for s > sg. We have

L{fO) = —F'(s), L{EFO)} =F"(s), -, L{"f(1)} = (-1)"F"(s),

for s > sg.

Intuition: We have F(s) = [ e *'f(t)dt. If we can exchange the order of differentiation
and integration, then

dF d o[> _, _ [T s _ 7 st __
£:£/0 e f(t)dt_/o dS( f(@)) dt /O tf(t)dt L{tf(t)}.

The derivation of F”(s),--- follows similarly. 0O.
Let us use this theorem to calculate several examples.
Example: Find Laplace transform of f(t) = t"e%. Here n > 0 is an integer.

Solution: We know F(s) 27 {e*'} = L. Hence

L{tre"} = (F)"FOs) = (1" (1" —na!)’”1 T (s —Ts)"“'

Example: Find Laplace transform of f(t) = =3 for all integer n > 0.
Solution: We know F'(s) 2r {%} Hence

T IR E R SR

2n Sn+§ )

2 Properties of Laplace Transform

Laplace transform is a linear operator, in the sense that

L{cifi + cafa} = a1 L{f1} + cal{fo}

for all constants c1, co. More precisely, we have



Theorem: If Laplace transforms of fi(t) and f2(t) converges for s > s; and s > sy respectively.
Then for s > max{si, sa2},

Licifi +cafo} = et L{f1} + c2L{ f2},

where c¢1, co are constants.

Proof: Exercise.

Another extremely important property of Laplace transform is the one-to-one respondence
between functions and their Laplace transforms. More precisely, we have

Theorem: If f; = fo, then £{f1} = L{f2}. Conversely, if L{f1} = L{f2}, then f; = fs provided
that fi, fo are both continuous.

The proof of this theorem is beyond the scope of this text. More details can be found in D.V.
Widder “The Laplace Transform”.
This theorem enable us to define the inverse Laplace transform.

Definition: Suppose F' is the Laplace transform of a continuous funtion f, that is
F = c{f}.

then the inverse Laplace transform of F, written as L71{F}, is f. In another word
f=LYF.
Remark: The inverse is well-defined and unambiguous by the previous theorem.

Example: Find the inverse Laplace transform of s%

Solution: Since L{t} = sig, we have

Exercise: Find the inverse Laplace transform of % (Answer: \/%)
Theorem: The inverse Laplace transform is a linear opeartor. That is
£t {01F1 + CQFQ} = Clﬁfl{Fl} + Clﬁil{FQ}

for all constants ¢y, co.
Proof: Let Fy = L{f1} and Fy = L{f2}, where fi, fo are continuous functions. We have

L{cifi+cafo} = cll{fi} + cLl{fo} = c1F1 + o[

By definition, we have
LR +aRl=afi+afi=al Y{F}+al YR}

This completes the proof. O



Remark: It follows easily that
Lo +eaR+-+e Py =L R} +al YR+ + e, LTHEF, ).
for all n and constants cq,ca, -+, cp.

The linear property of inverse Laplace transform helps to deal with more complicated Laplace
transforms. Before doing some examples, we shall briefly review Partial Fraction Expansion,
which is also very useful in solving initial value problems.

2.1 Partial Fraction Expansion

A quotient of form ggg, where P(z),Q(x) are both polynomials and P(x) is of degree less than

Q(z), can be expanded into partial fractions. For example, we can expand quotient

3r—1 3x — 2
2—-1 (z+1)(z-1)

into the sum of two partial fractions
A B

x-l—l—l_ac—l’

where A, B are two constants yet to be determined. It is easy to see that

A B _(AtBat(B-A)

z+1 x-1 2 -1

which implies that

Be-1_ 1 2
2—-1 z4+1 zx—1

A+B=3, B-A=1 = A=1 B=2

and we complete the partial fraction expansion.
In general, the form of each partial fraction in the expansion depends only on Q(x). It shall be
clear from the following example. Suppose

Q(z) = (z + a)(z® + b)(2* + ¢)*(z + d)*
and P(z) is some polynomial with degree less than Q(z). The partial fraction expansion of ggg
will take form

Pxy A  Bz+C Dz+E Fz+G H I H

Qx) z+a 2240 z2+c (x2+c)2+x+d+(:c+d)2+(x+d)3

The general rule can be concluded as

1. Term such as (z +a) = (x + a)! has exponent 1 outside the parenthesis. Hence term (z + d)
will once in the denominators of the expansion — as (z + a).

2. Term such as (22 +b) = (224 b)! has exponent 1 outside the parenthesis. Hence term (z + d)
will once in the denominators of the expansion — as (22 + b).



3. Term such as (z + d)® has exponent 3 outside the parenthesis. Hence term (z + d) will
appear three times in the denominators of the expansion — as (z +d), (z + d)?, and (z + d)?
respectively.

4. Term such as (22 + ¢)? has exponent 2 outside the parenthesis. Hence term (z? + ¢) will
appear twice in the denominators of the expansion — as (22 + ¢) and (2% + ¢)? respectively.

5. Each numerator is a polynomial of degree one less than that of the term inside the parenthesis
of its denominator.

Let us study the following examples.

Example: With the aid of partial fraction expansion, find the Inverse Laplace Transforms of the
following functions.

3542 9 3 3s24s+1
s(s+1)(s+2) T os(s241)

Solution: From the general rule of determining the form of each term in partial fraction
expansion, it follows that

s
© s242s+1

25 —3 A B C
—— - __ - Z = A=B=1,C=-2
s(s+1)(s+2) s+s+1+s+2 ’

s+2 5+2 A B

s2+2s+1 (s+1)2 s+1+(5+1)2 ’

2

3" +s+1 - é_|_B‘97+C = A=1,B=2C=1

s(s2+1) s 241

Therefore, the inverse Laplace transform are
(1) 14et =272  (2) et —te? (3) 1+2cost+sint

respcetively. O

3 Solutions to Initial Value Problems with Constant Coefficients

Consider the following linear differential equation

A n e
Lly] = aoy™ + a1y + -+ an 1y + any = f(1),

where ag,ay,--- ,a, are constants with a,, # 0. An advantange of Laplace transform method is
that non-homogeneous (¢(¢t) = 0) and non-homogeneous (g(t) # 0) equations are handled exactly
the same way.

Taking Laplace transform on both sides, we have

aoL {y™ ) +art {y" V] + o+ Ly} + anlly) = LU} = F(s)

Our next task is to evaluate £ {y™} in terms of Y (s) 2r {y}. We have the following important
theorem.



Theorem: Let Y (s) 2 L{y(t)}. We have, for n > 1,
£y} = 5m¥(5) = 5" Hy(0) — - sy72(0) — y " (0)

under some reguarlity conditions.

Proof: We first assume n = 1. In this case,

oty = [ ewd= [Tt
= efSty(tﬂgo + /000 y(t)se t dt = sY (s) — y(0).

n the last equality, we umplicitly assume that lim; ..o e *"y(¢) = 0). Sumilarly
In the l li implicitl hat li sty(t) = 0). Similarl

L{y"} = sL{y'} = y'(0) = s[sY(s) — y(0)] — /' (0) = s°Y(5) — sy(0) — y'(0).
~sty/(t) = 0 for the first equality and lim;_, o e **y(t) = 0

Here we implicitly assume lim;_,,, e %'y
for the second equality. In general, it can be shown that

£y} = 5m¥(5) = " Hy(0) — o sy72(0) — y " (0)

under condition lim;_, s e_Sty(k) (t)=0for k=0,1,--- ,n—1
Remark: The condition that ensure the theorem to hold is

lim e_Sty(k)(t) =0, k=0,1,---,n—1.

t—o00
This condition usually holds, especially, it always holds for a solution obtained by Laplace
transform method; see D. Widder, Advanced Calculus (1961), for details. In the following
examples, we will omit the details of verifying this condition for the solutions we obtained.

Example: Use the Laplace transform method to solve initial value problem

y+2y=e"  y0)=0

Solution: Observe that F(s) = {e7"} = s% Taking Laplace transform on both sides, and

letting Y'(s) 2 L{y}, we have
1

1 1
L{y}+2Y(s) = —— = sY 2Y (s) = - V()= —
To determine the inverse Laplace transform of m, we expand it in partial fraction. It
follows that
Y(s) = 1 A N B A(s+2)+B(s+1)
B s+l s+2 (s+1)(s+2)

(s+1)(s+2)



which yileds that
A+B=0, 2A+4B=1 = A=1, B=-1

or

_lerl_ler2 - y(t)zﬁ1{Y(8)}:£1{541r1}_£1{541r2}

But £71 {%} = e, we have

S—a

y(t) =et —e 2
Exercise: Solve initial value problem
y +2y=e", y(0) =4
Solution: Tt is very similar to the preceding example — the only difference is that £{y'} =
sY (s) —y(0) = sY(s) — 4. We obtain that

1 4s +5 1 3

= Y(s)= =
s+1 () (s+1)(s+2) s—|—1+s—|—2

(s+2)Y(s)—4=

We have y(t) = e~t + 3¢ 2.
Example: Use Laplace transform method to solve initial value problem
y' =2y ty=e y(0)=1,4(0)=0
Solution: Let Y (s) = L{y(t)}. It follows that
Lt = SV (s) — sy(0) — 4/ (0) = 52V (s) — s
L{y'} = sY(s)—y(0) =sY(s) -1
Taking Laplace transform on both sides, we have

1

Y (s) — s — 25V (s) + 2+ Y (s) = p—

which implies that

1 s—2 1 (s—1)—-1 1 1 1
R A o R P A P R oy Rl Pl ¥ By

Therefore y(t) = (t> —t + 1)e! (exercise!).

Exercise: Solve initial value problem

Solution: Let Y (s) 2 L{y(t)}, we have

3 3
) X s° + 2s S 2s

Y 2 - - '
S (8) S S (8) 0 (S) s4—1 (8 + 1)(5 1)(82 1)




Usinf partial fraction, we have

A B Cs+D 1 3
=gttt e = 1773

which implies that
1 3
y(t) = =7 (e + ') + 5 cost.

Example (Resonance): Consider initial value problem
" 2 Fo /
y' +wgy = —coswt,  y(0) =0, y'(0) =0

Solution: Taking Laplace transform on both sides, we have

F ]
i) =1 (52 + w) (52 + w?)

In case w # wy, we have
A B
Y(s) = — °

s2+w? 24 wd’

where A =B = m# This implies that

(wh—w?)’

Fy

————— (coswt — cos wpt
m(wg — w?) (cosw wot)

y(t) =

In case that w = wp (Resonance), we have

F() S
Y = = —F,
(8) m (82 +w(2))2 (8)
where . . .
AN 0
O I — /
() 2m  s? + w? {Qmwo SHL0 }
Therefore,
Fi
y(t) = O ¢ sinwot
mwo

We recover the same results.

Example: (linear system) Solve the following system of first order equations:

zi = 221+ 42

zé = —z1 — 32

with initial condition z;(0) = 0, 22(0) = 1.
Solution: Let Z;(s) = L{z(t)} for i = 1,2. We have

L{z1} = sZ1(s) — 21(0) = 521, L{zh} = sZ5(s) — 22(0) = 5725 — 1.

10



Therefore

sZ1 = 271+ 475

SZQ—l = —21—322
or 4 4 4 1
4 —3 3 s—2 3 —3
7 = =3 3 Ty = =3 3

YT s+ 2)(s— 1) 5+2+5—1’ 2T +2)(s—1) s+2+s—1’
which implies
4 1
z1 = 3 (et — e_Qt) , 29 = 3 (—et + 46_2t)

The main difficulty lies in the fact that the inverse Laplace transform is not that easy to calculate,
contrary to what we have shown in examples. We have to resort to numerical schemes to obtain
the inverse in most cases.

Remark: In above discussions, the initial conditions are evaluated at t = 0. There is no loss of
generality, indeed. For example, if the initial value problem takes form

Lyl = £(8),  y(to) = o, ¥'(t)) = s -+, y™ V(to) =y

4

We can define §(t) = y(t + t9), we have an equivalent initial value problem

- - - (n— -1
L)) = f(t+t0),  §(0) =wo, 7(0) =G, -+, 7"V (0) =5 .
For example, consider initial value problem

y" + 4y = =3sint, y(n) =0, y'(7r)=1.

Let §(t) 2

y(t + 7). It follows that
7' + 47 = —3sin(t + ) = 3sint,  F(0) =0, §(0) = 1.
It is not difficult to find the solution as
g(t) = sint (exercise)
Hence, y(t) = g(t — ) = —sint.

Exercise: To find Y (s) = £{§}, show that

which implies that § = sint.

11



4 Miscellaneous Results of Laplace Transform

In this section we collect some useful results about Laplace transform. Let us start with the
following lemma.

Lemma: Suppose F(s) = L{f(t)}, or f(t) = L™ F(s)}. We have
L{eft)}=F(s—c) or L YF(s—c)}=e"f(t)
Proof: Use definition. O
Example: Solve the following initial value problem
y' =2/ +5y =0, y(0)=1, y'(0) =0
Solution: Let Y (s) 2 L{y}. We have
Ly} =Y (s)—s, L{y}=sY(s)—1.
It follows that

5—2 5—2
(s) $2—-2s+5 (s—1)2+4 (s—1)
where 1 1
F(s) 2 ;ﬂ = L7HF} = cos2t — g sin2t

Hence y(t) = e! (cos 2t — £ sin2t).

Remark: We can also use partial fraction expansion to solve the inverse problem in this example
with the aid of complex variable. Indeed
§—2 s—2 A B

Y(s) = (s— 1244 (s—(1+2i)(s—(1—2i) T (+2) s—(1-2)

It follows that
1
A+B=1, A1-2)+B(1+2i)=2 = A:——i-zi, =

Therefore,
: : 11 11
y(t) = Ael20t 4 pell=20)t — (— - Zi) - €' (cos 2t + i sin 2t) + (— — —i) - e!(cos 2t — isin 2t)

2 2 4
t L.
= e coth—§s1n2t

Exercise: Solve the linear system

zy = —3z1 —Hz
Z9 = z1+ 29
with initial condition z1(0) = 1, 22(0) = 1. (Answer: z; = e t(cost — 7sint), zo = e (cost +

3sint).)

12



4.1 Convolution and Integral Equation

The Faltung Theorem, which is very useful helping evaluating integrals, involves the convolution
of two functions. Let us first give the definition.

Definition of Convolution: The convolution of two functions f and ¢, denoted by f * g, is a
function whose value at ¢ is determined by

(f * o)t /ft—s

This integral is called convolution integral.

Example: Let f(t) 2 t, g(t) 2 cost. Determine f*g.

Solution: By definition, we have
t t
(fxg)(t) = /0 (t — s)cossds = (t — s)sins|j, +/0 sinsds =1 — cost
Here we state several properties of convolution product, which resemble those of ordinary product.

Lemma: For any functions f, g, h, we have

1. (Commutative Law) fxg=g=x*f.
2. (Distributive Law) fx(g+h)=f*g+ f*h.
3. (Associative Law) (f*g)«h=f=*(gx*h).

Proof: We will only give the proof of Associative Law. The Commutative and Distributive
Laws are left as exercises. By definition, we have

(F+0)+m) O = [ (79— whiwdu = [ [O“ﬂt—u—w)g(w)h(u)dw] du

For the integral in the bracket, make change of variable w = s — u. We have

((f % g) = h)(t /[/ft—s s—u)h(u)ds] du

This multiple integral is carried out over the region
{(s,u); 0<u<s<t}

as depicted by shaded region in the following graph.

Change the order of integration, we have

((fg)+h) (t / U f(t—s)g s—u)h(u)du] ds—/otf(t—s)(g*h)(s)ds_ (F2(gh)) (1)

This completes the proof. O

13



The importance of convolution shows in the following theorem.
Faltung theorem: Let F(s) = L{f(t)}, G(s) = L{g(t)}. We have
F-G=L{f*xg} o L HF-Gl=fxg=LF}+L G}

Proof: By definition,

[e%s} t o) t
L{f *g}(s) = / e st {/ ft—u)g(u) du} dt = / [/ e f(t —u)g(u) du| dt
0 0 0 0
The multiple integral is carried out over region
{(tau); OS’U,St}

as depicted by the shaded region in the following graph.

Changing the order of integration, we have

C{fgh(s) = /0 - [ /u Ooestf(t—u)g(u)dt] du = /O g () [ /u T o5t £y dt| du
_ /0 S [ /0 e f () dw] du = /0 " emsug(u) - F(s) du

= F(s)/ e g(u)du = F(s)-G(s)
0
This completes the proof. O

An immediate application of Faltung theorem is finding a particular solution of the non-
homogeneous linear equation. We will illustrate with a second-order linear equation, but same
methodology works for higher order linear equations too. Consider non-homogeneous equation

ay” + by’ +cy = g(t).
We wish to find a particular solution. Actually, it suffices to solve the following initial value problem
ay” + by +cy=g(t), y0)=0, 3 (0)=0.
Suppose the solution to this initial value problem is y,(t). Let Y,(s) = L{y,(t)}. We have

G(s)

Yp(s) = 0 T bs e here G(s) = L{g(t)}

Letting h(t) 2 {m}, we have that
t
u() = (h# g)(8) = / Bt — 5)g(s) ds.

14



Remark: Function h(t) is easy to obtain. Let 712 stand for the two roots of the characteristic
equation as? + bs + ¢ = 0. It follows that as? + bs +c = a(s — 71)(s — r2).

1. r1 # 79 are both real: Using partial fraction expansion, we have

I | 1 1
as2+bs—|—c_a(r1—r2) S—T] S—T9

or
1

ht) = a(ry —ry)

(€T1t _ ergt) .

2. r1 =19 :=1 are both real: In this case

1 1 1
= — :—F/
as?+bs+c  a(s—r)? ()

where F(s) 2 %T Therefore,

1
a

1
h(t) = =te".
(t) = —te

3. 71 # r2 are complex: Write r1 2 = A £ iu. Using partial expansion, we still have that

1 1
h(t) = —— (et — &™) = —eMsin pt.
() a(ri —r2) ( ) ap a

Example: Write the solution of the initial value problem
V' 44y +5y = f(t), >0, y(0)=0, ¢(0)=1,

in term of a definite integral.

Solution: Let F' = L{f} and Y = L{y}. We have

L{y'} =sY(s), L{y"}=5Y(s)~1

and
L{y"y +4L{y Y +5L{y} = L{f} = s>V (s)—1+4sY(s)+5Y(s) = F(s).
Hence 1+ F( ) ) )
S
YO = a5 Gr2P+l 122+l Fs)
Note that

1
—1 2t
L {7(8_'_2)2_'_1}—6 sin t.

It follows that

t
y(t) = e Hsint + / e 20=) sin(t — s) f(s) ds O
0

15



Example (Beta Functions): Show that

1 In!
/ (1 —t)mtn dt = L

for all non—negative integers m,n.

Proof: Let f(x ) = 2" and g(x) 2 27 1t follows that

hz) 2 (f + g)(a /‘fx—t t/(x—ﬂmﬁdt

However, Faltung theorem yields that

A m! n! m!n! mln! (m+n+1)!
H(s) = L{h(x)} = L{f ()} - L{g(2)} = gmHl gt gmintz (m+nt1)] smnt2
Therefore, for all z,
o B m!n! mantl
h(z) =L {H(s)} = 7(m+n+1)!t )

In particular,
mln!

1
MD_A(L¢Wwﬁ_Gﬂ]:3i

This completes the proof. O

4.2 Elementary Volterra Integral Equation

Convolution is very useful in the study of Volterra integral equations, which take form

o) = [ ot =990 ds-+ o), e>0.

Here g(t),yo(t) defined on ¢t > 0 are given functions. We shall assume throughout this section that
g(t) and yo(t) are both non-negative functions, which implies the solution y(¢) is also a non-negative
function.

Population Model (with age structure): Suppose in a population, the fraction of individuals
that will survive to age s is p(s), while each individual of age s will produce offspring at
rate ((s). We are interested in the dynamics of y(t), the overall birth rate at time ¢ for the
population. That is, in a small time interval [¢t,¢ + dt), the total popaultion will produce
y(t) dt new offsprings.

Now at time ¢, the number of individuals aged from s to s + ds (where 0 < s < t) is
y(t — s)p(s)ds. These individuals will produce offspring y(t — s)p(s)ds - B(s)dt in time
interval [t,t + dt). Let yo(t) denote the birth rate of individuals with age greater than ¢ (or
born before time 0). We have

) dt = [yt = p(s) ds - 5(s) i + o)

16



which implies that

where g(s) 2 p(s) - 5(s)- 0

The integral can be rewritten as

y(t) = (y * g)(t) + yo(t).

Taking Laplace transform on both sides, we obtain

Y(s)=Y(5)G(s) + Yo(s) = Y(s)= 1}—/07&))

Here Y(s) = L{y(t)}, G(s) = L{g(t)} and Yy(s) 2 L{yo(t)}. We will first take a look of a few
examples that are explicitly solvable.

Example: If yo(t) = 0, then Yy(s) =0, which in turn imples that Y (s) =0, or y(¢) = 0.

Example: Solve the integral equation
t
y(t) = / sin(t — s)y(s)ds + 1.
0

Solution: Taking Laplace transform on both sides, we have

1 1 241 1 1
Y(s) = Y - = Y(s) = - 4
(5) 5241 (s) + s (5) 53 S + s3
Therefore 1
ww:1+§ﬂ

Example: Solve the following integrodifferential equation

t
y"(t) — 2/ sin(t — s)y(s)ds=0; t>0
0
with initial condition y(0) = 0,y'(0) = 1.
Solution: Let Y (s) = L{y(t)}. We have
L{y"} =s’Y(s) — 1.
Hence,

1 s2+1 s2+1
Y :0 = Y e — .
s2+1 (s) (s) st+s2-2 ($24+2)(s+1)(s—1)

s*Y(s) —1—-2

Partial fraction expansion yields

1 1 1 1 1 1
Y(s)= - - — =
) =373 35-7 3511
Therefore,
1 1
t) = sinvV2t + = (et — e7t).
v =57 S —e)

17



In general it is impossible to find explicit inverse Laplace transform. However, we can obtain
an asymptotic result as t — oo using Laplace transform. From now on, we assume that function g
is non-negative and Yy = L{yo} is bounded.

It can be shown that y(t) ~ Ce™ for some constant C' and r, as t — oo. In another word,

y(t)
t—00 Ce’l”t

=1

for some constants C' > 0 and r. This asymptotic result shows that y(¢) increases (or decay)
exponentially with exponent r. The question now is how to determine C and r using Laplace
transform. Actually, we have

r is the unique solution to equation G(r) =1, while C' = —gﬁg:g.

We shall illustrate the main idea without being rigorous.
The following lemma plays a key role in the development, which is also of its own interest.

Lemma: Let F(s) = L{f(t)}. If f(t) — c as t — oo, then sF(s) — cas s — 0.
Proof: For any € > 0, there exists T' > 0 such that |f(¢) —c| < e for all ¢ > T'. It follows that,

. e __log(1—¢/]c|)
for all s < min T T ,
T o'}
|sF(s)—c| = s/ e_Stf(t)dt—i—s/ e S f(t)dt —c
0 T
T [e%e) [e%e)
< s/ £ dt + s/ e F(E) — | dt + s/ etedt —
0 T T
< 6—1—6'3/ e tdt + (1—e*T) ||
T
< €4 €+ €= 3e
This completes the proof. O

rt

Now suppose y(t) ~ Ce™ or
lim e "y(t) = C.

t—o0
It follows from the preceding lemma that
_ Yo(s +7)
L{e T "yt)} =sY = FoSTr) C 0.
sC{e "y(t)} =sY(s+7) = GGe1n) — as s —
However, since sYy(s +r) — 0, we have 1 —G(s+7) - 0ass — 0, or G(r) = 1. But Gis a
decreasing function. It follows that r is uniquely determined. By L’Hospital rule, we have

!
O i Y0+ Yols 1) +s¥g(s+r) _ Yo(r)

s—=01—G(s+r) s—0 —G'(s+7) G'(r)

This completes our discussion.

18



Example: Suppose that k(t) is positive and continuous, with [;* k(t) dt < 1. Let y(t) be a smooth
function that solve the Volterra Equation

t
y(t) =1 —l—/ k(t — s)y(s) ds, t>0
0
Show that y(t) is non-decreasing and limy_. y(t) = (1 — 5~ k(s) )71.
Proof: We have
t
y(t)=1 —|—/ y(t — s)k(s) ds.
0
Taking derivatives on both sides, we obtain

() = y(O)k(t) + /0 (t — 5)k(s) ds

However, y(0) = 1, therefore, with ¢(t) = y/'(t), we have

t
o(t) = k() + / ot — s)k(s)ds =  (0) = k(0) > 0.
0
It follows that ¢(¢) > 0 for all ¢ > 0 (why?) and y(¢) is increasing. Hence, lim; o y(¢) must
exist, say ¢ (could be +00). We have
c= liH(l) sL{y}(s) := liH(l) sY(s)
However, taking Laplace transform on both sides of the integral equation,

Y(s) = % +EK(s)Y(s) = sY(s)= 1%[((5) TTIC limsio K(s)

By definition

K(s) = /0 ety dt = Tim K(s) = /0 " lim et (1) di = /0 k() dr.

s—0 s—0

This completes the proof. O

Example (Abel Equation): Formally solve the Abel equation

go(:c):/ox\/yx(sT)Sds, t>0.

Here ¢ is a given non-negative, smooth function with ¢(0) = 0. See the following graph:

Solution: Note the equation is indeed ¢ = y * \/g . Taking Laplace transform on both sides,
we have, with ® = L{p}, that

(s)- 5

S



But there is no function with Laplace transform as /s. However, note

L{p'} = sP(5) — s0(0) = sD(s).

It follows that

Y(s) = 2o0(e) Y2 = 2L(e'} - Ll
which implies that 5
Ll L 1Y)
)= 2o v = ﬂ/o g
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5 Discontinuous and Impulse forcing funcitons

The same idea of Laplace transform can be carried out to solve differential equations with discon-
tinuous non-homogeneous terms.

Example: Consider the following initial value problem

/i / o . 5 ; O§t<1
y' +2 +5y—g(t)—{ 0 . t>1.

with initial condition y(0) = 0, y’(0) = 0.
Solution: Let Y (s) = L{y}. It follows that
Ly =sY —y(0) =sY; Ly =5°Y —sy(0) —y/(0) = s*Y.

Therefore, we have

® | ot

(1=e7),

[e§) 1
(s> + 25 +5)Y = L{g} = / e tg(t)dt = / Se st dt =
0 0

which implies that

b}

Y(s) = Smr st

_ e*é‘) = H(s)—H(s)e™® = y(t) = r1 {H(s)}—ﬁfl {H(s)efs}.

We first compute £~1{H}, which is straightforward since

H(s) 5 1 s+2 I (s+1)+1
s = =-"--"-—"-="-—" - —
s(s2+2s+5) s s2+2s+5 s (s+1)2+4

or

1
h(t)=L YH}y=1—-¢"" (cos 2t + 3 sin 275) .
It remains to compute £~1 {e"*H} (to be continued).

In general, suppose L{f} = F, or

/Oo e SLf(t) dt = F(s).
0

For any constant c, assume
0 ; 0<t<ec

RS PRI

in other words, g is a translation of f; see the following graph.
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The Laplace transform of g is

£ig) = /0 sty (t) dt = / T e (= o) dt = e~ F ().

C

Notation: From now on, we will denote

A0 5 0LZt<e
uc(t)_{l  t>c

Furthermore, it follows from the preceding discussion that

LA{uc(t)f(t —c)} =e ®F(s), or L7} {e=F(s)} = uc(t)f(t —c).

Example (continued): We have
L e H} =ui(t)h(t — 1),

and the solution
y(t) = h(t) —ui(t)h(t — 1); t>0.

Example: Find the Laplace inverse of the following functions

Solution: (1) The Laplace inverse is u.(t).

(2) The Laplace inverse is
Ug(t)sin(t — m) = —ur(t)sint.

Example: Solve the initial value problem

[o¢]
v+ 2 +5y=5> (—1)"un(t); t>0

n=0
with initial condition y(0) =0, y'(0) = 0.
Solution: The function > (—1)"uy(t) looks like

Letting Y = L{y}, we have

22



or
o)

n_—ms 5
Y =2 U™ o
y(®) = S (1) ()t — ).
n=0

Exercise: Solve the above equation with a different initial condition y(0) = 4, y'(0) = 2.

Hint: The solution is

y(t) = e (4 cos 2t + 3sin 2t) + i(—l)”un(t)h(t —n).
n=0

Example: Find the Laplace inverse of the following function

1 1
F(s) = : ; 0
() 241 1—e 7’ i
and graph the inverse function (roughly).
Solution: Using the formula
=l+ata*+a*+---, V<1,
1—-a
we have
1 5 >
_ —Ts —2ms .. __ —nms
m =1 +e +e + = ZO (& .
-

Since £71 {Sglﬂ} = sint, we have

FO) =L7HF}Y = tne(t)sin(t —nm) =sint - Y (=1)"upx(t)
n=0 n=0

Below are the figures.
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5.1 Impulse functions

The impulse function is not a function in the usual sense — indeed, it is a generalized derivative of
step funcitons.

One way to define the unit impluse function 6(t) is as the intuitive limit of a sequence of
functions

oL =im{ § 0
The function ¢ has the following property:
1. 5(t):0ast7é0.
2. [ 6(t)dt =1.
3. % t)dt = g(0) for all functions ¢(t) continuous at t = 0.

These properties are straightforward; e.g.,

/ 5(t)g(t) dt = lim — /_ ig(t) dt = g(0)

e—0 2¢

Intuitively, the impulse function §(¢) can be understood as a force of a large magnitude acting for
a very short amount of time around ¢ = 0, hence the name “impusle”. In general, one can define
impulse function §(t — to) (sometimes denoted by dy,(t)), which satisfies

1. 6(t—t0):Oast7ét0.
2. [ 6(t—to)dt =1.
3. 70 6(t —to)g(t) dt = g(to) for all functions g(t) continuous at t = to.

It is easy to see that the Laplace transform of (¢t — ¢g), tg > 0 is

o0

L{5(t—to)} = /OOO e S5 (t —to) dt = / e S0(t — tg) dt = e 510,

—00

Remark: The other way to define the impulse function 6(¢) is to understand it as the generalized
derivative of the step function

A0 5 t<0
h(t):{l L t>0

It roughly goes as follows. For any continuously differentiable function f, its derivative f’
can be uniquely characterized by the following identity

/ " f()g (1) dt = / T Pgt).dt Vg e CRR).

Here C5°(IR) is the set of all smooth functions with compact support (i.e., g(t) = 0 for all ¢
outside some interval). This definition of derivatives can be easily extended to obtained the
generalized derivative of h(t). In other words, h/(t) is defined so that

| nwga=- [ wg.ds v gecrm)

—00
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| nwga- /Ooog'@)dt:—g(m = [ W d = g00)

—0o0
for all g € Cg°(R). It is easy to see that h'(t) also satisfies the property 3 above. Indeed, h'(t)
here is the true meaning of 6(¢).

Example: Solve the IVP
v+ 2y +5y=46(t—1); y(0)=0, y'(0)=0.
Solution: Let Y = L{y}. We have
(8> +25+5)Y =¢* = Y= —¢°

Hence 1
y(t) =ui(t)f(t—1),  where f(t)= 3 sin2t - e~ ",

Remark: There is another way to find the Laplace inverse of function of form e “*F'(s). Indeed,
by Faltung theorem,

LHe ®F(s)} =L e« LTHF} =65 f

However,

Gosf)0) = [ pe=s)sits)as = | f<t—s>a<s—c>ds—{ Mo e }—uc(t)f(t—C)-

?

25



