Chapter 2
The Laplace Transform

2.1 Laplace Transform Method: Introduction

The method for solving a first order linear differential equation y’ + p(¢)y = f(¢)
(Algorithm 3 of Sect. 5) involves multiplying the equation by an integrating factor
n) = e/ P04 chosen so that the left-hand side of the resulting equation becomes
a perfect derivative (u(¢)y)’. Then the unknown function y(f) can be retrieved by
integration. When p(t) = k is a constant, u(t) = e’ is an exponential function.
Unfortunately, for higher order linear equations, there is not a corresponding type of
integrating factor. There is, however, a useful method involving multiplication by an
exponential function that can be used for solving an nth order constant coefficient
linear differential equation, that is, an equation

Y+ a,_y "+ ary +agy = f(1) M

in which ay, ay, ..., a,— are constants. The method proceeds by multiplying (1)
by the exponential term e™*!, where s is another variable, and then integrating the
resulting equation from 0 to oo, to obtain the following equation involving the
variable s:

o0 o0
/ e (Y + a1y + o+ a1y +agy) dr = / e f)dt. (2)
0 0

The integral fooo e %" f(t) dt is called the Laplace transform of f(t), and we will
denote the Laplace transform of the function f(¢) by means of the corresponding
capital letter F(s) or the symbol £{f(¢)} (s). Thus,

LU0} 6) = /0 e f() dt = F(s). 3)
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102 2 The Laplace Transform

Note that F'(s) is a function of the new variable s, while the original function f(¢)
is a function of the variable 7. The integral involved is an improper integral since the
domain of integration is of infinite length; at this point, we will simply assume that
the integrals in question exist for all real s greater than some constant a.

Before investigating the left-hand side of (2), we will first calculate a couple of
simple Laplace transforms to see what the functions F(s) may look like.

Example 1. Find the Laplace transform of f(¢) = e*’ and g(¢) = te”.

» Solution. First, we find the Laplace transform of f(¢) = .
o0
F@s)=L{f()}(s) = / e e dt
0

o0 r
= / e dr = lim | e“ ™ dr
0

r—o0 Jq
) e(a—s)t r ) e(a—s)r 1
= lim = lim —
r—>00 g —s |, rooco\ a—s a—s
1 e(a—s)r
= + lim
S —a r—>oo qg—S¢§
1
s—a’

provided a —s < 0, thatis, s > a. In this situation, the limit of the exponential term
is 0. Therefore,

LA} (s) =

fors > a. @

§s—a

A similar calculation gives the Laplace transform of g(¢r) = te?, except that
integration by parts will be needed in the calculation:

G(s)=L {te“t} (s) = / e (te’)dt = / el 4y
0 0

(te(u—s)t r rala—s)t )
= lim —/ dr
roo\ a—s |, Jo a—s
tela—t ela—s)t r
= lim —
[

, re(a—s)r e(a—s)r N 1
= m J—
rooo\ a-—s (@a—s)?  (a—s)?

1

= fors > a.
(a—s)?
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Therefore,

r {te“’} (s) = (s——1a)2 fors > a. (&)

<

In each of these formulas, the parameter a represents any real number. Thus,
some specific examples of (4) and (5) are

E{l}:; s>0 a=0in(4),
E{eZ’}:s%z §>2 a=2in(4),
,c{e—”}:SJlrz s> -2 a=—-2in(4),

E{t}:si2 s>0 a=0in(5),
£lre) = (s_12)2 s>2 a=2in(5),
£ire) = (le)z s>-2 a=-2in(5).

We now turn to the left-hand side of (2). Since the integral is additive, we can
write the left-hand side as a sum of terms

o0
aj/ e yWdr =a; L{yV} (s). (6)
0
For now, we will not worry about whether the solution function y(#) is such that
the Laplace transform of yU) exists. Ignoring the constant, the j = 0 term is
the Laplace transform of y(¢), which we denote by Y(s), and the j = 1 term

is the Laplace transform of y’(¢), and this can also be expressed in terms of
Y(s) = L{y(¢)} (s) by use of integration by parts:

o0 00 o0
/ e My () dr = e ()|, +s / e y(r)dr
0 0
= lim e y(t) — y(0) + sY(s).
—>00
We will now further restrict the type of functions that we consider by requiring that

lim e~ y(¢) = 0.

—>00

We then conclude that

LD () = /0 ey (s)di = sY(s) — y(0). ™
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Table 2.1 Basic Laplace

transform formulas f(v) ~ I; (s) = Lf(1)} ()
1. 1 <> -
s
" n!
2 4 sn+1
3 et <> !
s—a
4 naat l’l!
. t"e <« m
5. cos bt <~ ﬂ—f——bz
. b
6. sin bt <~ m
7. af(t)y+bgt)y <— aF(s)+bG(s)
V' (t) <~ sY(s) — y(0)
9. Y1) <« 52Y(s) —sy(0) — y'(0)

By use of repeated integration by parts, it is possible to express the Laplace
transforms of all of the derivatives y/) in terms of Y(s) and values of y®(¢) at
t = 0. The formula is

Lhwi e = e

=5"Y(s) — (s"'y(0) + 5" 2y (0) + -+ 4+ sy"2(0) + y" 1 (0)),
()

with the important special case for n = 2 being

L")} (5) = 57Y(s) = sy(0) = y'(0). )

The Laplace transform method for solving (1) is to use (8) to replace each
Laplace transform of a derivative of y(¢) in (2) with an expression involving Y (s)
and initial values. This gives an algebraic equation in Y(s). Solve for Y (s), and
hopefully recognize Y (s) as the Laplace transform of a known function y(¢). This
latter recognition involves having a good knowledge of Laplace transforms of a
wide variety of functions, which can be manifested by means of a table of Laplace
transforms. A small table of Laplace transforms, Table 2.1, is included here for use
in some examples. The table will be developed fully and substantially expanded,
starting in the next section. For now, we will illustrate the Laplace transform method
by solving some differential equations of orders 1 and 2. The examples of order 1
could also be solved by the methods of Chap. 1.

Example 2. Solve the initial value problem
Y +2y=e?,  y(0)=0, (10)

by the Laplace transform method.
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» Solution. As in (2), apply the Laplace transform to both sides of the given
differential equation. Thus,

LAy +2y}(s) = L{e >} (s). (11)
The right-hand side of this equation is

L {e_z”‘} (s) = L,

which follows from (4) with a = —2. The left-hand side of (11) is
LAy +2y}(s) =Ly} +2L{y} =s5Y(s) — y(0) + 2Y(s) = (s + 2)Y(s),

where Y(s) = L{y(¢)} (s). Thus, (11) becomes

(s +2)V(s) = ——.

s+2
which can be solved for Y (s) to give
Y(5) = ——.
(s) (s +2)?
From (5) with a = —2, we see that Y(s) = L {te_zt} (s), which suggests that
y(t) = te™2". By direct substitution, we can check that y(¢) = te~2' is, in fact, the
solution of the initial value problem (10). <

Example 3. Solve the second order initial value problem
Yi+dy =0 yO =1 )"0 =0, (12)

by the Laplace transform method.

» Solution. As in the previous example, apply the Laplace transform to both sides
of the given differential equation. Thus,

L{y" +4y}(s) = L{0} =0. (13)

The left-hand side is

LAY +4y}(s) = L") +4L{y} = s°Y(5) = sy(0) = y'(0) +4Y (5)
= s+ (s> + 4Y(s),

where Y(s) = L{y(¢)} (s). Thus, (13) becomes

(s> +4)Y(s)—s =0,
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which can be solved for Y (s) to give

N

Y(s) = ——.
() s2+4

Item 5, with b = 2, in Table 2.1, shows that Y (s) = L {cos 2¢} (s), which suggests
that the solution y(¢) of the differential equation is y(¢#) = cos2t. Straightforward
substitution again shows that this function satisfies the initial value problem. <

Here is a slightly more complicated example.
Example 4. Use the Laplace transform method to solve

V' + 4y + 4y =2te” X, (14)

with initial conditions y(0) = 1 and y’(0) = —3.

» Solution. Let Y(s) = L{y(¢)} where, as usual, y(¢) is the unknown solution.
Applying the Laplace transform to both sides of (14) gives

LAY+ 4y + 4y} (s) = L{2te7},

which, after applying items 7-9 from Table 2.1 to the left-hand side, and item 4 to
the right-hand side, gives

2
SZY(S) — sy(O) - y/(O) + 4(SY(S) - J’(O)) + 4Y(S) = (S + 2)2 :

Now, substituting the initial values gives the algebraic equation

SPY(s) — 5 4+ 3+ 4(sY(s) — 1) +4Y(s) = (s+—22)2

Collecting terms, we get

(S2+4S+4)Y(S)=S+1+m

and solving for Y (s), we get

_ s+ 1 n 2
(5422 (s+2*

Y(s)

This Y(s) is not immediately recognizable as a term in the table of Laplace
transforms. However, a simple partial fraction decomposition, which will be studied
in more detail later in this chapter, gives
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s+ 2
_(s+2)2+(s+2)4

s +2)—1 2

o (5+2)?2  (s+2)f
1 1 2
_s+2_(s+2)2+(s+2)4'

Y(s)

Each of these terms can be identified as the Laplace transform of a function in
Table 2.1. That is, item 4 witha = —2 and n = 0, 1, and 3 gives

L 1 L 31
L {te 2}(s)zm, and £ {’e™ ¥} = T

L=

Thus, we recognize
-2t PV ey
Y(s) =Lie ™ —te +§te ,

which suggests that

1
y(t) — e—2t _ te—2t + §t3e_2’,
is the solution to (14). As before, substitution shows that this function is in fact a so-
lution to the initial value problem. <

The examples given illustrate how to use the Laplace transform to solve the nth
order constant coefficient linear differential equation (1). The steps are summarized
as the following algorithm.

Algorithm 5. Use the following sequence of steps to solve (1) by means of the
Laplace transform.

Laplace Transform Method

1. Set the Laplace transform of the left-hand side of the equation equal to the
Laplace transform of the function on the right-hand side.

2. Letting Y(s) = L{y(¢)} (s), where y(¢) is the unknown solution to (1),
use the derivative formulas for the Laplace transform to express the
Laplace transform of the left-hand side of the equation as a function
involving Y (s), some powers of s, and the initial values y(0), y’(0), etc.

3. Now solve the resulting algebraic equation for Y (s).

4. Identify Y (s) as the Laplace transform of a known function y(¢). This may
involve some algebraic manipulations of Y (s), such as partial fractions, for
example, so that you may identify individual parts of Y (s) from a table of
Laplace transforms, such as the short Table 2.1 reproduced above.
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The Laplace transform is quite powerful for the types of differential equations to
which it applies. However, steps 1 and 4 in the above summary will require a more
extensive understanding of Laplace transforms than the brief introduction we have
presented here. We will start to develop this understanding in the next section.
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Exercises

1-14. Solve each of the following differential equations using the Laplace trans-
form method. Determine both Y (s) = L {y(¢)} and the solution y(¢).

y' =4y =0, y(0)=2

y—4y=1, y0)=0

y—4y=e'. y(0)=0

Yy 4ay=e, y0)=1

Y 4+2y =3¢, y0)=2

y +2y =te”, y0)=0

y'+3y +2y =0, y(0)=3,y(0)=-6
y'+5y"+6y =0, y(0)=2,y(0)=-6
y'+25y =0, y(0)=1y"(0)=-1

10. y" +a’y =0, y(0) = yo, y'(0) = yi

11. y" +8y ' +16y =0, y(0)=1,y'(0) =—4
12. y" —4y' + 4y = 4e¥, y(0) = —1, y'(0) = —4
13. y/' 4+ 4y +4y =%, »(0)=0,y'(0)=1
14. y" +4y =8, y(0)=2,y'(0)=1

D A i o
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2.2 Definitions, Basic Formulas, and Principles

Suppose f(¢) is a continuous function defined for all # > 0. The Laplace transform
of f is the function F(s) = L{f(¢)} (s) defined by the improper integral equation

FO= LU0} 0) = [ e o= tin [ e @

provided the limit exists at s. It can be shown that if the Laplace transform exists at
s = N, then it exists for all s > N.! This means that there is a smallest number N,
which will depend on the function f, so that the limit exists whenever s > N.

Let us consider this equation somewhat further. The function f with which
we start will sometimes be called the input function. Generally, “t” will denote
the variable for an input function f, while the Laplace transform of f, denoted
L{f(t)} (s),% is anew function (the output function or transform function), whose
variable will usually be “s”. Thus, (1) is a formula for computing the value of the
function L { f} at the particular point s, so that, for example, F(2) = L{f}(2) =
fooo e2! f(t) dt provided s = 2 is in the domain of £ { f(¢)}.

When possible, we will use a lowercase letter to denote the input function
and the corresponding uppercase letter to denote its Laplace transform. Thus, F(s)
is the Laplace transform of f(¢), Y (s) is the Laplace transform of y(¢), etc. Hence,
there are two distinct notations that we will be using for the Laplace transform of
f(¢); if there is no confusion, we use F(s), otherwise we will write £ { f(¢)} (s).

To avoid the notation becoming too heavy-handed, we will frequently write
L{f} rather than L {f} (s). That is, the variable s may be suppressed when the
meaning is clear. It is also worth emphasizing that, while the input function f must
have a domain that includes [0, co), the Laplace transform L£{f} (s) = F(s) is
only defined for all sufficiently large s, and the domain will depend on the particular
input function f. In practice, this will not be an issue, and we will generally not
emphasize the particular domain of F(s).

Functions of Exponential Type

The fact that the Laplace transform is given by an improper integral imposes
restrictions on the growth of the integrand in order to insure convergence. A function

! A nice proof of this fact can be found on page 442 of the text Advanced Calculus (second edition)
by David Widder, published by Prentice Hall (1961).

2Technically, f is the function while f(¢) is the value of the function f atz. Thus, to be correct, the
notation should be £ { f'} (s). However, there are times when the variable 7 needs to be emphasized
or f is given by a formula such as in £ {62’ } (s). Thus, we will freely use both notations:

L0} (s) and LS} (5).
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f on [0, 00) is said to be of exponential type with order a if there is a constant K
such that
| (O] < Ke"

forall ¢ € [0, 00). If the order is not important to the discussion, we will just say f
is of exponential type. The idea here is to limit the kind of growth that we allow f
to have; it cannot grow faster than a multiple of an exponential function. The above
inequality means

—Ke" < f(t) < Ke™,

forall 7 € [0, o) as illustrated in the graph below. Specifically, the curve, f(¢), lies
between the upper and lower exponential functions, —Ke* and Ke®'.

Keat

] WV

_Keal

As we will see below, limiting growth in this way will assure us that f has
a Laplace transform. If f(¢) is a bounded function, then there is a K so that
| f(¢)] < K which implies that f(¢) is of exponential type of order a = 0. Hence,
all bounded functions are of exponential type. For example, constant functions,
cos bt and sin bt are of exponential type since they are bounded. Notice that if f
is of exponential type of order a and a < 0, then lim;, f(¢f) = O and hence
it is bounded. Since exponential type is a concept used to restrict the growth of a
function, we will be interested only in exponential type of order a > 0.

The set of all functions of exponential type has the property that it is closed
under addition and scalar multiplication. We will often see this property on sets of
functions. A set F of functions (usually defined on some interval /) is a linear
space (or vector space) if it is closed under addition and scalar multiplication. More
specifically, F is a linear space if

s i+ LeF,
e cfi € F,
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whenever fi, fo € F and c is a scalar. If the scalars in use are the real numbers,
then F is referred to as a real linear space. If the scalars are the complex numbers,
then F is a complex linear space. Unless otherwise stated, linear spaces will be real.

Proposition 1. The set of functions of exponential type is a linear space.

Proof. Suppose fi and f, are of exponential type and ¢ € R is a scalar. Then there
are constants Ky, K, a, and a; so that fi(t) < Kie® and f(¢t) < K,e*'. Now
let K = K| + K, and let a be the larger of @; and a,. Then

1A+ LO] < LO]+ ] L0)] < Kie' + K™ < Kie” 4+ Kye” = Ke®.
It follows that f; + f> is of exponential type. Further,
lcfi)] = lel [ Ai(O)] < e] K.

It follows that c f; is of exponential type. Thus, the set of all functions of exponential
type is closed under addition and scalar multiplication, that is, is a linear space. O

Lemma 2. Suppose f is of exponential type of order a. Let s > a, then

lim f(t)e™* = 0.
—>0o0
Proof. Choose K so that | f(¢)] < Ke?.Lets > a. Then

< Ke—(s—a)t‘

if(t)e—sti — %e—(s—u)t

Taking limits gives the result since lim; o, e~ ¢~ = 0 because —(s —a) < 0. O

Proposition 3. Let f be a continuous function of exponential type with order a.
Then the Laplace transform F(s) = L{ f(¢t)}(s) exists for all s > a and, moreover,
limg—s00 F(s) = 0.

Proof. Let f be of exponential type of order a. Then | f(¢)| < Ke*, for some K,
so | f(t)e ™| < Ke~6=9" and

|F(s)| = ‘ /0 e (1) dt

o0 o0 K
< / e | f(1)] df < K/ e T qr = ,
0 0 §s—a
provided s > a. This shows that the integral converges absolutely, and hence the
Laplace transform F(s) exists for s > a, and in fact |F(s)| < K/(s — a). Since
limy_, 0o K/(s —a) = 0, it follows that lim,_, o, F(s) = 0. |

It should be noted that many functions are not of exponential type. For example,
in Exercises 39 and 40, you are asked to show that the function y(¢) = e’ is not of
exponential type and does not have a Laplace transform. Proposition 3 should not be
misunderstood. The restriction that f be of exponential type is a sufficient condition
to guarantee that the Laplace transform exists. If a function is not of exponential
type, it still may have a Laplace transform. See, for example, Exercise 41.



114 2 The Laplace Transform

Lemma 4. Suppose f is a continuous function defined on [0, 00) of exponential
type of order a > 0. Then any antiderivative of f is also of exponential type and
has order a if a > 0.

Proof. Suppose | f(¢)| < Ke®, for some K and a. Let g(t) = fot f(u) du. Suppose
a > 0. Then

! t K K
lg ()] 5/ | f ()| duf/ Ke"du= —(" —1) < —e”.
0 0 a a

It follows that g is of exponential type of order a. If @ = 0, then | f| < K for some
K. The antiderivative g defined above satisfies |g| < K¢. Let b > 0. Then since
u < " (for u nonnegative), we have bt < e”’. So |g| < Kt < (K/b)e’. It follows
that g is of exponential type of order b for any positive b. Since any antiderivative
of f has the form g(¢) + C for some constant C and constant functions are of
exponential type, the lemma follows by Proposition 1. <

We will restrict our attention to continuous input functions in this chapter. In
Chap. 6, we ease this restriction and consider Laplace transforms of discontinuous
functions.

Basic Principles and Formulas

A particularly useful property of the Laplace transform, both theoretically and
computationally, is that of linearity. Specifically,

Theorem 5. The Laplace transform is linear. In other words, if f and g are
functions of exponential type and a and b are constants, then

Linearity of the Laplace Transform

L{af +bg}=al{f}+bL{g}.

Proof. By Proposition 1, the function af + bg is of exponential type and, by
Proposition 3, has a Laplace transform. Since (improper) integration is linear, we
have

Liaf +bg}(s) = /0 e (af (1) + bg (1)) di

:a/O e f(t)dt—i—b/0 e Mg(r)de

=aLl{f}(s) +bLig}(s). o
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The input derivative principles we derive below are the cornerstone principles of
the Laplace transform. They are used to derive basic Laplace transform formulas
and are the key to the Laplace transform method to solve differential equations.

Theorem 6. Suppose f(t) is a differentiable function on [0, c0) whose derivative
f'(¢) is continuous and of exponential type of order a > 0. Then

The Input Derivative Principle

The First Derivative

L)} () =sLLFD} () = f(0), s>a.

Proof. By Lemma 4, f(¢) is of exponential type. By Proposition 3, both f(¢) and
f'(¢) have Laplace transforms. Using integration by parts (let u = €™, dv =

f'() dt), we get

LU0 (s) /O (1) di

= e_‘”‘f(t)|go —/0 —se " f(¢)dt

= —f(0)+S/0 e f(t)dt = sL{f()} (s) = £(0).
For a function g(7) defined of [a, c0), we use the notation g(7)|>° to mean
Jim (g(1) — g(a)). <

Observe that if f’(¢) also satisfies the conditions of the input derivative principle,
then we get

L0 () =sLySf ()} = £1(0)
= s (sL{fO)} — £(0)) — f'(0)
= S*L{f ()} = sf(0) = f'(0).
We thus get the following corollary:

Corollary 7. Suppose f(t) is a differentiable function on [0, 00) with continuous
second derivative of exponential type of order a > 0. Then

Input Derivative Principle

The Second Derivative

L0} () = s>LLSO} () =sf(0) = f1(0),  s>a.
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Repeated applications of Theorem 6 give the following:

Corollary 8. Suppose f(t) is a differentiable function on [0, c0) with continuous
nth derivative of exponential type of order a > 0. Then

Input Derivative Principle
The nth Derivative

LUFOW) =5 L4 O =5 £0) =+ = s 072(0) = £ (0),

fors > a.

We now compute the Laplace transform of some specific input functions that will
be used frequently throughout the text.

Formula 9. Verify the Laplace transform formula:

Constant Functions

E{l}(s)zé, s > 0.

V Verification. For the constant function 1, we have

o] e~ !s r
E{l}(s):/ e .1dr = lim
0

r—>00 —§ |4

CoeT—1 1
= lim = - fors > 0. A
r—>00 —S Ky

For the limit above, we have used the basic fact that

lim "¢ =
r—>00

0 ifc<O
oo ifec > 0.

Formula 10. Assume 7z is a nonnegative integer. Verify the Laplace transform
formula:

Power Functions

n!
E{Zn}(s):w, s > 0.

V Verification. Let b > 0. Since u < e" for u > 0, it follows that bt < e’ for
allt > 0. Thus, ¢ < e /b and t" < """ /b". Since b is any positive number,
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it follows that " is of exponential type of order a for all ¢ > 0 and thus has a
Laplace transform for s > 0. Let f(t) = t" and observe that f*)(0) = 0 for
k=1,...,n—1and f"(t) = n!. Apply the nth order input derivative formula,
Corollary 8, to get

n

" LN (s)

S
=L{f" 0} )
=s"L{"}— 5" F0) = — f7D(0)
= s"L{t"} (s).
It follows that
Eﬁﬂ@)=§§p s > 0. A

Example 11. Find the Laplace transform of
f(t) =3 —4t + 61>

» Solution. Here we use the linearity and the basic Laplace transforms determined
above:

L{3—4t + 617} =3L{1}—4AL{t} + 6L {17}

- )-() )

3 4 36

S-S+
s s st <

The formula for the Laplace transform of ¢” is actually valid even if the exponent

is not an integer. Suppose that o € R is any real number. Then use the substitution
t = x/s in the Laplace transform integral to get

L") = t“‘”dz:/ - "‘—:—/ *e™rd > 0).
{t*} /0 e ; (s)e g st J, x“e dx (s )

The improper integral on the right converges as long as @ > —1, and it defines a
function known as the gamma function or generalized factorial function evaluated
at o + 1. Thus, I'(B) = fooo xP~le=" dx is defined for B > 0, and the Laplace
transform of the general power function is as follows:
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Formula 12. If ¢ > —1, then

General Power Functions

cumo="0F0 o

If n is a positive integer, then I"(n + 1) = n! (see Exercise 42) so Formula 10 is
a special case of Formula 12.

Formula 13. Assume a € R. Verify the Laplace transform formula:

Exponential Functions

E{e“’}(s)zs%, s> a.

V Verification. If s > a, then

e—(s—a)t 00 1

— =——. A
—(s—a)|, s—a

o0 o0
L {e‘”} (s) = / e e dr = / e T qp =
0 0

Formula 14. Let b € R. Verify the Laplace transform formulas:

Cosine Functions

L{cosbt} (s) = for s > 0.

s
52 4 b2’

and

Sine Functions

L{sinbt} (s) =

fors > 0.

b
524+ b

V Verification. Since both sin bt and cos bt are bounded continuous functions, they
are of exponential type and hence have Laplace transforms. Let f(¢) = cos bt. Then
f'(t) = —bsinbt and f”(t) = —b?cos bt. The input derivative principle for the
second derivative, Corollary 7, implies
—b*Licosbr} (s) = L{f" (1)} (s) = s>LLSf (1)} = s£(0) — f(0)
= 5L {cos bt} —s(1) — (0)

= s>L {cos bt} —s.
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Now subtract s2L {cos bt} from both sides and combine terms to get
—(s?> + b*) L {cos bt} = —s.

Solving for £ {cos bt} gives

s
L{cosbt} = ——.
{ ; s2 4+ b?
A similar calculation verifies the formula for £ {sin bt} . A

Example 15. Find the Laplace transform of

2e% 4+ 3cos2f — 4sin 3t.

» Solution. We use the linearity of the Laplace transform together with the
formulas derived above to get

L£{2e% +3cos2t — 4sin3t} = 2L {%} + 3L {cos 2t} — 4L {sin 3t}

2 43 s 4 3
s—6 52+ 22 52+ 32

_2 3 12
Cs—6 s24+4 249

<

Formula 16. Let n be a nonnegative integer and a € R. Verify the following
Laplace transform formula:

Power-Exponential Functions

|
LA{t"e"} (s) = (s—nW’ fors > a.

V Verification. Notice that
o o
L{t"e"} (s) = / e e dt = / e T dr = L{t"Y (s — a).
0 0

What this formula says is that the Laplace transform of the function t"e?’ evaluated
at the point s is the same as the Laplace transform of the function " evaluated at the
point s — a. Since £ {t"} (s) = n!/s"T!, we conclude

n!

ﬁ{l"em} (S) = m, fors > a. A
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If the function ¢ in Formula 16 is replaced by an arbitrary input function f(¢)
with a Laplace transform F(s), then we obtain the following:

Theorem 17. Suppose f has Laplace transform F(s). Then

First Translation Principle

LAe" f(1)} (s) = F(s —a)

Proof.
L{e" f(1)}(s) = /0 e e f(¢)dt

= / = e 79 £(1) dt

0
= L{f(t)} (s —a) = F(s —a). O

In words, this formula says that to compute the Laplace transform of the product
of f(¢) and e*, it is only necessary to take the Laplace transform of f(z) (namely,
F(s)) and replace the variable s by s — a, where a is the coefficient of ¢ in the
exponential multiplier. It is convenient to use the following notation:

LI FD)} ) = F)lynya

to indicate this substitution.

Formula 18. Suppose a, b € R. Verify the Laplace transform formulas

a s—a
E{e tCOSbZ} (S) = m
and
£ (e sinbi) (s) = —2
(s —a)> +b*

V Verification. From Example 14, we know that

L{cosht}(s) = SZL and L {sinbt}(s) =

+ b2 52+ b2
Replacing s by s — a in each of these formulas gives the result. A

Example 19. Find the Laplace transform of

2¢'sin3t and e cos V2.
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» Solution. Again we use linearity of the Laplace transform and the formulas
derived above to get

3
s2 + 32

6 6
sostl (FED2H9 T 2425+ 10°

L{2e ™ sin3r} =2

_ s—3 _ s—3
T (s=3)2+2 s2—6s+11" 4

E{e3’ cos ﬁt} = 2;\/52
s+

s—=>s—3

We now introduce another useful principle that can be used to compute some
Laplace transforms.

Theorem 20. Suppose f(t) is an input function and F(s) = L{f ()} (s) is the
transform function. Then

Transform Derivative Principle

L{-1f0)} ) = 5 F6).

Proof. By definition, F(s) = [~ e f(t) dr, and thus,

d o
F'(s) = — e f(r)dt
ds 0
> d
— [ o
0 ds
o0
:/0 e (=) f(O)dt = L{=1f (1)} (5).
Interchanging the derivative and the integral can be justified. O

Repeated application of the transform derivative principle gives

Transform nth-Derivative Principle

n

LSO 6) = o

F(s).

Example 21. Use the transform derivative principle to compute

LA{tsint} (s).
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» Solution. A direct application of the transform derivative principle gives

LA{tsint} (s) = —L{—tsint}

_disﬁ {sint} (s)

d 1
ds s2+1
25 2s

I TR R PN N -«

Example 22. Compute the Laplace transform of #2e* in two different ways: using
the first translation principle and the transform derivative principle.

» Solution. Using the first translation principle, we get

2
2,2t _ 2 —
L {[ € } (S) =L {[ } (s)|sl—>s—2 - (S _ 2)3 :
Using the transform derivative principle, we get
2 20y a2 1 d -1 2

L{r*e = <

}_d_szs—z Tds(s—2?2 (s—2)3

Suppose f () is a function and b is a positive real number. The function g(¢) =
f(bt) is called the dilation of f by b. If the domain of f includes [0, c0), then
so does any dilation of f since b is positive. The following theorem describes the
Laplace transform of a dilation.

Theorem 23. Suppose f(t) is an input function and b is a positive real number.
Then

The Dilation Principle

LLfD1)}(s) = %E{f(t)} (s/b).

Proof. This result follows from a change in variable in the definition of the Laplace
transform:

LLfb0)}(s) = /0 e F(brydr
* —(s r dr
2/0 O f(r)

= LU0} 6/h).
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Table 2.2 Basic Laplace transform formulas (We are assuming 7 is a
nonnegative integer and « and b are real)

S A F(s) = L{f(D)} ()
1
1. 1 <> -
s
" n!
2. t <> ey
3. e <~ !
s—a
naat n!
4. t"e <> m
s
5. cos bt <~ gy
6 in bt <~ L
. sin ey
7 e cos bt <~ _s—a
’ (s —a)?+ b2
at o b
8. e sin bt <~ Y
Table 2.3 Basic Laplace transform principles
Linearity L{af(t)+bg)} =al{f}+bL{g}
Input derivative principles L{f O} ) =sL{f()}— f(0)
L")} (s) = s2LLf(0)} —sf(0) — f(0)
First translation principle L{e f(t)} = F(s —a)
d
Transform derivative principle ~ L{—tf(t)} (s) = o F(s)
1
The dilation principle L{fbD)}(s) = ZE {f(®)}(s/b).

To get the second line, we made the change of variable t = r/b. Since b > 0, the
limits of integration remain unchanged. O

Example 24. The formula £ {3} (s) = cot™'(s) will be derived later (in
Sect. 5.4). Assuming this formula for now, determine £ {““ti} (s).

» Solution. By linearity and the dilation principle, we have

E% sintbt} s) = bﬁ{sinbt} )

bt
_plp { ﬂ}
b t s>s/b
= cot™(s) \ﬂ_”/b = cot” ! (s/b). «

We now summarize in Table 2.2 the basic Laplace transform formulas and, in
Table 2.3, the basic Laplace transform principles we have thus far derived. The
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student should learn these well as they will be used frequently throughout the text
and exercises. With the use of these tables, we can find the Laplace transform of
many functions. As we continue, several new formulas will be derived. Appendix C
has a complete list of Laplace transform formulas and Laplace transform principles
that we derive.
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Exercises

1-4. Compute the Laplace transform of each function given below directly from
the integral definition given in (1).

1. 3t +1

2. 5t — 9¢!
3. ¥ —3e7!
4. te™3

5-18. Use Table 2.2 and linearity to find the Laplace transform of each given
function.

5. 5e?

6. 3e77 —7¢3

7. 12 =51+ 4

8. 3+ +1+1

9. e + Tte™¥

10. t%e¥

11. cos2t + sin 2t

12. e'(t — cos4t)

13. (te72")?

14. e7'/3 cos +/6t

15. (t +e?)?

16. 5cos3t —3sin3t + 4
4

17. T

18. e (8 cos2t + 11sin2t)

19-23. Use the transform derivative principle to compute the Laplace transform of
the following functions.

19. te¥

20. t cos 3t

21. t?sin2t

22. te~'cost )

23. 1f(t) giventhat F(s) = L{f}(s) = ln( - )
5741

24-25. Use the dilation principle to find the Laplace transform of each function.
The given Laplace transforms will be established later.

1—cos 5t . l—cost\ __ 1 52
24, === glvenﬁ{T} = Eln(32+1)

25. Ei(6t); given £ {Ei(r)} = 20D
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31. Use trigonometric or hyperbolic identities to compute the Laplace transform

of the following functions.

26.
217.
28.
29.
30.
31.

32—

cos? bt (Hint: cos® 6 = 3(1 + cos 20))

sin® bt

sin bt cos bt

sinat cos bt

coshbt  (Recall that cosh bt = (e’ +e7")/2.)
sinhbt  (Recall that sinh bt = (e’ —e™"")/2.)

34. Use one of the input derivative formulas to compute the Laplace transform

of the following functions.

32.
33.
34.
35.

36—

36.

37.

38.

39.

40.

41.

42.

eut

sinh bt

cosh bt

Use the input derivative formula to derive the Laplace transform formula

L {f(; f(w) du} = F(s)/s. Hint: Let g(t) = fof f(u) du and note that g’(t) =
f(t). Now apply the input derivative formula to g ().

41. Functions of Exponential Type: Verify the following claims.

Suppose f is of exponential type of order ¢ and b > a. Show f is of
exponential type of order b.

Show that the product of two functions of exponential type is of exponential
type.

Show that the definition given for a function of exponential type is equivalent
to the following: A continuous function f on [0, co0) is of exponential type of
order a if there are constants K > 0 and N > 0 such that | f(¢)| < Ke* for all
t > N (i.e., we do not need to require that N = 0).

Show that the function y(¢) = e’ is not of exponential type.

Verify that the function f(z) = e’ does not have a Laplace transform. That
is, show that the improper integral that defines F(s) does not converge for any
value of s.

Let y(t) = sin(etz). Why is y(f) of exponential type? Compute y’(¢) and
show that it is not of exponential type. Nevertheless, show that y’(¢) has a
Laplace transform. The moral: The derivative of a function of exponential type
is not necessarily of exponential type, and there are functions that are not of
exponential type that have a Laplace transform.

Recall from the discussion for Formula 12 that the gamma function is defined
by the improper integral

r'p) = /Ooo xPle™ dx, (8 > 0).
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(a) Show that I'(1) = 1.

(b) Show that I satisfies the recursion formula I"'(8 + 1) = BI'(B).
(Hint: Integrate by parts.)

(c) Show that I'(n + 1) = n! when n is a nonnegative integer.

Show that f;° e~ dx = /7 /2.
(Hint: Let I be the integral and note that

*© 2 o 2 © *© 2 2
I’ = (/ e " dx) (/ e’ dy) = / / e ) dx dy.
0 0 o Jo

Then evaluate the integral using polar coordinates.)
Use the integral from Exercise 43 to show that I’ (%) = /7. Then compute
each of the following:

@Ir3 OrE ©~Lo{Vve @ L.
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2.3 Partial Fractions: A Recursive Algorithm
for Linear Terms

A careful look at Table 2.2 reveals that the Laplace transform of each function we
considered is a rational function. Laplace inversion, which is discussed in Sect. 2.5,
will involve writing rational functions as sums of those simpler ones found in the
table.

All students of calculus should be familiar with the technique of obtaining the
partial fraction decomposition of a rational function. Briefly, a given proper rational
function® p(s)/q(s) is a sum of partial fractions of the form

Aj an BkS + Ck
(s—r)/ (s2+cs+d)F

where A;, By, and Cj are constants. The partial fractions are determined by the
linear factors, s — r, and the irreducible quadratic factors, s>+ cs + d, of the
denominator ¢(s), where the powers j and k occur up to the multiplicity of the
factors. After finding a common denominator and equating the numerators, we
obtain a system of linear equations to solve for the undetermined coefficients
Aj, By, Ci. Notice that the degree of the denominator determines the number of
coefficients that are involved in the form of the partial fraction decomposition. Even
when the degree is relatively small, this process can be very tedious and prone to
simple numerical mistakes.

Our purpose in this section and the next is to provide an alternate algorithm for
obtaining the partial fraction decomposition of a rational function. This algorithm
has the advantage that it is constructive (assuming the factorization of the denom-
inator), recursive (meaning that only one coefficient at a time is determined), and
self-checking. This recursive method for determining partial fractions should be
well practiced by the student. It is the method we will use throughout the text and is
an essential technique in solving nonhomogeneous differential equations discussed
in Sect. 3.5. You may wish to review Appendix A.2 where notation and results about
polynomials and rational functions are given.

In this section, we will discuss the algorithm in the linear case, that is, when the
denominator has a linear term as a factor. In Sect. 2.4, we discuss the case where the
denominator has an irreducible quadratic factor.

Theorem 1 (Linear Partial Fraction Recursion). Suppose a proper rational

function can be written in the form

Po(s)
(s =r)"q(s)

3 A rational function is the quotient of two polynomials. A rational function is proper if the degree
of the numerator is less than the degree of the denominator.
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and q(r) # 0. Then there is a unique number A, and a unique polynomial p,(s)
such that
pols) Ay p1(s)

G-ra®  Gorr TG rrige) M

The number Ay and the polynomial p(s) are given by

_ Po(s) _ po(r) and  pi(s) = Po(s) — AICI(S).

A =
: (](S) s=r q(r) S—=r

@

Proof. After finding a common denominator in (1) and equating numerators, we
get the polynomial equation po(s) = A1q(s) + (s — r) pi(s). Evaluating at s = r

gives po(r) = A1q(r), and hence 4| = 1;"((:)) Now that A, is determined, we have

Po(s) — A1q(s) = (s — ) p1(s), and hence p; (s) = LD—A4(©) O

s—r

Notice that in the calculation of pj, it is necessary that po(s) — A1g(s) have a
factor of s — r. If such a factorization does not occur when working an example,
then an error has been made. This is what is meant when we stated above that this
recursive method is self-checking. In practice, we frequently factor po(s) — A1g(s)
and delete the s — r factor. However, for large degree polynomials, it may be best to
use the division algorithm for polynomials or synthetic division.

An application of Theorem 1 produces two items:

* The partial fraction of the form

Ay
(s —r)"

¢ A remainder term of the form

P1(s)
(s =r)"~q(s)

such that the original rational function py(s)/(s — r)"q(s) is the sum of these two
pieces. We can now repeat the process on the new rational function p;(s)/((s —
r)" "4 (s)), where the multiplicity of (s — r) in the denominator has been reduced
by 1, and continue in this manner until we have removed completely (s — r) as a
factor of the denominator. In this manner, we produce a sequence,

A A,
—r s —r)

which we will refer to as the (s — r)-chain for po(s)/((s — r)"q(s)). The number
of terms, n, is referred to as the length of the chain. The chain table below
summarizes the data obtained.
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The (s — r)-chain

Po(s) Ay
(s —r)q(s) (s—r)
p1(s) A

(s = r)"=1(s)q(s) (s —ry!

Pn—1(5) Ay
(s —r)q(s) (s—=r)
Pu(s)
q(s)

Notice that the partial fractions are placed in the second column while the remainder
terms are placed in the first column under the previous remainder term. This form is
conducive to the recursion algorithm. From the table, we get

pO(S) _ A, Ay pn(s)
G- Gor TG T e

By factoring another linear term out of ¢ (s), the process can be repeated through all
linear factors of ¢(s). In the examples that follow, we will organize one step of the
recursion process as follows:

Partial Fraction Recursion Algorithm
by a Linear Term

Po(s) Ay p1(s)

(s=r)g(s)  (s—r)" (s —r)q(s)
Po(s)

q(s) |y=, B D]

and pi(s) = ——(pols) — Aig(s)) = D

where A, =
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The curved arrows indicate where the results of calculations are inserted. First, A
is calculated and inserted in two places: in the (s — r)-chain and in the calculation
for py(s). Afterward, p;(s) is calculated and the result inserted in the numerator of
the remainder term. Now the process is repeated on p;(s)/((s —r)"~'q(s)) until the
(s — r)-chain is completed.

Consider the following examples.

Example 2. Find the partial fraction decomposition for
s—2
(s =3)(s —4)

» Solution. We will first compute the (s — 3) -chain. According to Theorem 1, we
can write

s =2 _ pi(s) —
(s—3)2(s—4) s—3) (s —3)(s—4)
where A, = s=2 =
5=3

and pl(s):si3(s—2 (1)(s—4))—ﬁ(2s—6):2.

We thus get

s—2 -1 2
(s —3)%(s—4) (s—23)? + (s —3)(s—4)

We now repeat the recursion algorithm on the remainder term m
to get

2 Pz(S)
(s=3)(s — 4)
where A =

and po(s) = %(2 (- 2)(s —4)) = ﬁ@s —6) =2.
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Putting these calculations together gives the (s — 3)-chain

The (s — 3) -chain
s—2 -1
(s =3)2(s—4) (s — 3)2
2 -2
(s=3)(s—4) (s—=3)
2
s—4

The (s — 4)-chain has length one and is given as the remainder entry in the (s — 3)-
chain; thus
s—2 -1 2 2

= — + . <
(s=3)2s—-4) (s=32 (s-3) s—4

A more substantial example is given next. The partial fraction recursion algo-
rithm remains exactly the same so we will dispense with the curved arrows.

Example 3. Find the partial fraction decomposition for

16s
(s 4+ 1D3(s =12

Remark 4. Before we begin with the solution, we remark that the traditional
method for computing the partial fraction decomposition introduces the equation

16s A1 A2 A3 A4 AS

L6012 Gt T Gr2 Tsx1 "o Taod

and, after finding a common denominator, requires the simultaneous solution to a
system of five equations in five unknowns, a doable task but one prone to simple
algebraic errors.

» Solution. We will first compute the (s + 1) -chain. According to Theorem 1, we
can write

16s Ay pi(s)

(s+1D3s—1D2  (+1)3  (s4+D2(s—1)2

16 16
where A = —— =——=-4
(s —1)2 4

s=-—1
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and p(s) = ﬁ(ms — (-4 —-1)?

4
s+ 1

(s> +2s+1)=4(s+1).

4(s+1)

We now repeat the recursion step on the remainder term GT2 612

to get

4(s +1) A P2(s)

+DXs—12 (s+12 (s+1)(s—1*

4 1 0
where A2:m =_=0
(s—1)2 4

s=—1
1
and  pa(s) = ——= (4G + 1) = (0)(s = 1)*) = 4.
s+1
Notice here that we could have canceled the (s+1) term at the beginning and arrived

immediately at m. Then no partial fraction with (s 4 1)? in the denominator
would occur. We chose though to continue the recursion step to show the process.

The recursion process is now repeated on m to get
4 _ A p3(s)
s+DE=-D2 s+1  (s—12
4 4
where A3 = —— =_— =1
(S - 1)2 s=—1 4
1
and  pi(s) = ——(4— (D —1)?)
s+ 1
(2= = (4 D -3 = ~(s—3)
= §°—25—-3) = s s—3)=—(s—3).
s+1 s+1

Putting these calculations together gives the (s 4 1) -chain

The (s + 1) -chain
16 —4
s+ 1D3s—1)2 (s +1)>3
4(s+1) 0
(s + D2(s — 1)2 (s + 1)?
4 1
s+ D(s—1)2 (s+1
—(s —3)
(s—=1)2
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We now compute the (s — 1) -chain for the remainder —=3)

G2 It is implicit that
q(s) = 1.

—(s—=3) A4 N Pa(s)
s—12 (s—12 s—1

-3
where A4=—(S1 ) =2

s=1

and  py(s) = ﬁ(—(s -3)—(2) = ﬁ(—s +1)=-1.

The (s — 1) -chain is thus

The (s — 1) -chain
—(s—13) 2
(s —1)? (s —1)?
-1
(s—=1)
We now have
—(s—3) 2 -1

GoI2 o1 Tsor
and putting this chain together with the s 4+ 1 -chain gives

165 4 0 1 2

.
Gr6-1 6+ Ter Tsr1 Ty T

Product of Distinct Linear Factors

Let p(s)/q(s) be a proper rational function. Suppose ¢ (s) is the product of distinct
linear factors, that is,

q(s) = (s =r)) -~ (s =),
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where ry, ... r, are distinct scalars. Then each chain has length one and the partial
fraction decomposition has the form

p(S)_ Al An
@ s—n T Gmny

The scalar A; is the first and only entry in the (s — r;) -chain. Thus,

_rB) _ p(n)
qi(8) |y, qi(ri)’

where g;(s) = ¢(s)/(s — r;) is the polynomial obtained from ¢(s) by factoring
out (s — r;). If we do this for eachi = 1,...,n, it is unnecessary to calculate any
remainder terms.

Example 5. Find the partial fraction decomposition of

—4s + 14
E=DE+dHE—-2)

» Solution. The denominator ¢(s) = (s — 1)(s 4+ 4)(s — 2) is a product of distinct
linear factors. Each partial fraction is determined as follows:

—4s + 14 10
* For : 1= — = — =22
s—1 C+dHEs—-2) |,y -5
A —4 14 30
¢ For 2 Ay = L =—=1
s+ 4 =D —=2)|=_y 30
A —4 14 6
e For . Az = L =-=1
s—2 =D +4)|,—, ©6
The partial fraction decomposition is thus
—4s + 14 -2 1 1

GC-De1Ho-2 s—1 s+ats5-2

Linear Partial Fractions and the Laplace Transform Method

In the example, notice how linear partial fraction recursion facilitates the Laplace
transform method.
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Example 6. Use the Laplace transform method to solve the following differential
equation:

y' +3y +2y =e, (3)
with initial conditions y(0) = 1 and y’(0) = 3.

» Solution. We will use the Laplace transform to turn this differential equation in
y into an algebraic equation in Y(s) = L{y(¢)}. Apply the Laplace transform to
both sides. For the left-hand side, we get

Ly +3y +2y) =Ly} +3L{)"} +2L4{y}
= 5"Y(5) —sy(0) — y'(0) + 3(sY(s) — y(0)) + 2Y(s)
= (s24+ 35 +2)Y(s) —s — 6.

The first line uses the linearity of the Laplace transform, the second line uses the
first and second input derivative principles, and the third line uses the given initial
conditions and then simplifies the result. Since £{e™'} = 1/(s + 1), we get the
algebraic equation

1
2
3 2)Y($)—5s—6 = ——,
(s +3s+2)Y(s)—s T

from which it is easy to solve for Y(s). Since s> + 3s +2 = (s + 1)(s + 2),
we get
s+6 1

YO =56+ T o6

We are now left with the task of finding an input function whose Laplace transform
is Y(s). To do this, we first compute the partial fraction decomposition of each term.

The first term ﬁ has denominator which is a product of two distinct linear
terms. Each partial fraction is determined as follows:
A 6 5
¢ For L. A = St =-=5
s+ 1 s4+2 s=—1 1
6
» For T Ay = St — =4
s+2 s+ 1= -1
The partial fraction decomposition is thus
s+6 5 4

G+DGs+2) s+1 s+2
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For the second term we compute the (s 4+ 1)-chain

1
+D2(s+2)°

The (s + 1) -chain
1 1
s+ D2(s+2) (s +1)?
-1 -1
s+ D(s+2) s+ 1
1
s 42

from which we get

1 1 1 1
G642 G+’ s+l s+2

It follows that
4 3 1

i + .
s+1 s+2  (s+1)?

Now we can determine the input function y(¢) directly from the basic Laplace
transform table, Table 2.2. We get

Y(s) =

y(t) =4e™ —3e 2 e,

This is the solution to (3). <
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Exercises

1-11. For each exercise below, compute the chain table through the indicated linear
term.

| 55+10 G-1)
T =D(s+4)]
10s —2
2. ——m———; (s—2
s+ 1D(s—2) ( )
3 ! ;0 (5—=5)
T (s+2)(s =5
5s+9
4 ——————; (s+3
(s—D(s+3) ( )
35+ 1
5. ——m————; -1
G-nern OV
3s2—5+6
6. ——————; (s+1
s+ 12+ 4) ( )
s2+s5-3
7. — 3
Grap o Y
552 —3s + 10
8 —————; (542
(s + (s +2)2 ( )
s
9. —mM—3 1
(s +2)2%(s + 1)2 s+1)
16s
10 ———————; -1
G-nG-3 Y
11 : (s—=5)
e (5 —
(s =5)(s —6)
12-32. Find the partial fraction decomposition of each proper rational function.
o, B+9
(s—1(s+3)
8+
13. —m—
§2—2s—15
1
14, —mF—
§2—3s+2
55 —2
15, -

"2 42535
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3s 4+ 1
§2 4
2s + 11
s2—6s—17
252 +7
(s—1(s—=2)(s—3)
s2+s+1
(s = D(s> + 35— 10)

16.

17.

18.

19.

SZ

(s—1)°
7
(s +4)*
s
(s =3)°
2453
(s +3)3
552 —3s 4+ 10
(s +D(s +2)2
s2—6s+7
81
$3(s+9)
s
(s +2)2(s + 1)2

SZ

(s +2)%(s + 1)2
8s

(s—=D(s—2)(s—3)3

25
s2(s =5)(s+ 1)

s
(s —=2)*(s —3)?

16s
(s =1)%s —3)?

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
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33-38. Use the Laplace transform method to solve the following differential
equations. (Give both Y (s) and y(¢).)

33. y"+2y +y =9e¥, y(0)=0,y'(0)=0
34. y" 4+ 3y' 42y = 12e%, y(0)=1,y'(0)=—1
35. y" — 4y’ —5y =150¢t, y(0)=-—1,y'(0)=1
36. y" + 4y’ +4y =4cos2t, y(0)=0,y'(0)=1
37. y" =3y +2y =4, y(0)=2,y'(0)=3

38. y" =3y +2y=¢', y(0)=-3,y'(00=0
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2.4 Partial Fractions: A Recursive Algorithm for Irreducible
Quadratics

We continue the discussion of Sect.2.3. Here we consider the case where a real
rational function has a denominator with irreducible quadratic factors.

Theorem 1 (Quadratic Partial Fraction Recursion). Suppose a real proper ra-

tional function can be written in the form

Po(s)
(s24+ces+d)q(s)’

where s> + cs + d is an irreducible quadratic that is factored completely out of
q(s). Then there is a unique linear term Bys + Ci and a unique polynomial p(s)
such that

p()(S) . Bis + C + pl(s) 1)
(s24+cs+d)qs)  (s2+es+d)y (s> +cs+d)lgls)

Ifa +ib is a complex root of s> + ¢s + d, then Bys + C, and the polynomial p\(s)
are given by

Po(s) and py(s) = po(s) = (Bis + C)q(s)
q(s) |s=atbi Py = s2+es+d ‘

Bis + Cily=gtsi = @

Proof. After finding a common denominator in (1) and equating numerators, we get
the polynomial equation

po(s) = (Bis + C1)q(s) + (s* + ¢s + d) p1(s). (3)

Evaluating at s = a + ib gives po(a + ib) = (By(a +ib) + C1)(¢(a + ib)), and
hence,

__ pola +ib)

Bi(a+ib)+C = ESR 4)

Equating the real and imaginary parts of both sides of (4) gives the equations

_ pola +ib)
Bla + Cl = Re (—q(a I lb) ) s
_ pola +1ib)

Since b # 0 because the quadratic s> + ¢s + d has no real roots, these equations
can be solved for B and C|, so both B and C; are determined by (4). Now solving
for pi(s) in (3) gives
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po(s) — (Bis 4+ Cr)q(s)

S) =
Pi(s) s2+cs+d

An application of Theorem 1 produces two items:

* The partial fraction of the form

Bis + C;
(24 cs+d)yn

¢ A remainder term of the form

p1(s)
(s2+cs +d)q(s)

2 The Laplace Transform

such that the original rational function po(s)/(s* +as + b)"q(s) is the sum of these
two pieces. We can now repeat the process in the same way as the linear case.

The result is called the (s> + ¢s + d)-chain for the rational function po(s)/(s>+
cs + d)"q(s). The table below summarizes the data obtained.

The (s> + ¢s + d)-chain

Po(s)
(s24+cs +d) q(s)

pi(s)

Bis + C;
(24 cs+d)n

Bys + C;

(s24+cs +d)1g(s)

(24 cs+d)!

pn—l(s) an + Cn
24+ cs+d)q(s) (24+cs+d)
Pn(s)
q(s)

From this table, we can immediately read off the following decomposition:

Po(s) Bis + C

B,s + C,

Pn(S)

(s2+cs+d)g(s)  (s24cs +d) (s24+cs+d)

q(s)

In the examples that follow, we will organize one step of the recursion algorithm

as follows:
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Partial Fraction Recursion Algorithm
by a Quadratic Term

Po(s) Bis + C,

(2 +cs+d)g(s)  (s2+cs+d)

+

(82 + cs R d)"q(s)

where  Bis 4+ Ci|—yypi = Po(s) = Bi=0and C; =0
q(S) s=a+bi
d == — (B C =04
and  pi(s) T d(Po(S) (Bis + Ci)q(s))

As in the linear case, the curved arrows indicate where the results of calculations

are inserted. First, B; and C) are calculated and inserted in two places: in the (s2 +

¢s+d)-chain and in the calculation for p; (s). Afterward, p; (s) is calculated and the

result inserted in the numerator of the remainder term. Now the process is repeated

on pi(s)/((s*> + ¢s + d)"'q(s)) until the (s> + cs + d)-chain is completed.
Here are some examples of this process in action.

Example 2. Find the partial fraction decomposition for

55
S2+HE+D

» Solution. We have a choice of computing the linear chain through s + 1 or
the quadratic chain through s? + 4. It is usually easier to compute linear chains.
However, to illustrate the recursive algorithm for the quadratic case, we will
compute the (s? + 4)-chain. The roots of s> + 4 are s = 42i. We need only focus
on one root and we will choose s = 2i.

According to Theorem 1, we can write

5s Bis + G pi(s)
$24+4s+1)  (2+4)  s+1

5s _10i
s+ 1]y 2i+1
(10i)(=2i+ 1) 20+ 10i
Qi+ 1)(=2i+1) 5

where Bi(2i) + C, =

=442i

= B =1andC;, =4
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and i) = Gy = (6 + 1)
I P SN
—S2+4(s 4) = —1.

It follows now that

5s _ s+ 4 n -1
$24+4)s+1) (244 s+1°

<

Note that in the above calculation, B; and C; are determined by comparing the
real and imaginary parts of the complex numbers 2B;i + C; = 2i + 4 so that the
imaginary parts give 2B; = 2 so B; = 1 and the real parts give C; = 4.

Example 3. Find the partial fraction decomposition for

30s + 40
(24 1)2(s2+25 +2)°

Remark 4. We remark that since the degree of the denominator is 6, the traditional
method of determining the partial fraction decomposition would involve solving a
system of six equations in six unknowns.

» Solution. First observe that both factors in the denominator, s> + 1 and s +
25 +2 = (s + 1)? + 1, are irreducible quadratics. We begin by determining the
52 4 1 -chain. Note that s = i is a root of s> + 1.

Applying the recursive algorithm gives

30s + 40 Bis + Cy Pi(s)
(s24+1)2(s2 + 25 +2) (2412 (s2+1D)(s2+2s+2)]

. 30s + 40 30i 4 40
where Bji+C, = ——M— =
(52425 +2) |, 1+ 2i
40 + 301)(1 — 2i — 50i
_ (40 + .1)(1 .21) _ 100 — 501 — 20— 10i
(1 + 2i)(1 —2i) 5
= By =-10 andC; =20
1
and p(s) = (305 4 40 — (—10s + 20)(s> + 25 + 2))

s24+1

1
= m(10s(s2 + 1)) = 10s.
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We now repeat the recursion algorithm on the remainder term

10s
2+ D(s2+25+2)°

10s Bys + G p2(s)
24+ 1D(s2+25+2) (s24+1)  (s2+2s+2)

10s 10i
(2+25+2)|,_;, 1+2i
(10i)(1—2i) _ 20+ 10i
(1 + 2i)(1 — 2i) 5
= B,=2and C, =4

where Bri+ C, =

=442

and - pa(s) = ﬁ(los — (25 +4)(s* + 25 +2))
= ﬁ(—z(é‘ + 4)(.5‘2 +1)) =-2(s +4).

We can now write down the (s? 4+ 1)-chain.

The (s*> + 1)-chain

305 + 40 —10s + 20
(s2+ 1)2(s2 4+ 25 +2) (s2+1)?
10s 2s + 4
24+ D2 +2542) (241
—2(s +4)
(2 +2s+2)

Since the last remainder term is already a partial fraction, we obtain

30s + 40 _—10s+20+2s+4+ —25—8
(24+12(s2+25+2) (s24+ 12 0 241 (s+1)2+ 1
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Quadratic Partial Fractions and the Laplace Transform Method

In the following example, notice how quadratic partial fraction recursion facilitates
the Laplace transform method.

Example 5. Use the Laplace transform method to solve
y" 4+ 4y = cos 3t, 3)

with initial conditions y(0) = 0 and y’(0) = 0.

» Solution. Applying the Laplace transform to both sides of (5) and substituting
the given initial conditions give

(s> +4)Y(s) =

s24+9

and thus
s

G

Using quadratic partial fraction recursion, we obtain the (s> + 4)-chain

Y(s)

The (s> + 4)-chain

s s/5
2+ 4(s2+9) 5244
—s/5
5249

It follows from Table 2.2 that
1
y(@) = g(cos 2t —cos 3t).

This is the solution to (5). <
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Exercises

1-6. For each exercise below, compute the chain table through the indicated
irreducible quadratic term.

1
o (241
Creery O D
2 ) (s> +2)
S e, N
(s2 + 2)%(s2 + 3)
8s + 852 5
L 3
Ciern &Y
45*
4 — B (244
Ciaeire &Y
1
5. i (225 +2
R T TPy P oL SR
55 —5 )
(87 + 25+ 2)

6. ;
(52425 + 2)2(s2 + 45 + 5)

7-16. Find the decomposition of the given rational function into partial fractions
over R.

s
7.
(s2+ (s —3)
g 4s
S+ DAsH D
9 9s?
C (2 +HAs2+ D)
9s
10, —————
(2 4+ 1)%(s2 + 4)
2
11.
(52— 65 +10)(s — 3)
12 30
T (2—4s+13)(s—1)
25
13.
(s2—4s+8)32(s—1)
14. >
(s2 4+ 65 + 10)2(s + 3)2
15 s+1

(s2+4s +5)2(s2 + 45 + 6)2
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SZ

16.
(82 4 5)3(s? + 6)?

Hint: Let u = s%.

17-20. Use the Laplace transform method to solve the following differential
equations. (Give both Y(s) and y(¢).)

17. y" + 4y’ + 4y = 4cos2t, y(0) =0,y (0)=1

18. y" + 6y’ + 9y = 50sinz, y(0) =0, y'(0) =2

19. y" +4y =sin3t, y(0)=0,y'(0)=1

20. y" +2y' 4+ 2y =2cost +sint, y(0)=0,y(0)=0
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2.5 Laplace Inversion

In this section, we consider Laplace inversion and the kind of input functions that
can arise when the transform function is a rational function. Given a transform
function F(s), we call an input function f(¢) the inverse Laplace transform of
F(s) if L{f()}(s) = F(s). We say the inverse Laplace transform because in
most circumstances, it can be chosen uniquely. One such circumstance is when the
input function is continuous. We state this fact as a theorem. For a proof of this
result, see Appendix A.1

Theorem 1. Suppose fi(t) and f,(t) are continuous functions defined on [0, c0)
with the same Laplace transform. Then fi(t) = f(t).

It follows from this theorem that if a transform function has a continuous
input function, then it can have only one such input function. In Chap. 6, we will
consider some important classes of discontinuous input functions, but for now, we
will assume that all input functions are continuous and we write £~! { F(s)} for
the inverse Laplace transform of F. That is, L™ {F(s)} is the unique continuous
function f(t) that has F(s) as its Laplace transform. Symbolically,

Defining Property of the Inverse Laplace Transform

LTHF()} = f(1) <= L{f(O)} = F(5).

We can thus view £7! as an operation on transform functions F(s) that produces
input functions f(¢). Because of the defining property of the inverse Laplace
transform, each formula for the Laplace transform has a corresponding formula for
the inverse Laplace transform.

Example 2. List the corresponding inverse Laplace transform formula for each
formula in Table 2.2.

» Solution. Each line of Table 2.4 corresponds to the same line in Table 2.2. <«

By identifying the parameters 71, a, and b in specific functions F(s), it is possible to
read off L™! {F(s)} = f(¢) from Table 2.4 for some F(s).

Example 3. Find the inverse Laplace transform of each of the following functions
F(s):
6 2 5 —1
. - 2 — 3 — 4 e
st (s +3)° s2+25 (s—D2+4

» Solution.

L. £7'{&} =* (n = 3 in Formula 2)
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2. L7} {ﬁ} = 1% (n = 2, a = —3 in Formula 4)

3. -1 {s_zj—ZS} = sin 5¢ (b = 5 in Formula 6)

4, £~} {ﬁ} =¢'cos2t (a = 1, b = 2 in Formula 7) <

It is also true that each Laplace transform principle recorded in Table 2.3 results
in a corresponding principle for the inverse Laplace transform. We will single out
the linearity principle and the first translation principle at this time.

Theorem 4 (Linearity). The inverse Laplace transform is linear. In other words, if
F(s) and G(s) are transform functions with continuous inverse Laplace transforms
and a and b are constants, then

Linearity of the Inverse Laplace Transform

L7 {aF(s) + bG(s)} = aL™ {F(s)} + bL™ {G(5)}.

Proof. Let f(t) = L7'{F(s)} and g(t) = L7'{G(s)}. Since the Laplace
transform is linear by Theorem 5 of Sect. 2.2, we have

L{(af@) +bg)} =al{f()y+bL{g(t)} =aF(s)+bG(s).
Since af(t) + bg(t) is continuous, it follows that

LYaF(s) + bG(s)} = af(t) + bg(t) = alL ' {F(s)} + L7 {G(s)}. O

Theorem 5. If F(s) has a continuous inverse Laplace transform, then

Inverse First Translation Principle

L7VF(s —a)) = e L7V {F(s)}

Proof. Let f(t) = L™ {F(s)}. Then the first translation principle (Theorem 17 of
Sect.2.2) gives

L{e" f()} = F(s —a).

and applying £ to both sides of this equation gives

LTVUF(s—a)l = e f(t) = e“ L7V {F(s)}. O
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Table 2.4 Basic inverse

Laplace transform formulas 1. £} %l} =1
(We are assuming 7 is a s
nonnegative integer and a@ and s ol n! —
b are real) g+l
3. ! % ! } =
s—a
!
—1 n: — thaat
e e
5 £71§ zibz}—cosbt
s
b
6 Eil{ 2+b2}—smbt
s
1 s—a B
7. L {(x_a)z_i_bz}—e’cosbt
8. 7! b = e“ sinbt
(s —a)?+ b

Suppose p(s)/q(s) is a proper rational function. Its partial fraction decomposi-
tion is a linear combination of the simple (real) rational functions, by which we
mean rational functions of the form

1 b s—a

Goaf oozt ™ Goorror M

where a, b are real, b > 0, and k is a positive integer. The linearity of the inverse
Laplace transform implies that Laplace inversion of rational functions reduces to
finding the inverse Laplace transform of the three simple rational functions given
above. The inverse Laplace transforms of the first of these simple rational functions
can be read off directly from Table 2.4, while the last two can be determined from

this table if k = 1. To illustrate, consider the following example.
Example 6. Suppose
5s
F(s) = —5——+——.
() 2+H(s+1)

Find £~ {F(s)} .

» Solution. Since F(s) does not appear in Table 2.4 (or the equivalent Table 2.2),
the inverse Laplace transform is not immediately evident. However, using the
recursive partial fraction method we found in Example 2 of Sect. 2.4 that

5s . s+4 1
(2+Hs+1D)  (2+4) s+1
s 2 1

= 2 — .
SR A I
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By linearity of the inverse Laplace transform and perusal of Table 2.4, it is now
evident that

5
E—lgm} = cos2t + 2sin2t —e ", <

When irreducible quadratics appear in the denominator, their inversion is best
handled by completing the square and using the first translation principle as
illustrated in the following example.

Example 7. Find the inverse Laplace transform of each rational function
4s — 8 2
Ts2 4+ 65+ 25 Ts2—ds+ 7T

» Solution. In each case, the denominator is an irreducible quadratic. We will
complete the square and use the translation principle.
1. Completing the square of the denominator gives

2465 +25=5>+65+94+25-9=(s+3)>+ 4%

In order to apply the first translation principle with ¢ = —3, the numerator must
also be rewritten with s translated. Thus, 45—8 = 4(s+3—3)—8 = 4(s+3)—20.
We now get

= 45 — 8 _ 1[4 +3)-20
52465 +25) (s +3)2 442

o [ 45220
s2 442

4
—e 3[4 _5 -
© (L{sz—}-42 >k §2 4+ 42

= e (4cosdt — 5sin4r).

Notice how linearity of Laplace inversion is used here.
2. Completing the square of the denominator gives

2
s?—4s+T=5>—4s+4+3=(5-2>++3.

We now get

e -
s2—4s+7 (s—2)2+\/§2
2

— CZIE_I >
524+ /3
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eZt 2 E_l ﬁ
= 2
V3 524+ /3
2
= e sin v/3t. <

V3

In the examples above, the first translation principle reduces the calculation of
the inverse Laplace transform of a simple rational function involving irreducible
quadratics with a translated s variable to one without a translation. More generally,
the inverse first translation principle gives

- b _ aat p— b
. lg((s—a)“rbz)"} mens 1%(52+b2)"}’

2
s—a s
Lt =L
((s —a)?> + b2k (s2 4 b2)k

Table 2.4 does not contain the inverse Laplace transforms of the functions on the
right unless k = 1. Unfortunately, explicit formulas for these inverse Laplace
transforms are not very simple for a general k > 1. There is however a recursive
method for computing these inverse Laplace transform formulas which we now
present. This method, which we call a reduction of order formula, may remind you
of reduction formulas in calculus for integrating powers of trigonometric functions
by expressing an integral of an nth power in terms of integrals of lower order powers.

Proposition 8 (Reduction of Order formulas). Ifb # 0 is a real number and
k > 1is a positive integer, then

. 1 _ e s NS 1
(s2+ BHFFT| — 2kb? (2 +b2k| T 2kb? (2 + bk

. s _ U 1
e R T

Proof Let f(t) = L7} {m} Then the transform derivative principle
(Theorem 20 of Sect. 2.2) applies to give

L{tf(@)} = —d% (L0 = —d% (m)

_ 2ks
- (s2 4 bz)k+1 :
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Now divide by 2k and take the inverse Laplace transform of both sides to get

-1 s _L _L ~1 1
£ {(sz—i—bz)k“}_Zkf(t)_sz {(s bz)k}

which is the second of the required formulas.

The first formula is done similarly. Let g(¢) = £ { } Then

52+b2)"
d d s

c =—— (£ =—— 55
(50} =~ 20D =5 (o)

(4 Y = 2ksP (57 + 0D

(SZ + b2)2k

252k — (s> +b%) 2k — 1)(s* + b?) — 2kb?
(52 4 b2)k+1 - (82 4 b2)k+1

o 2k—1 2kb?

B (52 4+ b2k (52 4 b2)k+1"

Divide by 2kb?, solve for the second term in the last line, and apply the inverse
Laplace transform to get

_ 1

~ Qk—1) _ ( 1
_zkbz sO+ ez £ {(s2+b2)k}

_ t = S n 2k-1) 1
T 2kb2 (s2 + b2k 2kb? (s2 + b2k |~
which is the first formula. O

These equations are examples of one step recursion relations involving a pair of
functions, both of which depend on a positive integer k. The kth formula for both
families implies the (k + 1)*. Since we already know the formulas for

_ 1 _ Ky
El{(s2+b2>k} and El%(s2+b2>k}’ )

when k = 1, the reduction formulas give the formulas for the case k = 2, which, in
turn, allow one to calculate the formulas for k = 3, etc. With a little work, we can
calculate these inverse Laplace transforms for any & > 1.

To see how to use these formulas, we will evaluate the inverse Laplace transforms
in (3) fork = 2.
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Formula 9. Use the formulas derived above to verify the following formulas:

1 1
) U o (htcosht +sinbt),
(s?

+b22f  2p3
1 s . i .
L %—(sz n bz)z} =35 sin bt.

V Verification. Here we use the reduction of order formulas for k = 1 to get

1 —t ) 1 1
ol PR s At LR LS
{(s2+b2)2} 202 {s2+b2}+2b2 {s2+b2}

—t 1
= —— cosht + —— sinbt

2b2 2h3
1 .
= 2—b3(—bt cos bt + sin bt),
and £ § _ L B L sinbt
R B CE S '

Using the calculations just done and applying the reduction formulas for k = 2
will then give the inverse Laplace transforms of (3) for k = 3. The process can then
be continued to get formulas for higher values of k. In Table 2.5, we provide the
inverse Laplace transform for the powers k = 1, ..., 4. You will be asked to verify
them in the exercises. In Chap. 7, we will derive a closed formula for each value k.

By writing

cs +d S 1

(sz + b2)k+1 - C(Sz + b2)k+1 +d (Sz + bZ)k+1’

the two formulas in Proposition 8 can be combined using linearity to give a single
formula:

Corollary 10. Let b, ¢, and d be real numbers and assume b # 0. If k > 1 is a
positive integer, then

. cs+d ot (—ds+cb? +2k—1 . d
(2 + b)KFL|  2kb? (2 + b2k 2kb? (24 b2k |-

As an application of this formula, we note the following result that expresses the

form of L7 {%} in terms of polynomials, sines, and cosines.
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Table 2.5 Inversion formulas involving irreducible quadratics

- { b } -y b
(52 + b2y (s2 4 b2k
. b
sin bt N (s2 _sz)
1 7. s -
5pz (sinbt — bt cos bt) (s2 _‘1; b2)?
. . 2
o (3 — (b1)?) sinbt — 3bt cos bt) <~ 2 'sz)3
i (15— 6(b)%) sinbr — (15b1 — (b1)*) cosbt) «— (=g
= { s } s 5
(s2 + b2)k (s2 + b2)k
cos bt y -
(s2 + b?)
=L bt sinbt )
5 ¢ (s2 _‘; p2)2
| . R
o (bt sinbt — (bt)? cos bt) <« (2 _|_Y p2)?
1 . R
T80 ((3bt — (1)) sinbt — 3(bt)? cos bt) > —(xz oy

Corollary 11. Let b, ¢, and d be real numbers and assume b # 0. If k > 1 is a
positive integer, then there are polynomials py(t) and p,(t) of degree at most k — 1
such that
| es+d | .
{m} = p](l)slnbl+p2(l)cosbl. (4)

Proof. We prove this by induction. If k = 1, this is certainly true since

L] { SCZS_’_L;;} = % sinbt + ¢ cos bt,
and thus, p(t) = d/b and p,(t) = c are constants and hence polynomials of
degree 0 = 1 — 1. Now suppose for our induction hypothesis that k > 1 and that
(4) is true for k. We need to show that this implies that it is also true for kK + 1. By
this assumption, we can find polynomials p;(¢), p2(?), q1(t), and g»(¢) of degree at
most kK — 1 so that

| —ds + cb? _
: {m} = pi(t) sinbt + p»(t) cos bt
d
and L7 { (2 + bz)_k} = qi1(t) sinbt + g(t) cos bt.
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By Corollary 10,

_1{ cs+d } t _1{—ds+cb2} 2k —1 _1{ d }

(2 + b)FF | T 2kD? 2+ b2k | 2kb? (s2 + b2k

= 2kb2 ——(p1(¢) sinbt + py(t) cosbt)

2k —
Ry (ql(t) sin bt + q(t) cos bt)

= Py(t)sinbt + P,(t)cosbt,

where

t 2k —
= ql(t) and P(t) = bzpz(t)+

Pi(t) = T

t 2k —
bzl’l()"‘ = QZ()

2k 2k
Observe that P;(t) and P,(¢) are obtained from the polynomials p;(¢), ¢;(¢) by
multiplying by a term of degree at most 1. Hence, these are polynomials whose
degrees are at most k, since the p; (¢), g; (t) have degree at most k—1. This completes
the induction argument. O

It follows from the discussion thus far that the inverse Laplace transform of any
rational function can be computed by means of a partial fraction expansion followed
by use of the formulas from Table 2.4. For partial fractions with irreducible
quadratic denominator, the recursion formulas, as collected in Table 2.5, may be
needed. Here is an example.

Example 12. Find the inverse Laplace transform of

6s + 6

FO= oy

» Solution. We first complete the square: s> — 4s + 13 = s> —ds +4 +9 =
(s —2)? + 3%. Then

L—I{F(s)}z,c—l{ 65 + 6 }Z _1{ 6(s—2)+18}

o - S -1 3
= (& {(s2+32>3}+“ %(s2+32>3})
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2t

6
=3 634 (3¢ sin 3¢ — (31)? cos 3¢ + (3 — (31)) sin 3¢ — 3(37) cos 31)

%
% ((1 4t —3t*)sin3t — (3¢ + 3t%) cos 3t) .

The third line is obtained from Table 2.5 with b = 3 and k = 3. <

Irreducible Quadratics and the Laplace Transform Method

We conclude with an example that uses the Laplace transform method, quadratic
partial fraction recursion, and Table 2.5 to solve a second order differential equation.

Example 13. Use the Laplace transform method to solve the following differential
equation:

y" 4+ 4y = 9tsint,
with initial conditions y(0) = 0, and y’(0) = 0.

» Solution. Table 2.5 gives £ {9t sinz} = 18s/(s> + 1)2. Now apply the Laplace
transform to the differential equation to get

18s

2 —
6P Y =

and hence
18s

Using quadratic partial fraction recursion, we obtain the (s> + 1)-chain

Y(s) =

The (s*> + 1)-chain

18s 65
C+ D214 | (P12
—b6s —2s
2+ D(s2+4) s24+1
2s
52+ 4
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Thus,
65 —2s 2s

Y(s) = .
(s) (s2+1)2+s2+1+s2+4

Laplace inversion with Table 2.5 gives

y(t) = 3tsint —2cost + 2cos?2¢t. <
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Exercises

1-18. Compute L~ { F(s)} (¢) for the given proper rational function F(s).
1.

2.

10.

11.
12.
13.
14.
15.
16.
17.

18.

=5

s

3
s—4
3 4
253

s24+3
2s =5
s24+6s+9
2s —5
(s +3)3
6

s24+25—38
s

s2—55+6
252 — 55 + 1
(s —2)*
25 +6
s2—6s+5
452
G—1)2(s + 1)
27
$3(s +3)
8s + 16
(s2+4)(s—2)?
55 + 15
$2+96s -1
12

s2(s + (s —2)

2s
(s —3)%(s — 4)?

163
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19-24. Use the first translation principle and Table 2.2 (or Table 2.4) to find the
inverse Laplace transform.

2s
s2+25+5
1
s2+6s+ 10
s—1
s2—8s+ 17
2s +4
§2—4s5s 4+ 12
s—1
s2—2s+10
s—5
" s2—6s+13

19.
20.
21.
22.
23.
24

25-34. Find the inverse Laplace transform of each rational function. Either the
reduction formulas, Proposition 8, or the formulas in Table 2.5 can be used.
8s
T (s244)2
9
(s249)2
2s
(s2 + 4s + 5)?
2s +2
(s2 — 65 + 10)2
2s
(s2+8s+17)2
s+1
(s2 425 +2)3
1
(s2—2s5 +5)3
8s
(s2—6s+10)3
s—4
(s2—8s + 17)*
2
(s + 45 + 8)3

25

26.

27.

28.

29.

30.

31.

32.

33.

34.
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35-38. Use the Laplace transform method to solve the following differential

equations. (Give both Y (s) and y(¢).)

35. y" +y =4sint, y(0) =1,y (0)=—1
36. " + 9y = 36¢sin3t, y(0) =0, y'(0) =3
37. y" =3y =4t%cost, y(0)=0,y'(0)=0
38. y" +4y =32rcos2t, y(0)=0,y(0)=2

39-44. Verify the following assertions. In each assertion, assume a, b, ¢ are distinct.
These are referred to as Heaviside expansion formulas of the first kind.

3 1 _ eat ebt
39 L 1{(s—a)(s—b)} L
_ s _ae” be?*
40 £ 1{(s—a)(s—b)} L
B 1 _ eat ebt
L 1{(s—a)(s—b)(s—c>} T @ ha-o T o—ab-o T
eCt
(c—a)c —b)
0. ol s _ ae! belt
‘ {(s—axs—b)(s—c)} T @-ba-o T o—at-0 "
Cect
(c—a)c—b)
B S2 _ aZEal‘ bZebl‘
oL 1{(s—axs—b)(s—c)} = w-ve-o " o-av-0 T
C2€ct
c—a)c—b)
_ sk } _ rfe"” rfe’”’
- L {(s—m---(s—rn) g T gy e

q(s) =(s—ry)---(s —ri). Assume rq, ..

., Iy are distinct.

45-50. Verify the following assertions. These are referred to as Heaviside expan-

sion formulas of the second kind.

—1 1 _ at

45. L {(s—a)z}_te

46. L7} { (s—a)z} = (1 + at)e”
—1 1 — ﬁ at

47. L {(s—a)?’}_Ze
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2 22
il }:(1+2at+a7)e‘”

50. E—l { Sk } — ( k_ (k)ak—l L) edl
(s —a)y' =0 n—1-1)

2 The Laplace Transform
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2.6 The Linear Spaces £,: Special Cases

Let g(s) be any fixed polynomial. It is the purpose of this section and the next to
efficiently determine all input functions having Laplace transforms that are proper
rational functions with g (s) in the denominator. In other words, we want to describe
all the input functions y(¢) such that

LU0} () = %

where p(s) may be any polynomial whose degree is less than that of g(s). It turns
out that our description will involve in a simple way the roots of ¢g(s) and their
multiplicities and will involve the notion of linear combinations and spanning sets,
which we introduce below. To get an idea why we seek such a description, consider
the following example of a second order linear differential equation. The more
general theory of such differential equations will be discussed in Chaps. 3 and 4.

Example 1. Use the Laplace transform to find the solution set for the second order
linear differential equation
y'=3y' =4y =0. ()

» Solution. Notice in this example that we are not specifying the initial conditions
¥(0) and y’(0). We may consider them arbitrary. Our solution set will be a family
of solutions parameterized by two arbitrary constants (cf. the discussion in Sect. 1.1
under the subheading The Arbitrary Constants). We apply the Laplace transform to
both sides of (1) and use linearity to get

L{y"}=3L{y'} —4L{y} =0.

Next use the input derivative principles:

L' @)} () = sL{ @)} (s) = »(0),
L0} (s) = s>L{y (1)} (s) = sy(0) — ¥'(0)
to get
s2Y(s) = 5y(0) = ¥'(0) = 3(sY(s) = y(0)) — 4Y () = 0,
where as usual we set Y(s) = L{y(t)} (s). Collect together terms involving Y (s)
and simplify to get

(57 =35 = HY(s) = sy(0) + »'(0) — 3y(0). 2

The polynomial coefficient of Y (s) is s> — 3s — 4 and is called the characteristic
polynomial of (1). To simplify the notation, let ¢(s) = s —3s — 4. Solving for Y (s)
gives
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5y(0) + y'(0) — 3y(0) _ p(s)
s2—3s—4 T oq(s)’

where p(s) = sy(0) + y’(0) — 3y(0). Observe that p(s) can be any polynomial of

degree 1 since the initial values are unspecified and arbitrary. Our next step then is

to find all the input functions whose Laplace transform has g (s) in the denominator.

Since ¢(s) = s> —3s — 4 (:) (s —4)(s + 1), we see that the form of the partial
pLs

fraction decomposition for 0 is

Y(s) = 3)

IR SN
Tq) ls—4 "5+

Y(s)

Laplace inversion gives
y(t) = cre" + cre™, 4)

where ¢ and ¢, are arbitrary real numbers, that depend on the initial conditions y (0)
and y’(0). We encourage the student to verify by substitution that y(¢) is indeed a
solution to (1). We will later show that all such solutions are of this form. We may
now write the solution set as

{c1e” + e tep e € RY. (3)
<

Let us make a few observations about this example. First observe that the
characteristic polynomial ¢(s) = s> — 3s — 4, which is the coefficient of Y(s)
in (2), is easy to read off directly from the left side of the differential equation
y"—=3y’—4y = 0; the coefficient of each power of s in ¢ (s) is exactly the coefficient
of the corresponding order of the derivative in the differential equation. Second,
with the characteristic polynomial in hand, we can jump to (3) to get the form of
Y (s), namely, Y (s) is a proper rational function with the characteristic polynomial
in the denominator. The third matter to deal with in this example is to compute y (¢)
knowing that its Laplace transform Y (s) has the special form %. It is this third
matter that we address here. In particular, we find an efficient method to write down
the solution set as given by (5) directly from any characteristic polynomial g (s). The
roots of ¢(s) and their multiplicity play a decisive role in the description we give.

For any polynomial ¢(s), we let R, denote all the proper rational functions that
may be written as % for some polynomial p(s). We let £, denote the set of all
input functions whose Laplace transform is in R,. In Example 1, we found the
& = {c1e” + e 1 i o € R}, where g(s) = s> —3s —4.If¢; = landc; = 0
then the function e* = 1e* + 0e™ € R,. Observe though that £ {e*} = ﬁ. At

first glance, it appears that £ {e‘“} is not in &;. However, we may write
1 1(s+1) s+1

41 — = =
O = = a6 D~ a0)

Thus, £ {e*} (s) € R, and indeed e* is in &,. In a similar way, e € &,.
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Recall from Sect. 2.2 the notion of a linear space of functions, namely, closure
under addition and scalar multiplication.

Proposition 2. Both &, and R, are linear spaces.

Proof. Suppose f] ‘((f)) and ’; 2((5)) are in R, and ¢ € R. Then deg p;(s) and deg p>(s)

are less than deg g (s). Further,

. p‘(—(f)) pz(—(f)) = w Since addition of polynomials does not increase the

degree, we have deg(pi(s) + pa(s)) < degq(s). It follows that w is in
Ry

P ep
gs) — 1
It follows that R, is closed under addition and scalar multiplication, and hence, R,

is a linear space. Now suppose f and f; are in & and ¢ € R. Then L{f1} € R,
and L { f>} € R,. Further,

o L{fi+ o} = L{fi} + L{f2} € Ry. From this, it follows that f; + f, € &,.
* L{cfi} = cL{fi} € R,. From this it follows that cf; € &,.

is proper and has denominator ¢ (s); hence, it is in R,.

It follows that &, is closed under addition and scalar multiplication, and hence, &,
is a linear space. O

Description of &, for q(s) of Degree 2

The roots of a real polynomial of degree 2 occur in one of three ways:

1. Two distinct real roots as in Example 1
2. A real root with multiplicity two
3. Two complex roots

Let us consider an example of each type.
Example 3. Find &, for each of the following polynomials:

1. q(s) = s> —3s +2
2. q(s) =s>—2s+ 1
3.q(s) =s*+2s+2

» Solution. In each case, degq(s) = 2; thus

pGs)

g = (s) cdegp(s) <1
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1. Suppose f(t) € &,. Since ¢(s) = s> —3s+2 = (s — 1)(s — 2), a partial fraction

decomposition of £ {f(#)} (s) = 58 has the form % = 4+ 2
Laplace inversion then gives f(t) = £ {%} = cje’ + cze . On the other
hand, we have e’ € &, since L{e'} = - = % = q(y) € Ry. Similarly,

e e &,. Since &, is a linear space, it follows that all functions of the form

cre’ + cpe* arein &,. From these calculations, it follows that
& ={cie' + c2e” 1c1, 00 € RY.

2. Suppose f(t) € &. Since q(s) = s> —2s +1 = (s— D% a partial fraction

decompositionof £ { f (1)} (s) = ‘;((j)) has the form p(sl))z = G+

inversion then gives f(t) = £} {&} = c1€' + cyte’. On the other hand, we

Laplace

q(s)
have ¢’ € &, since L{e'} = L = & = ;(;Sl) € R,. Similarly £ {tre'} =
W € Ry sote' € &,. Since &, is a linear space, it follows that all functions

of the form c¢e’ + cpte’ are in &,. From these calculations, it follows that
& = {cie’ +eate’ 1y € R}

3. We complete the square in g(s) to get g(s) = (s + 1)> + 1, an irreducible
quadratic. Suppose f(¢) € &;. A partial fraction decomposition of £ {f(¢)} =

8 has the form

p(s) _as+b
s+D2+1  (s+1)2+1
_als+1)+b—a
s+ D241
s+ 1
T T Ry P TC

where ¢; = a and ¢; = b — a. Laplace inversion then gives

f(t)=r,"" { pE i} = cie ' sint + c,e” cost.
On the other hand, we have e™ cost € &, since L{e™ cost} = ﬁ € Ry.

Similarly, we have e~ sint € &,. Since &, is a linear space, it follows that all
functions of the form ¢;e™ cost + c,e™ sint are in &,. It follows that

&, = {cre”" sint + ce7' cost i cp, e € R} <
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In Example 3, we observe that £, takes the form
Eq ={c1¢1 + 2 : c1,¢2 € R},

where

incase (1) ¢;(t) = ¢’ and ¢y (1) = ¥
incase (2) ¢1(t) = e’ and ¢ (1) = te'
incase (3) ¢1(t) =e'sint and ¢,(t) = e cost

We introduce the following useful concepts and notation that will allow us to
rephrase the results of Example 3 in a more convenient way and, as we will see, will
generalize to arbitrary polynomials ¢(s). Suppose F is a linear space of functions
and S = {¢1,...,¢,} C F asubset. A linear combination of S is a sum of the
following form:

Cl¢1 +--- 4 Cn(,bnv

where ¢y, ..., c, are scalars in R. Since F is a linear space (closed under addition
and scalar multiplication), all such linear combinations are back in F. The span of
S, denoted Span S, is the set of all such linear combinations. Symbolically, we write

Span S = {c1¢p1 + -+ cnpy 1 1, ..., cn € R}

If every function in F can be written as a linear combination of S, then we say S
spans F. Alternately, S is referred to as a spanning set for F. Thus, there are two
things that need to be checked to determine whether S is a spanning set for F:

e SCF.
¢ Each function in F is a linear combination of functions in S.

Returning to Example 3, we can rephrase our results in the following concise
way. For each ¢(s), define B, as given below:

Lg(s)=s*=3s+2=(s—-1)(s—2) B, ={e, e}
2.9(5) =52 =25+ 1= (s —1)? B, = {¢', te'}
3.9()=(+12+1 B, = {e”"cost, e’ sint}

Then, in each case,
&, = Span B,.

Notice how efficient this description is. In each case, we found two functions that
make up B,. Once they are determined, then & = Span B, is the set of all linear
combinations of the two functions in B, and effectively gives all those functions
whose Laplace transforms are rational functions with ¢(s) in the denominator. The
set B, is called the standard basis of &,.

Example 3 generalizes in the following way for arbitrary polynomials of
degree 2.
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Theorem 4. Suppose q(s) is a polynomial of degree two. Define the standard basis
B, according to the way q(s) factors as follows:

1.g(s) = (s —r)(s —rp) B, = {e"', e™'}
2.q(s) =(s—r)? B, = {e", te'"}
3.q9(s) = ((s —a)* +b*) By ={e" cosht, e sinbt}

We assume 1\, r2, 1, a, and b are real, ry # 1y, and b > 0. Let &, be the set
of input functions whose Laplace transform is a rational function with q(s) in the
denominator. Then

&, = Span B,.
Remark 5. Observe that these three cases may be summarized in terms of the roots
of ¢(s) as follows:

1. If g(s) has distinct real roots 1 and r,, then B, = {e"’, e"'}.

2. If ¢(s) has one real root r with multiplicity 2, then B, = {e’*, te""}.

3. If q(s) has complex roots a + bi, then B, = {e* cosbt, e*’ sinbt}. Since
sin(—bt) = — sin bt and cos(—bt) = cos bt, we may assume b > 0.

Proof. The proof follows the pattern set forth in Example 3.

1. Suppose f(t) € &,. Since q(s) = (s—r1)(s—r2), a partial fraction decomposition

of L{f(®)}(s) = 5 ((3 has the form (S_f)(% = ;- + ;. Laplace inversion

then gives f(t) = £ {%} = c1e"" + ¢;e™". On the other hand, we have
t s [ Ss—r s t

et € & since L{e"'} = m q(v)z € Ry. Similarly, e € &,.

It now follows that
& ={ae + e tep, 0 €RYL

2. Suppose f(1) € &,. Since g(s) = (s —r)% a partial fraction decomposition of
L{f@®)}(s) = p(s) has the form p(s) =4 4

Laplace inversion then

q(s) G=r)? — s—r (s— 1)2
gives f(t) = L7} {58} = cie’" + cyte’’. On the other hand, we have e’ € &,
since L{e"} = L = (:__rr)z = 5 € Ry Similarly, L{te} (s) = W €

R4 sote’ € &,. It now follows that

& ={cie’ +care’ tcp 0 €R}L

3. Suppose f(t) € &;. A partial fraction decomposition of £ { f(¢)} = Z ((f; has the
form
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p(s) . cs +d
((s—a)>+b2)  ((s—a)?+b?)
c(s—a)+d+ca
(s —a)* +b?)

=c +c ,
"G—ay+02 " Ps—aP+b?
where ¢; = cand ¢, = d;”“. Laplace inversion then gives
fey=r" % &} = c1e? cos bt + ¢, sin bt.
q(s)

On the other hand, since £ {e*’ cosbt} = (Y_;)_ﬁ € R,, we have e cos bt €

&, . Similarly, we have e* sin bt € &,. It follows that
& = {cie™ sint + cpe cost ¢y, € R}

In each case, £, = Span B,, where B, is prescribed as above. O

This theorem makes it very simple to find B, and thus £, when degq(s) = 2.
The prescription boils down to finding the roots and their multiplicities.

Example 6. Find the standard basis B, of &, for each of the following
polynomials:

1. g(s) =s*>+65s+5
2. q(s) =s*>+4s+ 4
3. q(s) = s> +4s +13

» Solution. 1. Observe that g(s) = s> + 65 + 5 = (s + 1)(s + 5). The roots are
ri =—land r, = =5. Thus, B, = {e™', ™} and £, = Span B,.

2. Observe that ¢(s) = s> +4s+4 = (s+2)% The rootis r = —2 with multiplicity
2. Thus, B, = {e™*, re™*'} and &, = Span B,.

3. Observe that g(s) = s> + 4s + 13 = (s + 2)> + 32 is an irreducible
quadratic. Its roots are —2 + 3i. Thus, B, = {e™* cos3, e  sin3r} and £, =
Span B,. <

As we go forward, you will see that the spanning set B, for &, for any
polynomial g(s), will be determined precisely by the roots of ¢(s) and their
multiplicities. We next consider two examples of a more general nature: when
q(s) is (1) a power of a single linear term and (2) a power of a single irreducible
quadratic.
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Power of a Linear Term

Let us now consider a polynomial which is a power of a linear term.

Proposition 7. Forr € R, let

q(s) = (s —r)".
Then
By ={e". e, ... 1" e}
is a spanning set for &;.

Remark 8. Observe that B, only depends on the single root  and its multiplicity
n. Further, B, has exactly n functions which is the same as the degree of ¢(s).

Proof. Suppose f(t) € &,. Then a partial fraction decomposition of £ { f ()} (s) =
% has the form

»(s) Lo, Lo 1
=a a vt ay————.
(s—r)y i1 2(s—r)2 "(s—r)

Laplace inversion then gives

_ pr—1 p(S) _ rt rt 12 rt tn_l rt
f(t)—ﬁ {ﬁ}—ale + arte +a3ie +---+anme

— Clert +czte” +C3t26rt + ‘”_’_Cntn—lert’

where, in the second line, we have relabeled the constants % = c¢j. Observe that

k! k(s —r)r—*1
LAtke) = = €&,
{ ¢ } (s —r)kt1 (s —r)" 4
If
By ={e" e, ... 1" e}
then it follows that
&, = Span B,. a

Example 9. Let ¢(s) = (s —5)*. Find all functions f so that £{ f} (s) has g(s) in
the denominator. In other words, find &;.

» Solution. We simply observe from Proposition 7 that
B, = {eSt’ e, 126, t3e5t}

and hence £, = Span 3. <
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Power of an Irreducible Quadratic Term

Let us now consider a polynomial which is a power of an irreducible quadratic
term. Recall that any irreducible quadratic s> + ¢s + d may be written in the form
(s —a)? + b, where a + b are the complex roots.

Lemma 10. Let n be a nonnegative integer, a, b real numbers; and b > 0. Let
q(s) = ((s —a)* + b>)". Then

t*e¥ cosbt € §, and t*e" sinbt € &,,
forallk =0,...,n—1.
Proof. We use the translation principle and the transform derivative principle to get
L{t* e cosbt} (s) = L {t* cosbt} (s — a)

= (=1)*L {cosbt}®

s> (s—a)
(k)
S
= (D[ ——
=D (s2+b2)
k)

An induction argument which we leave as an exercise gives that (ﬁ) is a

s>(s—a)

proper rational function with denominator (s> + h2)**!. Replacing s by s — a gives

p(s)
((S _ a)z + b2)k+1 ’

L{t*e" cosbt} (s) =

for some polynomial p(s) with deg p(s) < 2(k 4+ 1). Now multiply the numerator
and denominator by ((s — a)? 4+ b%)" ¥~ to get

p(s)((s — a)Z + bZ)n—k_l
((s —a?)? + b2)n )

L{t*e" cosbt} (s) =

fork = 0,...,n — 1. Since the degree of the numerator is less that 2(k + 1) +
2(n—k —1) = 2n, it follows that £ {tke‘” cos bt} € &,. A similar calculation gives
L{rke sinbt} € &,. u]

Proposition 11. Let
q(s) = ((s —a)* + b*)"
and assume b > 0. Then
B, = {e‘” cos bt, e sin bt, te cos bt, te? sin bt,

1" le cos b, 1" e sin bt}

is a spanning set for &;.
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Remark 12. Since cos(—bt) = cosbt and sin(—bt) = —sin bt, we may assume
that 5 > 0. Observe then that 3, depends only on the root a + ib, where b > 0, of
q(s) and the multiplicity n. Also B, has precisely 2n functions which is the degree

of g(s).
Proof. By Lemma 10, each term in B, is in &,. Suppose f(t) € &, and
LAf@®)}(s) = % for some polynomial p(s). A partial fraction decomposition

of 2%) has the form

q(s)
pls) ais + by as + b, ans + by
) G+ Goarr T T Goar sy ©

By Corollary 11 of Sect. 2.5 and the first translation principle, (2) of Sect. 2.5, the
inverse Laplace transform of a term astbi g the form

((s—a)>+b2)F
-1 { ays + by

M—2+W} = pk(t)e‘” cos bt + qk(l)eat Sil’lbt,

where py (¢) and g (¢) are polynomials of degree at most k — 1. We apply the inverse
Laplace transform to each term in (6) and add to get

L1 {&

} = p(t)e” cosht + q(t)e” sinbt,
q(s)

where p(¢) and g(¢) are polynomials of degree at most n — 1. This means that

f(t)=r,"" {%} is a linear combination of functions from B, as defined above.

It follows now that

&, = Span B,. a

Example 13. Let ¢(s) = ((s — 3)> + 22)3. Find all functions f so that £{f} (s)
has g(s) in the denominator. In other words, find &,.

» Solution. We simply observe from Proposition 11 that
By = {e¥ cos2r, e sin2t, 1e* cos2t, te¥ sin2t, 1’e™ cos2t, 1*e™ sin 21, }

and hence £, = Span 3. <
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Exercises

1-25. Find the standard basis B, of &, for each polynomial ¢(s).

1. g(s) =s—4

2. q(s) =s5+6

3. q(s) = s>+ 5s

4. q(s) =s>—3s—4
5.q(s) =5s>—65+9

6. q(s) = s> —9s + 14
7. q(s) =s>—5—6

8. q(s) =s>+9s+ 18
9. g(s) =652 —11s+ 4
10. g(s) = s> +2s — 1
11. g(s) = s> —ds+ 1
12. g(s) = s> — 105 + 25
13. q(s) = 452+ 125 + 9
14. g(s) =s>+9

15. q(s) = 4s> +25

16. q(s) = s> +4s + 13
17. q(s) = s> =25 + 5
18. q(s) = s> —s+1

19. g(s) = (s + 3)*
20. g(s) = (s = 2)°
21. q(s) = s> =352+ 35— 1
22. q(s) = (s + 1)°
23. q(s) = (s> + 4s + 5)°
24. q(s) = (s> — 8s + 20)3
25. q(s) = (s> + 1)*
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2.7 The Linear Spaces &;: The General Case

We continue the discussion initiated in the previous section. Let g(s) be a fixed
polynomial. We want to describe the linear space &, of continuous functions
that have Laplace transforms that are rational functions and have ¢(s) in the
denominator. In the previous section, we gave a description of &, in terms of a
spanning set 53, for polynomials of degree 2, a power of a linear term, and a power
of an irreducible quadratic. We take up the general case here.

Exponential Polynomials

Let n be a nonnegative integer, and a,b € R, and assume b > 0. We will refer to
functions of the form

t"e cosht and t"e* sinbt,

defined on R, as simple exponential polynomials. We introduced these functions in
Lemma 10 of Sect.2.6. Note that if » = 0, then t"e* cos bt = t"e*, and if both
a =0and b = 0, then t"e* cos bt = t". Thus, the terms

t"e’ and "

are simple exponential polynomials for all nonnegative integers n and real numbers
a.Ifn = 0and a = 0, then t"e* cosbt = cos bt and 1"e*" sin bt = sin bt. Thus,
the basic trigonometric functions

cosbt and sinbt

are simple exponential polynomials. For example, all of the following functions are
simple exponential polynomials:

1. 3 2. tocos2t 3. e 4. 12¥ 5. t*e¥sin3t
while none of the following are simple exponential polynomials:

sin 2t 8. 2 e!

6. 12 te 9. sin(e’)  10. -

cos 2t

We refer to any linear combination of simple exponential polynomials as an
exponential polynomial. In other words, an exponential polynomial is a function in
the span of the simple exponential polynomials. We denote the set of all exponential
polynomials by £. All of the following are examples of exponential polynomials
and are thus in &:
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1. e +2e% +3e¥ 2. t%sin3t +2te” cos5t 3. 1—t+12—t3 414
4. t—2tcos3t 5. 3e* 4 41 6. 2cosdt —3sindt

Definition of B,

Recall that we defined &, to be the set of input functions whose Laplace transform
is in R,. We refine slightly our definition. We define &, to be the set of exponential
polynomials whose Laplace transform is in R,. That is,

={f €& L{f}eR,}.

Thus, each function in &, is defined on the real line even though the Laplace
transform only uses the restriction to [0,00).* We now turn our attention to
describing &, in terms of a spanning set B,. In each of the cases we considered
in the previous section, B, was made up of simple exponential polynomials. This
will persist for the general case as well. Consider the following example.

Example 1. Let g(s) = (s — 1)*(s> + 1)% Find a set B, of simple exponential
polynomials that spans &,.

» Solution. Recall that £, consists of those input functions f(¢) such that £ { f(¢)}
isin R,. In other words, L{ f (1)} (s) = %, for some polynomial p(s) with degree
less than that of g(s). A partial fraction decomposition gives the following form:

p(S) — a + aj + as 4 ags + as aegs + az
(s—13s2+1)?2 s—1 (s—1)2 (s—1)P3 241 (52 +1)2
_ _nG) pa(s)
(s—1)3  (2+D¥

where p;(s) is a polynomial of degree at most 2 and p(s) is a polynomial of degree

. .. . . p(s)
at most 3. This decomposition allows us to treat Laplace inversion of DGR

21O and £228) n the first case, the denominator is

G-n? 4N Gree
a power of a linear term, and in the second case, the denominator is a power of an

irreducible quadratic. From Propositions 7 and 11 of Sect. 2.6, we get

i { P1(s)
q1(s)

in terms of the two pieces:

} = cie! + cate! + cat?el,

“In fact, any function which has a power series with infinite radius of convergence, such as an
exponentlal polynomial, is completely determined by it values on [0, 00). This is so since f(t) =

Zfo 0 £~ (O)t” and £ (0) are computed from f(¢) on [0, 00).

n!
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K
L1 % 172_()} = c4c08t + cssint + cgt cost + cqt sint,
q2(s)
where cy, ..., c7 are scalars, q|(s) = (s — 1), and q(s) = (s2 + 1)%. It follows
now by linearity of the inverse Laplace transform that
- p(s)
n=r'———
0= e

= c1e' 4 cote! + 31’ + c4cost + cssint + cgt cost + ¢qt sint.

Thus, if
B, = {e'.te', t2e!, cost,sint, f cost, sin 1}

then the above calculation gives £, = Span B,. Also observe that we have shown
that B, = B,, U B,,. Further, the order of B,, which is 7, matches the degree of

q(s). <

From this example, we see that B, is the collection of simple exponential
polynomials obtained from both By, and B,,, where ¢;(s) = (s — 1) and g2(s) =
(s241)? are the factors of ¢ (s). More generally, suppose that ¢(s) = ¢1(s) - - - qr(s),
where g; (s) is a power of a linear term or a power of an irreducible quadratic term.
Further assume that there is no repetition among the linear or quadratic terms. Then
a partial fraction decomposition can be written in the form

pG) _pis) L pr()
9 a) qr(s)’

We argue as in the example above and see that £~ {%} is a linear combination of

those simple exponential polynomial gotten from By, . . ., By, . If we define
By = By U---U By,

then we get the following theorem:

Theorem 2. Let q(s) be a fixed polynomial of degree n. Suppose q(s) =
qi1(s)---qr(s) where q;(s) is a power of a linear or an irreducible term and
there is no repetition among the terms. Define B, = By, U --- U By,. Then

Span B, = &,.

Further, the degree of p(s) is the same as the order of B,.

Proof. The essence of the proof is given in the argument in the previous paragraph.
More details can be found in Appendix A.3. O
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It is convenient to also express B, in terms of the roots of g(s) and their
multiplicities. We put this forth in the following algorithm.

Algorithm 3. Let g(s) be a polynomial. The following procedure is used to
construct B, a spanning set of &,.

Description of 3,
Given a polynomial ¢ (s):
1. Factor q(s) and determine the roots and their multiplicities.
2. For each real root r with multiplicity m, the spanning set B, will contain
the simple exponential functions:

rt rt Z‘m—l

e, e, ..., .

¢

3. For each complex root a &= ib (b > 0) with multiplicity m, the spanning
set B, will contain the simple exponential functions:

e cosbt, e sinbt, ..., 1" e cosbt, " 'e sin bt.

Example 4. Find B, if

1. g(s) = 4(s —3)%(s — 6)
2.q(s) = (s + (s> + 1)
3. q(s) =7(s — 1)3(s —2)%((s — 3)% + 5%)?

» Solution.
1. The roots are r; = 3 with multiplicity 2 and r, = 6 with multiplicity 1. Thus,

B, = {63t7 re, eﬁt}_

2. The roots are r = —1 with multiplicity 1 and @ £ib = 0 £ i. Thus,a = 0 and
b = 1. We now get
B, = {e™', cost, sint}.

3. Theroots are r; = 1 with multiplicity 3, 7, = 2 with multiplicity 2, and a +ib =
3 + 5i with multiplicity 2. We thus get

B, = {e’, tel, 1%e', e, te?, e¥ cos5t, e¥ sin 51, te¥ cos 51, te¥ sin 51}. «
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Laplace Transform Correspondences

We conclude this section with two theorems. The first relates £ and R by way of the
Laplace transform. The second relates £, and R,. The notion of linearity is central
so we establish that £ and R are linear spaces. First note the following lemma.

Lemma 5. Suppose S is a set of functions on an interval I. Let F = Span S. Then
F is a linear space.

Proof. If f and g are in Span S, then there are scalars ay,...,a, and by, ..., by, so
that
f=afi+--+a,fy and g=0>bigi+ -+ bngn,

where fi,..., fyand g1,...,gn are in S. The sum
f+eg=a1fi+--+afu+big1+ -+ bugm,

is again a linear combination of function in S, and hence f + g € Span S. In
a similar way, if ¢ is a scalar and f = a;fi + - - + a, fy is in Span S, then
cf =ca, fi+---+cay f, is alinear combinations of functions in S, and hence cf €
Span S. It follows that Span S is closed under addition and scalar multiplication and
hence is a linear space. O

Recall that we defined the set £ of exponential polynomials as the span of the set
of all simple exponential polynomials. Lemma 5 gives the following result.

Proposition 6. The set of exponential polynomials & is a linear space.
Proposition 7. The set R of proper rational functions is a linear space.

Proof. Suppose Z ! ((;; and 2 28 are in R and ¢ € R. Then

. P21 p20s) _ pi()qa(s)+pa(s)qils) - : ; ;
oo T oo = OB is again a proper rational function and hence
in R.
o o206 _ ()
arls) — a1l

It follows that R is closed under addition and scalar multiplication, and hence R is
a linear space. O

is a again a proper rational function and hence in R.

Theorem 8. The Laplace transform
L:E—>TR

establishes a linear one-to-one correspondence between the linear space of expo-
nential polynomials, £, and the linear space of proper rational functions, R.
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Remark 9. This theorem means the following:

1. The Laplace transform is linear, which we have already established.

2. The Laplace transform of each f € £ is a rational function.

3. For each proper rational function r € 7R, there is a unique exponential
polynomial f € Esothat L{f} =r.

Proof. By Lemma 10 of Sect. 2.6, the Laplace transforms of the simple exponential
polynomials t"e?" cos bt and t"e sinbt are in R. Let ¢ € £. There are simple
exponential polynomials ¢y,...,¢, such that ¢ = c1¢; + -+ + cu@m, Where
¢1,...,cn € R. Since the Laplace transform is linear, we have L {¢} = ¢/ L{f1} +
coo + L {pn}. Now each term L{¢p;} € R. Since R is a linear space, we
L{¢p} € R. It follows that the Laplace transform of any exponential polynomial
is a rational function.

On the other hand, a proper rational function is a linear combination of the simple
rational functions given in (1) in Sect. 2.5. Observe that

- n tn_l at
LG =)y 6) = e

is a scalar multiple of a simple exponential polynomial. Also, Corollary 11 of
Sect.2.5 and the first translation principle establish that both 1/((s — a)? 4 b?)*
and s/ ((s —a)? + b?)* have inverse Laplace transforms that are linear combinations
of t"e sinbt and 1"e* cosht for 0 < k < n. It now follows that the inverse
Laplace transform of any rational function is an exponential polynomial. Since
the Laplace transform is one-to-one by Theorem 1 of Sect. 2.5, it follows that the
Laplace transform establishes a one-to-one correspondence between £ and R. O

We obtain by restricting the Laplace transform the following fundamental
theorem.

Theorem 10. The Laplace transform establishes a linear one-to-one correspon-
dence between £, and R. In other words,

L:& — Ry

is one-to-one and onto.
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Exercises

1-11. Determine which of the following functions are in the linear space £ of
exponential polynomials.

1. 1272

2.t 2

3. t/e

4. '/t

5. tsin (4t — z)
4

6. (t +e¢')?

7. (t +¢€)72
8. te'/?

9. t1/2%¢

10. sin2¢/e*
11. e*/sin2t

12-28. Find the standard basis B, of &, for each polynomial ¢(s).
12. g(s) =3+

13. q(s) = s* -1

14. q(s) = s3(s + 1)?

15. g(s) = (s — 1)*(s + 7)?

16. ¢(s) = (s + 8)%(s> + 9)°

17. q(s) = (s +2)3(s> + 4)?

18. g(s) = (s + 5)%(s — 4)*(s + 3)?
19. g(s) = (s — 2)%(s + 3)*(s + 3)
20. ¢(s) = (s — 1)(s — 2)*(s — 3)*
21. q(s) = (s + 4)%(s* + 65 + 13)?
22. q(s) = (s + 5)(s> + 45 + 5)?
23. q(s) = (s — 3)3(s> + 25 + 10)?
24. q(s) =s>+8

25. q(s) =253 — 552+ 45 — 1

26. q(s) = s> +25>— 95— 18

27. q(s) = s* + 552+ 6

28. q(s) = s* —8s2+ 16
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29-33. Verify the following closure properties of the linear space of proper rational
functions.

29. Multiplication. Show that if r1(s) and r,(s) are in R, then so is 7 (s)r2(s).

30. Translation. Show that if r(s) is in R, so is any translation of r(s), that is,
r(s —a) € R for any a.

31. Differentiation. Show that if r(s) is in R, then so is the derivative r/(s).

32. Let q(s) = (s — a)* + b>. Suppose r(s) € Ryr but r(s) ¢ Ru—1. Then
r'(s) € Rynt1 but r'(s) & Ryn.

33. Letg(s) = (s —a)® + b*. Letr € R,. Then r™ € R+ butnot in Ry

34-38. Verify the following closure properties of the linear space of exponential
polynomials.

34. Multiplication. Show that if f and g are in £, then sois fg.

35. Translation. Show that if f isin &, so is any translation of f,i.e. f(t —1y) € £,
for any 7.

36. Differentiation. Show that if f is in &£, then so is the derivative f’.

37. Integration. Show that if f is in &, then so is [ f(r)ds. That is, any
antiderivative of f isin £.

38. Show that £ is not closed under inversion. That is, find a function f so that 1/ f
isnotin €.

39-41. Let g(s) be a fixed polynomial. Verify the following closure properties of
the linear space &,.

39. Differentiation. Show that if f isin &, then f”isin &,.

40. Show thatif f is in &, then the nth derivative of f, ™, isin &,.

41. Show that if f € &,, then any translate is in &,. That is, if #, € R, then f(t —
ty) € 8,1.
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2.8 Convolution

Table 2.3 shows many examples of operations defined on the input space that
induce via the Laplace transform a corresponding operation on transform space,
and vice versa. For example, multiplication by —¢ in input space corresponds to
differentiation in transform space. If F(s) is the Laplace transform of f(¢), then
this correspondence can be indicated as follows:

—tf(t) «— iF(s).
ds

Our goal in this section is to study another such operational identity. Specifically,
we will be concentrating on the question of what is the operation in the input space
that corresponds to ordinary multiplication of functions in the transform space. Put
more succinctly, suppose f(¢) and g(¢) are input functions with Laplace transforms
F(s) and G(s), respectively. What input function /(¢) corresponds to the product
H(s) = F(s)G(s) under the Laplace transform? In other words, how do we fill in
the following question mark in terms of f(¢) and g(¢)?

s F(5)G(s).

You might guess that h(z) = f(¢)g(¢). That is, you would be guessing that
multiplication in the input space corresponds to multiplication in the transform
space. This guess is wrong as you can quickly see by looking at almost any example.
For a concrete example, let

F(s)=1/s and G(s) = 1/s>

Then H(s) = F(s)G(s) = 1/s* and h(t) = t*/2. However, f(t) =1, g(t) = t,
and, hence, f(t)g(t) =t. Thus h(t) # f(¢)g(t).

Suppose f and g are continuous functions on [0, co). We define the convolution
(product), (f * g)(t), of f and g by the following integral:

(f *9)(1) = /0 £t —u)du. ()

The variable of integration we chose is u# but any variable other than ¢ can be used.
Admittedly, convolution is an unusual product. It is not at all like the usual product
of functions where the value (or state) at time ¢ is determined by knowing just the
value of each factor at time 7. Rather, (1) tells us that the value at time ¢ depends on
knowing the values of the input function f and g for all u between 0 and ¢. They
are then “meshed” together to give the value at 7.
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The following theorem, the convolution theorem, explains why convolution is so
important. It is the operation of convolution in input space that corresponds under
the Laplace transform to ordinary multiplication of transform functions.

Theorem 1 (The Convolution Theorem). Let f(t) and g(t) be continuous func-
tions of exponential type. Then f * g is of exponential type. Further, if F(s) =
L{f@)}(s) and G(s) = L{g(1)} (), then

The Convolution Principle
LS *8)1)} (s) = F(5)G(s)
or (f*g)t)=LT{F(s)-G(5))} ().

The second formula is just the Laplace inversion of the first formula. The proof
of the convolution principle will be postponed until Chap. 6, where it is proved for
a broader class of functions.

Let us consider a few examples that confirm the convolution principle.

Example 2. Let n be a positive integer, f(z) = t", and g(¢) = 1. Compute the
convolution f x g and verify the convolution principle.

» Solution. Observe that £ {t"} (s) = n!/s"T!, L{1}(s) = 1/s, and

un+1 4 tn+1

f*g(f)=/0 f(u)g(t—u)duz/o " - 1du = n—}—lO:n—}—l'

Further,
ntl I (n+ 1) n! 1
L =L = = -
fxei(s) % n+ 1} (s) n+1 sn+2 shtl
=LA{f}-Lig}
thus verifying the convolution principle. <

Example 3. Compute ¢> * t> and verify the convolution principle.

» Solution. Here we let f(¢) = ¢> and g(¢) = * in (1) to get

Bxt? = /t f(u)g(t—u)du:/tu3(t—u)2du
0 0

' 0 16 40
=/ = 2tt i du= — —2— + — = —.
0 4 5 6 60
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Additionally,

6 16 31 2

}<s)=— -

60s7 s 3

ﬁ{f*g}(s)=£{g—0

=LA{f}-LAg}- <

Example 4. Let f(t) = sint and g(¢) = 1. Compute (f * g)(¢) and verify the
convolution principle.

» Solution. Observe that F(s) = L {sint} = 1/(s*> + 1), G(s) = L{1} = 1/s,
and

(f *g)®) :/OI f(u)g(t—u)du:/Otsinudu:—cosulf): 1 — cost.

Further,
LUf %8} (s) = L{1—cost}(s) = ~ — —°
= —cos =———=—
sl T
R s S S
s(s24+1)  s(s24+1) 241 s
=L{f}-L{g}. <

Properties of the Convolution Product

Convolution is sometimes called the convolution product because it behaves in many
ways like an ordinary product. In fact, below are some of its properties:

Commutative property: fxg=gxf
Associative property: (fxg)xh = fx(gxh)
Distributive property:  fx(g+h) = f*xg+ f*xh

f*0=0xf=0
Indeed, these properties of convolution are easily verified from the definition
given in (1). For example, the commutative property is verified by a change of
variables:

frgl) = /0 £t —u) du

Let x = ¢t — u then dx = —dr and we get
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0
- / Flt = x)g(x) (~1dx

- /0 (0 £t —x) dx
=gx*f

It follows, for example, that

t t
t”*l(t)=/ u”du:/(u—t)”du:t"*l.
0 0

Both integrals are equal. The decision about which one to use depends on which
you regard as the easiest to compute. You should verify the other properties listed.

There is one significant difference that convolution has from the ordinary product
of functions, however. Examples 2 and 4 imply that the constant function 1
does not behave like a multiplicative identity. In fact, no such “function” exists.’
Nevertheless, convolution by f(¢#) = 1 is worth singling out as a special case of the
convolution principle.

Theorem 5. Let g(t) be a continuous function of exponential type and G(s) its
Laplace transform. Then (1 x g)(t) = fof g(u) du and

Input Integral Principle

zﬁﬁgmw}:i@.

Proof. Since (1 % g)(t) = fof g(u) du, the theorem follows directly from the
convolution principle. However, it is noteworthy that the input integral principle
follows from the input derivative principle. Here is the argument. Since g is of
exponential type, so is any antiderivative by Lemma 4 of Sect. 2.2. Suppose A(t) =
fof g(u)du. Then 1'(¢) = g(t), and h(0) = 0 so the input derivative principle gives

G(s) = L{g(t)} = L{W (1)} = sH(s) — h(0) = sH(s).

Hence, H(s) = (1/s)G(s), and thus,

ﬁ{/ g(u) du} =L{h(@)} (s) = lG(s). O
0 s

SIn Chap. 6, we will discuss a so-called “generalized function” that will act as a multiplicative
identity for convolution.
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Remark 6. The requirement that g be of exponential type can be relaxed. It can be
shown that if g is continuous on [0, c0) and has a Laplace transform so does any
antiderivative, and the input integral principle remains valid.®

The input integral and convolution principles can also be used to compute
the inverse Laplace transform of rational functions. Consider the following two
examples

Example 7. Find the inverse Laplace transform of

1
s(s2+1)

» Solution. Instead of using partial fractions, we will use the input integral

1
s2+1

1 t
—1 _ .
L {3(52—-1-1)} = /0 sinu du

= —cosuly = 1—cost. <

principle. Since £ { } = sint, we have

Example 8. Compute the inverse Laplace transform of m.

S

» Solution. The inverse Laplace transforms of P

respectively. The convolution theorem now gives

and ﬁ are cos 3t and €',

-1 s _ t
L { m} = cos 3t x ¢
t
=/ cos3ue "du
0
t
= e’/ e " cos3udu
0
et
=10 (—e ™" cos 3u + 3" sin 3u)|;

1 . ;
= E(—cosSt + 3sin 3t + ¢').

The computation of the integral involves integration by parts. We leave it to the
student to verify this calculation. Of course, this calculation agrees with Laplace
inversion using the method of partial fractions. <

For a proof, see Theorem 6 and the remark that follows on page 450 of the text Advanced Calculus
(second edition) by David Widder, published by Prentice Hall (1961).
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Table 2.11 contains several general convolution formulas. The next few formulas
verify some of the entries.

Formula 9. Verify the convolution product

edl _ ebt
el x ebl‘ — ﬁs (2)

where a # b, and verify the convolution principle.

V Verification. Use the defining equation (1) to get

t t eat _ ebt
eut % ebt — / euueb(t—u) du = ebt/ e(a—b)u du =
0 0 a—>b
Observe that
at bt
- 1 1 1
r e e _ B
a—>b a—b\s—a s—b>b
_ 1 1 1
C(s—a)s—b) s—a s—b
=L{e"}- L},
so this calculation is in agreement with the convolution principle. A

Formula 10. Verify the convolution product
at at

e x e’ =te” 3)

and verify the convolution principle.

V Verification. Computing from the definition:
t t
e ke = / e et dy = e‘”/ du = re'.
0 0

As with the previous example, note that the calculation

1
LAtet = ——— = L{e") L {e"},
fre} = o = L) £1e)
which agrees with the convolution principle. A
Remark 11. Since ,
et — et d
lim ——— = —e* = e,

a—b a—>b da
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the previous two examples show that

lim e x e? = te™ = e x ¥,

a—b

so that the convolution product is, in some sense, a continuous operation.

Formula 12. Verify the following convolution product where m,n > 0:

Mokt = m!n! m+n+1
(m+n+1)!

V Verification. Our method for this computation is to use the convolution theorem,
Theorem 1. We get

m! n! m!n!
m ny _ m ny _— —
LAT* "y =La" LAt") = L gl gmn2”

Now take the inverse Laplace transform to conclude

m!n! m!n!
Z‘m *tn — ﬁ_l — tm+n+1‘
smtn+2 (m+n+1)!

As special cases of this formula, note that

2 3

1 1
st =—1% and 1 x1* = —15.
30

60
The first was verified directly in Example 3.
In the next example, we revisit a simple rational function whose inverse Laplace
transform can be computed by the techniques of Sect. 2.5.

Example 13. Compute the inverse Laplace transform of ﬁ

» Solution. The inverse Laplace transform of 1/(s? + 1) is sinz. By the convolu-
tion theorem, we have
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E_l % ﬁ} = sint * sint.
N
t
= / sinu sin(t — u) du
0
t
= / sinu(sint cosu — sinu cost) du
0

t t
= sint/ sinucosudu—cost/ sin® u du
0 0

. sin? ¢ t —sint cost
= | sint > —cost

2

sint —tcost
= <
2

Now, one should see how to handle 1/(s?+ 1)? and even higher powers: repeated
applications of convolution. Let f** denote the convolution of f with itself k times.
In other words,

R = fsxfsxf k times.

Then it is easy to see that

1
N

N
and E_l %W} = COS!{ * Sin*
N

k.

These rational functions with powers of irreducible quadratics in the denominator
were introduced in Sect. 2.5 where recursion formulas were derived.

Computing convolution products can be tedious and time consuming. In Table
2.11, we provide a list of common convolution products. Students should familiarize
themselves with this list so as to know when they can be used.
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Exercises

1-4. Use the definition of the convolution to compute the following convolution
products.

1.t xt

2. txt3

3. 3 xsint

4. (3t + 1) xe

5-9. Compute the following convolutions using the table or the convolution princi-
ple.

5. sin2t x e*

6. (2t + 1) x cos2t
7. t2xe

8. cost % cos2t

9

2t 4t

. e ke

10-15. Use the convolution principle to determine the following convolutions and
thus verify the entries in the convolution table.

10. t = ¢"

11. e* % sinbt
12. €% % cos bt
13. sinat * sin bt
14. sinat * cos bt
15. cosat * cos bt

16-21. Compute the Laplace transform of each of the following functions.
16. f(t) = [;(t — x) cos2x dx

17. f(t) = [;(t — x)*sin2x dx

18. f(t) = [yt —x)%e ™ dx

19. f(t) = fot X339 dx

20. f(t) = fot sin 2x cos(f — x) dx

21. f(t) = [y sin2xsin2(¢ — x) dx
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22-31. In each of the following exercises, use the convolution theorem to compute
the inverse Laplace transform of the given function.
22. .
(s—2)(s+4)
1
§s2—6s+5
1
(s24+1)2
s
(s241)2
1
(s + 6)s3
2
(s=3)(s>+4)
s
(s—H(s2+1)
1
29. —(s—a)(s—b) a#b
G(s)
s+2

31. G(s)

23.

24.

25.

26.

217.

28.

30.

s
§2 42
32. Let f be a function with Laplace transform F(s). Show that

= {@} :/0 /OXI £(x2) dxy dixy.

More generally, show that
F(s t X1 Xn—1
E_I{L} =/ / / f(xy) dx, ... dxp dxy.
s" 0 Jo 0

33-38. Use the input integral principle or, more generally, the results of Problem
32 to compute the inverse Laplace transform of each function.

1
33 $2(s2 4+ 1)

1
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35.

36.

37.

38.

Convolution

1
$3(s + 3)
1
s2(s —2)2
1

s(s2 +9)?

1
s3 +S2

197



198 2 The Laplace Transform



2.9 Summary of Laplace Transforms and Convolutions 199
2.9 Summary of Laplace Transforms and Convolutions

Laplace transforms and convolutions presented in Chap. 2 are summarized in Tables
2.6-2.11.

Table 2.6 Laplace transform rules

f@) F(s) Page
Definition of the Laplace transform
1. 70 F(s) = [y e f(t)dt 111
Linearity
2. a fi(t) + a2 f2(t) aiFi(s) + ax Fa(s) 114
Dilation principle
3. flan) éF(%) 122
First Translation principle
4. e’ f(t) F(s —a) 120
Input derivative principle: first order
5. [ (@) sF(s) — f(0) 115
Input derivative principle: second order
6. 7@ s2F(s) = s£(0) — f7(0) 115
Input derivative principle: nth order
7. £ @) s"F(s) — s"7Lf0) — s"72f7(0) — 116

e — xf("72)(0) — f(nfl)(o)

Transform derivative principle: first order

8. tf(t) —F'(s) 121
Transform derivative principle: second order

9. 2 f(t) F’(s)

Transform derivative principle: nth order

10. t"f(1) (—1)" F™(s) 121
Convolution principle

11. (f xg)@®) F(s)G(s) 188

= [y f(0)g(t —1)dt

Input integral principle

12, fy f(dv F©)

N

190
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Table 2.7 Basic Laplace transforms

2 The Laplace Transform

S@) F(s) Page
1. 1 ! 116
s
1
2. t S_2
n!
3. t" n=0,2,3,...) prEm) 116
'a+1)
4. v (Ol > O) sOfT 118
1
5. e 118
s—a
1
6. ted! —_—
¢ (s —ap
n.at — —I’l.
7. t"e m=1,2,3,..) G_aph 119
b
8. in bt _— 118
sin ey
s
9. cos bt m 118
. b
10. e sin bt m 120
s—a
11. e cos bt m 120
Table 2.8 Heaviside formulas
S) F(s)
L r{‘e”’ r,’l‘e’"’
q’(r1) q'(ra)’ (s—r) (s —r)’
gy =(s—ry)-(s—ry) rl,...,r,, distinct
5 edt n ebt
" a—b b—a (s—a)(s—b)
3 aed! bebt
" a—b b—a (s—a)(s—b)
edl ebr ect
4,
(a—b)a—rc) + b—a)yb—rc) + (c —a)(c —b) (s—a)(s—b)(s —c)
s aed! beb' ce¢!

@—ha-0 b—ab-0  c-ae-h

(s —a)(s = b)(s —c)

(continued)
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Table 2.8 (continued)

aze‘” bzebr CZecl

s

2

S aha-o b-at-0  t-ac-b G-a6-hHt—0

il at s

7. (Z;c:o (1)a ! (n—l—l)!) e s —ay

o 1

. (& (S _ Ll)2

u s

9. (1+at)e G—ay

o0, Lo o

- 2° (s —a)’

11 (t _+_ ﬁ) at ;

: 2 )¢ (s —a)?
a?t? u 52

12. (1 + 2at + T) e m

In each case, a, b, and ¢ are distinct. See Page 165.

Table 2.9 Laplace transforms involving irreducible quadratics

f() F(S;J
L si111 bt W
2 55 (sinbi — b cos br) e
3 ﬁ ((3 = (br)?) sinbt — 3bt cos bt) (suf—bzy
4. Klbé ((15 — 6(b1)?) sin bt — (15bt — (bt)*) cos bt) (szJ;—bzy
5. cols bt | W
6. ?bt sin bt m
7. 8_b14 (bt sinbt — (bt)? cos bt) m
- 25z (3Dt = G0 sinbt = 3b0)2 cos br) .

Table 2.10 Reduction of order formulas

_1{ 1 }_ zﬁ_I{ s }+2k—1
(2 + b2k 2kb2 (s2 + b2y 2k b2

\oram| = a {eewr)
i (s> + B2

@)
(5% + b2

See Page 155.

201
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Table 2.11 Basic convolutions

2 The Laplace Transform

S g() (f *g)@) Page
L. 0 g(0) fxg) =[5 fwg(t —w)du 187
2. 1 g() fy g(x)de 190
m n n! m—+n
3. t t ml +ntl 193
. at — sinat
4. t sinat —_—
a2
2 2,2
2 : a“t
5. t sinat pe (cosat -1 - T))
1 —cosat
6. t cosat —_—
a
2 2 .
7. t cosat — (at —sinar)
a
8 ; et e — (1 + at)
a2
9 12 e 2 (e‘” — (a +at + ﬁ))
ad 2
1
10. et el (e —e") a#b 192
b—a
11. e e te! 192
12. e sin bt ! (be® — b cos bt — a sin bt) 195
a? + b?
1
13. e cos bt m(ae‘” —acosbt + bsinbt) 195
1
14. sinat sin bt ———(bsinat —asinbt) a#b 195
b2 — a2
. . |
15. sinat sinat 2—(smat —atcosat) 195
a
1
16. sin at cos bt ———(acosat —acosht) a#b 195
b2 — a2
. 1 .
17. sin at cos at Et sinat 195
1 . .
18. cos at cos bt ——(asinat —bsinbt) a #b 195
a?—b?
1 .
19. cos at cos at Z—(at cosat + sinat) 195
a
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