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ABOUT THESE NOTES

These notes have been typeset almost verbatim from my handwritten class notes. The latter
have been written for my own use in class and are not intended as a primary source for the course.
Thus, the presentation that follows is rough and schematic at some points. Nevertheless, students
might find useful to have direct access to my class notes. We warn the reader that these notes
have not (yet) been carefully checked for typos, mistakes, etc. Please do let me know if you find
inconsistencies, wrong signs, missing factors, or other errors. In particular, if you are confident that
your calculation is correct but it does not match what is given here, it is likely that there is a typo
in the notes.

ABBREVIATIONS USED THROUGHOUT

The following abbreviations are used in the text and/or in class:

DE = differential equation(s).

ODE = ordinary differential equation(s).
PDE = partial differential equation(s).
IVP = initial value problem.

IC = initial conditions.

iff = if and only if.

EX = example.

Def = definition.

Theo = theorem.

Prop = proposition.

LHS = left hand side.

RHS = right hand side.

= means “implies,” e.g., A = B reads “A implies B.”
[0 = indicates the end of a proof.
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e We write f = f(x) to mean “f is a function of z” and similarly, e.g., z = z(t) for “z is a
function of t,” etc.
1. INTRODUCTION
1.1. What is a differential equation? We are all familiar with algebraic equations, e.g.,
2?2422 +3=0.

Here, the unknown is the variable x, and the solution of this equation is a number that satisfies it.
In this case, x = 1 and x = —3 are solutions because

1242.-1-3=0and (-3)24+2-(-3)-3=0,
whereas = = 2 is not a solution since
2242.2-3#0.
We can consider similar situations where the unknown is a function:
zf(r) — 2+ 322 =0,
Solving for f(z) gives
2 322

f(x) (z #0).

More generally, we can have an equation for an unknown function f where derivatives of f also
appear, e.g.,
df

— —3cosx = 0.

dx

Here, we want to find a function f(x) whose derivative equals 3 cosx. We know from calculus how
to find such a function:
df—Scosx:0:>/dfdx:3/cosxda;
dx dx
= f(

x) = 3sinx + C, where C is a constant of integration.

An equation relating an unknown function and one or more
of its derivatives is called a differential equation (DE).

Example 1.1. These are DE:

d
ay + 4%z =0 variable: z, function y = y(z),

dx
% +e ™ =0 variable: ¢, function z = x(t).
These are not DE:
2 —4=0,
/cos(m(t)) dt = e + z(t),

/ (y(:v))2 dx = % + 5.

(The second equation is called an integral equation and the third one an integral-differential
equation.)
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1.2. Why do we study DE? Let’s investigate the following example. Consider a spring that has
length 1 m when it is not subject to any force. One end of the spring is attached to a wall, and
the other end to a body of mass 2 kg, as in the figure below:

- 00QQQ]
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20 cm

FicURE 1. Mass attached to a spring Before and After stretching

Suppose that you pull the body horizontally, stretching the spring 20 cm, and then release it.
The body is going to oscillate back and forth. What is its position after 10 seconds? (Disregard
friction between the body and floor. Consider that the spring has constant £ = 50 N/m.)

From Hooke’s Law, we know that the force acting on the body due to the spring is F' = —kz,
where z is the displacement with respect to the equilibrium position, which we identify with x = 0.

Since —kx is the only force acting on the body, it equals ma, where m is the mass of the block and
a its acceleration:

ma = —kx = a= —25x, since m = 2 kg and k = 50 N/m.

The position x is a function of time, z = x(t). We want to know x(10) (position at ¢ = 10s). Since
the acceleration is the second time derivative of the position,
d’x d’x
a = W,thus W"‘QE){E:O
This is a DE for the unknown function z. We’ll learn later on how to find z. For now, we can
verify that x(t) = 0.2 cos(5t) is the desired solution to the above DE since:
2

d
pres (0.2 cos(5t)) 4+ 25 - 0.2 cos(5¢t)) = —0.2 - 25 - cos(5¢) + 0.2 - 25 - cos(5t)
=0.

The factor 0.2 stems from the fact that at time zero the position of the block is 20 cm = 0.2 m, so
that z(0) = 0.2cos(5-0) = 0.2. We can now calculate

z(10) = 0.2 cos(5 - 10) ~ 0.19 m.

1.3. Some terminology and notation. We will use %, d%,’ etc. to denote the derivative. Hence,
particular names given to variables and functions can change, and the same equation might be
written in different forms. E.g.,

2
2" —5x’ = e* and @ —5@

= €Y both represent the same DE.
az " dt e
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Definition 1.2. The order of a DE is the order of the highest derivative that it contains. For
example, y"” + 2y = 0 is a DE of 3"¢ order.

Definition 1.3. A solution to a DE is a function that satisfies the equation. E.g., the function
y = 223 is a solution of the DE. ¢/ — 622 = 0, but y = 2 is not.

Notice that even though it might be difficult to find a solution of a DE, it is easy to verify
whether or not a given function is a solution: simply plug it into the DE and see if equality is
satisfied.

Definition 1.4. A DE of order n is said to be linear if it has the form:

d"z(t) d"ta(t) dx
an(t) o T anfl(t)w +oe al(t)E + ag(t)z(t) = g(t),
where an(t), ..., ap(t), g(t) are given functions and an(t) # 0. Otherwise, the equation is called
non-linear. Observe that © = z(t) is the unknown. In the linear case, the functions a,(t), ..., ao(t)
are called the coefficients of the equation.
Example 1.5. Ty et% —costy = 0 and 2 — 2’ = logt are linear, while (y')?> = ye¥ and

2
» > T
€Y + xy = 0 are non-linear.

Remark 1.6. Because a,(t) # 0 in the definition of a linear DE, we can always divide the equation
by a,(t). Thus, without loss of generality, we can say that a linear DE has the form:

d™x(t) d"a(t)
ap OO g
The distinction between linear and non-linear DE is extremely important.

+ -+ agx(t) = g(t).

Example 1.7. The following are linear DE
d2
(a) o + 252 =0

dt?
d*x dz .

(b) 2 + COS(t)E + tz = sin(t)
d

(c) td—gtc—l—a::et (t #0)

(a) fits the definition of linear equations with
az(t)=1,  ai(t)=0,  ao(t)=25,  ¢(t) =0;
(b) with
ag(t) =1,  ai(t) =cos(t),  ao(t)=t,  g(t) = sin(t);
(c) with
al(t) =1, aO(t) =1, g(t) =e".
Note that in (c) we have the condition ¢ # 0 because we want a,(t) # 0 according to the definition.
This means that we exclude ¢ = 0 from the domain of z(t).

Example 1.8. The following are non-linear DE:
d*z 9

T dz .
(B) 7ol + cos(t)% + tz = sin(x)
dr 1 ¢
Br  dr
D _— _— =
(D) o+ =0
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(A) is not linear because the term with no derivatives of z is not of the form ag(¢)z for a given
function of ¢. We can write 2522 as a function times x, namely,
2522 = (252,
but the function multiplying x, namely, 25z, is not a given function that is known indepen-
dently of x since it involves the unknown.

(B) is not linear because it involves a function of the unknown, namely, sin(z). For a function
to be linear, the unknown and its derivatives cannot be arguments of a function. lLe., if in

the DE we have p p
T nx

for some function f, then the equation is non—linear (The only exception is when f is of
the form f(z) = z, since then f(z) = z, f(%) = dt, etc.) In particular, equations involving
sine, cosine, exponential, powers, etc., of the unknown or its derivatives are always non-
linear.

(C) is not linear because of the term >. Notice that this is a function of the unknown, i.e.,

fe) for f()=1.

Thus, as discussed in (B), this is not allowed for linear equations.
(D) This is not linear because of the term
3z
g
The term multiplying ¢ dt3 is not of the form ag(t) for a given function ag(t). Whenever we
have products of the unknown and/or its derivatives, the DE will be non-linear.

X

Example 1.9. Here are more examples of non-linear DE:
2+ Ve =0
z2”" +2 +2=0

Y yr=0

It’s important to notice that the unknown function of a DE can depend on more than one
variable. For example, if T" is a function that describes the temperature inside a room, then T is
a function of space and time, so it depends on the three spatial coordinates z,y, and z and on
the time t. Therefore, a DE governing the behavior of 7" might involve derivatives with respect to
x,y, 2, and ¢, and in this case we would seek to use partial derivatives, i.e., g—g, %’ %—Z, % etc.
Such types of DE are called partial differential equations (PDEs), while D.E. involving only
one variable are called ordinary differential equations (ODEs).

Example 1.10. 2 + f;fj; + %QZT = dt is a PDE for T, whlle y +y = 0is an ODE for y.

In this course, we deal only with ODE, so the term DE will always mean ODE unless stated
otherwise.

2. INITIAL VALUE PROBLEM

Consider the DE dy = 3. We can find a solution by direct integration:

d 4
/ Y e = /m3dx =y = % + C where C' is a constant of integration.
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So, instead of a unique solution to the DE, we have a family of solutions; that is, a different solution
for each choice of C. In particular, we have infinitely many solutions. This family of solutions is
called a general solution of the DE.

If we want to determine C, we need further information. For example, suppose that we want,
among all solutions, a solution with the property y(0) = 5. Then, plugging x = 0 we have
04

y(0)="7+C=5=C=5

Soy = % + 5 is the desired solution. In this case, we are not only solving the DE % = 23, but
rather the problem:

This kind of problem is called an initial value problem (IVP). The extra conditions given to
determine the constants appearing in the general solution are called initial conditions (IC) (in
the above example, y(0) = 5 is the initial condition).

The terms IVP and IC are used because the variable is usually time. In our first example, we
investigated not only the DE z” + 252 = 0, but rather the IVP:
2" + 252 =0, — DE
0) =0.2
I/( ) initial conditions
2'(0) =0

(The initial condition z/(0) = 0 was implicit in the statement of the problem in that we pulled the
string and released it, so its velocity v = Cé—f at time zero was zero.)

As we are going to see in detail later on, to solve an IVP we need as many ICs as the order of

the equation. To have an idea of why this is the case, consider the following simple example:
y// — eQz

Since [ %daz = % + constant, zve have [y"dr = [e*dz = y = esz + C, where C is a constant.
Integrating again yields y = % + Cz + D, where D is another constant. Thus, we have two
arbitrary constants. To determine them, we need two conditions. For example, we could have
y(0) =2 and /(0) = 3. Then y(0) = 1 +0+D =2 = D = . Next, compute y'(z) = 52795 +C,
soy(0)=3+C=3 = C=23. Thus, y(z) = % + 22+ T is a solution to the IVP:

y// — 27
y(0) =2,
y'(0) = 3.

Notation 2.1. An arbitrary DE of order n for the unknown function x = z(¢) will be denoted
F(t,x(t),2'(t),...,a" " D(t), 2™ (1)) = 0.

Definition 2.2. By an initial value problem (IVP) for a DE of order n
F(t,2(t),2'(t),...,2" (), 2™ (1) =0,

we mean the following problem. Find a solution z = z(t) to the DE defined on an interval
(a,b) containing the point to such that z(tg) = Xo, 2/(tg) = X1, ..., 2™ D(tg) = X,,_1 where
Xo, X1,...,X,_1 are given numbers.



Example 2.3. Solve the IVP

dr
a7’
z(0)=5
So in this example tg = 0, xg = 5. We write
d
Eodt (x40,
x

integrate to get
d
/x:/dt = Inlz|=t+C, C' = constant.
x
Then

z| = 10 = 0 el = Cel.
~
=C
Removing the absolute value, ~
r=+C €'
~—
=A
Thus we can write z(t) = Ae!, where A is an arbitrary constant. This gives a family of solutions
to the DE, but we want a specific solution satisfying x(0) = 5.

Thus, z(0) = Ae® = A =5, so x(t) = 5e' is the solution to the IVP.

Remark 2.4. When we divided by z in the above example, we assumed that x # 0. Note that
x(t) = 0 is a solution to the DE, but it does not satisfy the initial condition. Thus our assumption
x # 0 was justified.

Consider now y' = i’é;ﬂ We can verify that the function y satisfying the relation ze¥ +y = x

is a solution to the DE. However, we cannot explicitly solve this relation for y. In this case, we say
we have an implicit solution to the DE.

2

2.1. General and particular solutions. Consider the DE g—g = f(x), where f is a known function

of z. We can solve this by direct integration: y(z) = [ f(z)dz + C, where C' is an undetermined
constant of integration. When a solution to a DE contains such undetermined constants we call
it a general solution. When all undermined constants have been found using IC we call it a
particular solution. A general solution thus represents a family of solutions.

Example 2.5. % =2r = y = 22+ C. Below we graph some of these solutions for different

values of C:

FI1GURE 2. Family of Solutions

If we want y(0) = 0, then we select one solution in the family of solutions.
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Remark 2.6. Notice that a general solution might not contain all solutions to a DE. For example,
consider % =2 If y # 0, then % =dr = _71 =z+C = y= xjrlc This is a general solution
to the DE. But the function y = 0 (i.e., y(z) = 0 for all x) is also a solution to the DE, which is
not included in the formula y = ——%. When a general solution includes all solutions then, we call

z+C
it the general solution.

Notation 2.7. We will use the letter C' to denote arbitrary constants in general solutions. Some-
times we use the same letter C' to note a different arbitrary constant. E.g., consider the DE
3y’ = €37, then

d 631 6393 C
3/yd$=/63md$ = 3Yy=—7+C = y=—+ =
dx 3 3
Since C' is arbitrary, so is % We can call it another constant D = % However, it is cumbersome
to keep track of all the relabels of constants, so we denote % by C' again and write y = % + C.

2.2. Existence and uniqueness theorem for first order equations.

Theorem 2.8. Suppose that f(x,y) and 98 @y) ore continuous on a rectangle R C R? containing
pp dy
the point (a,b). Then, the IVP

y(a) = b,

has a unique solution defined on some interval I that contains a.

{y:f@wx

1

F1GURE 3. A rectangular region R in the first quadrant.

This theorem allows us to say when an IVP admits a unique solution, even though finding a
formula for the solution might be very difficult.

Remark 2.9. To apply the theorem, the coefficient of ¥’ must be one. So if we are given, e.g.,

cos(zy) ]

xy’ = cos(zy), we have to write y' = % and then f(z,y) = ==

Example 2.10. Consider the problem:
y/ _ $2€sin[(:):fy)2]7
y(0) =1.

Here f(z,y) = 22esnl(@=v)] This function is continuous because it is the composition of continuous
functions. Compute

O~ e cosl( — ) (~2)(& ~ ),
Jy
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which is again a continuous function. Hence, the IVP has a unique solution defined in a neighbor-
hood of x = 0. Note that it will be very hard to find a formula for such a solution.

Example 2.11. Consider the problem:

Y =Vr—y,
y(2) = 2.

In this case gf = =L, which is not continuous (in fact, not even defined) at (2,2). Therefore
Yy 2v/x—y ’
the theorem cannot be applied and we cannot guarantee that a unique solution exists.

In the previous example we are not saying that a solution does not exist, only that we cannot
use the theorem.

Remark 2.12. It is important to verify not only that %5 exist but also that it is continuous. Recall
that it is possible for a function to be differentiable but for its derivative not to be continuous. For

2?sin(l) |z #0

0 , X =

example, the function f(z) = { is differentiable but its derivative at z = 0 is

not continuous.

3. SEPARABLE EQUATIONS OF FIRST ORDER

A first order DE % = F(z,y) is called separable if F'(x,y) = g(x)h(y), or equivalently, F(z,y) =

%. In this case, we can find a solution by direct integration:

dy _glo) /f(y)dy = /g(w)dw-

dz — f(y)
Example 3.1. % = —6xy ? d?y = —6z. Integrating:
Y
In|y| = —322+C = ly| = eCe32" y= +¢C 30" = g3,
~—~—

=A
When we divide by y, we had to assume y # 0. We see that y = 0 is also a solution to the DE.
However, the solution y = 0 is included in the family Ae37" as it corresponds to A = 0.

Many times when solving separable equations, we have to divide by a function h of y, h(y). This
excludes the values where h vanishes. These must be analyzed separately.

Example 3.2. % =y?. If y # 0, then j—g =dzr = _71 =14+ C = y= —+. This is a general

z+C
solution to the DE. But the function y = 0 (i.e. y(z) = 0 for all z) is also a solution to the DE,
and it is not included in the formula y = xjrlc Therefore, the solutions to the DE consist of the
family y = jrlc, together with the singular solution y = 0.

Note the values that are excluded when we divide need not to be zero. E.g., if % = z(y—2) and

we write % = dx, then y # 2. But y(x) = 2 is also a solution.
4. LINEAR FIRST ORDER EQUATIONS

Consider the DE

—Z — e %y = 23 (linear, first orde
dxeyx(lnr,r rder)



Disconzi 11

Noting that e ‘”d—y —e Ty = %(e‘zy) we have:
d 4 4
—(e"y) =2 = y)de = [ 23de = e*xyzx——i—(;’ = y:x—e“—i-Cex.
dx 4 4
Consider now da: + y = cosz. In this case, it is not true that Yty= —( ..). But if we multiply

the equation by e®, we have:

d d
e*—=+e"y=e"cosx = | —(e"y)dx = | e” cosxdz.
dx dz
—_———

i (ey)
Therefore,

1 1
ey = §ex(cosx +sinz)+C or y= §(cosx +sinz) + Ce™

The idea for solving linear first order DE will be similar to the above example: try to multiply the
equation by a suitable function so that the terms in y can be written as the derivative of a product.

A first order linear DE can always be written as

d
d—y + P(z)y = Q(z), where P and @ are known functions.
x

Multiply by u(z), where p(z) is a function to be determined.

p(@) 2 4 () Pla)y = w@) Q)

wla) == +u@) Pe)y = —(u(@)y)
N——
= %y + )%
dp
= u(z)Pz)y = -y

Thus, ¢ = pP(x). This is a separable equation:

xr)dr = /d,u / x)dr = In|u|= /P(Ct?)d13+0 = |u| = Cel Pl@)de

removing the absolute value:

dp _
da
dp

() = ieCefP(ac)dm'

We found a family of functions p that allow us to write M% + Py as the derivative of a product.
But we just need one such function, so we can take C' = 0 and take the 4+ sign. Thus,

%(M(l‘)y) = pu(z)Q(x), where pu(z) = el Pla)dx

Integrating:

[ 5 uta)ds = [ u(@)Qta)de ,so we get u(ohy(e) = [ nla)Qa)ds + C.

Dividing by p(x) (note that it never vanishes) and using its explicit form:

y(x) = e~ J P(@)dz (/ efP(x)de(:U)dx + C’>
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This is an explicit formula for the general solution of % + P(z)y = Q(x).

Remark 4.1. Note that the above formula is for the equation 3+ P(x)y = Q(z), i.e., the coefficient
of ¥/ must be 1. If we have a(z)y’ + b(z)y = ¢(z), we must first divide by a(z) to use the formula.

Students should not only memorize the above formula for y(x), but also know how to derive it.

Example 4.2. % —y= %e‘x/S,y(O) = 1.
In this case, P(z) = —1, Q(x) = %e‘x/3. Then

(o) = el P — =2 [ I PO = [ oot = SR

Therefore,

32 32

Plugging y(0) = 1, we find C = 53, so y(z) = Be” — %e%z.

Remark 4.3. The formula for y(z) already includes an arbitrary constant C'. Thus, there is no
need to add a constant when computing [ P(x)dz and [ el P (@)dzQ(x)dz, as done in the previous
example.

y(z) = e~ (-2 <_336_341 + C’) =e <_336_34$ + C> .

A legitimate question is whether our formula for y always works. This is answered by the
following theorem.

Theorem 4.4 (existence and uniqueness of solutions for 1st order linear DE). Assume that P(x)
and Q(x) are continuous on an interval (a,b) that contains the point xo. Then, for any yo, the I[VP

Yy + Pr)y =Qx)
y(wo) =10

has a unique solution defined on (a,b). Moreover, the solution can be written as

y(z) = e~/ P@)de (/ e/ P@Q(x)dx + C)
for a suitable constant C.

Proof. Since P(z) and Q(z) are continuous, the integrals [ P(z)dz and [ e P@drQ (1) dx are well-

defined and define differentiable functions on (a,b). Set y(z) = e~/ P@de( [ ] P@)drQ(3)dz) 4 C),
where C' is a constant. Then y is differentiable. Compute:

y = (e_ f P(x)dr)’ ( / el P@d2 Q1) da + c) + e/ Pla)de < / el P@drQ(z)da + c)
= ¢~ [ P@)dz </ P(x)dx) </ el P@d Q) (2)da + C) + e/ Pla)de (/ e P(’C)dIQ(m)dw>

_ —P(l‘) e—fP(.Z’)d:E (/ efP(m)de(:E)dl, + C> +e—fP(w)dxefP(ac)dx Q(:U),

=1

=y
where we used the product rule in the first line, the chain rule in the second line, and the funda-
mental theorem of calculus in the third line.

Thus, ¥ + P(z)y = Q(z) and y satisfy the DE. Because e~/ P@)dz pever vanishes, we can al-
ways solve for C' and determine it so that y(xg) = yo.

0
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5. EXACT EQUATIONS

Let us introduce this topic with the following example. Consider the DE:

d
(4y + 322 — 3xy2)—y =y — 6zy.
dx
Write it as
(6xy — y)dx + (4y + 32° — 3zy*)dy = 0.
Set M (z,y) = 62y — y3, N(x,y) = 4y + 322 — 3292, so that the DE becomes:
M (z,y)dx + N(z,y)dy = 0.

Now let us ask: is the LHS the differential of a function? In other words, does there exist a F'(z,y)
such that dF = Mdzx + Ndy? (Recall from calculus that by definition dF = $Edx + $Edy.) If the
answer is yes, then the DE becomes dF' = 0, which implies that F' is constant. In this case, the
general solution of the DE will be simply F(z,y) = C.

Recall from calculus that dF' = Mdx + Ndy ift %—]\; — 9N (we state this more precisely below).

ox
We check:
91— Z(6wy —y*) = 62 — 3y? _OM _ 9N
IN = 9 (4y + 322 — 32y?) = 62 — 3y 0y O

Therefore, there exists a function F' = F(z,y) such that %—1; = M and %—5 = N.

Let us proceed to find F:

F
8—:M:6xy—y3.
ox

Integrating with respect to x gives
F(z,y) = /(6:61/ —y’)de = 32y — xy® + g(y).

After performing the integration, we added a function g(y). This is because we must add a constant
of integration. But here we are integrating a function of  and y with respect to x so that anything
that depends only on y is treated as a constant from the point of view of [ ---dz. Therefore, the
“constant” of integration can in principle be a function of y.

To find ¢(y), we use %—5 = N and take a% of the expression for F' and set the result equal V:

0 0
a—yF = 8—y(3x2y —2y® +g(y)) = 32* — 329* + ¢ (y) = N = 4y + 32 — 3ay°

= 32° =3z’ +4'(y) = 4y + 32° =32y’ = J'(y) =4y

This is an equation for g(y) that can be solved by direct integration. Notice how all the z’s are
canceled, and the equation for g(y) involves only y. This must be the case: by construction, g
is a function of y only. If we end up with an equation for ¢ involving x, then there is a mistake
somewhere.

The equation for g is easily solved, giving g(y) = 2y?. We have not added a constant of integration
to g because the solution of the DE already contains an undetermined constant. In summary, we
have F(z,y) = 322y — xy> + 2y? and the general solution to the DE is:

F(z,y) =C or 3z%y—xy> +2y° = C.
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Remark 5.1. Above, we found the solution 3z%y — zy® + 2y?> = C, but we have not explicitly
solved y. In many cases, it is impossible to find an explicit expression for y. In these cases, i.e.,
when the solution is given as F(z,y) = C, without explicit expression for y, we say that we have
an implicit solution.

We will now streamline the ideas of the previous example.
Definition 5.2. A first order DE written in the form
M(z,y)dz + N(z,y)dy =0

is called exact if there exists a function F' = F'(x,y) such that %—1; = M and %—5 N.

Under appropriate hypotheses, we will show that a DE is exact i
we will summarize the method.

ff %—J‘; = %—JZ. Before doing so,

5.1. Method for solving exact equations. .
1. Given ¢ = f(z,y), write it as M (z,y)dx + N(z,y)dy = 0.

2. Test if %—]\; = %—JX. If this is not the case, then the method cannot be applied. Otherwise,
proceed as follows:

3. If %—Aj = %—];[, then define F' by

F(z,y) = /M(m’y)dw +9()
where ¢ is a function of only y that needs to be determined.

4. To determine g, take a% of F found in step 3, and set it equal to N. This gives an equation
for y of the form:

g'(y) = expression in y containing no x
5. Integrate ¢'(y) to obtain ¢g(y) and thus F(z,y).

6. The general solution is given by F'(z,y) = C, where C' is an arbitrary constant.

Remark 5.3. If the expression for ¢’(y) found in step 4 involves x, then there is a mistake, and
we must re-check the calculations.

Remark 5.4. In step 3, we can first integrate in y. lLe., if %—Aj = %—]X, then %—5 = N. Integrating

with respect to y produces F(z,y) = [ N(z,y)dy + h(z), where h is a function of z only. To find
h, we differentiate F' with respect to z and set the resulting expression equal to M. This will give
an equation for A/(x) involving no y (if it contains y, then there is a mistake). Integrating we find
h, and hence F'.

In the next example, we use the idea of integrating in y first.
Example 5.5. Consider the problem:
Yy = tanxtany
Write the equation as dy — tanz tany dx = 0. Multiply by cos x cosy to obtain

—sinxsiny dx + cosx cosy dy = 0.

:M(Zvy) =N(:E,y)
Compute

oM . ON . oM  ON
—— = —sinzcosy, — = —sinTCcosy, SO — = —.
oy Y Oy Y oy Ox
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Then,

OF .

0 N = F(z,y) = /N(az,y)dy + h(z) = /cosxcosy dy + h(xz) = cosxsiny + h(x).

Y
Then,
F
E)é:cy) —sinzsiny + h'(z) = M (z,y) = —sinzsiny.
x

Therefore, h'(x) = 0. This means that h(z) is constant. Recalling that we do not include constants
of integration at this point, we can take h(x) = 0. Thus,

C
F(z,y) =cosxzsiny =C or y:sin_l< )
cos

Remark 5.6. In the above example, if we consider the equation written as dy —tanztany dx = 0
and take N(z,y) = 1, M(x,y) = —tanztany, then we do not obtain %—Aj = %—];7. Only after
multiplying the equation by cosxz cosy is the condition satisfied. Thus, how we reorganize the

terms can matter.

The next theorem ensures that the steps given to solve Mdx+ Ndy = 0 always work if %—Aj = %—]j

(and the suitable hypotheses are satisfied).

Theorem 5.7. Suppose that the partial derivatives of M (x,y) and N(x,y) exist and are continuous
on a rectangle R C R2. Then, M(x,y)dx + N(z,y)dy = 0 is evact iff the compatibility condition

OMry) — DN holds for all (x,y) € R.

Proof. Assume that the equation is exact, i.e., that there exists a F' = F(z,y) such that dF =
Mdzx + Ndy. Since dF = ax E + dy, we have —I; = M and %—Z = N. By assumption, the first
derivatives of M and N exist and are continuous, hence the second partial derivatives of F' exist

. . 2 2
and are continuous. Under these circumstances, we have 883/8}; = gzé; Thus,

PF_9OF _9M _0°F _9OF N _ . OM 0N
8y8x Oy 0z Oy 8338y Oz dy Oz’ & Oy Oz

Reciprocally, assume the compatibility condition. Let (zg,y0) € R. We claim that the expression

o T
zo

is a function of y only. To show this, compute

a(N(xy a/M )dt> ON(z,y) ayax/M it = ON@y) _ OM(@y) _

Ox ox Ox y

where we used the notion that M and N have continuous partial derivatives and the fundamental
theorem of calculus. Thus, as the partial derivative with respect to x of N(z,y) fzo M(t,y)dt
vanishes, we conclude that it depends only on y.

Due to the claim, we can define g(y) as a solution to ¢'(y) = N(z,y) fxo M(t,y)dt.

We now define F(z,y) = fgo M (t,y)dt + g(y). Direct computation shows that dF = Mdx 4+ Ndy.
(|



16 Diff Eq

6. TANK PROBLEMS (COMPARTIMENTAL ANALYSIS)

We are interested in modeling situations as in the following example.

Example 6.1. A 400 gal tank initially contains 100 gal of brine containing 50 [b of salt. Brine
containing 1 [b of salt per gallon enters the tank at a rate of 5 gal/s and the well-mixed brine flows
out at a rate 3 gal/s. How much salt will the tank contain when it is full?

5gal /s

400 gal

3gal /s

FIGURE 4

Denote by z(t) the amount of salt in the tank at time ¢. Note that 2(0) = 50 1b. We need to find
a DE for z(t), solve it, and compute z(t,), where t, is the time when the tank fills up.

To find the DE, let us first think of the process as discrete, i.e., imagine constructing a table
with the amount of salt at, say, every second.

N = O T+
8

t x(t)
t+ At | z(t+ At

TABLE 1. Time Table

If we denote by At the time interval between two steps, then the amount of salt in the next step is:
z(t+ At) = z(t) + Ax
where Ax = change in salt quantity between time ¢ and ¢t + At. Observe that:
Ax = salt quantity coming in during the interval At
— salt quantity going out during the interval At
If the brine flows out at 3 gal/s, and the concentration of the solution at time ¢ is S(t) = 225 =

volume
%, where the volume V' (t) = at time ¢, we have the amount of salt leaving the tank per second.

gal g b _a()1b
s s S(t)gal - Tw(t) s
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Because the initial volume is 100 gal, 5 gal come in and 3 gal go out every second, we have:
v(t) = 100 + 5t — 3t = 100 + 2¢

Therefore, the amount of salt leaving the tank per second is 1?)3%1&%' This is not yet the amount

of salt going out during the interval At, as the matter is measured in Ib and not 1b/s. We have:
t) b t
3z () L 3x(t)
100 42t s 100 + 2¢
Notice how keeping track of the units (Ib/s, s, etc.) is useful to check that we have the right
quantities. Similarly:

quantity of salt going out during the interval At = At 1b

11b 5 gal

quantity of salt coming in during the interval At = i Ats = bAt gal
ga s
Thus, Az = 5At — 1g€$;tAt and z(t + At) = z(t) + (5 — 13955:)%) At, giving

r(t+ At) —x(t) 5 3x(t)
At 7100 + 2t
The process is not, in fact, discrete, so we need to take the limit At — 0. When we do so,
lim x(t+ At) — x(t) _ dx(t)
At—0 At dt

and we obtain:
dzr 3z

T 10012
We thus have that the process is modeled by the IVP:

dx 3 _
{dt+1oo+2t r =5

2(0) =50
The DE is a linear first order equation with P(t) = ﬁ and Q(t) = 5. Compute:
3 3 3
———dt=-1In]|l 2t| =1In|1 2t|2
/100—1—2t 2n|00+ | =1In|100 + 2t|2,
S0 we get
e POt — (100 + 2¢)%.
Then,
/efp(t)dtQ(t)dt = 5/(100 +2t)2dt = (100 + 2t)5.
Therefore,
o(t) = e~ S PO (/ e/ POt dt + C) = (100 + 2t)3 ((100 +20)3 + 0) .
Using
2(0) = 50 = 10072 (1002 + C) = 1073(10° + C),
S0
50-10*—-10°=C, C =5-10* —=10-10* = —5 - 10*.
We obtain

2(t) = (100 + 20) % ((100 +2t)% 5. 104) .
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Recall that we want z(t) at the time when the tank is full. This happens when V(¢) = 400, so
100 + 2t = 400,t = 150 s. Finally,

2(150) = 400~ 2 (4002 — 50 - 10%) ~ 393.75 Ib.
We note that there is a more direct way to construct the DE. We know that the change in z(t) is

% = in - out. Keeping track of the unit, it is easy to figure out the “in” and “out” quantities:
de  1lb 5gal z(t) b 3gal
do b Sgal _ w{t) b 3gal vy 1001 o
dt  gal s V(t)gal s

so that % =5 — ﬁi%’ (% is measured in 2).

However, students should understand the construction with Az and At. In more complex ap-
plications, it is hard to “read off” all quantities directly, and the construction with Az, At, etc. is
more appropriate.

7. THE MASS-SPRING OSCILLATOR

Suppose a block of mass m is attached to a spring and the other end of the spring is attached
to a wall as indicated in the figure:

- 0000

FIGURE 5. Mass Attached to a String

If we pull the spring and release it, the block will move back and forth. We want to find a DE
modeling the motion of the block.

We assume that the block moves only in the horizontal direction. We choose a coordinate sys-
tem with the x axis in the direction of the block’s motion, with £ = 0 marking the position when
the block is at rest.

We denote by = = z(t) the position of the block at time ¢. The force on the block due to the
spring is given by Hooke’s law, Fy,.ing = —kx, where k is a constant depending on the spring.
Another force acting on the block is caused by the friction between the block and the floor. The
force of friction is usually modeled as proportional to the velocity, so we assume Fiiction = —fy‘fl—f,
where 7y is a non-negative constant. Finally, we assume that the block is also subject to an external
force Fext(t) (a known function of t). Newton’s law gives:

d
ma = —kx —~y d—j + Fext(t), where a is the block’s acceleration.
Since a = ‘é%”, we have:
d*z dx
mW + 'YE +kx = Fext(t)-

This is a second order linear DE for x(¢). An IVP for this DE must contain two IC. Physically,
they correspond to the initial position 2:(0) and the initial velocity z’(0) of the block.
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The above example illustrates an important physical situation where 2" order linear equations

appear. There are many other physical scenarios involving 2"¢ linear equations. We will next study
these equations in detail.
8. HOMOGENEOUS LINEAR SECOND ORDER EQUATIONS
Consider the DE
ar” +bx' +cx =0
where a, b, ¢ are constants, a # 0, and x = z(t) is the unknown.

This equation is called homogeneous because there is no term without the unknown z. Oth-
erwise, we call the equation non-homogeneous (or inhomogeneous).

For example, 22" + 2 = 0 and 2” — 2’ + = = 0 are homogeneous, whereas 22" + z = t?> and
" — 2’ + x = 10 are non-homogeneous. We will first study homogeneous equations.

Example 8.1. Consider z”/ + 2/ — 2z = 0.
Let us show that 2(¢) = e, A\ = constant, is a solution for appropriate values of A. Plugging in:

(eAt)// + (e/\t)/ o 26)\t =0
N2eM 4 \eM — 2eM = 0.

Since eM # 0 for all t, we must have A2 + A —2=00or A= 1)(A+2)=0=A=1or A = —2.

Therefore, ¢! and e~?* are solutions to the DE. Indeed:
(€ + (') — 2" = e + €' — 2¢' =0, and
(e + (e72) — 272 = de! — 2’ — 2t =0
We will see that this simple idea of plugging e is the basis for solving az” + bz’ + cx = 0.
Consider again
a’ +bx' + cx = 0.

Let us try to find a solution of the form = = e*. Notice that at this point this is an “educated

guess,” i.e., we do not really know if in fact e* solves the DE. Plugging in:
a(e) +b(eM) +ceM =0
(aX? + b\ +c)eM = 0.
Since e # 0 for all t, we conclude that
(a2 + b\ +c=0]

which is an equation for A called the characteristic equation (also called an auxiliary equation).

The roots of the characteristic equation are

_ —b+ Vb —dac —b— Vb% — dac
a

5 and Ao = 9

By construction, e*? and e*?? are solutions to the DE a” + bz’ + cx = 0. Are there other solutions?
How do we obtain the general solution? To answer these questions, we need to develop the theory
of second order linear homogeneous equations further. We begin motivating the discussion with
the following example.

A1
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Example 8.2. Consider z”/ — 22/ + 2z = 0.

The characteristic equation is A2 — 2A + 1 = (A — 1)? = 0, which gives A\; = Ay = 1. Thus,
x1 = €' solves the DE. We can verify that the function zo = te! is also a solution:
(te)” — 2(te') 4 te! = (e + te')’ — 2(e' + te') + te
= ¢! + el 4 tet —2e’ —2te! +tef = 0 as claimed.
e e D —

The solution te! did not come solely from the characteristic equation. How do we know if such
“extra” solutions exist and how do we find them? We will now investigate these questions.

Definition 8.3. Two functions z1(t) and z5(¢) are said to be linearly independent on an interval
I if neither of them is a constant multiple of the other on all of I. Otherwise, z1(t) and z2(t) are
called linearly dependent.

Example 8.4. The functions sint and cost are linearly independent on (=, 7). Suppose that

sint = ccost for some constant c. Then, tant = c. But this would have to hold for all t € (5, 5),

which would imply that tant is constant on (5, 7).

Example 8.5. The functions sin 2¢ and 6sint¢ cost are linearly dependent on R, because
6sintcost = 3-2sintcost = 3sin(2t),

where we used the trigonometric identity sin(a + ) = sin «cos 8 + sin 3 cos a.

Given two functions z1(t) and z2(t), a linear combination of them is the function
x(t) = crz1(t) + caxa(t)

where ¢; and ¢ are constants. If z1(¢) and x2(t) are solutions of the DE ax” + ba’ + cx = 0, so is
any linear combination of z1 and x5. To see this, plug in z(t) to find:

ax” + bz’ + cx = a(ciz1 + caxe)” + b(c1wy + cox2) + c(e1xy + cowo)

= ac12] + acoxly + ber ') + beawy + cer 1 + ceaxo
e = ] N L N~

= ¢1 (azf + bz} + cx1) +co (azh + bah + cxa)

-0 -0

=0

showing that z(¢) is a solution.

In particular, since we can take co = 0 above, we also conclude that a multiple of a solution is
also a solution.

Definition 8.6. Let x1(t) and x2(t) be two differentiable functions defined on an interval I. The
function:

W (21, 22)(t) = 21(t)25(t) — 22(t)2 (1)
is called the Wronskian of z; and zs.

Theorem 8.7. For any real numbers a,b,c, X1, Xo,tg,a # 0, there eirsts a unique solution to the
I1VP

ar” +br' +cx =0

x(to) = Xy

:ZZ/(t()) = X1

The solution is valid for all t € (—o0, 00).
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Remark 8.8. The theorem implies that if = and its derivative both vanish at some point o then
z(t) = 0 for all t.

Lemma 8.9. Let x1(t) and x2(t) be two solutions to the DE az” + bx' + cx = 0 on (—o00,0),
a #0,a,b,c constants. If W(x1,x2)(T) = 0 holds at some T € (—00,00), then it vanishes identically
and x1 and xo are linearly dependent.

Proof. If x1(7) = 0 and ) (7) = 0, then x;(¢t) = 0 for all t and x;1(t) = 0 - za(t).

If 21(7) # 0, then z(t) = 222 g, (¢) solves the DE and z(7) = z2(7). Moreover,

Finally, if z1(7) = 0 but 2} (7) # 0, then W(x1,22)(7) = 0 implies x2(7) = 0. The function
z(t) = i?g:gxl(t) satisfies the DE and 2/(7) = (7). Since z(7) = 0, we conclude by uniqueness
1
that z(t) = x2(t), which finishes the proof.

n

Theorem 8.10. If x1(t) and z2(t) are two linearly independent solutions to the DE ax” +bx'+cx =
0 on (—00,00), a # 0,a,b,c constants, then unique constants ¢; and co can always be found such
that x(t) = c121(t) + caxa(t) satisfies the IC x(tg) = Xo, 2'(to) = X1, for any Xo, X1 € R.

Proof. The function x(t) defined in the statement solves the DE. Consider:
x(to) = 01$1(t0) + Cng(to) = X
2'(to) = 17 (to) + caz(to) = X3

We solve the system for ¢; and co:

_ Xozh(to) — Xq22(to) . Xix1(to) — Xozh (to)
1(to)7h(to) — 1 (to)z2(to)” = w1(to)wh(to) — = (to)xa(to)

provided that the denominator in these expressions is not zero. By the previous lemma and our
assumption that z1(t) and x2(t) are linearly independent, this is the case.

O

We will now derive some important consequences of the above results.

We first ask the following question: can any solution of az” + bz’ + cx = 0 be written as ci1x1 + coxo
for two linearly independent functions z1 and xo?

Let z be a solution to az” + bx’ + cx = 0 and let 21 and x5 be two linearly independent solutions.
Pick ¢ty € R. By the previous theorem, we can find ¢; and ¢ such that cyxy(tg) + coxa(to) = z(to)
and c12 (to) + caxh(to) = 2'(to). By the uniqueness of the solutions to the corresponding IVP, we
conclude x = cyx1 + caxs. Thus,

Let 1 and x2 be two linearly independent solutions to az” + bz’ + cx = 0, where a,b,c are
constants and a # 0. Then any other solution z(¢) can be written as

T = c1x1 + c2x2

where ¢; and co are constants. In particular, the general solution can be written as ciz1 + coxo.
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We saw that we can use the Wronskian to determine that two solutions are linearly dependent if
their Wronskian vanishes. It follows that if two solutions are linearly independent, their Wronskian
is not zero. We can ask the converse: if the Wronskian is not zero, are the solutions linearly
independent? The answer is yes and is summarized in the following lemma.

Lemma 8.11. Let x1(t) and x2(t) be two solutions to the DE ax” + bx’ + cx = 0 on (—o0, 00),
a#0, a, b, ¢ constants. If W(x1,22)(7) # 0 holds at some T € (—00,00), then it never vanishes,
and x1 and xo are linearly independent.

Remark 8.12. Note that in all the above discussion, 1 and x5 are solutions to a DE, and not
two arbitrary functions. We cannot conclude, for example, that if the Wronskian of two functions
(that are not necessarily solutions to a DE) vanishes, they are linearly dependent.

Consider now the characteristic equation a\?> +bX+c¢ = 0 and let A\; and Ay be its two solutions.
If A1 and Ay are real numbers and Ay # Ao, then eM and e*2 are solutions to the DE, as we have
seen. We now claim that e* and e*? are linearly independent. For this, we compute the Wronskian:

W (M, 2ty (1) = eMt(elety — (ehity et
= ageMteet _ ) Mttt
= (A1 — Ag)eM T2 £ since Ap # Ag and €M) £ 0 for all ¢.
It follows that the general solution can be written as
x(t) = 1Mt 4 et oy ey arbitrary constants.
What if Ay = Ao = A7 In this case, we already know that e is a solution. We claim that te is
also a solution and that e* and te are linearly independent.
To verify the first claim, we plug te’ into the equation:
a(te’)” + (ter) + cte’ = a(eM + AteM) + b(eM + teM) + cte
= (MM + N2teM + XeM) + b(eMN + te) + cteM
= t(a\? + X+ c)eM 4 (2a\ + b)eM = 0.
The last equality holds because a\? + b\ 4+ ¢ = 0 since X is a root of the characteristic equation,
whereas 2a) + b = 0 because the root is repeated (so A = 52).
To verify linear independence, we compute the Wronskian:
W (M, teM)(t) = eM(teM) — (M)teM
= eM(eM 4 taeM) — NeMteM
= e2M £ 0 for all t,

hence, the two solutions are linearly independent. We conclude that the general solution can be
written as:

z(t) = 1N + cote
where c; and cy are arbitrary constants.

Remark 8.13. Students will probably wonder where te* came from, i.e., how we know that we
had to multiply by ¢. This comes from further developing the theory of DE, and we will show where
it comes from when we study the variation of parameters.
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It remains to analyze what happens when the roots of the characteristic equation are complex,
i.e., when
—b £ Vb2 — dac

A= with b2 — 4ac < 0.
2a

In this case we can write A\ = a+ i and Ao = a — i3, where a = g—f,ﬁ = 7”’22;4“ and 7 is the

imaginary number i> = 1. Note that o, 8 € R.

The calculations previously remain valid here, and we see that e*? = (@)t and et = ela—i)t
are solutions of the DE az” + bx’ + cx = 0.

However, these solutions are complex valued, and we would like to have real valued functions

as solutions. To do so, we are going to use Euler’s formula:
¢ = cosf +isinb, 0 € R.

We will prove this formula below. But first, let us use it to obtain the desired real solutions.

We have, from Euler’s formula:
Mt — e(a-i—zﬂ)t — FiIBL _ ot it eat(COS(Bt) +i sin(ﬁt))
et _ gla—iB)t _ pat—ift _ jat —ift _ « (cos( Bt) + isin(—pt))
= e™(cos(ft) — isin(ft)).

Lemma 8.14. Let z(t) = u(t) +iv(t) be a solution to the DE ax” + bz’ + cx = 0, where a,b,c € R
and u(t) and v(t) are real valued. Then u(t) and v(t) are also solutions.

Proof. We have the following:
0=az"+bz'+cz=a(u+w)"+blu+iv) +clu+iv)
= a(u” + ") + b(u' +iv") + c(u + iv) = (au” + bu’ + cu) + i(av” + bv' + cv).

Since a complex number vanishes iff its real and imaginary parts vanish, we have au” +bu’ +cu = 0
and av” + bv’' + cv = 0.
]

The lemma implies that e* cos(ft) and e® sin(3t) are solutions of the DE. Now, let us check
that they are linearly independent:

W( * cos(Bt), e sin(Bt)) (t)

e™ cos(Bt)(e™ sin(Bt))" — (e cos(Bt)) e sin(Bt)

* cos(Bt) (ae® sin(Bt) + Be cos(Bt)) — (ae™ cos(Bt) — Be™ sin(Bt))e™ sin(Bt)
= (eat)2 (v cos(Bt) sin(Bt) + B cos?(Bt) — acos(Bt) sin(Bt) + Bsin®(Bt))
— B(e)? (cos?(Bt) + sin?(1)) = B(e)?

This expression is never zero because 5 # 0 (if § = 0, then A\; and A2 would not be complex
numbers, but we are analyzing the case where they are).

We conclude that the general solution can be written as
z(t) = c1e* cos(Bt) + cae™ sin(Bt)

where ¢; and co are arbitrary constants.



24 Diff Eq

8.1. Summary of solutions to ax” + bz’ + cx = 0.
Consider az” +bz'+cx = 0, a,b,c € R,a # 0. Let A\; and A2 be the two roots of the characteristic
equation:
aX? +bA+c=0.

e If Ay # Xy are real, then the general solution is

At Aot

x(t) = c1e™" 4 coe
e If Ay = Ao = ), then the general solution is
z(t) = creM + cote

e If \; and A9 are complex, then we can write A\ = a +i8, Ao = a — i3, «, 3, € R, and the
general solution is

z(t) = c1e* cos(Bt) + cae™ sin(Bt)

Above, ¢; and ¢y are arbitrary constants.

8.2. Proof of Euler’s formula. Recall from calculus that e* =3 > /£ n, Thus,
G0 - (i0)"
= n!

We separate the sum into even and odd n’s:

n=0, n even n=0, n odd
B > (i@)% N & (1-9)214:-5-1
o | |
— (2k)! Pt (2k + 1)!
Notice that i =1, it =4, 3> = =1, 3 = —i, 4 =1,4° =14, i = —1, i" = —i, i® = 1, so this pattern
repeats every four powers. Then:
et (20)2k’ e (,L'Q)Qk-‘rl B ,L'Oeﬂ Z'292 Z'494 Z'606 Z'lel i303 i595 Z'797
2k)! k+ 1)! ! 2! 4! ! 1! ! ! !
kzo()+ko(+)_(0+ tor ettt T e )
g0 9> ot 45 A 3 0 6
=( =57+ ) iy — z—+z——z—+...)

0! 21 4! 6!
et 92k: x 20 2k+1

=2 (1 szo 2k +1)!

k=0

Recalling from calculus that cosf = Zzio(—l)kézk), and sinf = 7 (— )k%, we have the

result.

9. LINEAR SECOND ORDER NON-HOMOGENEOUS EQUATION
Consider the equation
" +bx’ +cx = f(t)

where a,b, ¢ are constants, a # 0, and f(t) is a given function called the non-homogeneous or
inhomogeneous term. Let us first proceed by examples.
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Example 9.1. Find a solution to x” + 32/ + 4z = 3t + 2. The given function f(t) = 3t + 2 is
a polynomial of degree one. We expect that z(t) will be a polynomial as well (we would not get
a polynomial by differentiating, say, an exponential). Thus, we seek a solution of z(t) = At + B,
where A and B are constants to be determined. Note that we are trying x(¢) a polynomial of degree
one because f(t) is a polynomial of degree one. Plugging in:
(At+ B)" + 3(At + B) +4(At+ B) =3t +2
0+3A+4At+4B=3t+2
4At+ (B3A+4B) =3t + 2

Two polynomials are equal iff the corresponding coefficients of the same powers are equal. So we
must have 44 = 3 and 34 + 4B = 2, so that

3 3 -1 -1
A=-,4B=2-3A=2—-3- - = — B=—
1 171 7 16
Therefore, x(t) = %t — 1—16 is a solution.
Example 9.2. Find a solution to 2" — 4z = 2¢%.
Here, the inhomogeneous term f(t) = 2e3' is an exponential. Thus we expect z(t) to be an

exponential too (we would not get an exponential differentiating, say, a trigonometric function).
Put z(t) = Ae!, where A is to be found. Plugging in:

(Aegt)// o 4A63t — 2€3t

2
9Ae3t — 443 =23 = 543 =263 = A= 5

Hence z(t) = 2% is a solution.

Example 9.3. Find a solution to 3z” + 2’ — 22 = 2 cost.

Here f(t) = 2cost, so we might try x(t) = Acost. However, when we plug this in we will ob-
tain some sint term, and there is no sint on the RHS to compare with. Therefore, we see that we
should try z(t) = Acost + Bsint. Then

3(Acost + Bsint)” + (Acost + Bsint) — 2(Acost + Bsint) = 2cost
3(—Acost — Bsint) + (—Asint + Bcost) — 2(Acost + Bsint) = 2cost
(—=5A + B)cost + (—A —5B)sint = 2cost
Thus, for equality to hold, we must have
—-5A+B=2 and —A—-5B=0.
This is a system of two equations for the two unknowns A and B. Solving it, we find A = I—:;j’, B = %
Thus, z(t) = T2 cost + 7z sint is a solution.

Unfortunately, things will not always be so simple, as the next example illustrates.

Example 9.4. Find a solution to z” — 4z = 2%,

We try z(t) = Ae*. Plugging in:
(Ae?)" — 4Ae* = 2%
4Ae* — 44 = 22
0= 2¢* 777
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We see that our method did not work in this case. The problem is that e? is a solution to the
equation z” — 4z = 0 (the characteristic equation is A2 —4 = 0, A = £2), and so is any multiple
of e?*. Therefore, if the inhomogeneous term is a function that solves the same equation when
f(t) = 0, then the LHS will always give zero when we plug in, and this idea will not work. We see
that to solve ax” + bz’ 4+ cx = f(t) we also need to understand az” 4 bz’ + cx = 0.

Definition 9.5. Given az”+bz'+cx = f(t), the equation az”4+bz'+cx = 0 is called the associated
homogeneous equation. The general solution to the associated homogeneous equation will be
denoted xj,. Observe that if z solves ax” + bz’ + cx = f, so does the function x = xj, + z because
a(zp + 2)" +b(xp + 2) + c(zp + 2) = ax), + bx), + cxp+ a2’ + b2 +cz = f.
N————
=0 =f

It follows that there are two “types” of solution to az” + bz’ 4+ cx = f: those containing arbitrary
constants (because xj, contains arbitrary constants) and those without arbitrary constants, such as
the solutions found in the previous examples).

Definition 9.6. A solution to ax” + bz’ + cx = f that does not contain arbitrary constants is
called a particular solution. Particular solutions will be denoted by x,,.

Example 9.7. Let’s go back to " — 42 = 2¢% and try to find a particular solution. We saw that
if we put x,(t) = Ae? then it will not work. Let us see that z(t) = Ate? works:

(Ate®')” — Ate® = A(2te® + €2') — 4Ate?
= A(4te®t + 2% 4 2e?") — 4Ae't = 4Ae* = 2%

So we conclude that A = % and z,(t) = £e.

The idea of multiplying by ¢ can be understood as follows.

We want to satisty az” +bx’ +cx = f and we expect x,, to be of similar type as f (since derivatives
of polynomials give polynomials, of exponentials give exponentials, etc.) But if f is or contains a
term that solves the associated homogeneous equation, this cannot work because it will give a zero
on the LHS. How can we find x,, containing f in such a way that after plugging it into the equation,
a term with f remains on the LHS?

The answer is the product rule, since it produces additional terms containing f. Put z,(t) =
v(t)f(t), where f has the same form of f but contains constants to be determined as in the ex-

amples (so f(t) = AeF if f(t) is a multiple of e¥* and so on), and v is an undetermined function.
Then:

=v'f+uf, Ty = V20 f +of
Then
ax, + bxy, + cxp = a("f+ 20" f +of") + b f+of)+cvf
= f(av" + ') 4+ 200" ' + v(af” + bf + cf).
Because f contains zj, the term a f” + bf" + ¢f will produce zeros. For simplicity, let us assume
that we are treating the case where f is proportional to ;. Then af” + bf’ + ¢f = 0. Next, recall
that f is like f, and we are treating functions that “repeat themselves” after differentiation, such
as exponentials, polynomials, and sine or cosine (this method will not work for functions that do

not repeat themselves in this way). Thus, for the sake of reasoning, we can replace f/ by f in the
term 2a?’ f’. Thus,

azly + b, + cxy = fav” + b’ + 2av).
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We want this to be equal to f so: f(av” + bv' + 2av’) = f. If the term in parentheses is a
constant, then we have (constant) - f = f, and we can solve for the undetermined constants in f.
The simplest way to accomplish this is to put v(t) = ¢ so av” +bv'+2av’ = b+2a and z,(t) = tf(t).

The method outlined above is called the method of undetermined coefficients, summarized
as follows: given ax” + bz’ 4+ cx = f(t), a,b,c constants, and a # 0, we seek a particular solution

xp(t) of the form below (m > 0 is an integer, by, ..., by, Gm,...,a0, a,b,r and h are constants):
f(t) Tp(t)
bnt™ + by 1t™ L+ 4+ bt + b t3(Byt™ + Brp—1t™ 1+ - + Byt + By)
a cos(kt) + bsin(kt) t*(Acos(kt) + Bsin(kt))
e"(acos(kt) + bsin(kt)) t5e™ (A cos(kt) + Bsin(kt))
et (b t™ 4 by 1™ 4o byt + bg) t5e™ (Bpt™ + By 1t™ 1 4 - + Byt + By)
(bt™ + by 1t™ L+ -+ - 4 bg) cos(kt) t3(Bpt™ + By 1t™ L 4 - + By) cos(kt)
+ (@mt™ + a1 t™ L+ -+ ag) sin(kt) + 5 (Apt™ 4 App_1t™ 1 -+ Ag) sin(kt)

€ (b t™ 4 by 1t™ 4 -+ bg) cos(kt) t5e™ (Bypt™ 4 Bp_1t™ 1 + -+ + By) cos(kt)

+ " (amt™ + am1t™ 1+ -+ 4 ag) sin(kt) + 15" (Apt™ + Ay t™ 1 - 4 Ag) sin(kt)

TABLE 2. Trial forms of the particular solution z,(t) for various forcing functions
f(t) in the method of undetermined coefficients. Here, s is chosen according to the
multiplicity of the corresponding root of the characteristic equation.

where s is the smallest non-negative integer such that no term in x, duplicates a term in zy,.
Example 9.8. Find the form of z,, for
2" + 62" + 13z = e cos(2t).
The characteristic equation is A> + 6\ +13 =0 = \ = —3 £ 2i. Thus,
zp(t) = cre 3 cos(2t) + coe 3 sin(2t).

We see that we cannot try z,(t) = Ae 3 cos(2t) + Be 3! sin(2t) the first term duplicates a term in
xp. We therefore multiply by ¢:

x,(t) = t(Ae 3 cos(2t) + Be ' sin(2t)).

Example 9.9. Find the form of z,, for

2 =2+ =€l

We have A2 =2\ +1 = (A—1)2 =0 = )\ = 1 (repeated). Then x,(t) = cie! + catel. If we put
z,(t) = Ae', this duplicates the first term in xj,. Multiplying by ¢ gives z,(t) = Ate’, but this
duplicates the second term in zp, so we multiply by ¢ again:
z,(t) = Ate'.
The next theorem is known as the superposition principle.

Theorem 9.10. If z1 is a solution to ax” +bx'+cx = f1 and x5 is a solution to ax” +bx'+cx = fs,
then the function x = c1x1 + caxo 15 a solution to the DE ax” + bx’ + cx = c1 f1 + cafo, where ¢
and cy are constants.
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Proof. Plugging in:
ar” + bz’ + cx = a(c1z1 + cawa)” + b(c1wy + cox2) + c(e1xy + cawa)

= ax| + bz + cx1 + axh + brh + cxo = c1 f1 + cafo.

=c1f =cafe

0

It follows that if the inhomogeneous term is of the form f = f; + fy, where the method of
undetermined coefficients can be applied to fi and fo, then we can find x, by determining x,, and
Tp,, the particular solutions for the equation with inhomogeneous terms f; and fo, respectively,
and setting x, = xp, + Tp,.

Example 9.11. Find the form of the particular solution to
" —4x’ + 4z = €' + 2t.
First, we find x; by solving
2 — 42’ +4x =0,
which gives
Tp = clth + CQtth.
We next use the superposition principle: x, = xp, + zp,, where
xgl — 4:E;1 + 4z, = e,

z / —
Ty, — 4w, +4xp, =2t

We find
Ty, = Ae’ and xp, = Bt + C,
SO
x, = Ae' + Bt + C.
Example 9.12. Find the form of the particular solution to
2 — 4z + 4z = e + 2t.
This is the same as the previous example, except that e’ is replaced by e?*. Thus, Zp, is the same
as before. For x,1, we try
Ae?t
This repeats a term in xp, so we multiply by :
Ate?t.
This still repeats a term in xj, so we multiply by ¢ again:
xp, = At?e*
Thus
x, = At?e* + Bt + C.
Example 9.13. Find the form of x, for
2" 422 =T7e ¥ 4 3.
We have \; =0, Ao = —2, so

2t 2t

Ty = cleOt +coe T =c1 + e

Then try

z, = Ae "
Since this repeats xj, multiply by t:

xp, = Ate™ .
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Also try
Tp, = B.
Since this also repeats xp, multiply by t:
xp, = Bt.
So
x, = Ate™? + Bt.

Theorem 9.14. Consider ax” + bz’ + cx = f, where a,b,c are constants, and a # 0. Suppose
that z, is a particular solution of the DE in an interval I containing to, and let Xo and X; be two
given numbers. Then there exists a unique solution in I to the DE satisfying the initial conditions
w(t()) = XO and w,(to) = Xl.

Proof. By the superposition principle, x = xj, + x, solves the DE. Recall that z;, = c121 + cowa,
where 1 and x5 are linearly independent solutions to the associated homogeneous equation and c¢;
and ¢y are constants. Then we need to solve

x(t()) = C1$1(t0) + Cng(to) + xp(t()) = Xy
I/(to) = clxll (to) + 62$é(t0) + l‘%(to) = X3
for ¢; and cy. We find

o (Xo =@} (to))ab(to) — (X1 — w(to) )a(to)
. 21(to)5(t) — 5”1(750)$2(t0)
o = (X1 —x ( 0))z1(to) — (Xo — 2/ (to))x1(to)

1 (to)5(to) — o (to)z2(to)
The denominators in these expressions are non-zero because x; and x9 are linearly independent (so
their Wronskian is not zero).

To check uniqueness, suppose that z is another solution to the IVP. But w = c1z1 + cow2 + 2 — 2.
Then, plugging in, we see that w solves aw” + bw' 4+ cw = 0 with w(ty) = 0, w'(tp) = 0. But we
have seen that this IVP, where the IC and the inhomogeneous term are all zero, admits only the
zero solution. Thus, w = 0 and z = c1x1 + cow2 + Tp.

0

Definition 9.15. We call a solution « = xj, + z,, the general solution to az” + bz’ + cx = f.

10. LINEAR SECOND ORDER NON-HOMOGENEOUS EQUATIONS: THE METHOD OF VARIATION OF
PARAMETERS

The method of undetermined coefficients will not work if the inhomogeneous term is not of the
form listed on the table that summarized the method. This is because the method of undetermined
coefficients is based on the property that derivatives of the inhomogeneous term repeat themselves.
The method we will present now, called variation of parameters, deals with more general inho-
mogeneous terms.

Consider az” + bz’ + cx = f and let x; and x2 be two linearly independent solutions to the
associated homogeneous equation. We will seek a solution of the form:

zp(t) = vi(t)z1(t) + va(t)22(t)
where v1 and v are functions to be determined. Compute:

/ / / / /
T, = V121 + VT2 + V177 + V2T5.
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Next, we reason as follows. Since v; and v are two functions to be determined, we expect to have
two equations. One equation has to come from az” + bz’ + cx = f, since we want z, to be a
solution. What about the second equation? Because we plug z,, into az” + b2’ + cx = f, we will
obtain another DE involving v; and v that is at least as complicated as the equation we are trying
to solve, unless we impose some condition that simplifies it. We therefore require:

vimy + vhry =0
which gives our second equation. Thus, x; becomes:

r_ ’ ’
T, = V1T + v2T5.
Continuing, x; = viz} + vyahy + viz] + voxy. Then
" / ! ! " 1 / /
az, + br, + crp = a(vix] + vaTy + v1T] + v2xy) + b(v1T] + vaxhy) + (V1T + C2T2)

= vy (ax] + bx| + cx1) +vg (axh + bl + cxs) +a(vix] + voxh)

=0 =0
= a(vyz] + vyh) = f.

Therefore, we have two equations:

This is an algebraic system for v} and v4. Solving it, we find:

/ —fxo / fx1

V= =
1 a(zyxh — 2hxg)’ 2 a(z1xly — 2 x9)

The denominators in these expressions are not zero because x1 and z9 are linearly independent.

Integrating:
—1
/ / dt
W xl,xg W xl,xg

We do not add constants to these integrals because x;, does not contain arbltrary constants. Thus,
recalling that x, = viz1 + v2x2, we find:

dt dt
zp(l /W (z1,m2)( += /W (z1,22)(

Example 10.1. Find ), for 2" 4+ 4z = tant.

Note that we cannot apply the method of undetermined coefficients here. To find z, we first solve
the associated homogeneous equation. The characteristic equation is A2 +4 = 0, A = +2i. Thus,
x1(t) = cos(2t) and x2(t) = sin(2¢) are two linearly independent solutions. The Wronskian is

W (cos 2t, sin 2t)(t) = cos(2t)(sin(2t))" — (cos(2t))’ sin(2t)
= 2cos?(2t) + 2sin?(2t) = 2.
Then
tan t sin(2t) tant cos(2t)

xp(t) = —cos(2t)/2dt+sin(2t) /2dt

sin(2t) = —% cos(2t) + % In | cost|
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2p(t) = % @ sin(2t) — t> cos(2t) + % <1n lcost| — ;cos(2t)> sin(28).

Example 10.2. Find ), for 2" — 22’ + 2 = %t (Note that we cannot use the method of undeter-
mined coefficients here.)

The characteristic equation is A2 — 2\ +1 =0, A = 1 (repeated). Then z1(t) = e' and z2(t) = te'
are two linearly independent solutions to the associated homogeneous equation.

W (e te!) = et(tet)' — (e')te! = e'(e! +te') —elet = e*
2(t) el tet
dt = dt =t
/W I‘l,xg (t t

) dt
dt = ——dt =Inlt
/W:L’l,xg t e2t t n ¢

Since f(t) is not defined for ¢ = 0, we need to work with ¢ > 0 or ¢ < 0. We consider ¢ > 0 so that
In |t| = Int. Then:

z,(t) = —te' +te' Int.

Remark 10.3. We make no restriction on the form of f(¢). In particular, the parameter vari-
ation method can also be applied to equations where f(¢) has a form appropriate for the use of
undetermined coefficients.

11. SECOND ORDER LINEAR EQUATIONS WITH VARIABLE COEFFICIENTS

So far, we studied ax” + ba’ + cx = f under the assumption that a,b,c are constants. Now
we will study az(t)z”(t) + a1(t)2’(t) + ao(t)xz(t) = f(t), i.e., the coefficients can be functions of ¢.
We will assume that as(t) # 0 so that, dividing by a2(t) and relabeling the coefficients and the
inhomogeneous term, we can write the equation as ”(t) +p(t)2’(t) + q(t)x(t) = g(t). In order to be
consistent with our previous notation, we will also call the inhomogeneous term f(¢) in this case.
Thus, the equation we will study is

2+ pt)x + q(t)xr = f(2).

Theorem 11.1. Let p(t),q(t) and f(t) be continuous functions on the interval (a,b) and ty € (a,b).
Given any numbers Xo and X1, there exists a unique solution x(t) defined on (a,b) that satisfies
the following:

" +pt)r'+ q(t)z ()
fﬁ(to)
:U,(t ) Xl

Example 11.2. Consider (t* — 4)2" + 2/ + 2 = H%, z(1) = 0, 2/(1) = 1. What is the maximal
interval (a,b) where the previous theorem guarantees the existence of a unique solution?

After dividing by 2 — 4, we have p(t) = q(t) = ﬁ, which are continuous except at ¢t = £2
and f(t) = m, which is continuous except for ¢ = £2,t = —1. Since ty = 1, the largest
interval that contains this point is (a,b) = (=1, 2).

o
-~V
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As in the case of constant coefficients, we will call the equation z” + p(t)z + ¢(t)z = 0 the asso-
ciated homogeneous equation. It can be shown that this equation admits two linearly indepen-
dent solutions 1 and x5 (if p and ¢ are continuous). Then x;, = ¢1x1 + cowe, where ¢ and co are
arbitrary constants, is also a solution, called the general solution to the DE x” +p(t)z+q(t)z = 0.

A solution to 2" + p(t)x 4+ ¢(t)xz = f(t) that does not contain arbitrary constants will be called a
particular solution, denoted z,. As in the case of constant coefficients, any solution to the
DE can be written as « = zj + x, (provided that p(t) and ¢(t) are continuous).

Many of the theorems for equations with constant coefficients generalize to the case studied here,
with the important difference that now statements will in general not hold on (—oco, 00) but on an
interval (a,b) where p(t) and ¢(t) are continuous.

Lemma 11.3. Let p(t) and q(t) be continuous functions on an interval I. Let x1(t) and x2(t) be
two solutions of " +p(t)x+q(t)x = 0 on I. If the Wronskian W (x1,x2)(t) = x1(t)zh(t) — 2 (t)z2(t)
is zero at some point on I, then it vanishes identically and x1 and xo are linearly dependent. If
W (x1,x2)(t) is non-zero at some point on I, then it is never zero and the solutions are linearly
independent on I.

Theorem 11.4. Let p(t),q(t) and f(t) be continuous functions on an interval I and z1(t) and
x2(t) be two linearly independent solutions to x” + p(t)x + q(t)x =0 on I. Let x,(t) be a particular
solution to x" + p(t)x’ + q(t)x = f(t). Then given to € I and two real numbers Xo, X1, there exist
unique constants ¢; and ¢y such that x = cix1 + coxa + xp satisfies & + p(t)x’ + q(t)z = f(t) with
initial conditions x(ty) = Xo and 2'(t9) = X1.

The superposition principle also holds for equations with variable coeflicients.

If we go back to the parameter variation method and look at how the formula for z, was de-
rived, we will see that nowhere have we used that the coefficients had to be constants. In other
words, variation of parameters applied here as well, i.e., if 1 and x9 are two linearly independent
solutions of the associated homogeneous equation, then a particular solution is given by

— dt dt.
r o /W$17$2 T /th:cz

The formula for x, involves x1 and 2. In the case of constant coefﬁments, we have a method for
finding x1 and z3. Here, this might be difficult. However, the next theorem shows that if we know
x1, then we can always determine xo:

Theorem 11.5. Let x1(t) be a solution to x” + p(t)x’ + q(t)x = 0 in an interval I, where p(t) and
q(t) are continuous functions. Assume that x1 is not identically zero. Then

e~ Jp(t)dt
xa(t) = xl(t)/(xl(t))th

s a second, linearly independent solution.
Proof. We look for a solution of the form x2(t) = v(¢)z1(t). Plugging in:
zy + p(t)zh + q(t)ze = (vaf + 20'z) +v"x1) + p(t) (va) + v'z1) + q(t)vay
= v (@] +p(t)2’ + q(t)z) +210" + (22 + p(t)z1)v" =0
=0

Set v = w. Then the equation becomes:

riw’ + (22 + p(t)z1)w =0
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which is a separable equation for w. We find

dw 27

=21 _p).
" o P
Integrating: In|w| = —2In|z1| — [ p(t)dt. Then
e~ Jp(t)dt
w = po

When we remove the absolute value from w we pick the + sign (this suffices since if w is a solution,
so is —w). Integrating again, we find v(¢), which gives the desired formula.

By construction, x2(t) is a solution. Let us check that it is linearly independent.

W (1, 22)(t) = 2125 — 2h2e = 21 (vwy) — 2] (vay)

/ / / 2,/ 2€7fp(t)dt t)dt
= z1(x1v" + 2jv) — 2jvx; =20 = T = e JP) #0.
T
1

Example 11.6. Knowing that cost is a solution to
sintz” — 2costa’ —sintr =0, 0 <t <,

find a second linearly independent solution.

Here, p(t) = =25t — _9cot .

sint

1
zo(t) = Cost/ 7%62#0” 4t where /cott dt =In|sint| = In(sint),0 <t <
cos

.2

sin“ ¢

:cost/ 1n2 dt = cost(tant —t)
cos“t

Remark 11.7. The formulas we derived above (variation of parameters and second linearly inde-
pendent solution) assume the equation to be written as " +p(t)a’+¢q(t)x = f(t), i.e., the coefficient
of z” is one. If this is not the case, we have to divide by the coefficient of z” before applying the
formulas, as in the previous examples.

Remark 11.8. Recall that in the case of constant coefficients, where Ay = Ay = A, a second linearly
independent solution was te*. We can use the previous theorem to give an alternative justification
of this formula.

12. CAUCHY-EULER EQUATION
The equation
at’s" + btx' + cx = f(t)
where a, b, ¢ are constants and a # 0, is called Cauchy-Euler equation (aka the equidimensional
equation).
We will consider the homogeneous Cauchy-Euler equation
at’z" +bte’ +x =0, t > 0.

Because the coefficients involve the power of ¢, it makes sense to look for a solution x(t) = t*, X to
be a constant. Then:

at’ X\ — D2+ bt 4 et* =0, or (t #0)
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a4+ (b—a)A+c=0

which is called the characteristic equation for the Cauchy-Euler equation. If A is a root of the
characteristic equation, by construction, ¢* is a solution. Denote the roots of the characteristic
equation by A; and Ay. We need to distinguish the following cases:

Case 1. A # Ao, A1, Ao are real numbers. Then tM and t*2 are two linearly independent so-
lutions. We already know that they are solutions. To verify linear independence:
W (M, 122)(t) = tM (122) — (tM)'12 = (Ng — AT L0 for t £0.

Case 2. \{ = \y = \. Then t* and t* Int are two linearly independent solutions. We obtain t*nt
by applying our method to find a second linearly independent solution.

[ p(t)dt -ty
6 e a t
t) =t 7dt—tA dt
72(?) / R / £22

-
—t’\/dt —t’\/t_g_Q’\dt.

In the case A\; — A2 = A, the (repeated) roots are given by \ = _(g;a), SO —g —2XA = —1. Thus,

z9(t) = t’\/t_ldt =t nt.

Case 3. A1, A2 complex, so that A} = a+if and Ao = a —if3, «, 8 € R. Then t“cos(f1nt) and
t“sin(fInt) are two linearly independent solutions. We write

t)\1 — ta—l—zﬂ — toztiﬁ — ta(elnt)iﬁ — taeiﬁ Int )

Euler’s formula gives t" = t®cos(B1Int) +i t*sin(f1Int). In the case of constant coefficients, we
showed that if z(¢t) = u(t) + iv(¢) is a solution, with u, v real, then so are u(t) and v(t). The same
proof works here, and we conclude that t“ cos(81Int) and t*sin(/Int) are solutions. We check that
they are linearly independent:

W (t* cos(BInt),t*sin(B1Int)) = t* cos(BInt)(t*sin(B1Int))" — (t* cos(B1Int)) (t* sin(B1nt))

= t%cos(f1Int) (ata Lsin(BInt) + to“B cos(f3 lnt)> — <ato‘1 cos(flnt) — to‘g sin(S In t))

t*sin(BInt) = t2*718 (COSZ(B Int) 4 sin?(B1n t)) = Bt?*=1 £ 0, since t > 0 and B # 0

(because otherwise the roots could not be complex).

Remark 12.1. In the above, we solved the Cauchy-Euler equation for ¢ > 0. If we want to solve
it for t < 0, we proceed as follows. Set 7 = —t, so that 7 > 0. Then
, dr  drdr dx

z(t) =z(-71), z i i and

d? d (dx\ d d*z
n_ 4 _ o (df) d—; =2 and the equation becomes
T

d? d o d%x d
at?a” + bta' + cx = (_7)27:5 +b(—7) <—d”:) +ea =0, e, ar’ o + de—x ter=0,7>0
Now we can apply the above algorithm to find the solutions as functions of 7, and then replace
T = —t to obtain the result.
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13. DIRECTION FIELDS

Consider the DE ¢ = f(z,y). If f(z,y) is very complicated, it might be difficult to find the
function y. We will develop a method for studying this equation that will allow us to get a good
grasp of what y looks like, even when we cannot write it explicitly.

Example 13.1. Consider the equation 3’ = =%. We can solve this equation, but to illustrate the
new method, let us imagine that we do not know the solution. What the equation tells us is the
value of the slope of the tangent to the graph of y (i.e., 3’) at each point z,y. We construct a table
of values. With enough values, we can plot the slope, on the zy-plane.

lyly =—%

110 0

1|1 -1

1

2|1 -3

112 -2

TABLE 3. Representative slope calculations for the differential equation 1’ = —%.
o
,,,,,,,, \ 2/

FIGURE 6. Direction Field: 3 = f(z,vy)

Using enough points, we can sketch solutions. The important thing to remember is that the
solutions have their graphs tangent to the line segments we plotted, and that they vary continuously.
For example, below, we draw the solutions that satisfy y(1) =2 and y(1) = —2.

FIGURE 7. Solutions with IC — y(1) =2, y(1) = -2
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14. EULER’'S METHOD

Consider a DE 3 = f(z,y). Depending on what f is, we may not be able to find a formula for
the general solution. In this case, we can use direction fields to obtain some qualitative information
on the behavior of solutions. Euler’s method is a way of finding approximate solutions that provide
further quantitative information.

The idea of Euler’s method is that if we know the value of y = y(z) at xg, then y(xo + h) can be
approximated with the help of the derivative of y at x.

A Y
tangent line to y(z) at xo. Its slope is y/(z)

YL b ;

yao 4 h) f

y1 = y(xo + h)

yo=y(wo) -

v

o xo+h

FiGURE 8. Tangent Line Approximation

This idea requires knowing v, which in our case we know since we have 3y’ = f(z,y). Thus,

o a0) = ) > LRI sy 1) ya) + o)

We can now repeat the process. Starting from the point

x1=x0+ h, y1 = y(xo+h) =y(x1), we find ys = y(x1 + h) = y(xo + 2h)

y(@1 + h) —y(z1)
h
This formula is not good because we do not know y(z1). But we can use y; ~ y(x1) so

y(xr +h) =y +hf(z,y)

Y'(x1) = f(z1,y(21)) = = y(z1 +h) = y(z1) + hf(z1,y(21))

Y2
n

y(z2)
y(z1)

Yo = y(zo)

Zo Z1 Z2

FIGURE 9. Piecewise Linear Approximation via Euler’s Method
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We can continue the process and find ys, y4, etc., which will be approximately y(x3), y(z4), etc.,
where x3 = x¢ + 3h, x4 = x¢ + 4h, etc.

/ _
14.1. Summary of Euler’s method. Consider Y =[f(.y)
y(zo) = o
Fix a small number h, called the step size, and set inductively:

Tmtl = Ty + h
Ym+1 = Ym + hf(xma ym>
The points y,, will be approximations for y(x,,).

Remark 14.1. Because we have to know the initial point (xo, yo), Euler’s method is better studied
to study IVP. However, we can use it to investigate the general solution with varying yqg.

Remark 14.2. Typically, the smaller the step size h, the better the approximation.

Example 14.3. Consider y' = z,/y, y(1) = 4. We can solve this equation exactly. Let us compare
the values of the exact solution with those of Euler’s method with A = 0.1.

m | T, | Ym (Euler’s method) | y(z,,) (exact value)
00 4 4

1]11 4.2 4.21276
2112 4.42543 4.45210
3113 4.467787 4.71976
4114 4.95904 5.01760
5|15 5.27081 5.34766

TABLE 4. Euler’s method approximations and exact solution values at the mesh
points .

15. HIGHER ORDER LINEAR DIFFERENTIAL EQUATIONS
We will now study
an ()™ () + an_1 ()" E) + -+ ar (B2 () + ao(t)a(t) = F(1).
This is a linear equation. We say that the equation has constant coefficients if all the coefficients
a;(t) are constants, and variable coefficients otherwise. The equation is called homogeneous
if f(t) = 0 and non-homogeneous otherwise. We say that the equation is in standard form if
an(t) =1, in which case we write
2™ (&) +pr(0)e™ Y 4 pasa (D2 () + pa(t)a(t) = f(2).

Many of the results for second order equations generalize to the previous equation (and thus we
will go over them quickly).

Theorem 15.1. Suppose that pi(t),...,pn(t), and f(t) are continuous on the interval (a,b). Then,
for any tg € (a,b) and any real numbers Ty, ..., Tn—1, the IVP

2™+ pi ()2 4 i (8)2 4 pa(t)z = f(2),

J}(t()) =20,... ,.Z‘(n_l)(t(]) =Tpn_-1

has a unique solution defined on the interval (a,b).
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Example 15.2. Show that for a homogeneous constant coefficient equation, the interval (a,b) of
the above theorem can be taken as (—oo, 00).

A constant function is continuous on (—oo, 00).

Definition 15.3. We say that the functions fi,..., f,, are linearly dependent on an interval
if there exist constants cy, ..., ¢y, not all of them zero, such that

lel(t) +oeeet Cmfm(t) =0
for all t € I. Otherwise the functions are called linearly independent.

Example 15.4. The functions fi(t) = ¢, fa(t) = 2 — 3t, and f3(¢f) = 5 are linearly dependent on
(—00,0) because

2 2
3f1(t) +1- fot) — gfg,(t) =3t+(2—3t) — 5-5 =0.
Example 15.5. The functions ¢, t*, and % are linearly independent on (—o0, co).

If ¢1, o, and c3 are such that
cit + ot + e3t® =0
for all t € (—o0,00), then we have
c1t + cott 4 ¢3t® = 0t + 0t* 4 015,

Two polynomials are equal iff their coefficients are equal. Thus ¢; = ¢o = ¢3 = 0. But the definition
of linear dependence does not allow all ¢;’s to be zero, so the functions are linearly independent.

It is useful to know that the following functions are linearly independent on any interval (a, b):
{1,t,4%,...,t™},

{1,cost,sint, cos(2t),sin(2t), ..., cos(mt),sin(mt)},

{efrt ekt ekmiy k1,...,kn all distinct.
An expression of the form c; f1(t) +- - - + ¢ fi(t), where ¢y, ..., ¢, are constants, is called a linear
combination of the functions fi(t),..., fi(t). Thus, to say that certain functions are linearly

dependent means that one of the functions is a linear combination of the others.
Definition 15.6. Let f1,..., f, be n functions that are n — 1 times differentiable. The function

fi(t) fo(t) 0 fa(?)
fi(®) L) - L)
W(flaafn)(t):det )
AV f70w B0

where det means determinant, is called the Wronskian of the functions fi,..., fa.

Remark 15.7. Recall that

a b
det [c d]:ad—bc.

Also,

aip a2 ag

a a a a a a
det |ao1 a9e asg| = ajpdet 2 z — ajg det = = + a3 det 2 2
asz2 ass as; ass asyp as2
aszr asz2 ass
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Theorem 15.8. Let x1,...,x, be solutions to
2 4+ pr ()2 - 4 pa () =0
on the interval (a,b), and assume that p1,...,p, are continuous on (a,b). Then the following

statements are equivalent:

(1) x1,...,2z, are linearly dependent on (a,b).
(2) W(x1,...,z,)(tg) =0 for some tg € (a,b).
(8) W(x1,...,25)(t) =0 for all t € (a,b).

Moreover, the following statements are also equivalent:

(1) x1,...,2z, are linearly independent on (a,b).
(2) W(x1,...,z5)(to) # 0 for some tg € (a,b).
(8) W(x1,...,25)(t) £ 0 for all t € (a,b).

Example 15.9. Knowing that 1, ef, and e~ are solutions to 2" — 2’ = 0, show that they are
linearly independent. We compute:

1 e et 1 e et
W(l,e',e ) =det |17 () (e ?) | =det |0 e —e?
1// (et)// (e—t)// O et e—t
Then
el —et ¢ 0 —et ¢ 0 e
—1~det[et e‘t]_e det[o e‘t]+e det 0 o =2#£0.

So by the previous theorem the functions are linearly independent.

Remark 15.10. Only computing W # 0 would not be enough to conclude that 1, e!, and e~ are
linearly independent. We need to know that they are solutions to a linear DE.

Similarly to the case of second order equations, we call a solution to
IL‘(n) _|_p11=(”_1) + ot ppx = f

without arbitrary constants a particular solution, denoted x,. The equation with f replaced by
zero is called the associated homogeneous equation.

Theorem 15.11. Let x, be a particular solution to
2 4 pr ()" 4 4 pa(t)z = f (1) (*)

on the interval (a,b), where pi,...,pp, f are continuous on (a,b). Let x1,...,z, be n linearly
independent solutions to the associated homogeneous equation. Then any solution to (x) on the
interval (a,b) can be written as

.T:Cl$1+"‘+cnmn+xp7
where c1,...,c, are constants.

The expression cixy + - -+ + cpxy + 2 in the above theorem, with cq,..., ¢, is called the gen-
eral solution of the associated homogeneous equation (also called the fundamental solution). The
superposition principle also generalizes to equations of order n.
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16. HOMOGENEOUS LINEAR EQUATIONS WITH CONSTANT COEFFICIENTS

The theory of constant coefficient homogeneous linear DE is similar to the case of second order
equations, and we summarize it below.

Consider the equation
ana:(”) + an_lm(”_l) + -+ a2’ + apx =0,
where ag, ..., a, are constants and a,, # 0. Its characteristic equation is

A+ A AL+ N+ ag = 0.

Let A1,..., A, be the n roots of the characteristic equation.
Distinct real roots. If A\{,..., )\, are all distinct and real, then
e>‘1t, cen etnt

are n linearly independent solutions.
Complex roots. For each complex root A = o + i3, 5 # 0, the functions

e™ cos(Bt) and e™ sin(Bt)

are two linearly independent solutions.
Repeated roots. If A is a real root of multiplicity m, then

e>‘t, te’\t, e gm—leAt

are m linearly independent solutions.
If A\ =a+1i8, B # 0, has multiplicity m (so a — i also has multiplicity m, and A = a+if gives
a total of 2m roots), then

e“ cos(fBt), te® cos(Bt), ..., t™ e cos(Bt),
e sin(Bt), tesin(Bt), ..., "™ e sin(Bt)
are 2m linearly independent solutions.
Example 16.1. Find the general solution to
2" — 22" — a2’ + 22 =0.
The characteristic equation is
A —2)2 A +2=0.
By inspection, we see that A = 1 is a root, so factoring A — 1,
Mo2X2 A +2= 01D\ -A-2)=A-DA+1)(\—2)=0.
So the roots are 1, —1, and 2, and
z(t) = cre! + cpe ! + e3et.
Example 16.2. Find the general solution to
2" — 32" + 4z = 0.

The characteristic equation is
A =3\ +4=0.
By inspection we see that —1 is a root. Factoring A + 1,
M3 4=+ 1DN - +4) =M+ 1)(N—2)2
The roots are —1 and 2 (twice), so

z(t) = cre™t + coe®t + este?t.
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Example 16.3. Find the general solution to
2" 4+ 102" + 9z = 0.
The characteristic equation is
A +1002 +9=0.
We can factor
ME102+9=N+1)(\2+9),
so the roots are ¢ and £3¢. Thus
x(t) = ¢ cost + casint + 3 cos(3t) + ¢4 sin(3t).

Remark 16.4. Recall that if the order of the equation is n, we must have n linearly independent
solutions.

Example 16.5. Below, all roots of the characteristic equation for a constant coefficient homoge-
neous linear DE are given. State the order of the equation and write the general solution.

( =3, A\=2+3i, \=—2 (twice)

1 (three times), A= —1—1 (twice), A = —1+1 (twice)

0 (twice), A=2, A=—1

here are five roots in total, so the equation is of order 5. The general solution is

1) A
2) A=
3) A=
a) T
z(t) = c1e3 + coe cos(3t) + cze® sin(3t) + cae ™ + cste .

(b) There are seven roots in total, so the order of the equation is 7. The general solution is

t

z(t) = cre’ + cote! + cst?e! + cqe "t cost + cse sint + cgte " cost + erte sint.

(c¢) There are four roots in total, so the order of the equation is 4. The general solution is

t t

z(t) = c1e” + cote™ + cze® + cae™! =1 + ot + cze® + cae"

Remark 16.6. We can also generalize the method of undetermined coefficients and variation of
parameters to non-homogeneous DE of order n. See the textbook for details.
17. LAPLACE TRANSFORM

We will now develop a new method for solving DE. Before introducing formal definitions, let us
illustrate with an example.

Example 17.1. Consider the IVP
2" + x = cos(3t), z(0) =1, 2'(0) = 0.

We have already learned how to solve it, but let us consider a different approach. Multiply the
equation by e~%, where s > 0, and integrate from 0 to oo:

/ e Sta (t) dt+/ e St (t) dt:/ e " cos(3t) dt. *)
0 0 0

Using
—at
/e‘“t cos(bt) dt = c1267+b2 (—acos(bt) + bsin(bt)),
we find . -
/0 et cos(3t) dt = Ssﬂ(—s cos(3t) + 3sin(3t)) . = ﬁ,
where we used that
efst‘tzoo — efoo — 07
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so that, by the squeeze theorem,

efst

< ~0.
s24+9

t=00

(—s cos(3t) + bsin(3t))

Note that we have to use that s > 0, otherwise we would have e™> = co.

Next, recall the integration by parts formula:

b
| g o /f (tdt + Fgt)L,
and compute

/O ety () dt = / T et )Y dt

/ —st dt—l— e—st / ‘0
00

/ —st / dt—l— e—st / |0

0

— |: / —st dt—l—es
0

I
V2)

+ e—st /

o ®lo

o0
52/ e Sta(t)dt + s e ‘0 + e sta/( ‘0
0

_ efst /

/

o0
= 32/ e Sta(t)dt + s e*Stx(t)‘t:OO —s e *x(t)] ot e St (t)
0 —
=0 by e=>°=0 =0 by e=>°=0
Since the terms at ¢ = oo vanish, this becomes
o o oo
/ e St (t) dt = 52/ e Sta(t) dt — sx(0) —2'(0) = 82/ e Sta(t) dt — s.
0 0 >~ =

Plugging the above computations into () gives

2 Oo—st Oo—st s
t)dt — t)dt = .
3/0 e *'x(t) S+/() e *'x(t) 259

At this point we have not yet found x(t), but note that whatever x(t) is, the integral

/ e Sta(t) dt
0

is a function of s. Indeed, we are performing a definite (improper) integral in the variable ¢, but
s can be any number > 0. Let us call this function of s by X (s), so we have

9 s
X(s) — s+ X(8) = .
s°X(s) —s+ X(s) 719
Thus,
X(s)(2+1) = 45 = X(s) = i +
249 (s249)(s?24+1)  s2+1
Note that
s _3(32—{—9)—5(52—1—1)_1 s 1 s
(s24+9)(s24+1) 8(s2+9)(s2+1)  8s2+1 8s2+9
SO

g s _} S
8s2+1 8s2+49°

X(s) =
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But
> —at 9 S 9 > st
; e cos(bt) dt = 21 P 32518 ; e cos(t) dt,
and ) | e
—gﬁ = —g /0 C_St COS(Bt) dt.

Thus we can write

o0 1 o0
9 / e % cos(t) dt — / e %" cos(3t) dt
8 Jo 8 Jo

_ /0 e (Z cos(t) - ;cos(?)t)> dt.

x(t) = %cos(t) - écos(?)t),

Comparing both sides we find

which is the solution to the DE.

The idea of the previous example was to transform the DE for the unknown x(¢) into an alge-
braic equation for the unknown X (s). We could then easily solve for X (s) (as algebraic equations
are easier to solve than DE). Once we knew X (s), we were able to recognize, from calculus formulas,
what z(t) needed to be.

We will develop this idea further. We see that the function

X(s) = /0 et dt,

where x(t) is the (to be found) solution to the DE, plays an important role, motivating the following
definition.

Definition 17.2. Let f be a function defined on [0,00). The Laplace transform of f is the
function F' defined by the integral

F(s) = /OO e S f(t) dt.

0
The domain of F is all the values of s such that the integral converges.

Notation 17.3. We also denote the Laplace transform of f by £{f}. When we use the notation
F, we usually employ capital letters for the Laplace transform. So the Laplace transform of f(t),
x(t), y(t), z(t), ..., is denoted by L{f}, L{z}, L{y}, L{z}, or F(s), X(s), Y(s), Z(s), respectively.

From the previous example, we already know that

L{cos(at)} = -

—_ s> 0.
s2 + a2’

Example 17.4. Find £{t*}.

Computing the integral, we find

0o —st 2t2 925t 9 0o 2
c{tQ}:/ et gp = LTI 2
0

3 3
S 0 S

for s > 0. The integral diverges for s < 0, so
2
L{t?}y = =, > 0.
== s
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Since we will use the Laplace transform to solve DE, we will be computing £{f} for different
functions f. It is therefore convenient to catalog the Laplace transform of the most common
functions:

f(t) F(s) = L{f}(s) domain of F(s)
1
1 g s>0
1
e s>a
Ss—a
|
"on=1,2,... % 5>0
. b
Sln(bt) m s>0
S
COS(bt) m S > 0
edtn nil s>a
(3 _ a)nJrl
at o b
e ts]n(bt) m s>a
at sS—a
e COS(bt) m s >a

TABLE 5. Laplace transforms and the corresponding domains of convergence.

These formulas are proved by directly computing the integrals
o0
/ e SHF(t) dt
0

for each function f(t). A very important property is that the Laplace transform is linear: if ¢; and
co are constants, then

Licif1 +cafa} = ciL{f1} + c2L{ fo}.

To see this, simply compute

£{01f1 + Cgfg} = /OOO eist(qfl(t) + CQfZ(t)) dt

o /0 T () dt e / T ettt dt

0
= c1L{f1} + c2L{ f}.

An advantage of the Laplace transform over other methods for solving DE that we learned is that
with the Laplace transform we will be able to solve DE with discontinuous functions. Thus, let us
see an example of how to compute the Laplace transform of discontinuous functions.

Example 17.5. Find £{f} if

f(t):{e%’ 0<t<3,

1, t> 3.
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FIGURE 10. Piecewise: exponential growth ¢ € (0,3) and constant value 1 for ¢ > 3.

Then
e ) 3 [e)
F(s) = / et F(8) dt = / =S F(t) dt + / S F(t) dt
0 0 3
3 00 3 00
:/ e ste?t dt+/ e_St-ldt:/ 6(2_8)tdt+/ e st dt
0 3 0 3
3
(2—s)t —st |0 _ ,—3(s—2) —3s
e e _ 1-e n e 7 s 42,
2—s s |3 s—2 s
0

For s = 2 we have

3 oo 676
F(2) = / e 2t dt + / e 2tdt =3+ -
0 3

The integral diverges for s < 0.

Therefore,
1 — e—3(s—2) —3s
——+— s#2,
F(s) = i i (s > 0).
3 + 67, S = 2,

A function as in the previous example is called piecewise continuous. More precisely, a function
f is piecewise continuous on an interval [a,b] if it is continuous except for a finite number of
points. A function is piecewise continuous on [0, co) if it is piecewise continuous on [0, N] for every
N > 0. A function f is called of exponential order « if there exist positive constants M and T
such that

|f ()] < Me* for all t > T.
Example 17.6. The function f defined on [—2,2] by

2, —2<t< -1,

0, —-1<t<0,
ft) =
t, 0<t<l,
2, 1<t<2
is piecewise continuous since it is discontinuous only at t = —1 and ¢t = 1 (note that f is continuous

at t =0).
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2 —o
1+
o t
-2 -1 1 2
—14
—o0 —2

F1GURE 11. Graph of the piecewise-defined function

1
Example 17.7. The function n is not piecewise continuous on any interval containing the origin.

Example 17.8. The function f(t) = 3¢ cos(t) is of exponential order 2, with M = 3 and any T,
because
|f ()] = |32 cos(t)] < 3e?.
Example 17.9. The function f(t) = et” is not of exponential order « for any «. If it were, then
F(@)] =[] < Me

for some a > 0 and M > 0, and all ¢ > T". Thus

t2

e

— < M.
eozt

But since this is supposed to hold for all ¢ > T, we can take the limit ¢ — oo, arriving at a

contradiction because )
¢

e . 2_
M > lim — = lim ¢/ ™ = 0.
t—oo e® t—o0

The basic idea of a piecewise discontinuous function is that it is allowed to “jump,” but not to have
“infinite jumps,” as % does when t “passes through zero.” The idea of an exponential function of
order « is that it cannot grow faster than an ordinary exponential e®

The following theorem gives conditions for the existence of the Laplace transform, i.e., conditions
such that the integral defining the Laplace transform converges.

Theorem 17.10 (Conditions for existence of the Laplace transform). If f(t) is piecewise continuous
on [0,00) and of exponential order o, then L{f}(s) = F(s) exists for s > a.

17.1. Properties of the Laplace transform.
LL{f + g9} = L{f} + L{g}
L{cf} =cL{f}, ¢ = constant
L{e" F(1)}(s) = LLF}(s — a)
L{f'}(s) = s L{f} = f(0)
L{f"}(s) = s*L{f}(s) — sf(0) — f'(0)
(s) =
(s) =

c{r™y S"LLfH(s) = s"THF(0) — 52 F(0) — - — fTH(0)
L{mf(t)H(s) = (- )@(ﬁ{f}(s))

(See the textbook for a proof of these properties.)

S
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Example 17.11. Find L{e ‘tsin(t)}.

Let fi(t) = sin(t). Then

1

LY = g = Bils):

Let fao(t) = tsin(t). By the above properties,

£U) = £tsin(0}e) =~ == () = e = P

Using again the properties,
L{e™"tsin(t)}(s) = L{e™ fo(t)}(s) = L{fo(t)} (s + 1) = Fo(s + 1)

2(s+1)
(s+1)2+1)>

18. THE INVERSE LAPLACE TRANSFORM

We saw how to find the Laplace transform F(s) of a given function f(t). We now ask whether
we can do the “inverse” process, i.e., given F'(s), find a f(¢) such that L{f} = F.

Definition 18.1. Given a function F(s), if there is a function f(¢) that is continuous on [0, c0)
and satisfies

L{f} =F,
then we say that f is the inverse Laplace transform of F' and write
f=LYF}.

If every function f satisfying £{f} = F is discontinuous, then we can take any of them to be
the inverse Laplace transform of F' (indeed, which one we take will be inconsequential for studying
DE) and still write

f=LYF}.

27
Example 18.2. Find £7! {4}. Since L{t"} = S,’]%, we see that
s

127 _ 3!
B} )

—1
Example 18.3. Find £7! {S}

s2—2s+5
Write
s—1 _ s—1
s2—2s+5 (s—1)2+4
Using
S at _
L{cos(bt)} = ) and L{e"f(t)} = F(s —a),

we find

-1 s—1 _1 s—1
£ {_z+5} =L {H)H} = ¢ cos(21).
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A very important property of the inverse Laplace transform is that it is linear, i.e.,
E_l{chl + CQFQ} = Clﬁ_l{Fl} + CQE_l{FQ},

where ¢; and co are constants.

We also have the properties

LTHLfY=Ff and L{LTHF}} =F.

7
Example 18.4. Find £7! {—82(?;_2}

The function —82‘1*87_2 does not appear in our list of Laplace transforms, nor does it correspond

directly to one of the properties applied to a function in our list. But we can write

2+ s5—-2=(s+2)(s—2)

and try to split
s+7 —5—17 A B
T 245—2 (s+2)(s—2) s+1 iy
Applying partial fractions we find A = 2, B = —3, thus
s+ 7 2 3

T2 4s5—-2 s+41 s—2
L s+ ) 2 3
£ { 82+8—2}_£ {3+1}+£ { s—2
1 1

=201 —— 1 —3c7! :

e} {5

L1 {—25_:_72} = 2¢7t — 3%,
s 5 —

SO

Since L£{e*} = -1 we find

s—a’

As the previous example illustrates, partial fractions are very useful to find the inverse Laplace
transform, so it is useful to briefly recall how to apply it.

18.1. The method of partial fractions. Let P(s) and Q(s) be polynomials and consider %.

Case I. Q(s) can be factored as
Q(s) = (s = A)(s = Az) -+ (5 = An),

where all \;’s are different. Then the partial fraction has the form:

P(s) A N Ay R An
Q(s)  s—A  s— X s—Mp
where A1, ..., A, are real numbers to be determined.

Case II. Q(s) has a factor (s — A\)’. Then, the corresponding portion of the partial fraction
Aq As Ay
sy S Py v P W

where Aq,..., Ay are real numbers to be determined.
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Case III. Q(s) has a quadratic factor (s — a)? 4+ 32 that cannot be reduced to real linear fac-
tors, with ¢ being the highest power of (s — a)? + 32 that divides Q(s). Then, the corresponding
portion of the partial fraction is

Al(S—OJ)—i-Bl AQ(S—Q)+BQ Ag(s—a)—}-Bg
2 5 T 3t I
(s—a)*+p (s —a)?+3?) ((s — )%+ 8?)
where Aq,..., Ay, B1,..., By are real numbers to be determined.

Example 18.5. Write the form of the partial fraction for
1

F(s) = .
() (s2+s—2)(s%2 —4s+ 13)%(s2 + 65+ 9)?
Write
s24s—2=(s—1)(s+2),
s —4s+13 = (s —2)% + 32,
s 465 +9=(s+3)%
thus
1 1

(s24+s—2)(s?> —4s+13)%(s? + 65+ 9)? - (s —1)(s +2)((s — 2)? +9)2(8+3)4'

The portion (s —1)(s+2) corresponds to Case I, ((s —2)?+ 9)2 to Case III with £ = 2, and (s+3)*
to Case II with ¢ = 4. Thus

1 o Al + A2 + A3 + A4
(24 5—2)(s2 —4s +13)2(s2+65+9)2 s—1 s+2 s+3 (s+3)2
I As Ag A7(8 - 2) + Ag

G137 (5138 (s_2213
A9<8—2)+A10
((s—2)2+32)%

19. SOoLVING IVP wWITH THE LAPLACE TRANSFORM

Let us go back to the example

2" + x = cos(3t), z(0) =1, 2'(0) = 0.

st

We found z(t) by multiplying the equation by e~*!, integrating from 0 to oo, finding X (s), and

finally identifying a function x(¢) such that

/00 e Sta(t)dt = X (s).
0

Now that we developed the Laplace transform, we see that what we did was to use the Laplace
transform to solve the IVP. Applying £, we converted the DE for z(¢) into an algebraic equation
for X(s). After finding X(s), we found z(¢) using £~1. Thus, repeating what we did before, but
now using the terminology of the Laplace transform, we have:

" S

L{z" + x} = L{cos(3t)} = oL
= L{z"} + L{z} = s°L{x} — 52(0) — 2/(0)

by properties of the Laplace transform. Using z(0) = 1, 2/(0) = 0, and denoting L{z}(s) = X (s):

2X(s) — s+ X(s) = .
s°X(s) — s+ X(s) 249
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Thus
s 1 s

$2+1 88249

S S

X&) =winere o1

J
8

Applying £

2(t) = L7H{X ()} = L7 {2321 1 ;3219}

9 1
=3 cos(t) — 3 cos(3t).

The Laplace transform allows us to change the DE for z(¢) into an algebraic (thus simpler)
equation for X (s).

usual methods for solving DE
—

DE for z(t) solution z(t)

L c L7t

simple algebra to find X (s)
—

algebraic equation for X (s) solution X (s)

19.1. Solving IVP with the Laplace transform.
(1) Take L of the DE.
(2) Use the properties of £ and the I.C. to obtain an algebraic equation for X (s). Find X(s).
(3) Find z(t) by
z(t) = L7HX(s)}.
Example 19.1. Solve the IVP below using Laplace transform.
2" + 42" + 2’ — 62 = —12

z(0) =1, 2'(0) = 4, 2"(0) = —2.

12
L{z" + 42" + 2’ — 62} = L{—-12} = ——.
s

L{z"V +4aL{z"} + £{2'} — 6L{x}.

Using
L{z"} = 3 X (s) — s%x(0) — sz’ (0) — 2" (0),
L{z"} = s*X(s) — 52(0) — 2/ (0),
L{z'} = sX(s) — z(0),
L{z} = X(s),
we get:
s°X (s) — s*x(0) — s2'(0) — 2”(0) + 4(s* X (s) — sz(0) — 2/(0)) + sX(s) — z(0) — 6X(s) = —%.

Substituting x(0) = 1, 2/(0) = 4, and 2”(0) = —2:
12

SgX(S)752*4S+2+4(S2X(S)*8*4)+SX(S)*1*6X(S):*?.

s3 + 8s% + 155 — 12

12
X(s)(s® +4s° +5—6)=—— + 5> +8s+15 =
S S
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Thus
s34+ 852+ 155 — 12

s(s3+4s2+s5—6)
We see that s = 1 is a root of s> + 452 + s — 6, so
s°+4s’+5—6=(s—1)(s*+55+6) = (s — 1)(s+2)(s+3).

X(s) =

Hence

s +8s2+15s—12 A B C D
X(s) = = — .
() s(s—1)(s+2)(s+3) s+s—1+s+2+s+3

Solving the partial fractions, we find

A=2  B=1, C=-3, D=1

So

Therefore
z(t) = L7 X (s)}

2 1 3 1
=L£1= _
{s+s—1 s+2+s—|—3}

1 1 1 1
:25—1{}+£—1{ }—35—1{}+£—1{}
S s—1 s+2 s+3

=2+e — 32 47,

Example 19.2. Use Laplace transform to solve
2" =22 +x=6t-2, x(—1) =3, 2(-1)=1.

This problem is not given with initial conditions at ¢ = 0, which we need to use properties of the
Laplace transform. So we change variables:

y(t) =z(t —1).
By the chain rule,
y(t) =a'(t-1), y'{t)=2"t-1)
Then
y(0) ==2(-1),  y(0) =2a'(-1).
Evaluating the equation at ¢t — 1 (i.e., replacing ¢ by ¢ — 1):
2'(t—1)—22"t—1)+2(t—1)=6(t—1)—2=6t—8, so

y'(t) —2y'(t) +y(t) =6t -8,  y(0)=3, ¢ (0)=T.
Then 6 .
L{y"} = 2L4y'} + Liy} = L{6t -8} = 5 — —.
Thus

$2Y (s) — sy(0) — 4/(0) — 2(sY (5) — y(0)) + Y (5) = & — °.
Substituting y(0) = 3 and y'(0) = 7:

(82—28+1)Y(8):E—*+38+1:
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Since s2 — 25+ 1 = (s — 1)2, we get

Y(S):333—1;32—88+6:é+§+ C n D '
s2(s —1)2 s 82 s—1 (s—1)?
We find
A=4, B=6, C=-1, D=2
Then L6 . )
Yo =St o1t G
Therefore

Y(t) =4L7" {i} +6L71 {512} — Lt {8 i 1} +2£71 { E _11)2}
=4+ 6t — e + 2te.
Since y(t) = z(t — 1), we have
z(t) =yt +1),
SO
z(t) =44+ 6(t+1) — e+ 2(t + 1)e' T
=10 + 6t + "' + 2te'
Remark 19.3. In the above example, once we decompose Y (s) into partial fractions

3$3+32—83+6_é+§+ C N D
s2(s —1)2 s 82 s—1 (s—1)2

Y(s) =

we can find y(t) except for the values of A, B, C, and D, as

Y(t) =L HY(s)} = AL} {i} +BL! {512} + oLt {S i 1} + DLt {(5_11)2}

= A+ Bt + Ce! + Dte'.

Since the process of determining A, B, C, and D is a simple but tedious algebraic computation, you
may be asked to solve a problem using the Laplace transform without determining the constants
of partial fractions, leaving them indicated, as above.

Using the Laplace transform when the initial conditions are not given at ¢ty =0

As in the previous example, if the initial conditions are given at ty # 0, we need to make a
change of variables before applying £, as follows:

1. Define y(t) = z(t + tp), so that y(0) = x(to).

Compute ¢/ (t) = 2'(t + to), y"(t) =2"(t +to),...

Find the initial conditions for y: y(0) = z(t9), v'(0) = 2/(to), ...

Evaluate the DE at t + to, i.e., replace t by ¢t + tp in the DE, 1nclud1ng in z(t), 2/(t), ...
Replace x(t + to), ' (t + to), ... by y(t), ¥'(t), ...in the DE.

Use the Laplace transform to find y(t).

Find z(t) by z(t) = y(t — to).

A e

Remark 19.4. It is recommended that students understand the above steps rather than memorize
them.
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20. LAPLACE TRANSFORM OF DISCONTINUOUS AND PERIODIC FUNCTIONS

The Laplace transform will allow us to solve DE with discontinuous terms. This is important to
model, for instance, an electric circuit with an “on-off” switch.

current

FIGURE 12. ”On-off Model

We will use the following three important discontinuous functions:

20.1. Step function.

t<0
U(t) — O? < )
1, t>0.

1
t
Ficure 13. Step function
20.2. Shifted step function.
0, t<a,
Ug(t) =ult —a) =
0=wi-0={ {3
1 ¢
6 t
a

FIGURE 14. Shifted step function



54 Diff Eq

20.3. Rectangular window function.

0, t<a,
Mo p(t) =u(t—a) —u(t—b) =< 1, a<t<b,
0, t>b

1 9

S

a
FiGURE 15. Rectangular window function

Using these functions we can write a given discontinuous function with a simple equation.

1
5 0<t<?2
Mﬂ={2’ ’

Example 20.1. The function

t+1, t>2,

can be written as )

5 Mo 2(t) + (t + Du(t — 2).

g(t)

FIGURE 16. Composite step functions

20.4. Laplace Transform of Discontinuous Functions. For the function u(t—a) defined above,

—as

c@@-@ﬂ@:es, s>0,a>0.

If F(s) = L{f}(s) exists for s > a > 0, then
L{f(t = a)u(t — a)} = e F(s),

and

LHe " F(s)} = f(t — a)u(t — a).
Remark 20.2. From the Laplace transform of u(t — a), we find

—as __ ,—bs

e e

L{Map(t)} = L{u(t — a)} — L{u(t —b)} =
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Example 20.3. Find the Laplace transform of

1

1 0<t<2,
g(t) =4 2

t41, > 2.

First, we write g(t) as (see example above)

o) = %Ho,g(t) b+ Dult— 2),

Taking Laplace transforms,
1

Lig(t)} = 5L{Mo2()} + L{(t + Du(t - 2)}.

For the first term,

6728

£{lloa(t)} = ———.

For the second term, we use the shifting property
L{f(t = a)u(t —a)} = e *F(s),

with @ = 2. But for this, the function multiplying u(t — a) (i.e., t + 1 in our case) has to be a
function of ¢t — 2. So we write

t+1=(t—2)+3
and consider the function
f&)=t+3 = f(t—2)=t+1
Hence (t + 1)u(t —2) = f(t — 2)u(t — 2) and we find
L{(t+Du(t —2)} = L{f(t — 2)u(t — 2)} = e > F(s),
where F'(s) is the Laplace transform of f(¢) (and not the laplace transform of ¢ + 1). We find

CLF()} = £{E+ 3} = £{t} +3C{1) = S% + %

Thus,
s2 s

1 3
L{(t+Du(t—2)}=e2 < + > .
Combining the above calculations,
1 1—e 2 9 (1 3
) L R
Lo =g e e (542

20.5. General Procedure. The above example illustrates a general procedure to compute £{z(t)u(t—
a)}, namely:

1. Write
z(t)u(t —a) = z(t —a+ a)u(t — a).
2. Define
f(t) =z(t+a), sothat f(t—a)=2z2((t—a)+a)=2z2(0t—a+a)=z().
3. Compute

LL(tu(t — a)} = £{f(t — a)ult — a)} = e F(s),
where F'(s) is the Laplace transform of f(¢) (and not of z(¢)).

Remark 20.4. It is recommended that students understand these steps rather than memorize
them.
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20.6. Laplace Transform of Periodic Functions.
Definition 20.5. A function f(t) is called periodic if there exists a T > 0 such that
F(t+T) = f(1)
for all ¢ in the domain of f. The smallest such T is called the period of f.
Remark 20.6. Informally, a function is periodic if it “repeats itself.”
Example 20.7. cos(t) is periodic since
cos(t + 2m) = cos(t), cos(t+ 4m) = cos(t), ...
The period is 27 because it is the smallest value with this property.

Example 20.8. The function below has period 2.

FIGURE 17. A periodic function with period 2.

Remark 20.9. A periodic function need not be continuous, as the previous example shows.

Remark 20.10. To specify a periodic function, it suffices to define it over a single period. Le.,
one period of the function contains all its information.

Example 20.11. Graph the function

3, 0<t<2,
t) =
) {& 92 <t <0,
where f(t) has period 4.

o————0 o—3— o——o0
Il Il } Il Il Il t
-6 -4 -2 2 4 6

o————0 —g—0 o———o0

FI1GURE 18. A periodic function with period 4, defined piecewise over one period.
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Remark 20.12. Note that a periodic function need not be defined for all ¢. E.g., the function
above is not defined for even t.

Because all information of a periodic function is contained in one period, it is convenient to
introduce a function that is not zero only over the corresponding period, as well as its Laplace
transform. Thus, if f(¢) has period T', we define

ft), 0<t<T,
0, otherwise.

Jr(t) = f(&) o (t) = {
The Laplace transform of fr(t) is

00 T
FT(S):/O e_Sth(t)dt:/O e St f(t) dt.

20.7. Relation between F'(s) and Fr(s). We have the following:

Example 20.13. Find Fr(s) for f(t) = cos(t).
In this case T'= 27 and F(s) = L{cos(t)}(s) = %5. Then
s
For(s) = (1 — e 2™) .
bels) = (1 e ¥0) 5

21. OTHER TOOLS FOR COMPUTING THE LAPLACE TRANSFORM

For functions that admit a Taylor expansion, we can use the linearity of £ and the formula

L) =

to compute the Laplace transform.

Example 21.1. Find £{f} for

sin(t)
. 1>0,
fey=9 t

1, t=0.
Because lim;_, w = 1, we have that f(¢) is continuous on [0,00). Moreover, f(t) is of exponen-
tial order. Thus, £{f} is well defined.
Using the Taylor series for sin(t):

sin(t) 1 B 2t
— (- ) =1 >0,
t t( 31 5 317 5 te

Since f(0) =1 and

) 2 ¢t

the expansion also represents f(t) for t = 0. Then,

2 ¢t
ﬁ{f(t)}:c{13!+5!-~}
1 2 1 4
1 211 41
T s 313 Blsd
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1 1 1

s 353 Bs®

=arctan | — |,
s
1

where in the last step we used arctan(z) = z — 323 + $2°% — -+ with z = 1.

An important function whose Laplace transform we have not yet studied is the power function
t". When r = n is a nonnegative integer, we have seen that

n n!

To compute L£{t"} we need a generalization of the factorial for non-integer numbers.

Definition 21.2. The gamma function I'(r) is defined by
o
I(r) = / e i tdt, r>0.
0
It can be showed that the above integral converges for r > 0.

To evaluate I'(r) for a given value of r, we have to perform the above integral. Some values
of T'(r) are:

r(3) = 3‘4/7?, r'(3)=2, TI'(4)=6.
Two important properties of I'(r) are:
1. T(r+1)=7rI'(r)
2. T'(n+1) =n!, where n is a non-negative integer.
We can now state the Laplace transform of ¢":
I'(r+1)

E{tr}(S) = W, r> —1.
Note that when r = n, we obtain
'n+1) n!

agreeing with the previous formula for the Laplace transform of ¢".

Example 21.3. Find £{t*/?¢3}.

By properties of the Laplace transform:
L{t5%e3) = {5 (s — 3).
But

r+1
ﬁ{t5/2} — (827/2 )

Using properties of I'(r), we find

1
(5 a1)_0p(B) 5. 3E _15vA
2 2 2 2 4 8

where we used the given value of ' (%) above. Thus

15+/m 1
ciney B
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22. CONVOLUTION

Suppose L’{f}h(s) = F(s) and £L{g}(s) = G(s). How do we find L~'{F(s)G(s)}? The first thing
to point out is that
LTHE(s)G(s)} # LTHEF ()} THG(s)}

In order to answer the question, we need the following.

Definition 22.1. Let f and g be continuous on [0,00). The convolution of f and g, denoted
f * g, is defined by

(f*g)(t)z/0 F(t—v)g(v) do.

Example 22.2. Find the convolution of ¢ and t2.

t ¢
t*t2—/ (t—v)vzdv—/ (tv? — v®) dv
0 0

AN LI A A
T3l 4lo 3 1 12
22.1. Properties of the convolution.
(a) fxg=gxf
(b) fx(g+h)=fxg+ [fxh

We can now answer what £~ {F(s)G(s)} is.

Theorem 22.3 (Convolution theorem). Let f and g be piecewise continuous and of exponential
order. Set F(s) = L{f}(s), G(s) = L{g}(s). Then

(a) L{f * g}(s) = F(s)G(s)

(b) L7HE(s)G(s)}(t) = (f * 9)(t).

Example 22.4. Use convolution to find £7! {m}

Since £71 {#} = sint, we have that
1 1 1
1 1 o .
E {W}—E {SQ—i_l'SQ—i_l}—Slnt*Slnt.

t
sint *sint = / sin(t — v) sin(v) dv.
0

Now we compute

Recalling that cos(A £ B) = cos A cos B F sin A sin B, so that
cos(B — A) — cos(A + B)
2 )

sin Asin B =

we find, with A=t —wv, B=vu:
1 t
sint *sint = 5 / (cos(2v — t) — cost) dv
0

1 [sin(2v—t)]" 1 t‘t
=—-|——=—| — zZvcos
2 2 0

o 2
sint — tcost
2
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We will now see a very useful application of convolutions.

Consider the IVP:
ax” + bz’ +cx = f(1),
SC(O) == Xo, 33,(0) == Xl,
where a, b, ¢ are constants, a # 0, Xy, X1 are given numbers and f(t) is a given function. To solve
this IVP, we begin noticing that by the superposition principle, we can write

T=y+z,
where y and z are solutions to, respectively,
ay’ + by +cy=f(t), y(0)=0, 3 (0)=0

az’ +b2' +c2=0, 2z(0)=X, 2'(0)=X;.
We have already learned that z(t) can be found using the characteristic equation, so let us focus
on y(t). Taking the Laplace transform, we find

al{y"} +bL{y'} + cL{y} = L{f}

a(s*Y (s) = sy(0) = 5/ (0)) + b(sY (s) — y(0)) + ¥ (s) = F(s)
> i
a(s*Y (s)) + b(sY (s)) + cY (s) = F(s)

SO
(as® +bs + )Y (s) = F(s),
or (s
S
Y =
(5) as? +bs+c
Consider .
H =
(5) as? +bs+c

Its inverse Laplace transform, denoted h(t), is called the impulse response function of DE; i.e.,
1
ht) =L YHGS) =L ——— %
®) {H ()} {a52+bs+c}
Since L7 F(s)} = f(t), we have

R e e R CIOLCI B IURYIC)

Therefore the solution z(t) is given by

5(t) = h(t) % F(1) + 2(1) = /O h(t = o) f(o) do + =(8).

This formula is useful because z(t) is easy to find, while, for a given DE, h(t) needs to be computed
only once. In other words, h(t) does not involve f(t); it only depends on a, b, and ¢ by the simple

formula .
hty=£"1d—7 %
®) {a32 +bs+c}

Then, if we want to solve the same DE but with different f(¢) terms, all we need to do is to plug
f(t) into the above formula. Moreover, changing the initial conditions will only affect z(t), which,
as said, is not difficult to find.
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As another application of convolutions, let us show how they can be used to solve equations that
are more general than DE.

Example 22.5. Find y(t) such that

¢
YO =1 [yt— o), y0) =1,
0
An equation of this type is known as an integro-differential equation. To solve it, write it as
y(t)=1—yt)xe™*,

and apply L:
LL (1)} = £{1} — L{y(t) e}
1 1
Y ()= y(0) = £ ~ V().

=1
where we used L{f * g} = F(s)G(s) and L{e %'} = H% Thus

1 1
Y(s)=~-+1
<s+8+2> (s) P
which gives
24 925+1 1
§°+ 25+ Y(s):5+ 7
s+ 2 S

or yet
(s4+2)(s+1) (s4+2)(s+1) s+2 2 1

s(s2+2s+1) s(s+1)2  s(s+1) s s+1’
where we used partial fractions in the last step. Then

y(t) = LYY (s)} =L {i} — L {SL}

=2—¢!

Y(s) =

Let us now prove the formula £{f*g} = F(s)G(s) (the other convolution formula, L~{F(s)G(s)} =
f * g, follows from this one). Write:

f*g(t) /ft—v SO

Because this integral is only between 0 and ¢, we can write it as

/Otf(t—v dv—/ft—v dv—i—/t 0- f(t—v)g(v)dv

= [ su= g+ [0 5 o) dv
0 t

Since u(t —v) =1 for t > v, we can replace 1 by u(t —v) in the first integral (because 0 < v < ¢ in
the first integral). Similarly, since u(t —v) = 0 for ¢ < v, we can replace 0 by u(t —v) in the second
integral (because v > t in the second integral). Thus,

/ft—v dv—/o u(t—v)f(t—U)g(v)dv—l—/toou(t—v)f(t—v)g(v)dv

= /000 u(t —v)f(t —v)g(v) dv.
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Next, we compute:
cif o) = [ et eaod= [ e ( / "t~ 0)gv) dv> dt.

Using the above expression for fot f(t —v)g(v)dv:

ctrra®y= [Tt ([T ute- s - gty ar

_ /OOO /OOO et — v) F(t — v)g(v) dv di.

Now we change the order of integration:

_ OO/OOO e~tu(t — o) f(t — v)g(v) dt do

0
_ /OOO </0 et — v) f(t — v)g(v) dt> dv.

Since the second integral is in ¢t and g(v) does not depend on ¢, we can move it outside:

_ /OOO o(v) (/OOO e"tu(t — ) f(t - v) dt) dv.

I
Q
—

<
N~—
Q
%
<
=
—~
0
~—
U
<

23. THE DELTA FUNCTION

In many situations, it is important to describe a situation where a function is very large over a
small period of time or length of space.

to

FIGURE 19. Delta function around .

With this goal in mind, consider the functions f, that depend on the parameter a:

1 _a a
fa(t):{a’ 2 <<y

0, otherwise.
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—

IS
IS

FIGURE 20. The function f,(¢) with height 1 and width a.

Note that
“+o00
/ fa(t)dt =1

for any value of a. If we consider

lim fo (%),

a—0t

we find

oo, t=0
lim f,(t) =4 0O ’
air(lll‘*'f() {0, t#0.

We see that the limit lim,_,g+ f, is not, strictly speaking, a function. But if we insist in treating it
as a function, we could write

lim f,(t) = 0(t),

a—0t

where

t= Foo
sy =2 =0 / 5(t) dt = 1.
0, otherwise oo

It can be showed that no function can satisfy both criteria (e.g., it can be showed that if a
function f(t) is such that f(¢) = 0 for all £ # 0, then necessarily fjoooo f(t)dt =0, regardless of the
value of f(0)). But it is still useful to treat §(¢) satisfying the above properties as a function. We
think of §(¢) as representing some sort of limiting process (e.g., a — 01 as above), although the
limit object itself (i.e., 6(t)) is not a function.

Remark 23.1. The object §(t) is something more general than a function, called a distribution.
We do not have in this course all background necessary to precisely define distributions, and for
the remainder of the course we will continue to refer to 6(¢) and manipulate it as a function.

The reason why we do not need to worry too much about 6(¢) not being a function is that in
practice it will always appear in expressions such as

+oo
F(1)o(t) dt,

where f(t) is continuous. Such integrals are well defined, as we now illustrate:

+o0 +o00 1 a/2
/ f)o(t)dt = lim f@&) fa(t)dt = = f(t)adt.

— oo a—0t J_ a J_q/2

Because f(t) is continuous, it has a maximum value for some tj; € [—%, %] and some minimum

value for some t,, € [—%, %] (this would not be true if f(¢) were not continuous; take, e.g., the

function 1/t).
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FIGURE 21. f(t) continuous on [—%, %] showing maximum and minimum values.

Thus
ftm) < f(1) < f(tn)

for all t € [—%, %] Therefore

a/2 a/2 a/2
LI pyar <t ﬂMﬁzf@f/ dt = f(t,),

a —a/2 a —a/2 a —a/2
1 a/2 1 a/2 tm a/2
- ft)ydt > = fltm)dt = f()/ dt = f(tm).
a ) _q2 aJ_q/2 a —a/2
Hence,
1 a/2
ftm) < [ p@ i< 1t
a.J—as2
Because tp,,t, € [—%, %], when a — 0% we must have t,, — 0 and ¢, — 0. Since f is continuous,
we then have f(t,,) — f(0) and f(t,) — f(0). Therefore, by the squeeze theorem we have:
1 a/2
lim — f(t)dt = f(0)

We conclude that
400
lim / f(t)d(t) dt = £(0)
a—0t J_
for any continuous function f. This motivates the following.

Definition 23.2. The delta function §(¢) (also Dirac delta function) is characterized by the prop-
erties

0, t#0 e

for any function f(¢) that is continuous on an open interval containing ¢ = 0.

0 = +oo
5(t):{ =0 / FOS(E) dt = £(0)

Remark 23.3. Again, we stress that (¢) is not a function strictly speaking.
Shifting the argument of §(t) we see that

t= teo

St—a)=4 @ and / F)(t — a) dt = f(a).
0, t#a oo

The delta function provides a model for the type of functions we mentioned earlier, i.e., very large

over a small time interval. For instance, suppose we have a DE modeling a mechanical system with

an external force F'(t):

ax” + bx' + cx = F(t).
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Suppose that F' is zero except for a tiny time interval when it is very large. For example, F' could
be the force of hitting the system with a hammer. In this case, the time over which the force acts
(i.e., the hammer touches the system) is so small that in practice we can say it happens at a single
time, say t = a. And since the force at ¢t = a is so large compared to other forces acting on the
system, we can say that at t = a, we have F'(a) = co. Thus, we can take F'(t) = §(t — a).

Since 0(t — a) is zero for t < a and for ¢t > a, and

“+oo
/ ot —a)dt=1,

—0o0

we conclude that

¢ 0, t<a
S(t—a)dt=1 " T =t —
| at-a {17 St o),
because
t —+o00 “+o00 —+o00
/ 5(t—a)dt:/ 5(t—a)dt—/ 5(t—a)dt:1—/ o(t —a)dt,
—00 —00 t t

and the second integral is zero for t > a.

The function u(t — a) is not differentiable, but if we pretend it were and differentiate the above
equality and invoke the fundamental theorem of calculus, we would find

d
@u(t —a) =94(t —a).

Although this formula is not quite correct (since u(t — a) is not differentiable and (¢ — a) is not a
function), it can be made mathematically sound using the theory of distributions mentioned earlier.
It is in any case interesting to interpret this formula: for ¢ # a, u(t — a) is constant so its derivative
should be zero. This is exactly what the above equality says since §(t — a) = 0 for ¢ # a. But for
t = a, u(t — a) jumps instantaneously from zero to one, so its rate of change (i.e., its derivative)
should be infinite. Again, this is what the equality says since 6(t — a) = oo for t = a.

We now turn to the Laplace transform of §(¢t — a). It is straightforward to compute:

L{5(t— a)} = / e~ (1— a) di = e,
0

We also obtain

LHe %} = 6(t — a).
In particular, with a = 0 we find

L7H1Y =6(0).
We can now study DE involving 6(t — a).
Example 23.4. Solve the IVP
2 +x=05(t-m),

z(0) =0, 2/(0)=0.

Applying £, we find
s2X(s) — s2(0) —2'(0) +X (5) = L{5(t — 1)} = 7™,

~— =
=0 =0
Thus
6—71'8
X(s) =
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Since
£ {3211} =sint, L e ™F(s)} = f(t —a)u(t — a),
we find
z(t) = L7HX(s)} = sin(t — ) u(t — 7).

Recall that given a DE
ar” +ba' +cx = f(t),
we defined the impulse response function by:

_ o 1
hlt) = £ {a52+b3—|—c '

h(t) can also be computed as a solution to the IVP
ay” + by’ +cy = (1),

y(0)=0, ¢'(0)=0.
Indeed, applying £ we find
(as® +bs+c)Y(s) = L{0(t)} = 1,

Y@:ﬁA{l}:mw

so that

as? +bs+c
24. SERIES SOLUTIONS TO DE

We will now study a method that produces solutions to DEs in the form of a power series. lLe.,
a solution will be given in the form

oo
y(z) = Z anz".
n=0

Before discussing the method in detail, let us illustrate it with an example.

Example 24.1. Use power series to solve

y" + 4y = 0.
(Note that we can solve this equation with the methods we learned so far; but let us use power
series.)

We seek a solution in the form:

oo
y(zr) = Z anz"
n=0
Then
o0
Y (x) = Z nanz"
n=0

Note that the first term in this series (corresponding to n = 0) is zero, so we can start the sum
from n = 1:

Taking another derivative:
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Again, the first term in the sum vanishes so we can start at n = 2. Then

o0

y'(z) = Z n(n —1)a,z" 2.

n=2

Plugging into the DE y” 4 4y = 0, we have

Z (n—1)ayz"™ 2+4Zanx =0.

n=2 n=0

The first sum is a power series in 2" 2. We want to write it as a power series in 2" so that we can
combine it with the first sum. For this, we make the change of variables m =n —2, son =m + 2.
Then

m—+42=n—o0

8}

oo
n(n —1)apz"™ Z m+2)(m+ 1)ap4o2™
——"
m—+2=2,m=0

The DE becomes:

o0 o0
Z (m+2)(m+ 1)ami22™ +4 Z anz”™ = 0.
m=0 n=0
But m in the first sum is a dummy index of summation, i.e., it only serves to label the terms in the
order first term, second term, etc., and we can label it any way we want. Thus we can call it n:

[e.e] o0
Z(n +2)(n+ 1)apt22™ +4 Z anz"™ = 0.
n=0 n=0

We can now group both sums as
o0
> [(n+2)(n + Danioa™ + dapa™] = 0,
n=0

or
o}

D I +2)(n+ Danis + 4an] 2™ = 0.
n=0
For this equality to hold, the coefficient of each x™ has to vanish:

(n+2)(n+ 1)apy2 + 4a, = 0.

Thus
4a,,

(n+2)(n+1)
This recursively determines all coefficients a,, except ag and ay:

an4+2 = —

4a0

=0: =——

n a 2.1,
4day

n=1: a3=— 2,

n=2: ay — — —

13" (21) 1321
s

n=3: a5:—
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4. day 4 42 B 43
e T T T T6.54.3-2.1°7 T6.5.4.3.2.1°
dag 4 42 43

:5: = — = — = —
" T T 7654327 "7.6.5-4-3.2M

Continuing this way, we recognize the following patterns: for n even, in which case we can write
ap (with n =2,4,6,...) as az, (withn =1,2,3,...), we have
(_1)n4n (_1)n22n
= —qQ :7(17 n:1,2,...
(2n)l " (2n)l °
For n odd, in which case we can write a,, (with n =3,5,7,...) as agp4+1 (withn =0,1,2,...), we
have

A2n

(—1)m4" (—1)m22n (—1)m22ntl gy
Cn+ DI T @+ D)1 T @2nr 1) 20

The constants ap and a; are undetermined, i.e., they are arbitrary. Set cy = ag, c1 = %, so that cy
and c; are also arbitrary constants. Then

o
:E anx" E anx”™ + E anx"
n=0

a2n+1 =

n even n odd
_ i (=12 apz® + i (=1)r2>+t M 2ntl
= (2n)! = (2n+1)! 2
9
(_1) 21U 2n+1
Sy BT 5 e
o (2n 2n +1)!

= ¢g cos(2x) + ¢; sin(2x).

Remark 24.2. Above, we recognized the series y(z) as a sum of sin(2z) and cos(2z). In particular,
the series converges. But we investigate convergence directly. Let us use the ratio test. Then, for
the even terms

(—1)n+122"+21’2"+2/(2n + 2)! _ 22|$|2 0 asm s oo
(—1)n22ng2n /(2n)! (2n +2)(2n +1) ’

and for the odd terms:
(_1)n+122n+3$2n+3/(2n + 3)! _ 22|x’2 0 asn s
(—1)n22ntlg2n+l/(2n + 1)! (2n + 3)(2n + 2) ’

and we conclude that the series converges with a radius of convergence R = co.
24.1. Brief review of power series.

Definition 24.3. A power series centered at xz; (also a power series about g, or power
series or simply series) where zg is a fixed number, is an expression of the form

[o¢]
Z an(z — x0)",
n=0

where the infinite sum is understood as the limit

lim E an(r —x
N—>oo " 0
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(which may or may not converge). The sums

N
Z an(x — 20)"
n=0

are called the partial sums of the series. We say that the series converges at x = ¢ if the limit

N—oo

N
lim Z an(c—xo)"
n=0

exists, and that the series diverges at x = ¢ otherwise (note that a power series always converges
at © = x0).

The power series is called absolutely convergent if

o0

D lan(z —20)"|

n=0
converges.

Theorem 24.4. Given a power series

(e 9]
Z an(x — xo)",
n=0

there exists an R > 0 such that the series converges absolutely for x such that |z — zo| < R and
diverges for |x — xg| > R. If the series converges for all x, we write R = co. R is called the radius
of convergence of the series.

Note that R = 0 if a series converges only for = zy. The theorem does not say anything about
what happens when |z — xg| = R.

theorem gives theorem gives
no information no information
. converges .
diverges & diverges
x
zo— R Lo o+ R

FIGURE 22. A power series centered at x( converges absolutely for |z — x| < R and
diverges for |x — xp| > R, while the theorem gives no information at the endpoints
xr=ux9=* R.

Remark 24.5. If a series converges absolutely, then it is convergent. l.e., if x is such that

o0

> lan(e — x0)"|

n=0

oo
Z an(x — xo)"
n=0

converges as well. The converse is not true (e.g.,

converges then

[e.e]

1)

n=1
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converges at x = 1, but

(="

n

o0
D"

n=1

diverges).

When a series converges/diverges (for certain x) we call it convergent /divergent. The largest
interval about xg such that the series converges for all points on the interval is called the interval
of convergence (also the convergence set). Thus, the interval of convergence may or may not
include the endpoints where |z — x| = R.

Example 24.6. Below are some series with their zg, radius and interval of convergence:

[e.9] n

Z%, 29 =0, R =00, (—00,00).
n=0
o
dm-2)", =2 R=1, (1,3).
n=0

converges

1 x
1 o = 2 3
diverges diverges

FIGURE 23. The power series ) ° ((z — 2)" is centered at zo = 2, has radius of
convergence R = 1, and interval of convergence (1, 3).

Zn'x , x0=0, R=0, {0}.
n=0
o0
2n 1 |15 17
—(4x — 8)" =2 == |=,—=
Zn(x )7 o ) 87|:878>
n=0
converges
converges
. ; X
15 o = 2 17
8 8
diverges
oo 2"

FIGURE 24. The power series ) =~
of convergence R = %, and interval of convergence [

(4x — 8)" is centered at zp = 2, has radius

)

The following is a very useful criterion for determining the radius of convergence.
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24.2. Ratio test. Consider the series
oo
> cns
n=0
where the ¢,’s are real numbers. Suppose that

Cn+1
Cn

lim

n—o0

=1L

Then the series converges absolutely if L < 1, and diverges if L > 1. If L = 1 or if the limit does
not exist, then the test is inconclusive.

To apply this to power series, we use the test with
cn = an(x — 20)".

Example 24.7. Determine the radius of convergence of

$ 0y

n=0
We put
(=3)"
n — -1 "
¢ n—4+2 (@ )
and compute
. _3\ntl(p _ 1)ntl 2 2 —1
lim [ = lim (=8)" (@ = D™ nt = lim Mziﬂx—l\.
n—oo | cp n—o0o n—+3 (—3)”($ — 1)” n—oo n+3

So in this case L = 3|z — 1|. We want L < 1, so

1
3z -1 <1 = |z —1] <§.
So the radius of convergence is %, i.e., the series converges for
1
r—1 < -
-1 < 5

and diverges for x such that |z — 1] > %

Information about the radius of convergence, thus in particular information derived from the
ratio test as in the above example, does not tell us what happens at the endpoints, i.e., for z such
that |x — z¢| = R. For this we need to investigate the endpoints directly.

Example 24.8. Determine the interval of convergence of

> (=3)"(x — 1)"
$~ ey

= n+ 2

We already know from the previous example that R = % Thus the endpoints, i.e., the points such
that |z — 1| = R, are

4 2
= — d =2
z=3 and r=g

Plugging = = %, we find:
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Using the alternating series test from calculus, we see that this series converges. Thus z = %
belongs to the interval of convergence.

Plugging = = %, we find:

(-3 (3-1)" L K" (-3)"
> nfz _;) n—|—23 _;)nw'

n=0

Using the integral test from calculus, we see that this series diverges. Thus x = % does not belong

to the interval of convergence. We conclude that the interval of convergence is (%, %] .

Remark 24.9. If the radius of convergence is R > 0, we know that the series always converges
absolutely for |z — 29| < R. But at the endpoints, i.e., for |z —z¢| = R, even if the series converges,
it may not converge absolutely. E.g., in the previous example the series converges at x = %, but it
does not converge absolutely since

i (=3)"(G-1"|_ i (=n"| _ i 1
n+ 2 N n+2| n—+ 2
n=0 n=0 n=0
diverges.
Example 24.10. Find the interval of convergence of
o
2771
Z (x —1)"
— " +1
We first find R:
2—(n+1) — 1)t 1 1 1 1
lim (=" ntl gy, Il g Sl =11
n—o00 n+2 27 (x —1)" n=>00 21 + 2

We want this to be less than 1:
1
5\:):—1\<1 = |lz—1]<2.

So R = 2. Test the endpoints |z — 1| = 2, i.e., z =3 and =z = —1.

T =3:
i "B &
n=0 n+l n—O
which diverges (by the integral test).
r=—1:
27" (10" s (D)
n+1 N Z n+1’
n=0 n=0

which converges (by the alternating series test).

Thus the interval of convergence is
[—1,3).
Let us look again at the ratio test. We have:

An4-1 (.’L‘ - xO)nJrl

an(r — x0)™

Gn+41
an

Cn+1
Cn

= lim

n—oo

= lim

n—oo

lim |z — xo
n—oo

Gn+41
an

= |z — x| lim
n—oo
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For convergence, we want this limit to be less than one, so:

Gp+1 1

|z — xo| lim <l = |z—x<
n—oo

an+1

lim,, o

But because we are assuming the limit to exist (otherwise the ratio test could not be used in the
first place), we have

1 . . an,
= lim —— = lim |[——|.
; An+1 n—00 |An+1 n—=00 | Ap41
lim,, 00 o
And our condition becomes
(279
|x — x0| < lim )
which tells us that the radius of convergence is
. an,
R = lim .

Summarizing:
Ratio test (part 2). The radius of convergence of

oo
Z an(z — xo)"
n=0

is given by
R= lim |-

n—oo

anp+1

Warning. In the first version of the ratio test, as we originally stated above, we compute the
limit involving “n + 1 divided by n” and the limit is not the radius of convergence; we still have to
solve for |z — xo| < ---, as in the above example. In the second (part 2) version of the ratio test,
we compute a limit involving “n divided by n + 1”7 (rather than “n + 1 divided by n” as before),
and the answer is the radius of convergence.

24.3. Properties of power series. Suppose that

:ian(x—xo)” and g(x Zb x —x0)"
n=0

have radius of convergence R > 0. Then, for |z — x¢| < R:

(@ )
= Z nay, (z — o)t
n=0
(b)

_ n+1
/f dx— +1($ zo)" +C

f(z)=0forall z € (xg — R,zo + R) iff a,=0foralln
(d)

flx)g(x) = ch(ﬂc —x0)", where ¢, = Zajbn_j
n=0 7=0

Because we will be dealing with power series, it is important to distinguish functions that can
be written as a power series. This is the purpose of the next definition.
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Definition 24.11. A function f is said to be analytic at z¢ if, in an open interval about g, f
equals a power series

00
Z an(‘r - mO)n
n=0

that has a positive radius of convergence. In other words, there exists R > 0 such that for all
x € (zo — R,z0 + R),

flz) = Zan(az — x0)".
n=0

When a function is analytic at xy for any xg, we say simply that it is analytic. If it is analytic at
every point in an open interval (a,b), we say that it is analytic on (a,b).

When we express a given function as a power series, i.e., given f(z) we find
oo o
Z an(x — )" such that f(x) = Z an(x — z0)",
n=0 n=0

we call this a power series representation (about xg) of f(z).

Example 24.12. The functions e*, cosz, and sin x are analytic. For zog = 0 we have

T S " - (_1)71 2n . S (_1)71 2n+1
e :nzzonl, COSZ‘ZZ (2n)‘$ s Slnx:me .

These expressions are valid for any z, i.e., R = co.

It is important to note that the power series representation changes with xy. For example, re-
placing = by x — 2 in e”:
[e.@]

2=y (z ;!2)n7

n=0

n=0

which is another way of writing e* as a power series.

SO

Example 24.13. Inz is analytic for z > 0. A power series representation about zg =1 is

o -1 n+1
Inx = Z L(33 - 1",
n
n=1

with radius of convergence R = 1.

Example 24.14. Any polynomial ag + a1x + - - - + anx™ is analytic since it equals the series

(o)
E akxk,
k=0

where ay, = 0 for all kK > n. A rational function %, where p(x) and ¢(x) are polynomials without

a common factor, is analytic at any z¢ where g(xg) # 0.
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Example 24.15. From the properties of differentiation of power series, it follows that if f is
analytic at xg, then it is infinitely many times differentiable at xg. Consequently, if a derivative of
some order does not exist at zg, then f is not analytic at zg. E.g.,

fz) = |z = 2|
is not analytic at x = 2 because f/(2) does not exist. Also,
fla) =2

is not analytic at x = 0 because f"(0) does not exist.

The following result is very useful: if f(x) is analytic at xg, then the coefficients of its power
series representation about x( are given by

£ (o)

Ap = |
n:

Thus,
> f(n)
@)= > T o
n=0 ’

Remark 24.16. We noted above that if f(x) is analytic at zo, then all its derivatives at xg exist.
The converse is not true. For example, consider

B eil/"ﬁ, x # 0,
f(m)_{o, z = 0.

One can show that all derivatives of f at 0 exist and in fact f (”)(0) = 0 for all n. If f were analytic,
then

o0
7 (0)
f(a:):ZT:U”:O,
n=0
which is only true at = 0 (and to be analytic, a function needs to equal the power series on an
open interval about xg).
Properties of analytic functions. The sum, product, and composition of analytic functions are
analytic.
25. DIFFERENTIAL EQUATIONS WITH ANALYTIC COEFFICIENTS
We will study the differential equation
az(2)y” + a1(x)y’ + ao(z)y = 0
(linear, second order, homogeneous), which we write as
y" +p(@)y +q(z)y =0,
with

plz) = a1(x) (z) = aop()

as(x)’ as(z)’

Definition 25.1. A point zg is called an ordinary point of the differential equation

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

if p(z) and ¢(z) are analytic at xg. If x¢ is not an ordinary point, then it is called a singular
point.
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Example 25.2. Determine the singular points of

sinz

" 2 /
1 =0.
xy' +x*(x+ 1)y +$+1y
Write the equation as
2 .
gy xi(x+1), sinz
=0.
vt z 7 x(x+1) Y
Then )
zé(x+ 1
p(z) = (:E ) =z(z+1),
which is a polynomial, hence analytic. For
sinz
q(z) = m,
the denominator is zero at zero. But this zero is "removable” in the sense that
sinx_ 1 x3+m5 x7+ _ x2+x4 x6+
x v 3! 5! 7! N 3! 5! 7!

Showing not only that % is well defined at zero but it is in fact analytic at zero. Since % and
sin x
x

sinz are separately analytic at any x # 0, we conclude that is analytic for any 2 (product of

analytic functions). The function %H is analytic at any z for except x = —1. Thus ¢(x) is analytic

for nay x except x = —1 and we conclude that —1 is the only singularity point of the DE.
Example 25.3. Find the singular points of
ey 4y =0.

Write )
" o
vt v =0
Thus 9
px) =0, q(z)=e'/".
We know e~ /%” is not analytic at x = 0, but it is analytic for x # 0 since it is the composition of

e’ (analytic) with z% (analytic for x # 0). Thus z = 0 is the only singular point.

Theorem 25.4 (Existence of analytic solutions). Suppose that xg is an ordinary point of the
differential equation

y" +p(2)y +q(z)y = 0.
Then the equation has two linearly independent solutions of the form

o0
y(z) = Z an(z — x0)".
n=0
The radius of convergence of any such power series solution is at least as large as the distance from

xo to the nearest (real or complex) singular point of the differential equation.

Remark 25.5. Recall the example y” + 4y = 0. We found a power series solution with ag and a;
arbitrary, which can be separated into two power series giving two linearly independent solutions.
Something similar happens in general and another way to state the theorem is that the differential
equation has a solution of the form

y(@) =Y an(z —ao)",
n=0

with ag and a; arbitrary constants.
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Example 25.6. Do the DE

(a) ' +a2'y +y=0,
(b) (1+2%)y +y=0,

admit a power series solution about z = 07 If yes, what can be said about its radius of convergence?

(a) We have p(z) = z* and ¢(z) = 1, which are analytic for all z thus in particular at = = 0.
Therefore, the DE admits a power series solution of the form

y(x) = Z anz”™  (zo=0).
n=0

The DE has no singular poin,t so the distance between the ordinary point x = 0 and a
singular point is infinite and the radius of convergence of the solutions is co.

(b) We have p(z) = 0 (analytic) and ¢(x) = H% The singular points occur when 1 + 22 =
0 = x = 2. Thus x = 0 is not a singular point and the DE admits a solution

o0
Z anz™  (zo =0).
n=0

Since the distance between zero and the singular points 44 is one, the radius of convergence
of the solution is at least one. (We do not know from the theorem whether it is equal to
one, only that it is at least one.)

F1GURE 25. Distance between 0 and the singular points +i

(c) We already know that ﬁ is analytic at zero. ﬁ is analytic for all x except when
1-3z=0=2z= % Thus z = 0 is an ordinary point and the DE admits a solution

oo
Z anz™  (zo =0).
n=0

The distance between x¢ = 0 and the nearest singular point is %, so the radius of convergence
of the solution is at least %
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FI1GURE 26. Distances from 0 to singular points +¢ and %

Remark 25.7. The distance between two complex numbers z; = a1 + tb; and zo = a9 + ibs is

\/(al — a2)2 + (b1 — b2)2.

The above theorem essentially says that if we are given a DE with analytic coefficients we are
justified in seeking a power solution, knowing ahead of time that this will produce a solution with
a positive radius of convergence.

Let us now see how this works in practice.
Example 25.8. Find a general solution to
2y + a2y +y = 0.

(Note that even though this is a very simple looking equation, none of the methods we developed
prior to power series is applicable here.) We write

x 1
y//+ §y/+ iy: 0.
Since § and % are analytic functions we can look for a solution as a power series

y(x) = Z an(x — x0)".
n=0

In doing so we need to decide what to choose for zy. Since 5 and % are analytic for any xg, we are
free to pick any x¢ we want so we choose for simplicity xg = 0, so

oo
y(x) = Z anz"
n=0
Compute:
(e.) o0
Y (x) = Znana:" Loy/(x) = Zn(n — Dapz™ 2
n=0 n=0
Plugging into the equation:
Z n(n — Da,z™ 2 + 5 Z napz™ !+ 3 Z a,z" =0
n=0 n=0 n=0
Z n(n — l)anac”_2 + Z inanx" + Z §an$” =0
n=0 n=0 n=0

We can start the first sum at n = 2 and the second sum at n = 1:
o0

1 =1
Z n(n — 1)CLn:L'"_2 + Z inanx" + Z ianaj” =0.
n=1 n=0

n=2
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We shift the indices in the first sum by setting m =n — 2:

o (m+2)(m—+1) m o
Z nin—1) a, z" %= Z (m +2)(m + L)amy2x™.
n=2 m+2 m=0

Since m is a dummy index of summation we can relabel it as n:

Z(n +2)(n + 1)ap422™ + Z inanx” + Z §anx” =0.
n=0 n=1 n=0

We want to group all sums into a single one. For this we need all sums to start at the same value,
so we expand the first and last sums:

0 00
Z(n +2)(n + 1)aps22™ = 2a9 + Z(n +2)(n + 1)ap422"
n=0 n=1
and
oo 00
1 1 1
> Lo = Loyt 3" Lo,
n=0 n=1
thus
202+ ) (n+2)(n + Dangaa" + ) snana” + Jag+ Y sana” =0.
n=1 n=1 n=1
or,

1 > 1

2ay + a0 + z:l [(n +2)(n+ 1D)aps2 + §(n + 1)an] " = 0.
n=

Since the coefficients of all powers of x must vanish separately:

1
2a9 + §a0 =0,

1
(n+2)(n+ 1)ap2 + §(n +1)a, =0, n>1.
The first equation corresponds to the second with n = 0 so we combine both as

1
(n+2)(n+ 1apta + i(n +1)a, =0, n>0.

Thus
1 1
Ap42 = 7571—1— 2an, n > 0.
From this relation we can determine all coefficients except ag and a;. We find:
1 1 1
a2 = —ZCLO = _?a()a a3 = —73@1,
B 1 B 1 B 1 B 1
MU= TP T 2 g g BT Ty B T 2 gy
1 1 1 1
= ———04 = ———————Q0, a7 = ———05 = ——————0Q1, ...
07 726t 28.2.4.6 7T 2.7 23.3.5.7 "
Continuing, we find the patterns
—1H" -1"
(1) (1) o, n>1.

[o¢] [e.e] [e.e]

2 2n+1

y(z) = g anx’ = g aon T + g agpq1 2™t
n=0 n=0 n=0

Thus
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oo
=a0 )
n=0

SIS (-1 ot
921y 227(1-3-5---(2n + 1)) '
n=0

~~

=y1(z) =y2(z)
So
y(x) = aoy1(z) + aryz ().
Because the equation has no singular points the radius of convergence is co. We also see that y (z)
and yo(z) are linearly independent (since one involves even and another odd powers of ).

Remark 25.9. When dealing with power series it is natural to ask how we can compute things “in
practice.” For example, suppose that in some application we need to compute y;(3) in the above
example. We have

yi(3) = i UL g,

22np)
n=0

While we know this to be a real number (the series converges), it might be very difficult to determine
which number it is. However, in most applications a good approximation to y;(3) would be enough.
Recall that the partial sum

N
Z an(x — z0)"
n=0

becomes closer to the actual value the larger N is. Thus
N

y1(3) ~ Z (—1)n32n’

22np)
n=0

for some large fixed N. How large N should be depends on how good we want the approximation
to be. For example, if we require accuracy only up to the second decimal digit, we can test a few
values of N until the corresponding values of y;(3) differ only at the third decimal digit. (There
are much better ways to get a good approximation by getting precise estimates for error incurred
upon truncating the series at the Nth term. Students are referred to the theory of power series for
details.) The important point here is that

N
Z (=" 32n
22np)

n=0

is a finite sum that can easily be computed with a computer (regardless of how large N is).
Remark 25.10. Suppose that in the above example we are given the initial conditions
y(3)=—-4, yYB)=2
We can then determine the constants ag and a; in y(x) = agy1(x) + a1y2(x) by solving
y(3) = —4 = aoy1(3) + a1y2(3),

y'(3) = 2 = aoyi(3) + a15(3),
for ap and a;. To do so we need the values y1(3), y2(3),41(3), and y5(3). As remarked above it
can be very difficult to determine such values exactly, but we can find them approximately. This
will give an approximation for ag and a,. However, a better approach is the following. Instead of
looking for a power series solution of the form

o0
E anx”,
n=0
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i.e., centered at 0, we solve the DE using

= i an(a: - 3)717
n=0

i.e., a power series centered at 3. Then
y(x) =ag +ai(x—3) +az(z—3)2 +az(x—3)>3+---
and
Y (x) = ar + 2a9(x — 3) + 3az(x — 3)* 4 - -

so that y(3) = ap and 3/(3) = a1. In this case we can determine exactly what ap and a; are.
Therefore, when given initial conditions at xg, we look for a power series solution centered at xg,

i.e., in the form
o0
x) = Z an(z — x0)"
n=0

25.1. Some terminology. Solving DE with power series typically involves ﬁnding a relation that
expresses the coefficients a,, in terms of its predecessors (e.g., ani2 = an in the previous
example). A relation of this type is called a recurrence relation.

1
2+2

Many times we have to rearrange a sum to write a series in powers of z"+*

n

as a series in powers of

a™ (or some other power), as, for instance,
o oo
Z n(n —1ap,z" 2 = Z(n +2)(n+ 1)ap402"”
n=2 n=0

in the above example. We refer to this procedure as shifting the summation index.
Sometimes it is difficult to determine the complete pattern of the coefficients a,, in which case
we leave them indicated by the recurrence relation, as illustrated in the next example.
Example 25.11. Find a power series solution about zero to

(1 +a?)y" —y +y=0.

We have p(z) = ng and ¢(z) =
the general solution as

x2 so x = 0 is an ordinary point. Therefore we can express

oo
= E anpx",
n=0

1+

S0) . .
Y (x) = Znanx” L y'(x) = Zn(n — 1)apz™ 2
n=0 n=0
Plugging in:
o
(1—1—:6)271(71—1 anz"” Znanac" 1—|—Zan3:
or n=0
[e.e]
(1—{—33)271(71—1 anz"” Znanx" 1—{—Zanx
n=2
o0 o0 o0 o0
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Shifting the summation index in the first and third sums:

[e'S) o)
z(n + 2) (TL + 1)an+2xn + Z anxn =0.
n=0 n=0

Expanding the first, third, and fourth sums up to n = 1:

o0
2-laz + 3 - 2a3x + Z(n +2)(n + 1)apgaz™

n=2

o0
+ag + a1 + Z anx” = 0.
n=2

Grouping the terms in same powers of z:

(2a2 — a1 + ag) + (6ag — 2as + aq)x

oo
+> [ +2)(n+ Danta — (n+ Dans1 + (n(n — 1) + Day) 2" =0,
n=2
from which we derive the following recurrence relations:
2a0 — a1 + ag = 0,
b6as — 2a2 + a; =0,
(n+2)(n+ 1Dapy2 — (n+ Dapt1 + (n(n—1) + 1)a, =0, n>2,
or
a1 — ag
2 b
2a9 — aq
a3 = ————,
° 6
(n+ 1Dapt1 — (n(n—1) + 1a,
(n+2)(n+1) ’
Because the recurrence relations are somewhat complicated (with a9 involving two coefficients,
an+1 and ay, rather than only a, as in the previous example) we do not attempt to find a general
pattern for a,. Instead, we state the solution as follows: the general solution is given by

o]
y(.’B) = Z anxn’
n=0

with ag and ay arbitrary and the remaining coefficients determined by the above recurrence rela-
tions. The radius of convergence of the power series is at least one (because this is the distance
from zero to the nearest singular points, see previous example above).

a9 =

an+2 = n 2 2.

It is useful to compute the first few terms of the solution to get an idea of how it “looks like”,
we have

al — agp
a> =
2 2 )
N T s Bl
6 6 6’
N N 3a3 —3a2 N —%0 - (algao) o 2a0 —3a1
a4 = a242 = 1.3 = 4 = o )
dag — Tasg 3ap — ay
a5 = a34+2 = =

5-4 40
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SO
_ ay—ag o G 3 2a0 —3a1 4  3ap—ai 5
y(x)fa0+a1x+72 x P + YR + 0 7 +
1 1 3 1 1 1
:a0(1—2:p2—6$3+x —}—4() ~->—i—a1<$—|—2x2—8x4—40x5—|—--->.

In yet more complicated equations, finding the recurrence relation is itself a daunting task. In these
cases we typically restrict ourselves to finding the first few terms of the solution.

Example 25.12. Find the first seven terms of the solution to:
y' ey +(1+2%)y =0,  y0)=1, 3 (0)=0.

Because the initial condition is given at zero, we look for a power series solution about zero. This
can be done because the equation has no singular points. Thus

o0
y(z) = Z anz™, with radius of convergence R = oc.
n=0
We compute:
o o
y'(z) = Z napx" " = Z napx" ",
n=0 n=1
o0 [e.e]
"x) = Zn(n — Daya™ 2 = Zn(n — Dapz™ 2,
n=1 n=2
and plug in:
oo o0
Z n—1)a,z" 2+ e® Znanxn ! +(1+$2)Zan$” =0.
n=2 n=1 n=0
But
0 " 72 3 74
Z—'_l—I—x—i—?—i-g%—ﬂ—k S0
- 2 2?2t ot Ly 2 N
;n(n—l)an:ﬂn_ +<1+:B—|—2 E 74 )Znanx" (1+:U)ngoanx”—

Expand each sum:
(2a2 + 6asx + 12a42? + 20as2> + 30a6:1:4 + - )

2 3 4
—|—<1 —&—%Jrl(——i—%—i— >(a1+2a2x+3a3m2+4a4x3+5a5x4+---)
)

+(1 +2?) (ap + a1z + asx® + azz® + agz* +---) =0,

(2a2 + 6asx + 12a42% + 20a5m3 + 30@6304 + .. )
+ (al + 2a9x + 3azz® + dagx® + Saszt + - - )

1 s 3
+ <2(L1.7/'2 + (LQ.TJ + 5(]/3374 4+ .. >

1 a1 4
+ | za12” + —agx™ + - - -
6 3
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(Lot +
241"

+(a0$2+a]$3+a2m4+-~) = 0.
We now group the terms with the same power of x and set them equal to zero:
20 term: 2a0 + a1 +ag =0

x! term: 6as + 2a2 + 2a1 =0

1
2% term: 12a4 + 3ag + 3as + 5&1 +ag=0
3 7
x° term: 20as + 4a4 + 4a3 + as + éal =0

3 4 1
4 : - - pu—
o” term:  30a6 + 5as +5ag + jag + gaz + Sra1 =0

The initial conditions give ag = 1, a; = 0, so
1
200 +0+1=0 = a2 =—3

1
6a3—14+0=0 = agzg

1 3
1264+ -—=+04+1=0 = a4=0

2 2
2 1 1
2 _— = = = ——
0a5+0+3 2+0 0 = as 120
1 1 2 11
_ — —_— — O: = —_—.
30a — 5+ 0+ 7 =2 +0=0 = a5=
Hence
= . 1, 15 1 o 11 4
y(x) ng_oanm 2:U +6£L' 1203: +720x +

(note that the second and fifth terms are zero).

Remark 25.13. It is also possible to use the method of power series to solve non-homogeneous
equations; see the textbook.

26. THE METHOD OF FROBENIUS

We will now present a method that allows us to find a power series solution about xq in certain
cases when xg is not an ordinary point. Before formalizing the method, let us illustrate with an
example.

Example 26.1. Find a power series solution about z = 0 to
(@ +2)2?y" —zy' + (1 +2)y=0, >0

We have . .
T +x
p(r) = — - q(z) = m
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We see that p(x) and ¢(z) are not analytic at = 0, i.e., zero is a singular point of the DE. Thus
the method we have been using does not apply. But if instead of >~ 7 j an2™ we seek for a solution

of the form
o oo
y(x) =" Z anzr’ = Z anz" ",
n=0 n=0

then the “bad terms” % and :%2 in p(z) and g(x) will cancel with ", provided we choose r appro-
priately. Let us try this. Compute

oo oo
Y (x) = Z(n + 7)apz™ L y'(x) = Z(n +7)(n 47— 1Daz" ™2
n=0 n=0
Plugging in:
o0 oo oo
(z 4 2)? Z(n +r)(n+r—1Daz""? —x Z(n +r)ane™ T+ (14 2) Z anz" " =0,
n=0 n=0 n=0
o0 [e.@] o
Z(n +r)(n+r—Daz" ™+ Z 2(n+7r)(n+r—1az"" — Z(n + r)anz™ "
n=0 n=0 n=0

o0 oo
+ g anx™ " + g a,z" Tt = 0.
n=0 n=0

We group the first and last (those in powers of 2”77 *!) and the second, third, and fourth sums, so

i«n”)(nw —1) + Dapa™ T+ i(2<n+r><n+r —1) = (n+7) +1)azz™" = 0.
n=0 n=0

The n = 0 term in the second sum involves z", whereas all terms in the first sum involve at least
2"t and higher powers, so the n = 0 term in the second sum cannot cancel with any other power
of z. Separating this term we find

(2r(r — 1) —r + 1)aga” + i((n +r)(n+r—1) + ana"
n=0

—|—§:(2(n—|—r)(n—|—r — 1) — (n_|_7~) + 1)anxn+r —0.
n=1

As mentioned, the term (27“(1" —1) — r + 1)apz” will not cancel with any other term, so it must
vanish on its own if we want the left hand side of the equation to be equal to zero. Since we cannot
set ag = 0 we must choose r such that

2r(r—1)—r+1=0.

This gives r =1 or r = % For reasons that we will explain later, we take »r = 1. Then, plugging
r =1 we have

o0 oo
Z((n +1)n+ 1)an:c”+2 + Z(Q(n +1)n— n)anx"H =0.
n=0 n=1

Shifting the summation index (make m = n + 2 in the first sum and £ = n + 1 in the second one)

Z((n —1)(n—2)+1)a,—22" + Z(2n(n —1) = (n—1))ap_12" =0
n=2 n=2

or
00

> [((n=1)(n=2)+1)an—2+ (n—1)(2n — )ay_1] 2" = 0.

n=2



86 Diff Eq

From which we derive the recurrence relation
(n—1)(n-2)+1

1= _ > 2.
Gp—1 (n—l)(2n—1) Ap—2, n =
Setting n = 2,3, ... we find
1
n=2 al = —gao,
_ 3 3 1
e T R T R
4 1 1
n=4: az3=—-a3=——a
3 3 2 30 0
and so on. Thus, recalling that » = 1, we have
o
y(z) = Z anz™" = agr + a2 + ag® + agzt + - -
n=0
= ap x—7$2+ix3——x4—l— , x>0,
3 10 30

where ag is an arbitrary constant.

Remark 26.2. Strictly speaking, we still have to check the convergence of the above solution; we
will state a theorem later on that will deal with this. Note also that we found only one arbitrary
constant. Since we need two linearly independent solutions, we see that we are missing one. We
will see how to determine a second linearly independent solution later on.

Let us now see why we choose » = 1 instead of r = % in the above example. Let us go back to

(2r(r —=1) = r+1)agz" + Z((n +7)(n+r—1)+1)az" !
n=0
+ (2(Tl+7’)(n+7“—1)—(n+r)+1)anajn+r:07
n=1

which we can write as

o
(2r(r—1) —r+1)apa” + Z((n —1+7r)(n+r—2)+1)ap_z"""
n=1
o
+> 2n+r)n+r—1)—(n+7r)+1)aa™ =0,
n=1
or

0o

(2r(r—1) = r+1)apz" + Z [(n=1+7)(n+7r—2)+1)an
n=1
+2n+7r)(n+r—1)—(n+7)+1)ay] 2" =0.
This gives the recurrence relation
m—14+r)(n+r—2)+1
2(n+7‘)(n—|—r—1)—(n—|—r)—|—1a
If we choose the smallest root, then it may happen that when we consider n =1,2,3, ..., for some

value of n we find that n 4 r is also a root, so that the denominator in the recurrence relation will
be zero.

ap = — n—1, nZ 1.
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r+n=ry 1o+ 1
» t t t t >

1 ry+1 ry+ 2 ry+3

FiGure 27. Hlustration of roots 1 < ro and their integer shifts. If » = rq, then for
some n we may have r; +n = rg, causing the denominator in the recurrence relation
to vanish.

This cannot happen, however, if we take the largest root, since in this case the values r +n will lie
"to the right” of both roots.

In the above example, we have
1 142z

T N )

As we saw, these functions are not analytic at x = 0. However, if we remove the problem terms %
from p(x) and m% from ¢(z) by multiplying them by = and z2, respectively, we find

1 9 1+z
E—— €T €Tr) = —
T+2 a(w) T+2
which are analytic at z = 0. So in particular we can take the limits

. . 1 1
ilg%)xp(z:) = lim (— > =5

zp(z) =

z—0 x4+ 2
1 1
lim z2g(x) = lim tr_ —.
z—0 =0 T+ 2 2
Let us call these values pg and qg, respectively, i.e., pg = —%, Qo = % If we look again at the

equation that determined r, namely
2r(r—1)—r+1=0,
we see that it can be written as

1 1
r(r—l)—§r+§:0 or r(r—1)4 por+qo=0.

This is not a coincidence. We will now formalize the method of the previous example and we will
see that it will always give an equation of this type for r.

Definition 26.3. Let xy be a singular point of the DE
y" +p(z)y +q(z)y = 0.

We say that x is a regular singular point if xp(x) and 22¢(z) are both analytic at x9. Otherwise
xg is called an irregular singular point.

Definition 26.4. Let xg be a regular singular point of
y" +p(x)y +q(z)y = 0.
The indicial equation for this point is
r(r—1) 4+ por +qo =0,
where
po = lim (z — 20)p(x), qo= lim (x — 2¢)q(x).
T—T0 T—T0

The roots of the indicial equation are called the exponents or indices of zg.
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26.1. Summary of the method of Frobenius. Let xy be a regular singular point of the DE
az(z)y" + a1 (x)y’ + ap(x)y = 0, T > xg.

To find a power series solution about xq, proceed as follows.

(a) Set

Compute
po = lim ap(z), qo= lim z°¢(x)
r—x0 T—x0
(if one of these limits does not exist then ¢ is not a regular singular point and this method cannot
be applied).
(b) Set
y(z) = (x — x0) Zanm—xo Zanx—xon'”

where r is to be determined.

(c¢) Compute y'(z) and y”(x), and plug y"(z), ¥/(x), and y(z) into the DE. Shift the summation
index and/or rearrange the terms if necessary in order to obtain an equation of the form

Z A n+r+J =0,

where J is some fixed number that comes from the procedure of shifting the summation index
and/or rearranging the terms. Each A,, is an expression involving r, n, and a,. Explicitly,

Ao(x — l’o)H_J + Al(x — .’L‘())T+J+1 + AQ(I’ — 1‘0)T+J+2 +---=0.
(d) Set A, =0,n=0,1,.... Note that Ay = 0 is just a multiple of the indicial equation:
Ao =M(r(r—1)+por +qo) =0,

where M is a constant. (In particular if Ag = 0 does not reproduce the indicial equation there is a
mistake. )

(e) Use the equations 4, = 0, n = 0,1,..., to find a recurrence relation for the coefficients
an. Note that at this point the recurrence relation involves 7, which has not yet been determined.

(f) Solve the indicial equation and take r = r1, where r; is the larger root of the indicial equation.
Use then r = 7 into the recurrence relation of part (e) to determine a recurrence relation for the
coefficients a,,. If possible, find a pattern for the a,’s.

(g) A series solution to the DE is given by

y(z) = (x — zo)" E an(z — xo)" E an(z — 20)"1", T > T,

where ag is arbitrary. Note that here r is replaced by 1.

Remark 26.5. The above gives one solution to the DE. We will see how to get a second linearly
independent solution later on. We will also investigate the convergence of the power series later on.
Finally, we will explain why in step (e) we find a recurrence relation for general r and only after
that, in step (f), we replace r by 7.
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Example 26.6. Find a power series solution about x = 0 to the DE
2y +4y — 2y =0, x> 0.
Let us follow the steps (a)—(g) from above. First, set

and consider
p(z) =4, 22q(z) = —2%

These are analytic functions so = 0 is a regular singular point. Set

po = lim zp(z) =4, qo = lim z?¢(x) = 0.
z—0 z—0

Set
oo oo
y(z) =2a" Z anz" = Z anz" .
n=0 n=0
Compute
[e.e] o
Y (x) = Z(n + )apz™ T y'(x) = Z(n +7)(n 47— 1Daz" ™2
n=0 n=0

Plugging in:

[e.9] o0 o0
T Z(n +7)(n+7r—1aa"t" 2 4+ 4 Z(n +7)apa" T — Z anz™t" =0,
n=0

n=0 n=0
i.e.,
oo fe'e) )
Z(n +7)(n47—Daz" ! + Z 4(n + r)ape™t L — Z ap,x" Tt = 0.
n=0 n=0 n=0

Expanding the first two sums:

o
r(r— 1)(101:’”*1 + (r+ Drajz” + Z(n +r)(n+r— 1)0Lna?”+’”*1

n=2

o0 o0
+ragx™ ' + 4(r+ Darz" + Z 4(n + r)anac“‘”_l — Z apx" Tt = 0.
n=2 n=0

Shift the summation index in the last sum and group terms in 2"~ and 2":

(r(r —1) +4r)apz" '+ (r + 1)(4 + r)arz”

+ 3 [ ) m+r— 1)+ 4+ 1) ane™ T = 3 gy a0,
n=2

n=2
Grouping the sums:

(r(r — 1) +4r)aox” " + (r + (A + r)ara” + [(n +7r)(n+r+3)a, — an72] "t =0,

n=2
Set coefficients to zero to find:
(r(r—1)+4r)ag =0,
(r+1)(4+r)a; =0,
(n+r)(n+7r+3)ap —an—2 =0, n>2.
Since ag is arbitrary, the first equation gives the indicial equation

r(r—1)+4r =0.
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Note that this is simply the indicial equation r(r — 1) + por + go = 0 (as it must be, otherwise there
is a mistake). Solving r(r — 1) + 4r = 0 we find » = 0 and r = —3. Since (r + 1)(4 + ) # 0 for
both »r =0 and r = —3, the second equation gives a; = 0. The third equation gives

Gp—2
> 2.
(n+r)(n+r+3) "=

Ap —

We now choose r to be the largest root, i.e., » = 0, so that

ap—2
Oy = ———, n > 2.
" n(n+3) -
Since a; = 0, this recurrence relation implies that all odd coefficients vanish. For even indices:

1 1 1

2= 57500 M= 2 = 5T 70

1 1 1 1
697246579 ®Tgn" T 2468579117
and so on. We observe the pattern:

| 1 1
T2 4 (20) 5.7--2n+3) T 2ml(B-7-- 2n+3)

ag

a2n n > 1.

Since ag,+1 = 0,n > 0, we find

= n - 1 2n
y(x):z%anx = qg <1+Z:12"n!(5~7---(2n+3))m )

The next theorem gives information about the radius of convergence of a solution found via the
Frobenius method.

Theorem 26.7. Let xg be a reqular singular point of the DE
as(x)y" + a1(x)y + ap(x)y = 0, T > x0.

Let r1 be the largest root of the indicial equation. Then there exists a power series solution of the
form

which converges for all x such that
0<z—29 <R,

where R is the distance from xg to the nearest other singular point (real or complex) of the DE.

27. FINDING A SECOND LINEARLY INDEPENDENT SOLUTION IN THE METHOD OF FROBENIUS

The method of Frobenius seen above gives one solution to the DE. Since the general solution
involves two linearly independent solutions, a second linearly independent solution needs to be
found.

Theorem 27.1. Let xy be a reqular singular point of the DE
y" +pla)y +q(x)y = 0.

Let r1 and ro be the roots of the indicial equation, with 11 > ro.
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(a) If r1 — ro is not an integer, then there exist two linearly independent solutions of the form:

o0
yi(z) = Zan(m — z0)" 1", ag # 0,
n=0

yo(z) = Z bn(z — 20)" "2, bo # 0.
n=0

(b) If r1 = ro, then there exist two linearly independent solutions of the form

o
yi(@) = an(z —20)", g #0,
n=0

y2(x) = y1(z) In(x — zo) + Z bu(z — 20)" 1.

n=1

(c) If r1—ro is a positive integer, then there exist two linearly independent solutions of the form

o
yi(2) =Y an(z — o)™, ap # 0,
n=0

oo
ya(z) = Ayi(x) In(x — z) + Z bo(x — 20)" 172, bo # 0,
n=0
where A is a constant (that needs to be determined, i.e., A is not an arbitrary constant, A
could turn out to be zero).

Remark 27.2. Note that y; takes the same form in all three cases. y; is the solution found by the
method of Frobenius seen above.

Remark 27.3. In case (b), the sum in y starts at n = 1 (and not at n = 0). Also, it is not said
that the first coefficient in the series, b1, cannot be zero.

Remark 27.4. Because any multiple of a solution will also be a solution, ciy; and cays, where ¢q
and co are non-zero constants, are two linearly independent solutions as well. The general solution
is then c1y1 + cays2, with ¢1 and co arbitrary constants. Since we can always multiply by arbitrary
constants later on, it is sometimes useful to set ag and by to some fixed value (say, ag = 1, by = 1),
especially in cases (b) and (c) where we seek to use y; into y2. Examples below clarify this point.

Example 27.5. Find the general solution to
(x4 2)2%y" — 2y’ + (1 +z)y =0, x> 0.

We found a power solution to this equation in a previous example. Referring to that example, we
had pg = —% and qg = %, so that the indicial equation is

r(r—l)—%r—i—%zo,
giving r; = 1 and 3 = % We had also found the recurrence relation:
m=1+r)(n+r—2)+1

2n+r)n+r—1) —(ntr)+1 """

Because r1 —rg =1 — % = % is not an integer, we are in case (a). The solution corresponding to

r1 = 1 was in the retrieved example and reads:

n > 1.

Ay = —

yl(:v):ag(:p—%x2+1—10:c3—%x4+~--), x> 0.
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Because we can multiply y; and yo by arbitrary constants to form the general solution, we can set

ap = 1 above, so

- 01,2, 1.3 1.4,
yi(z) =2 377+ 157 352 +

To find yo, we put r =7y = % in the recurrence relation to find
(1= -9 +1
2n+Hn—34) - n+3)+1

bnfla ’I’LZ ]-7

n = —

where we now call the coefficients b,, since they are the coefficients for r = ry = % (the a,’s were
the coefficients for r = r; = 1).

Computing the b,’s we find
__3 _ 7 _ _ 133
by = —%bo, be = 3500, bs = — 1556005 - - -5
thus
oo
_ anxwm — bo ($1/2 3,3/2 + 3 7 252 _ 11932:30:U7/2 4. ) 7 > 0.

As with ag, we can set by = 1 so

ya(z) = 212 _ 2333/2 372‘%5/2 1193230‘%7/2 T
The general solution is then
y(x) = ciyn (@) + caya (), > 0.

Remark 27.6. The previous example shows why it is advantageous to first derive the recurrence
relation for a general r, plugging a specific value of r only later on: we already have a formula that
we can use for r1 and r9. If we replace r; at the very beginning, and thus we need a recurrence
relation for ry, we have to rederive it again.

Example 27.7. Find the general solution to
2y’ + 4y — 2y =0, x> 0.

We studied this equation in a previous example, finding r; = 0, 7o = —3, and

e 1 2n
y1(z) = ao <1+lenn!5-7-~(2n+3)x )

Because r; —ra = 0 — (—3) = 3 is a positive integer, we are in case (c). Therefore, y2 has the form

ya2(z) = Ay1(x) Inx + Z bpx" T2
n=0

= Ay, (z lnx+anx

To find y» we need to determine the coefficients A and bn. This is done by plugging w9 into the
equation to find recurrence relations between A and the b,’s. Because y, involves y1, and y; has
the arbitrary constant ag, it is convenient to set ayp = 1 to simplify the computations. As we said
above, we can always multiply y; by an arbitrary constant later on.

Computing,

1| -
Yy = Ayl Inz + Aylg + Zo(n — 3)bpz™ 4,
n—=
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= Ay 11(1:1:—1—2Ay1 — Ayp 2+Z (n —3)(n — 4)bpz"™ 5.

Plugging in:

(Ay Inx + 2Ay1— - + Z n—3)(n— bnx”_5)
0o ) a o
+4 (Ayi Inz + + nZ:%(n 3)bpx ) x (Ayl lnx + nz:;] b, ) 0

Rearranging the terms:

Alnz(zy] + 4yy — zy1) + 24y + 3Ay1 +x Z n—3)(n —4)b,z" >
n=0

o o
+4 Z(n — )bt — Z bpz" 3 =0, or

Alnz(zy] + 49y — zy1) + 24y + ?)Ay1 + Z n—3)(n —4)b,az" 1
n=0

+ i 4(n — 3)bpa™ ™ — i b2 =0
n=0 n=0

The parenthesis in the first term vanishes because y; is a solution, i.e.,
zy) +4yy — ay1 = 0,
SO
v 4 - 4 - 2
24y + 3AZ + D (n=3)(n— Dbyt + > A(n = 32t = > bpa™? =0

n=0
Expanding the first two sums:

o¢]
24y, + 3A% + 12bgz 4 4 6173 + Z(n —3)(n — 4)bz"
n=2

—12box — 8b1x~ —1—24 n—3 anx =
n=2

Shifting the summation index in the first two sums and grouping the terms in byx 3

24y + 3A— — 2z + Z(n —1)(n — 2)bpyoz”

+Z4n71 ntox’ be =0,

n=0
or, grouping the sums,

oo
247 +3A% — 2123+ 37 [(n = 1)(n+2)bus — buJa"? = 0.
n=0
Next, we plug in y; (recall that we set ag = 1):

> 1 ' o 1 1
24 (1 2n 341 L
< +;2”n!5-7---(2n+3)x >+ < +;2”n!5-7---(2n+3)x )x
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—2b1z 2+ > [(n = 1)(n+ 2)bpga — bp) 2" = 0.
n=0
G 2n 3A |« 3A
24 2n—1 it 2n—1
;2”71!5-7---(271—1—3)3; * x +;2nn!5-7~-(2n+3)x

—2byz 73 + Z [(n—1)(n+ 2)bpta — by "2 =0.
n=0
Combining the first two sums,

(4n +3)A
57 (2n+ 3)

=ty Z [(n = 1)(n+ 2)byi2 — by]2z" > = 0.

n=0

oo
—2biz 3 + 34zt + Z on
n=1

We need to combine powers of x, so we expand the sums:

. TA
)Y N T
biz™° + + 211 5J + +
—l—(—QbQ — b0)$_2 + + <4b4 — b2)$0 + (10b5 — bg):l:l

+(18bg — by)x? +
Combining the same powers of & and setting the coefficients equal to zero, we find:
x73 —2b1 =0
72 —2by — bop =0
g7t 3A+0b3—b1=34-b=0
20 4by—by =0

TA TA
1
L 10bs — by = —— 4+ 10bs — b =
T 21.1!.54— Ob5 b3 10 + 0b5 b3 0
z?: 18bg—by =0
114 114
3
D 4 98by — by =~ o+ 28b7 — b5 =
T grgrg.g T T b = gy T2 =05 =0
Solving these equations we find
by =
1
bz——ibo
3A—b1=34=0= A=0
1 1
by 152——§b0
TA 1
L 1005 — by = 10b5 — by = by = —b
10+05 3 0bs —b3 =0 = b5 108
1 1
bg= —by=——b
678t T T 14a?
11A 1 1
—— 4+ 28b7 — b5 =28by — b5 =0 = b; = —bs; = —b
980 T 2O T TT 9870 T 280"

We know that by is arbitrary, but note that the above relations do not determine b3 either, so b3 is
also arbitrary. We conclude

o
y2=_A_yiInz+ Y bpa™ P =bow P+ by a7+ byr ! + bga”
=0 n=0 =0
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+b4x + b5332 + 66.%'3 + b7$4 + -

1 1 1 1 1
= bol'_g — ibol’_l + b3l‘0 — gbol’ + Eb3$2 — 7b01‘3 + 7()3‘%4 + -

144 230
1 11 1 1
B A e P S . S b1t —224 — 241 ... ).
°<”PC 2" T8 144" T\ T Tage”

The general solution is then given by

y(@) = cayi(z) + caya().
Remark 27.8. Because by and b3 in yo are arbitrary, it seems that we ended up with three arbitrary
constants in y (c1, c2bg, and cobs), while we know that we should have only two arbitrary constants.
Upon closer inspection we see that

1 1
14 — 21 = 4. =
+10~’U +28033 + y1(z),

so this term in ys can be grouped with y; (alternatively, we can set b3 = 0).

Example 27.9. Knowing that

o0

yi1(z) = Z (nll)anH

n=0

is a solution to
22y —xzy +(1—2)y=0, x>0,

find a second, linearly independent solution.

First we need to verify that the method given above can be applied. Set

T 1 _1—:r

pa) = - == ale)=—,

Because y; is given as a power series centered at x = 0, we want to find yo also as a power series
centered at x = 0. p(x) and ¢(z) are not analytic at zero, but

mp(x) = —1, 2?(a) =1-a
are, so zero is a regular singular point and the above method can be applied.
Compute
po = lim zp(z) = =1, qo = lim 2%¢(z) = 1,
z—0 z—0
so the indicial equation reads
r(r—1)4+por+q=r(r—1)—r+1=0,

which has r = 1 as a double root. We are therefore in case (b) and we seek y, in the form
y2(z) =y (z) Inz + Z bt
n=1

Compute

1 oo
yp=yilnz+y— > (n+1)bua”,

n=1

1 1 & -
vs =y e+ 22—y + ) nln+ Dhua™ ' =0

n=1
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Plugging in:

< 1nac+2y1 — Y1 2+Z (n+1 )

1 o
o (yll oz + Yt Z(n + 1>bn1’n) +(1-=z) <y1(:c) Inz+ Z bnx"H) =0
n=1

n=1

oo
Inz | 22y] —zy) + (1 —2)y1 | + 2zy] — 251 + Z n(n 4 1)b,z" !

:0 n=1

[o¢] o0 o0
— Z(n + )bzt + Z bzt — Z b,x"t? =
n=1 n=1 n=1

Expanding the first three sums:

[e.o]

o
2zy] — 2y1 + 20122 + Z n(n + 1)bn:z:”+1 — 2hy2? — Z(n + 1)bya”

n=2 n=2
o (o, ¢]
+b2? + E bzt — E ba"t? =
n=2 n=1

We combine the first three sums:

o0 o0
2xy) — 2y1 + bix® + Z n2b, "t — Z bz t? =
n=2 =

Shifting the summation index in the first sum:

2zy) — 21 + biz? + Z (n+ 1 bpp1z™t Z b

n=1
or

2:By1—2y1+b1:v +Z (n+1) bn+1—b] 2 =0.
n=1

Plugging y1:

/
— 1 n+1 — 1 n+1 2
2z (Z CHEM ) -2y 2" thz

+> [+ 1)%bpaq — by] 2" 2 = 0.
n=1

o

n=0
Combining the first two sums:

Z (fLGZx”H + b2+ Z [(n +1)%byg1 — bn] "2 = 0.
n=0 :

Expanding the first sum:

n=1

n=1

(DR EP A

n=1

Z fon+l _ Z (n')zxn-‘rl + b1$2 + Z [(n + 1)2bn+1 — bn] x"
: n=0 )

2.0 2 = 2n o
T+ %+ Z 2" 4 b2 + Z [(n + 1)2bn+1 — bn] e

+1

2 =0.

=0.
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Grouping the terms in 22 and shifting the summation index in the first sum:

o+ 3 A3 [+ 1 =] 7 =0
n=1
or

2 + bl Z |: (n + 1)2bn+l — bn:| l‘n+2 =0.

Setting the coefficients equal to zero:
24b1=0 = b =—

ey O Db =t =0 = bun = Co5% — Coa e 2T
Computing:
by = —— — 2 :—§ b3:—§-i— 2 :—£ and so on.
22 20202 4 473273302 108
Thus
2 3.3 11 4
ya(z) = lnx—i—anx = y1( )lnx—Q:L‘—Z:c—mx +oee

28. SPECIAL FUNCTIONS

There are a few equations that occur frequently in physics and engineering and whose solutions,
given as power series, are studied in detail. Such solutions are known as special functions. Here we
briefly investigate some of them.

28.1. Legendre’s equation. The DE
(1 —a?)y" —2zy' + L(L+ 1)y = O,

where ¢ € {0,1,2,...} is a fixed parameter, is called Legendre’s equation. We can verify that
x = 1 is a regular singular point, thus we can find power series solutions about x = 1. The indicial
equation is

r(r—1)+r=0

which has r; = rg = 0 as roots. To find a solution y;(x), we write

o0
= an(z —1)" an(z —
> (e +OZ "
n=0

Applying the Frobenius method we find
~ (—On(t+1), (z—1\"
=1 g
(@) + — n!(1)n 2 ’
where for a non-negative integer ¢

O)p=Ll+1)L+2)---(L+n—1), n>1,

(£)0 =1, / 7& 0,
(=0)p=(O(—L+1)(—+2)---(—L+n—1),

and we set ag = 1.
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Note that (—¢),, will be zero for n > ¢+ 1. Thus yi(z) is a polynomial of degree £. For each
¢, the solution y;(x) is known as the Legendre polynomial of degree ¢, denoted Py(z):

l n
(=0)p(l+1), [z—1
=1
T =1+ ; (D), 2

We can rewrite P, in powers of x, obtaining:
1£/2]

_ gt Z (=1)"(2¢ — 2n)! L2

—n)In! (¢ —2n)! ’

where |£/2] is the greatest integer less than or equal to £/2. E.g.,
7 8
L= 2l =4
o= [2]
3, 1

Py(x)=1, Pi(z)=z, P(x)= 2% 5

The Legendre polynomials enjoy the following property, known as orthogonality condition, often
used in applications:

The first Legendre polynomials are

/1 Py(z)Pp(x)de =0 for £ # m.

-1
To prove this, we first rewrite Legendre’s equation for P, and P, as

(1 = 2?)Pj(x))" + £+ 1) Py(z) = 0,
(1 —2?)PL,(x)) 4+ m(m + 1) Py (z) = 0.
Multiplying the first equation by P,,(x), the second by Py(x), and subtracting:
Pol@) (1= a?) PY()' = P@) (1 = 22)P(2))' + L0+ D)Py(2) P (&) = m(m + 1) Py(a) P () = 0.
We have that
(1 = @) (Pu(@) PL(w) — Po()P(a)))) = Pul@) (1 — 2 Pi())' — Pol@) (1 - 2 Ply(a))
so that
(1 = 2%) (P (@) P{(2) — Py(2) Py, (x)))" = (m® — £2 + m — £) Py(x) Py ().

=(m—)(m-+£+1)

Thus
(1 = 22)(Pu(@) Pilx) — Po(2) Plp()))' = (m — €)(m + £+ 1) Py() P ().
We now integrate from —1 to 1:
1

1
/ (1- 2% (P (2) P)(z) — Pg(l’)an(l‘))),dl' =(m—-0)(m+L+ 1)/ Py(x) Py (x) dx.

-1 -1
The integral on the left hand side gives

(1 = ) (P() i) ~ Piw) ()| =0,

-1
SO

1
(m — ) (m + £ + 1)/ Py(a) P () d = 0.
—1
If m # ¢, then (m — €)(m + £+ 1) # 0 (recall that m, ¢ > 0), thus

1
/ Py(x)Pp(z)dx =0, m#L,
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as desired.

One can show that the Legendre polynomials also satisfy the following recurrence formula:
(£+1)Prya(2) = (20 + 1)aPy() — (P4 (x),
and the following formula, known as Rodrigues’ formula:
1 d 5
o(x) = QTEIW(:E -1

28.2. Bessel’s equation. The DE

x2y”—|—:cy'+ (332 o 1/2)y — 0,

where v > 0 is a fixed parameter, is known as Bessel’s equation. x = 0 is a regular singular point
and the indicial equation is

r(r—1)+r—v*=0,
with roots r1 = v, ro = —v. If 11 — 79 = 2v is not an integer, two linearly independent solutions
are

o (="
_ 7)) 2n+v
yi(z) = aonZ:% Il T V)n:r ,

R SN\

vt 22npl(1 — ),
Using the relation Dt 4 )
(t)n = Wa
where I' is the Gamma function, and choosing
B 1 b 1
WTwra sy 0T 29T vy

we can write the two linearly independent solutions as

Jy(z) = Z n'r((l_—:):m (g>2n+’/7

n=0

1) =3t (3

n=0
These expressions converge for all 0 < & < co. J, is known as the Bessel function of the first
kind of order v. J_, is then the Bessel function of the first kind of order —v.

and

If 1 — ro = 2v is not an integer, or if r{ — 79 = 2v is an integer but ry = v is not, then J,
and J_, are linearly independent.

It remains to analyze the case when v = /£ is a non-negative integer. In this case, plugging v = ¢ in
J, and J_, we find

J_e(z) = (=1)"Ju(x),
so they are linearly dependent. We can find a second linearly independent solution using the

methods we have learned, but here we present an alternative approach. For v not an integer, we

define
_ cos(vm)Jy,(x) — J_p(x)

sin(v)

Y, ()

, x>0.
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Y, is known as the Bessel function of the second kind of order v. Note that J, and Y, are
linearly independent.

The above definition is for v not an integer. If v is an integer, both the denominator and the
numerator of Y, (z) vanish. Thus, we expect that we can use L’Hépital’s rule to define Yy, ¢ a
non-negative integer, by
Yi(x) = lim COS(VW)J'VCZ‘) — J_l,(x).
v—sl sin(v)

Since Y, and J, are linearly independent, we expect that Y, will give a second linearly independent
solution when v = ¢. One can show that this is indeed the case, i.e., Yy(z) given by the above limit
is well-defined and is a second, linearly independent solution.

Special functions, such as the Legendre polynomials and Bessel’s functions, are of great impor-
tance in physics and engineering. Here we only mentioned them for general knowledge. See the
textbook for more details.
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