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0 Introduction

The concept of an algebraic equation and its solutions is introduced fairly early in a standard mathematics
curriculum. We first learn how to solve linear equations like 3z + 5 = 2, and then quadratic equations like
2?2 — 2 — 3 = 0. Solutions are numbers x which satisfy the equation.

This story can be upgraded to equations whose unknowns are functions y(x), instead of numbers z. For

example, we could know that a function y satisfies

dy

dx
and want to solve for the function y. In this case, it is not too hard to guess and check that y(z) = e* is
a solution. The main feature of such equations involving functions is that they usually involve derivatives.
If they did not, then we might as well treat f as a number, i.e. a constant, and go through the steps of
ordinary algebra.

y=0,

Definition 0.0.1. A differential equation (DE) is an equation relating a function y with its derivatives.

In the same way that ordinary equations becomes harder to solve when there are multiple variables,
differential equations become vastly harder when we consider functions of multiple variables. This is mostly
because the multivariate setting involves partial derivatives.

Definition 0.0.2. An ordinary differential equation (ODE) is a DE where the unknown function y
is a function of a single variable. A partial differential equation (PDE) involves functions of multiple
variables.

Example 0.0.3. The heat equation is a PDE governing the diffusion of some quantity f(z,vy, 2,t), e.g. heat,

over time:
of _ (&f & 9
ot “\oz2 T2 a2 )

Here « is a constant which controls the rate of diffusion.

This course is about ODEs, so from now on the unknown function is always of a single variable. Con-
ventionally, the function is denoted y, and it is usually a function of x.

Definition 0.0.4. The order of an ODE is the order of the highest derivative that appears in the equation.
Example 0.0.5. The equation

is a first-order ODE, whereas the equation

dgydys. (@) — e dy\* 0
— Zin(z) —e* | = | =
dz? dx dxz

is a second-order ODE.

Usual algebraic equations become harder (if not impossible) to solve as the order grows, so it is not
surprising that the theory of ODEs becomes more difficult in higher order. We will start with the theory of
first-order ODEs, and then second-order. Unfortunately, even in these two simplest cases, most such ODEs
will not be “solvable” in a satisfactory sense.

However, as with algebraic equations, once we obtain a solution f of an ODE, it is very easy to check
that f is indeed a solution: just plug it back in. For example, given the first-order ODE

dy _
de

is a solution. From calculus we know that y(z) = 22 + C' is a solution for

2z

9

we can easily check that y(r) = 22

any real number c.



Definition 0.0.6. Given an ODE, a particular solution is a single function which is a solution of the
ODE, like y = 2. A general solution is an expression which contains all possible solutions of the ODE,
like y = 22 4 C.

If we specify an additional constraint on the solution y(z), e.g. that y(0) = 1, then usually we can solve
to get a specific value for c¢. Such additional constraints are thought of as initial conditions.

Definition 0.0.7. An initial value problem (IVP) is a differential equation with an additional initial
value constraint, e.g. y(0) = 1, on solutions.

We will focus mostly on ODEs without initial conditions, but keep in mind that for every ODE it is
possible to specify initial conditions to make it into an IVP.

1 First-order equations
Definition 1.0.1. A first-order ODE is of the general form

()] (L.1)

There are entire books devoted to various fancy techniques and tricks for solving different types of first-
order ODEs, in the same way that there are entire books devoted to solving cubic and quartic polynomial
equations in one variable. This is not the point of the course. We will instead use first-order ODEs to
familiarize ourselves with a collection of fundamental ideas and tools in the theory of ODEs in general, and
then move on.

1.1 Slope fields

Before delving into the theory of first-order equations, it is best to have some visual representation of them
for the sake of intuition. The equation says that whatever the function y(z) is, at the point (z,y) it
has slope f(z,y). Since tangent lines approximate functions, we may as well get an idea for what y(x) looks
like by drawing a line of slope f(z,y) at each point (z,y). Such a diagram is called a slope field.

Example 1.1.1. The slope field of the first-order ODE dy/dx = x + y is as follows.
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From the slope field, we can “see” different solutions y(z). If we are given an initial condition y(z¢) = yo,
we can start at the point (zg,yo) and “follow the lines” in either direction. The resulting curve will be a
solution y(z) satisfying the initial condition, and is called an integral curve. Different initial conditions
result in different solutions/integral curves.

Note that a slope field is not the same thing as a vector field. A slope field is an assignment of a slope
to every point in the plane. A vector field is an assignment of a vector to every point in the plane. The
difference between a slope and a vector is that a vector has a magnitude in addition to a direction. Vector
fields arise in the study of ODEs when we take an integral curve and find a parameterization (z(t),y(t)) of
it. A single integral curve may be parameterized in many different ways; this is a very important point we
will use later. Once we pick a parameterization, we call (z(t),y(t)) a trajectory.

Example 1.1.2. The slope field (and multiple integral curves) for the first-order ODE

dy
der vy
looks like the following.
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The integral curves are circles 2 + y? = R2. For a given circle, the standard parameterization is

(z(t),y(t)) = (Rcos(t), Rsin(t)),

but there are many different parameterizations corresponding to going around the circle at different speeds.

O 1)

The freedom to parameterize solutions in different ways will be very important later, when we discuss
solutions to general first-order linear ODEs.



1.2 Linear equations with constant coefficients

Definition 1.2.1. In (1.1)), if f(x,y) depends linearly on y, i.e.

dy _

- = p(z)y + q(x),

then we say the ODE is linear.

Definition 1.2.2. In a linear first-order ODE, if the coefficients p(x) and ¢(x) are actually independent of
x, then we have a linear first-order ODE with constant coefficients. Its general form is
dy

i -
dx+ay

for constants a and b.

Example 1.2.3. If we are in the special case that b = 0, then the equation is

dy
- =0.
dr + ay
This is often called the homogeneous form of the general equation dy/dx + ay = b. Assuming a # 0, it
rearranges into
ldy _
ydr

To solve this, we can integrate both sides with respect to x. The lhs is the derivative of In|y|, and the rhs
is the derivative of —ax + C, so that
In|y| = —azx + C.
Exponentiating both sides yields the general solution
—ax

Yy =ce

where ¢ := 4¢¢ is an arbitrary constant. We will see that the exponential function is pervasive in the theory
of ODEs.

Many people (including the textbook) like to write
1
—dy = —adx
Y

and then literally integrate both sides. It is fine to treat the symbols dy and dx this way; we will see what
it really means later.

Example 1.2.4. In the general (non-homogeneous) case
dy

hat-4 —b
dr +ay )

one can use a similar procedure to obtain the general solution

y=—+ce .
a



1.3 Separable equations

The procedure in Example[I.2.3]actually works in more general settings, even for non-linear first-order ODEs.
The key point is being able to separate x’s from y’s.

Definition 1.3.1. In (1.1), if f(x,y) factors as g(x)h(y), i.e. the ODE is

Y~ ga)hy)

then we say the ODE is separable. Here g(x) must be independent of y, and h(y) must be independent of
x. Sometimes people let M(z) = g(x) and N(y) = 1/h(y) and write the general form as

d
N(y)% = M(z) or M(z)dz+ N(y)dy = 0.
Example 1.3.2. The first-order ODE
dy _ o
de 1—1y2

is separable: g(r) = 2% and h(y) = 1/(1 — y?). By moving all the s to the lhs, we get

(-2 =

pri
Now we can integrate both sides to get
3
Y L3
- === C.
3 3" "

The general solution is therefore —a2 + 3y — y3 = C for an arbitrary constant C.

Example 1.3.3. The first-order ODE

dy 22

de  x — 1>
is not separable, because there is no way to factor the rhs as g(z)h(y). So we cannot solve it by directly
integrating.

Since separable first-order ODEs are our first type of ODEs for which we get interesting solutions and
are fairly straightforward to analyze, we will deal with them very carefully and rigorously. The first tricky
point is the following observation.

1. If for some value yo we have h(yg) = 0, then the ODE becomes dy/dx = 0 and there is an extra
constant solution given by y = .

Example 1.3.4. The first-order ODE
dy 2

Y 9
dxr d

is separable and, by integrating, has general solution

Y= and y = 0.

22+ C
Note the additional constant solution y = 0, since if y = 0 then the rhs is zero. This solution does not arise
from any finite choice of C', and is, in some sense, the solution obtained in the limit C' — oco.

So we see special behavior when the rhs becomes 0. The other extreme is therefore also possible: the rhs
can become oo at certain values. Solution functions which “run into” these values break down and become
invalid beyond those values.



2. Suppose y = f(x) is a solution. If y'(xg) = oo, then the interval of validity of the solution y = f(x)
does not extend beyond xg.
Example 1.3.5. Recall that in example we got
dy x?
de 1 —1y2

= —2*+3y—yP=C.

Suppose we want a solution function y = f(x) passing through (1,0), so that C = —1. When y = +1, the
rhs of the ODE becomes co. We can compute that

y=—-1 = z=-1, y=1 = z=+v3~144.
Hence the interval of validity for the solution is (—1, V/3), because = 1 lies in this interval.

One has to be careful when determining intervals of validity: it is possible the given expression for dy/dx
is continuous everywhere, but the integral curve has an asymptote and goes off to co anyway (cf. (1.2])). We
will not worry too much about these details.

1.4 Existence and uniqueness

We can see already there is a huge difference between linear and non-linear first-order ODEs. At least for
constant-coefficient linear ODEs, the solution exists and is valid for all x, since it is (essentially) just some
exponential function; we do not have to worry about the interval of validity like we did earlier. This is
actually true for all linear ODEs.

Theorem 1.4.1 (Existence and uniqueness for linear first-order ODEs). Consider the IVP

dy

7r +p(@)y =q(x), y(wo) = yo.

If p(x) and q(x) are continuous on an open interval x_— < x < x4 containing o, then on the interval
r_ < x < x4 there exists a unique solution to the IVP.

This theorem is conceptually very important. Existence assures us that trying to solve the ODE is not
a futile effort, and indicates to us that the only way solutions can break down is when p(x) or ¢(z) are
discontinuous. Uniqueness means if we can guess/find a solution, we have found the one and only possible
solution and do not have to keep searching for solutions. This is no longer true for higher-order ODEs. For
example, y” = —y has the two distinct solutions y = sin(x) and y = cos(z).

It will become clear later why this theorem is true, when we explicitly solve all linear first-order ODEs
via a trick called integrating factors.

On the other hand, solutions to non-linear first-order ODEs may not be valid for all values of z, even
when everything is nice and continuous. For example, one can easily check that a solution to

% =1+9% y(0)=0 (1.2)

is given by the function y = tan(x) and is only valid on (—m/2,7/2). It is also not immediately clear whether
other solutions exist.

Theorem 1.4.2 (Existence and uniqueness for non-linear first-order ODEs). Consider the IVP

o= f(x,y),  y(xo) = vo-

If f and Of /0y are continuous on a rectangle x_ < x < x4, y— <y < y4 containing (xo,yo), then on some
interval zo — h < © < 29 + h contained in x_ < x < x4, there exists a unique solution to the IVP.

In contrast to the linear case, this theorem only assures us of existence and uniqueness locally, i.e. in a
small region around the initial value (zg, yo).



1.5 Autonomous systems
We will now proceed to solve linear first-order ODEs in general. This requires a small digression.
Definition 1.5.1. In (1.1), if f(x,y) is independent of x, i.e. the ODE is

dy

then we say the ODE is autonomous.

Autonomous equations are particularly common. If we interpret the variable x as time, then f(y) being
time-independent means that the rules governing the system described by the ODE do not change over time.
For example, while the trajectory of a cannonball is a time-dependent function, the physical laws which
dictate the ODE that its trajectory satisfies are time-independent.

One way that autonomous equations arise for us is as follows. To study general first-order ODEs

dy

% = f($7 y)7
we can alternatively study the autonomous system of ODEs
dy
(1.3)
T =N
dt 'Y

where f(x,y) = M(z,y)/N(x,y). Of course any f can be written this way, by taking M = f and N = 1.
If a solution of the original ODE is written as an integral curve, then a solution (z(t),y(t)) to is a
parameterization (in t) of such an integral curve.

Historically, people like to write as

—M(z,y)dx + N(z,y) dy = 0.

This is an unfortunate choice of notation. We will use this notation to agree with common references
(including our textbook), but it is best to keep in mind instead. The upside of this notation is that
gradient vector of the (parameterized) solution passing through (z,y) is given by (—M (z,y), N(z,y)). If we
plot the vectors (N, M), we get the slope field of the ODE but with actual vectors instead of just slopes.
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Alternatively, thinking of the ODE as

dy

is also fine, but this forgets the parameterization (and replaces the vector field with the slope field).

1.6 Exact equations and integrating factors
Suppose we have a first-order ODE
M(x,y)dz + N(x,y)dy =0
and we recognize that its vector field (M, N) satisfies the following very special property.

Definition 1.6.1. A vector field is exact, or conservative, if it is the gradient
oY
vy =| 95
dy

of some (differentiable) function ¢ (z,y). If ¢ exists, it is called the scalar potential of the vector field.

Then we have effectively solved the ODE, because

dy _ 0y Oovdy  d
M+Ndx - Ox + Oy dr dxw(x’y)

and the ODE becomes

d
— =0.
UG
This of course has solutions given by the level sets
Y(z,y) =C

of the scalar potential ¥(z,y).
Example 1.6.2. The first-order ODE

d
(1+ 2zy?) + (22%y +2y) = =0

@y
dx
is neither separable nor linear. But one can check that

d d
s +2%y° + %) =1+ 22y, dfy(x +2%y° +y?) =227y + 2y

so its general solution is x + 2%y? + y? = C.

This whole discussion, however, is not practical unless we have a way to test whether a given vector field
(M, N) is exact, and find the scalar potential of an exact vector field. Use the shorthand notation f; :== df /dt
and multiple subscripts for multiple derivatives. If (M, N) were exact, then

My = ’(/}:ch = wym = N,.

This is a very special property and is definitely not satisfied by arbitrary pairs of functions (M, N). In fact,
it is equivalent to exactness.



Theorem 1.6.3. Let (M, N) be a vector field. If M, = N, then (M, N) is ezact.

Knowing (M, N) is exact, we can integrate the equation ¢, = M to get

v= [My s+ )
where the “constant” of integration C(y) is independent of = but can be a non-trivial function of y. Then
we compute ¢, = N to solve for C(y).

Example 1.6.4. Return to the earlier example
(M, N) = (1 + 2zy?, 22°%y + 2y).
We can check it is exact by computing M, = 4xy = N,. Integrating M, we get
¥ =z +ay’ + C(y).

Then N = 1), = 22%y + C’(y) so that C’(y) = 2y. Hence C(y) = y?. (The constant of integration here is
irrelevant.)

Most first-order ODEs M dx+ N dy = 0 are not exact. However they can be made exact via the following
observation. In the rewriting

d
P &= Mz.y)
Yy dt
! = = N(z,y)
dt ’

we are always free to multiply M (x,y) and N(z,y) by an arbitrary integrating factor u(z,y) without
changing the original ODE. The new autonomous system

dy
- = Mz y)M(z,y)
dx

will have the same integral curves as the original one, but with different parameterization (i.e. speed of

trajectories). Equivalently, one writes
uM dx + pN dy = 0.

The game is to choose the integrating factor ¢ such that the resulting ODE is exact. In general, this is
hard, because the exactness condition is (M), = (uN),, which is the first-order partial differential equation
(PDE)

pyM — N + (My — Nz)p = 0.

This is in general just as hard to solve as the original equation. Since it is a PDE instead of an ODE,
solutions p may not even be unique. Finding integrating factors in general is hard. However we can find
them in special cases.

Example 1.6.5 (Linear first-order ODEs). In the linear case dy/dz + p(x)y = q(x), we can take
M =p(x)y —q(x), N=1
and therefore we should look for p(z,y) such that

po = (M )y = py M + pp(x).

If we assume p(z) is actually independent of y, this becomes the equation

pe = pp(x)

10



which has a solution
1= exp /p(m) dx.
This is the integrating factor for linear first-order ODEs.

In principle one solves linear first-order ODEs in general using this method. In practice, one rarely needs
to do so. However this example does provide essentially the proof of existence of solutions for linear first-
order ODEs, as stated in Theorem Uniqueness follows from a more careful analysis of the integrating
factor, which in this case is unique up to a choice of constant of integration. To fully prove uniqueness, one
must show this choice does not affect the final solution.

1.7 Changes of variable

Sometimes we can reduce a complicated ODE to the linear or separable case via a change of variables. In
practice, it is more common to do this than to use e.g. integrating factors.

Example 1.7.1. Consider the equation

dy

= =1++y—2.
dx

The \/y — x term is very hard to deal with. If we let u := y — x, then the equation becomes

du
@ = Ve

This is now separable. The general solution is u = (/2 + ¢)?, i.e. y = x + (x/2 + ¢)%.

In this example, the equation became much simpler because it was secretly a function of u =y —x and x
instead of y and x. In general, to identify useful changes of variables, one must ask if the equation is actually
a function of not y but a more complicated combination of y and possibly z. We illustrate this with the
following class of functions.

Definition 1.7.2. A function f(z,y) is homogeneous of degree d if

f(tz, ty) =t f(x,y), for all t.

Example 1.7.3. If f only involves monomials of degree d, then f is homogeneous of degree d. For example,
there are four monomials in = and y of degree 3, which we can put together into the general form

flz,y) = alxg + azfl?zy + agxy2 + a4y3
of a homogeneous degree 3 polynomial.

The interesting class of functions are those which are homogeneous of degree zero. This means

ftx,ty) = f(x,y), for allt. (1.4)

Such functions can arise as the quotient of two homogeneous functions of degree d. The simplest (non-

constant) such functions are
T

_Z -y
f(xay)_y7 f(xay) {L"
Theorem 1.7.4. If f(x,y) is homogeneous of degree 0, then actually it depends only on y/x only.

Proof. In (L.4), take t = 1/x to get
fy/z) = f(z,y).

Clearly the rhs is a function of y/x only. O

11



Example 1.7.5. The function
_ Bay? + 4P
f(z,y) = T3 — Tx2y

is a quotient of two homogeneous functions of degree 3, and is therefore homogeneous of degree 0. By the
theorem, we know it is secretly a function of just V := y/z. So plug in y = 2V to get

) = 30°V2 + 423V3 3V 4 4V3
T TS sy T 1w

This change of variables for degree-0 homogeneous functions helps us solve first-order ODEs of the form

dr f(z,y)
where f is homogeneous of degree 0. Since we have identified y = 2V as a good substitution, use it to get
V+ o= f(v).
This is a separable equation. Rearranging gives
LoV _1
fV)y=Vde x

Example 1.7.6. Consider the equation
dy  2xy

de — x2 —y?’

The rhs is homogeneous of degree 0. The substitution y = zV gives

por
de  1-V2

Rearranging into separable form yields
1-V2%2 av 1

VA4V de
To integrate the lhs we must do a partial fraction decomposition:

1-V?2 1 2V

VA+V?2) V. 14V?
Then the whole equation integrates to
In|V|—In(1+V?) =1In|z| + C.

Equivalently, after exponentiating both sides,

\%

Trve

Substituting back V' = y/x and rearranging gives the general solution

z? +y2 = cy.

12



2 Second-order linear equations

To go beyond first-order ODEs and still have meaningful theory, we must restrict ourselves to linear equations.
In practice, arbitrary ODEs can be well-approximated by linear ones, and it is the linear ODEs which
dominate areas like classical physics.

Definition 2.0.1. A second-order ODE is of the general form
y'=f(zyy). (2.1)

(We switch from writing dy/dx to writing 3’ for convenience.) It is linear if f depends linearly on y and
dy/dx, i.e.
dy\ _ dy
(o0 ) = o) = )2 - alo)

In this case we usually write
y' +p@)y +a(@)y = g(@).

As with first-order linear equations, we should begin by considering the associated homogeneous equation

y' +p(@)y + q(x)y =0.

2.1 Structure of solutions

First notice that second-order ODEs in general may have more than one solution. For example, 3" = —y has
solutions y = sin(z) and y = cos(x). This arises because in some sense we have to “integrate twice”, giving
two constants of integration instead of one. This is very different from the first-order case, where existence
and uniqueness guarantees only one solution (up to some constant of integration).

The key property of linear ODEs is as follows. Having two different solutions of a linear equation means
we can use them to generate other solutions in the following way. (This was irrelevant for first-order ODEs.)

Theorem 2.1.1 (Principle of superposition). If y1 and y2 are solutions to a homogeneous linear ODE
y' +p(2)y +q(z)y =0,
then so is c1y1 + coys for any constants c1,ca.

Proof. Since we are discussing second-order ODEs, we provide the proof explicitly for second-order linear
ODEs. But the same idea works in general, for arbitrary order. We can just plug ciy1 + coys into the
equation and use that (f +g)' = f' + ¢’ to get

(c1y1 + c2y2)” + p(z)(c1y1 + cay2) + q(x)(c1y1 + c2y2)
=c1 (Y +p(@)y; + q(@)y1) + c2 (y5 + p(2)yh + q(x)y2) = 0. O

Linear second-order ODEs also have an existence and uniqueness theorem analogous to that of first-order
ODEs (Theorem [1.4.1)). The only modification is that we need two initial conditions instead of one. The
conditions will be of the form

y(zo) = yo, Z//(xo) = y6~

In some sense, the second condition fixes the constant of integration from “integrating once”, and the first
condition fixes the constant of integration from “integrating again”.

Theorem 2.1.2 (Existence and uniqueness for linear second-order ODEs). Consider the IVP
y" +p@)y +a(2)y = g(x), y(zo) =10, y'(z0) = Yo
If p(z),q(x), g(x) are continuous on an open interval I containing xo, then on the interval I there exists a

unique solution to the IVP.
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There is one more complication that arises for second-order ODEs. Suppose we have found two solutions
y1 and yo, and would like to solve an IVP with initial conditions
y(x0) = yo, ¥ (z0) = Yo-
Then superposition tells us we should look for constants ¢y, co such that cyy; + coyo is the solution we want,
ie.

{clyl (w0) + cay2(z0) = Yo (2.2)

c1yy (wo) + cays(zo) = yo-

Here we treat ¢, co as unknowns, and all other quantities as known (i.e. they are just some constants). From
linear algebra, there exists a solution for ¢; and c¢s if and only if

Y1 (o) y2($0)>
det 0
<y1<xo> vy(w0)) 7
Definition 2.1.3. The determinant

W (y1,y2) = det (y} y/2> = Y1p — Y1Y2
Y1 Y2

is called the Wronskian. It is a function of x, and one can evaluate it at particular values x = xq:
W (y1,y2)(w0) = y1(z0)ys(zo) — v (z0)ya(wo)-
Theorem 2.1.4. Suppose y1 and yo are two solutions of
y' +p(2)y +q(z)y = 0.
Then it is always possible to choose ¢y and co such that the solution
C1y1 + C2Y2

satisfies prescribed initial conditions
y(o) = yo, ¥ (w0) = v
if and only if the Wronskian W (y1,y2) is not zero at xg.
It is possible that W (y1,y2)(z¢) = 0 and no solution exists, despite the existence and uniqueness theo-
rem This may occur if we chose y; and yo badly. For example, if y; = yo then we are missing another

solution and the general solution will not be just ci1y1 + cay2 = (¢1 + ¢2)y1. The Wronskian of y; and ys
measures how “independent” they are.

Example 2.1.5. Take the IVP
y' =3y +2y=0, y(1)=54'(1)=1.

One can verify directly that y; = e® and y, = e€2* are both solutions. The principle of superposition therefore
tells us that

1" + cpe’®
is a solution for any constants c1, ce. The Wronskian is
2 et e 3 3 3
xT x _ — T T ___ xr
W(e®, e“") = det oo e2e | = 2e°7 — e°" = e’",

which is non-zero at = 1. Therefore there are constants ci, co providing a solution to the IVP. If we had
chosen y; = e” and y, = 2e” instead,

W(e®,2e")(1) = e - (2e!) — et - (2e!) =0,

telling us that y; and yo are not independent solutions. This choice of solutions completely misses the
solution €%,
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The Wronskian provides an easy test for whether a solution of the form ¢y + coys exists for the IVP, but
does not tell us what exactly ¢; and co are. To actually find their values we must solve the corresponding

2 x 2 system of equations .
Example 2.1.6. Continuing with the previous example, we want
cle1 + 0262 =5
clel + 26262 =T.
Hence ¢y = 2e~2 and ¢; = 3e~!. The solution to the IVP is therefore
y=3ete® + 27 2e%" = 3! 4 22772,

Armed with the Wronskian, we can now explain the form of the general solution to a linear second-order
ODE. One would like to say all solution are of the form c;y; + c2ys2, as long as the two solutions y; and ys
are “independent”.

Theorem 2.1.7. Suppose y1 and ys are two solutions of

y" +p(@)y +q(z)y = 0.
Then all solutions are of the form
c1y1 + C2y2

for some c1,co if and only if the Wronskian W (y1,yz2) has at least one point where it is non-zero.

Proof. Suppose W (y1,y2)(xo) # 0. Let ¢ be a solution. Look at the IVP with initial conditions

y(zo) = ¢(x0), ¥ (x0) = &' (20).

Clearly ¢ is a solution to the IVP. But by theorem [2:1.4] there exist constants ¢; and ¢y such that ¢;y1 +cay
is also a solution. Uniqueness of solutions implies ¢ = c1y1 + coyo.

Conversely, if W (y1,y2) = 0 everywhere, then we can pick some initial conditions such that has no
solutions for ¢; and cy. But the IVP with these initial conditions must have a solution ¢, by existence of
solutions. Hence ¢ cannot be written as ciy; + coyo for any ¢y, co. O

In other words, y; and ys are “independent” as long as Wy, ys2) is not the zero function. In this case
we call

C1y1 + c2Y2

the general solution, and we say 1,y form a fundamental set of solutions.

2.2 Homogeneous equations with constant coefficients
We apply all this theory to the constant-coefficient case, just like for first-order equations:

ay” +by +cy=0 (2.3)
for constants a, b, c. A helpful thing to do is to rewrite this ODE in terms of derivative operators, as follows.

Definition 2.2.1. Let D denote the operator which differentiates with respect to z, i.e. for a function f(x),

_ 4

Df = I

Then (2.3)) can be rewritten as
(aD? +bD + c)y = 0.
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We can now take the quadratic aD? + bD + ¢ and factor it into a product of two linear factors. (This is
really a valid thing to do, because the derivative D is a linear operator.) So suppose that

aD? +bD +c= (D —o1)(D — ay)

for some constants a; and as. Then we have effectively reduced the second-order ODE into two first-order
ones: it will have two solutions y; and ys, given by

(D—o1)y1 =0, (D—ag)y2=0.
From section we know the (unique) general solutions are:
y1 = 1€, yo = cope™?”, (2.4)
Hence the general solution to the original second-order ODE is
Y = 17 4 coe™?”.
Example 2.2.2. Consider the ODE
y" =3y +2y=0.

In terms of the derivative operator, this is equivalent to
(D* 3D +2)y = 0.
Clearly D? — 3D +2 = (D — 1)(D — 2). Hence the general solution is
y = cre® + coe’®.

Definition 2.2.3. Sometimes people don’t like writing things in terms of the derivative operator D, and
instead introduce a new variable r and the characteristic equation

ar’ +br4+c¢=0

associated to the ODE ay” + by’ + cy = 0. In this language, we have just seen that if » = « is a solution to
the characteristic equation, then y = e®” is a solution to the ODE.

However, we must be careful. From the previous section, we know it is important to verify that the two
solutions we use to form the general solution are actually independent solutions. This may not always
be the case. For example, if the characteristic equation has a double root a; = ap, then we don’t actually
have two different solutions.

Example 2.2.4. Consider the ODE
y' + 4y + 4y = 0.

Then we factor D? +4D + 4 = (D + 2)? and get the solutions y; = e~2* and y, = e~2%. Clearly these are
not two independent solutions.

From the previous section, we know we can test independence by computing the Wronskian

1T QoI

€ €
alealib aQSOQI

W(ea1w7ea2w) = det ( ) — (052 _ al)e(az-l‘az)w.
As expected, it is non-zero when «ay # as, and zero in the case of a double root a; = ay. This means we
need to manufacture some solution other than e*** somehow.

How do we manufacture this second solution? Let (D — r)?y = 0 be the ODE. The first solution is
y1 = e". To get the second solution, one way to proceed is to make an ansatz, i.e. an educated guess, that

the second solution is of the form
y2 = v(z)e"™ (2.5)
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for some function v(x) instead of just a constant. This is just a guess! If it works in the end, we are happy;
if it does not, we go back and try something more clever.

To find what v(z) should be, we plug v(z)e™ back into the ODE. This is computationally slightly
complicated, so first we compute

(D —r)(v(z)e™) = (V' (2)e"™ + rv(x)e™) — rv(x)e"™ = v'(x)e"™.
Applying (D — r) again gives
(D —7)*(w(z)e™) = (v (2)e™ + rv'(z)e™) — rv/(z)e™ = v (z)e"™.

For this to be equal to 0, we must have v”'(z) = 0. Hence v'(z) = ¢ and v(z) = c12 4 c2. A solution of the
form
y = (c1z + cg)e"™

therefore works! Note that coe”™ is just some multiple of the first solution y;, and the truly new solution is

We should check however that y; = €™ and y2 = wze" are truly independent solutions, using the
Wronskian. Their Wronskian is

e'f‘f

xe"’l‘
re™ (14 rx)e”c>

= (1 +r2)e®™ — ree?™ = ¥ £ 0.

W(e™, ze"™) = det (

Hence y; = €™

double roots.
To sum up, to solve a constant-coefficient homogeneous linear second-order ODE ay” + by’ + cy = 0, we
should find the roots oy, as of its characteristic equation ar? + br + ¢ = 0.

and yo, = ze" are a fundamental set of solutions. This is how we deal with the case of

1. If the roots are distinct, a fundamental system of solutions is
yl — ealx y2 — eOtQJC.

2. If the roots are not distinct, a fundamental system of solutions is

y1 = e, yo = ze™”.

The last thing to deal with is that the two solutions a; and as may be complex numbers instead of real
numbers. In this case it is important to remember Euler’s formula

e =cosx +isinz.

Consequently, if we have o = A + pi, then

0T = T — AT (cos px + @ sin px).
Example 2.2.5. Consider the ODE
y// +y=0.
The solutions to its characteristic equation are a; = i and as = —i. Hence the two solutions are

y1 =€ =cosx +isinx

Yo =€ ¥ =cosx — isinzx.
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However this is not exactly desirable, because we started with only real numbers and would like the solutions
as real-valued functions. The trick is to “cancel” out the imaginary parts by looking at y; &£ ya:

Y1 +y2 =2cosz, Y —y2 =2isinz.
Since constants are irrelevant, this means we can define a new pair of fundamental solutions
Y] = COST, Yo =sinz.

In general, if a quadratic has complex roots, the two complex roots are conjugate pairs A & pi. Then the
two solutions will be
)\a:(

y1 = € 7(cos pux + i sin px)

Yo = e (cos px — isin px)
and the same argument as in the example shows that we can always define a new pair of fundamental
solutions

g1 = e cospx, Py = e sin p.
2.3 Non-homogeneous equations
Now we return to the general non-homogeneous case
y' +p@)y +a(2)y = g(@). (2.6)

Suppose that we have already solved the associated homogeneous equation
y' +p@)y +q(z)y=0

and obtained its general solution c1y1 + coy2. The previous section describes how to do this when p(z)
and ¢(x) are constants, i.e. actually independent of 2. The following observation allows us to use the
homogeneous case to get solutions for the original ODE.

Theorem 2.3.1. IfY1,Y5 are two solutions of the non-homogeneous equation (2.6)), then Y1 —Y3 is a solution
of the associated homogeneous equation.

Proof. This is a direct check:
(Y1 = Y2)" + p(a) (Y1 — Ya2)' + q(x)(Y1 — Ya2)
= (Y" +p(@)Y{ + q(2)Y1) — (Y3’ + p(2)Y5 + q(2)Y2)
= 4(2) — g(a) = 0. :

But we know all solutions of the homogeneous equation: they are ci1y; + cay2. So once we can find a
single solution Y of the original equation, then all other solutions are of the form

Y +c1y1 + cayo.

Definition 2.3.2. Given a linear second-order ODE as in (2.6)), the general solution c¢1y; + coya of its
associated homogeneous equation is called the complementary solution. A single solution Y of the actual
ODE is called a particular solution.

It is important to note at this point that a particular solution will never be a solution of the homogeneous
equation. So particular solutions are distinct from the complementary solution.
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Example 2.3.3. Consider the ODE
y// . 5y/ + 6y = 2€*.

The complementary solution is ¢;e?* 4 c2e3®. One can check that a particular solution is y = e®. Hence the
general solution is
y = €% 4 c1€%% + cpe3”.

There are two different ways to find particular solutions that are commonly taught. One way is to simply
make an ansatz, like we did in (2.5). This is known as the method of undetermined coeflicients, and
works well when the rhs g(x) is of some particular form.

Example 2.3.4. Consider the non-homogeneous linear ODE
y" — 3y’ — 4y = 3e*.

The rhs is of a very special form: it is (up to constant factors) an exponential. Since exponentials are
indestructible under differentiation, we can make the ansatz that a particular solution is of the form

y = Ae*®
for some constant A. Plugging this into the ODE gives
(4A — 6A — 4A)e>® = 37,

so that A = —1/2. Hence a particular solution is y = —1/2¢?*. The general solution is therefore
1, - -
y= —§€2J: + 1€ + e,

Similarly, if the rhs is some multiple of sinx or cosz, then we should make the ansatz y = Ajsinz +
Ay cosx. Here we must involve cosx because we obtain it upon differentiating sinz. Now we get a 2 x 2
system of equations for A; and A, that must be solved. The details in this case reveal no new conceptual
insights, so we omit them.

The other commonly-taught method to find particular solutions is called variation of parameters and
works for arbitrary g(z). However it is made obsolete by the more useful concept of a Green’s function, so
we will not cover it in this course.

2.4 Higher-order linear equations

All the theory we have developed for second-order linear equations carry over analogously to higher-order.
Let’s briefly examine the general higher-order case.

Definition 2.4.1. Let y(™) denote the n-th derivative of y. An n-th order linear ODE is of the form
Y™ 4 pp1 (@)y "+ @)y + po(a)y = g(). (2.7)

Since now we must “integrate n times” to get a solution, we expect that to get a unique solution one
must specify n initial conditions

0 1 n— n—1
y(wo) =y, o (@) =5 oy (o) =y (2.8)
where ), 4V (n—1) 1 3 i
Yo Yo s+ Y0 are real constants. Then we have the following.
Theorem 2.4.2 (Existence and uniqueness for n-th order linear ODEs). If the functions pg,...,pn—1 and

g are continuous on an open interval I, then there exists a unique solution to (2.7) satisfying the initial

conditions (2.8)).

19



As with the first- and second-order cases, we can consider the associated homogeneous equation
y™ 1@y 4 pr (@) + po(x)y =0
and its solutions y1,...,y,. The general solution is of the form
ClYy1 + -+ -+ Cn¥n,

and there is again a concept of a Wronskian to check whether there exist constants cy, ..., ¢, such that the
solution satisfies a given set of initial conditions.

Definition 2.4.3. The Wronskian W (y,...,y,) is the function given by

y1() Yo () Yn ()
Yy (z yolz) - yn(x)
W(y1,-.- yn)(z) = det : . (2.9)
V@) V@) e e ()

Theorem 2.4.4. In the conditions of (2.4.2), if W (y1,...,yn)(x) # 0 for at least one x in the open interval
I, then all solutions are of the form c1y1 + -+ + CnYn.

In general, one can show that the condition on the Wronskian is equivalent to the condition that the
functions y1,...,y, are linearly independent. In the second-order case, this just means y; and yo are not
multiples of each other.

For the non-homogeneous case, Theorem [2.3.1| carries over verbatim, and the general solution is the sum
of a particular solution and the complementary solution:

y=Y oy +- + .

Again, for some forms of the rhs g(x), one can make an ansatz for the particular solution and proceed. In
general, the method of Green’s functions is better.

3 Singularities and series solutions

So far we have dealt with ODEs whose solutions are “nice” functions. Most ODEs (even most second-order
lienar ones) have solutions which are not expressible in terms of elementary functions. We must resort to

finding solutions locally around a given point x = xq, expressed as power series. This works well for linear
ODEs.

3.1 Review of power series

Definition 3.1.1. A power series at x = xg is an infinite sum of the form

N—o00
n=0

oo N
Zan(x—xo)” = lim Zan(x —x0)". (3.1)
n=0

Sometimes we will only want to write the first few terms. We use the big-O notation O((x — z¢)") to
mean “terms of degree-IN or higher”.

For most intents and purposes, power series can be thought of as polynomials “with an infinite number
of terms”. Arithmetic operations and differentiation/integration work as usual. However whenever infinite
sums are involved, one must be careful about convergence issues. While a sum of finitely many numbers is
always well-defined, sums of infinitely many are not always.
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Definition 3.1.2. The power series (3.1)) converges at z if the limit on the rhs exists. It converges

absolutely if the series
(oo} [ee]
D lan(e —@0)"[ = > |an|lz — xo|”
n=0 n=0

converges.

Every power series has a certain range o — p < & < o + p, which we also write as |z — xg| < p, in which
it converges and outside which it does not. This range is called the radius of convergence of the power
series. In the same way that a solution to an ODE may only be valid in a certain region, e.g. Example
and Theorem [[.4.2] a power series is only valid inside its radius of convergence.

Definition 3.1.3. A function f is analytic at = = z( if in an open interval containing xg, it is equal to a
power series with radius of convergence p > 0.

We think of analytic functions as those which can be expanded as power series. If we already know that
a function f is analytic, we can make the ansatz

flx) = Z anT"
n=0

to find its power series. (This ansatz will give a power series expansion around z = 0.) For example, from
the ansatz, f(0) = ag, so we already know the constant term. Higher-order terms are obtained by the
observation that

R (z) = Z apklz"k
n=~k

and therefore f(*)(0) = ajk!. This results in the Maclaurin series expansion

> f(n)
f(l’) — Z f n'(O) "
n=0 ’

This is the expansion around z = 0. To get an expansion around x = xg, we must replace ™ with (z — x¢)"
in the ansatz, to get the more general Taylor series expansion

o~ (o) n
f(z) = Z;) T(I —xo)". (3:2)
We see that for a series expansion to exist, at least the function f must be infinitely differentiable. Often
such functions are called smooth.
Example 3.1.4. Let f(z) = e®. Then f(™(0) = ¢” = 1, so we have the series expansion

" 1 n z? 23 4
n=0

Warning: it is possible for a function to be smooth but not analytic. In other words, even if exists
and has a radius of convergence p > 0, it may not be equal to the function f. The typical example of such
a function is

fla)=1-e/",

whose Taylor series has all coeflicients equal to zero.
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3.2 Ordinary points

We consider only homogeneous equations because the procedure for non-homogeneous equations is very
similar. For simplicity, we look at the second-order linear case. The goal is to solve them locally around
Tr = Zg.

Definition 3.2.1. Consider the homogeneous second-order linear ODE
Px)y" + Qx)y + R(z)y = 0.

If around = = x the functions Q(x)/P(z) and R(x)/P(x) are analytic, then z( is an ordinary point.
Otherwise it is a singular point. At an ordinary point, we can rewrite the ODE as

Qw) . _ R
Py 1= Py

v +plx)y +qx)y =0, p(z):= (3.3)

To find a series solution, it suffices to plug the general form ({3.1)) into the ODE and solve for the coefficients
{an}. These coefficients will satisfy some recurrence relation, which relates a,, to a,, for m < n.

Example 3.2.2. Consider the first-order ODE
y —y=0.

We already know the solution y = ce® to this, but instead let’s find a series solution around x = 0. By
uniqueness, the series we get must be equal to y = ce® around = = 0, for some ¢. We have

o0 o0
E apnz™ Tt — g apx” = 0.
n=0 n=0

Hence the coefficient of ™ is zero, for every n. Rewrite the first sum so that we can more easily extract this
coefficient

i apt+1(n+ Dz — i anz™ = 0.
n=0 n=0

It follows that
anyiin+1)—a,=0, n=0,1,2,....

This is a recurrence relation for the coefficients {a, }. For example, the first few coefficients are

ap aq Qg ag a
S T T A T
In general, we can use the recurrence relation to write all the coeflicients in terms of ag:
ag
arp = E

There are no constraints on what ag is; it plays the role of the constant c. The series solution is

Ooa/
0 n x
y:E *'l‘ = o€,
n.
n=0

as expected.

There is a deep relationship between ODEs and recurrence relations. A second-order constant-coefficient
ODE will produce a recurrence involving a,42 (coming from y”) and a,41 (from y') and a, (from y).
In general, an n-th order constant-coeflicient ODE produces an n-th order recurrence. Then we are free
to choose the first n coefficients ag,a1,...,a,_1; these act as initial conditions and are analogous to the
constants forming the general solution. An easy way to get the i-th solution in a fundamental system of
solutions is to set a; = 1 and all other a; = 0.
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Example 3.2.3. Consider the second-order linear ODE
y' —y=0.
This produces
e W

Reindexing, we get

Zan+2n+2 Y(n+1)x Zanaj =0.
n=0
For n > 0, we get the recurrence
apt2(n+2)(n+1)—a, =0.

It follows that

Qo as Qo
= —, Q4= —"F5=—"—F""—"", ...
2T o MT 43 4321 ’
a1 as aq
a3 =—-——, a
732 T 5.4 5.4-3.2

The general solution is therefore of the form

2 4 3 5
y:a0<1—|—2 +E+O( )>—|—a1<x+3 “ry—‘rO( ))

These two solutions are known as the hyperbolic cosine and sine respectively:
o 2n oo x2n+1

cosh(z) = ;} (gn)!’ sinh(z) = go sl

If we solve the equation using the characteristic equation, we get the general solution y = c¢1e* + coe™*.

In terms of this fundamental set,

T —x T _ -
cosh(x) = %, sinh(z) = c-°

There is a close relation between the hyperbolic trig function and usual trig functions. For example, note

that ) . ) .

elflj + e*Zl‘ el[l) _ e*'m

———, sinfz) = ———
2

Example 3.2.4. Consider the second-order linear ODE

cos(z) =

y' —zy=0

called the Airy equation. Its two solutions are the Airy functions of the first and second kind, neither of
which can be expressed in terms of elementary functions. We get

Za,b+2n—|—2 Y(n+ 1z Zan 1"

n=0

So when n > 1, we get the recurrence

pt2(n+2)(n+1)—ap-1=0, n=123,...,
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and the special equation 2as = 0 when n = 0. Note that the non-constant coefficient x in the ODE made
the recurrence third-order. It follows immediately that

CLQ:CL5:(L8:"':0.

The other coefficients are slightly more complicated:

an — aq a — aq - aq a -

4 = .37 7_76_76437 10 — ) 9

a :& a, :ﬂzL ag = -

732 765 6-5.3.27 ’

The general solution is therefore of the form
a3 x° x? 27
= 14+ —~— 4+ — 2 4022 BT N I LA
y ao< +3~2+6~5-3-2+ (x))+a1(x+4.3+7.6.4'3+ (™)

These series have no closed form.

However it is not always possible to obtain a nice recurrence for all coefficients. This is because coeflicients
may be complicated functions of x, instead of just constants. Then typically one expands the functions into
series, and manually solves for only the first few coefficients in the series solution.

Theorem 3.2.5 (Analyticity of series solutions at ordinary points). If x = x¢ is a ordinary point of
P(z)y" + Q(z)y’ + R(z)y = 0,
i.e. Q/P and R/P are analytic at xq, then its general solution is
(oo}
y= Z an(x — 20)" = agy1 + a1y2
n=0

where y1,y2 are series solutions analytic at xg that form a fundamental set of solutions. Moreover their
radius of convergence is at least as large as the minimum of the radii of convergence of Q/P and R/P.

Proof. We omit the proof that y;, y> must be analytic. We will only check that they form a fundamental set
of solutions, by computing their Wronskian. In general, regardless of the ODE,

1 =1+0(%), yo=1+0(?).
This is because there are never constraints on ag and ay, and all other terms are O(z?). Then

Wne) = det (100 4 OE)) =4 0621+ 0w) - Ow)e + 0%)

=(1+0(x)) - 0(z*) =1+0(zx) #0.

Hence y1,y2 form a fundamental set of solutions. O

3.3 Regular singular points

Series solutions around ordinary points are more well-behaved than those around singular points. ODEs
with singular points may have solutions which are not analytic at those points, so series solutions might not
exist there. This may occur for fairly innocuous ODEs. However, for a class of mild singularities, we can
still use the series methods of the previous section, suitably modified.
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Definition 3.3.1. Suppose the ODE P(x)y” + Q(z)y’ + R(x)y = has a singular point x = x¢. This means

that Q(z)/P(x) and R(z)/P(x) are not analytic at @ = x¢ (cf. . However if both
R
wh—>nwlo ggi; (:E -7 )7 a:li—>nxlo Pgi; (x B x0)2 (34)

exist, then we say © = x( is a regular singular point and we can still find series solutions. Otherwise it
is an irregular singular point.

In English, means that the function Q(z)/P(x) has a pole of order at most one at x = xp, and
R(x)/P(z) a pole of order at most two. For example, a rational function having a pole of order at most n
at x = xo means it is of the form

g(x)
(x — xo)™
for some function g(x) which is well-defined, i.e. has no pole, at x = zy. (Equivalently, it means that in a
series expansion around x = z(, we must include terms of negative order up to (z — xg)™".)

Example 3.3.2. Consider the hypergeometric equation
z(1—2)y" + (c—(a+ b+ 1)x)y —aby = 0.

The functions (1 — z) and (¢ — (a + b+ 1)z) and —ab are all polynomials and therefore analytic. So the
only way

Q) c—(a+b+1)xz Rx)  —ab

P(z)  x(1-z) ' Px) z(1-2)

can fail to be analytic is if z = 0 or z = 1. These are two singular points of the equation.

1. At z =0, the two functions

Q(m)xzc—(a—i—b—i—l)x R(z) o _ —abx
P(x) 1—x " P(x) 1—x

are analytic, by expansion using geometric series. So x = 0 is a regular singular point.
2. At x =1, one can check also that the singularity is regular.
So we have found two regular singular points of the equation, at x = 0, 1.

Example 3.3.3. Consider the Cauchy—Euler equation
22y 4+ axy’ + Py = 0. (3.5)

One can check that x = 0 is the only singular point, and it is regular. In some sense the Cauchy—Euler
equation is the simplest ODE with regular singular points. But even in the simplest case
x2y// +y= 0

we cannot find any non-trivial series solutions. The lhs is

QZan (n—1)a" 2%+ Zanx —ao—l—alm—i—z (n—=1)+ aya"

Setting this equal to 0, we get
ap=a; =0, (n(n—1)+ a, =0,
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i.e. all coefficients are zero! Hence the only series solution we can find this way is the trivial solution y = 0.
The general solution is actually
y = c1 cos(In |z]) + co sin(In |z]).

When z # 0 this is analytic and therefore has a valid power series expansion. At x = 0 we run into issues
with the In |z| terms, and the function is no longer analytic. In general, the ansatz

y=z", reC,
solves the Cauchy—Euler equation whenever
r(r—1)+ar+5=0.

This is called the associated indicial equation. In the above case, the two solutions for r are complex,
leading to the appearance of sin and cos.

There is a modification of the series method, due to Frobenius, which handles the case of regular singular
points. For convenience, suppose the regular singular point is at = 0. Then

xggg = xp(z) = anx”, z? igi = 2?q(z) = Z gnz"
n=0 n=0

are both analytic and have valid series expansions. We can rewrite
P(z)y" +Qx)y' + R(x)y =0 ~ oy +a(ap(x))y’ +z°q(x)y = 0.

Writing p(z) and ¢(z) in their series forms, this is equivalently

2y + x(po + pre + O(2*))y' + (q0 + quz + O(2?))y = 0. (3.6)

If all p,, = g, = 0 except py and qq, this becomes a Cauchy-Euler equation
2y + pory’ +qoy = 0.

So in some sense the general case is “just” a Cauchy—Euler equation but with power series coeflicients
instead of constant coefficients. Hence we should allow modifications to the solution y = z" (where r solves
the indicial equation) by power series:

(oo}
Y=o S o, B7)
n=0
where r solves the indicial equation

r(r—1) + por + go = 0.

We will call this the Frobenius ansatz. (There will be one for each solution r.) Using this ansatz to find
solutions at a regular singular point is called the Frobenius method.

Example 3.3.4. Consider the hypergeometric equation
z(1—2)y" + (c— (a+b+1)x)y —aby = 0.

We would like to find a series solution around the regular singular point = 0. First rewrite the equation
in the form ({3.6]), by computing

(x) _ c—(a+b+ 1)z
(z) 1—2z
) _

2" =c+ O(x)

NE

L9
p

zz:cx"—(a—i—b—i—l)
n=0

n=1

o R(z abx
x
P(z) 1—=x

=0+ 0O(x).
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Hence the associated Cauchy—FEuler equation is
22y’ + cay’ = 0.
The indicial equation for r is therefore
r(r—1)+c =0 ~ r=01-c

So as long as c¢ is not an integer, the two (distinct) Frobenius ansatzes should be

o0 o0
y1=Y anx", pp=z""°) ama".
n=0 n=0

Note that the first solution y; is actually a power series, and therefore analytic by general theory. This
solution is generally called the hypergeometric function. Explicitly, the associated recurrence is

(n+ 1)nany1 — n(n — ay + c¢(n+ 1)apy1 — (a + b+ )na, — aba, =0, n > 0.

Rearranging, this becomes
R (n+a)(n+b)
T 1) (n+ o)

For convenience, we define the rising factorial

an, mn>0.

(a)p =ala+1)(a+2) - (a+n—1).

Then from the recurrence, we get
(a)n(b)n

tn = n!(c)n

agp.

Definition 3.3.5. The hypergeometric function is a three-parameter family of functions defined by

oFy(a,b,c;x) = Z —

n=0
One can check that the other solution of the hypergeometric equation around z = 0 is
TR (1+a—c,14+b—c¢2—cx).
Hypergeometric functions are generalizations of many special functions. For example,
In(l+a)=x-2F(1,1,2; —x)
arcsin(z) = x - 9 Fy(1/2,1/2,3/2; 2%).

Many special families of polynomials also arise in this way: Laguerre polynomials, which appear in the study
of the hydrogen atom; Hermite polynomials, which appear in the study of the harmonic oscillator; Bessel
functions, which appear in the study of heat conduction in rods, etc. We will see in section the reason
why hypergeometric functions are so ubiquitous.

Now we plug the Frobenius ansatz back into the original equation in order to analyze properties
of the solutions. This yields

Z(n +r)(n+7r—1Da2™" + <Z an(n+ r):c"”) <Z pnx"> + (Z anx”JrT) (Z qnx"> =0.
n=0 n=0 n=0

n=0 n=0

We need to extract the coefficient of z”*" from all three terms.
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1. The first term is straightforward and gives (n +r)(n + 7 — 1)a,.

2. The second term requires us to multiply power series. Power series multiply just like polynomials. The
™" term must receive a contribution of z**7 from the first sum and a contribution of "% from the
second sum, where k is any integer from 0 to n. So the coefficient of ™" here is

n n—1
Z ax(k+7)pr—r = an(n+7r)po + Z ar(k +7)pn—r-
k=0 k=0

3. Similarly, the third term gives

n n—1
Z akGn—k = Anqo + Z Ak Gn—k-
k=0 k=0

Putting these together, we get a recurrence. If we put all terms involving a,, on the lhs and all other terms
on the rhs, the recurrence is

n—1

[(n+r)(n+r—=1)+po(n+7)+qolan == ar[(k+r)pn_r + gn sl
k=0

To better understand the structure of this recurrence, recall that
I(r) = r(r=1) 4+ por + qo

is the indicial equation of the associated Cauchy—Euler problem. The recurrence can be rewritten

n—1
I(n+r)an ==Y ap[(k+7)Par + gni]- (3.8)
k=0
In order to solve for a, for all n > 1 (in terms of ag), we therefore require that I(r 4+ 1), I(r +2),... are all

non-zero.
Suppose the two roots of the indicial equation are vy and ro, with 1 > ro. This means I(r) = I(ry) =0
and I(x) # 0 for all other z. In particular,

I(T1—|—1), I(T1+2), 7&0,
so we can always find a solution using r;. However a problem can arise if r; — ro is an integer m. Then
I(rg+m)=1(r;) =0,

and so we won’t be able to solve for a,, using the recurrence (3.8). In particular if 1 = ry we also have this
problem. The following theorem tells us what ansatz to make (for the second solution) in this situation.

Theorem 3.3.6. When r1 —ro = m s an integer, a fundamental set of solutions is of the form
oo o0
yp =" Z apx”, Yo =y1lnx+ 2" Z bpx™.
n=0 n=0

Proof. Let y; = 2™ 3 a,z™ be the solution coming from r1. Make the ansatz yo = v(z)ys for some function
v(x). If we plug this into the original equation (3.6)) and use that y; is a solution, we find

2 @)y + 20 (@)}) + ap(a)e! 2y, = 0.
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Rearranging, this becomes a first-order homogeneous linear equation for v’ (x):
22y (2) + (202 + ap(@)y v (@) = 0.

This can be solved using the integrating factor

222y, 2
u(z)_exp/wltmw_exp/(%ﬂ(z)) :y%exp/@.
Lo () x x

Multiplying by p changes the equation into (v’(z)u)” = 0, and therefore the solution (up to constants) is

V' (z) = %effp(z)/m.
L1

We want to write this as a series. Recall y; = 2™ ¢; where g; is analytic. Then

1 e~ JPo/z+p1+0() 1 e—p1w+0(w2) _ 1 (1).

/
v (:L‘) = — = =
l-QT‘l 71 $2T1 +po 71 1'27’1 +po

From the indicial equation we see that r; +ro = 1 + pg, so
2ri +po=14r, —ro=1+4+m.
Hence when we integrate v'(x) term by term, we get
v(x) =cor™ ™+ FemorzT  FemIng + cpgrr + O(z?)
for some constants ¢;. Importantly, there is a term ¢, Inx. It follows that
Yo = VY1 = cpy1 Inx + 2™ 27" (analytic).
But 71 — m = ro. Hence indeed y5 is of the claimed form. O

Theorem 3.3.7 (Analyticity of Frobenius series solutions at regular singular points). Consider the ODE

2?y" + z(zp(x))y + 2?q(z)y =0

where © = 0 is a regular singular point. The two solutions arising from the Frobenius method form a
fundamental system of solutions. If p is the radius of convergence for power series expansions of xp(x) and
22q(x), then the general solution has radius of convergence at least p.

3.4 Singularities at infinity

So far we have looked at singularities at x = ¢ for finite z5. Whether such points are ordinary or singular
points controls the behavior of solutions as * — xg. Similarly, we can also look at the “point” x = oo.
Whether this is an ordinary or singular point controls the behavior of solutions as z — oo.

In order to investigate behavior at infinity, we need to do a change of variables. If we let

1
5::77
T

then looking at £ — 0 is equivalent to looking at x — oo, and we already know what it means to investigate
singularities at zero.

Definition 3.4.1. An ODE has a ordinary/singular point at infinity if, under the change of variables
¢ =1/x, it has an ordinary/singular point at £ = 0.
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We must be careful when performing this change of variables. In addition to plugging in z = 1/¢, we
need to plug in

d d¢ d 1 d 5 d
—_— = = =2 3.9
dx  dx d§ 2 d¢ d& (39)
Higher-order derivatives are obtained by a composition of first-order derivatives, keeping the product rule in
mind, e.g.
d? d d 9 3
“ — — ) = - 3.10
dz? ~ drdx ( ¢ f)( ¢ 5) % f+§ de ( )

Example 3.4.2. Consider the hypergeometric equation

z(l—2)y" + (c— (a+ b+ 1))y —aby = 0.

V(e) =y (;) — y(@),

so that it is clear Y’ means “derivative with respect to £”. We perform the change of variables, using (3.9)

and :
% (1 - i) (263Y" + £4Y") + (c _ ““&’“) (~€2Y") — ab¥ = 0.

For the sake of notation, define

Simplifying, we get
EE-1Y"+&((2-e)¢+(a+b—1))Y' —aby = 0.

This is the hypergeometric equation “at infinity”. In the notation of (3.4]), we have

P(§) =& (¢-1)
Q) =¢&(2—-c)¢+(a+b-1))

R(§) = —ab,
and we are concerned with the functions
QE) _(2-c¢+(a+b-1) RE _ —ab
P(£) §E—-1) TP e(E-1)
These are not analytic at £ = 0, so it is a singular point. But
5 m ggg 1—a—b, ghgg)ﬁﬁggzab

both exist, so £ = 0 is a regular singular point.

This example, along with Example [3.3.2] shows us that the hypergeometric equation actually has three
singular points, at x = 0, 1, 0o, all of Wthh are regular singular points. In fact, any second-order ODE with
three regular singular points can be converted to the hypergeometric equation via a change of variables.
This is the reason that hypergeometric functions are so ubiquitous; many families of polynomials satisfy
second-order ODEs, which often have three regular singular points (counting co). So they can be rewritten
in terms of hypergeometric functions, after some change of variables and possibly some scaling.

Example 3.4.3. Consider the equation
(z = 1)(z - 2)y" + azy’ + By = 0.

It clearly has regular singular points at z = 1 and = 2. At x = oo, we get

(2 - 1) (2 - 2) (263 + £Y") + % (—€2Y") + BY =0,
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Simplifying, we get
(1= -298Y" + (1 - &1~ 2)(2 - a)eY" + Y = 0.

So £ =0, i.e. x = o0, is another regular singular point. (Note that in the £ coordinate, £ =1 and & = 1/2
are also regular singular points, but these correspond to = 1 and z = 2.) Hence this equation has three
regular singular points,at x = 1,2, 00. If we do a change of variables

r — wuwu=x—1,

then in the coordinate u the equation has three regular singular points, at v = 0,1,00. Hence it is a
hypergeometric equation, with solution

oF1(a,b,c;u) = o F1(a,b,c;x — 1)
for some parameters a, b, c. In fact, we can explicitly perform this change of variables, to get
u(u—1)y" +alu+ 1)y + py = 0.
The parameters a, b, ¢ therefore need to satisfy
—ab=-8, ¢c=—-a, —(a+b+1)=—qa,

where the minus signs are because we must flip u(u — 1) into u(1 — w) by multiplying the whole equation by
—1. For example, if (a, §) = (4,2), then (a,b,c) = (1,2,4) and one solution to the original equation is

Yy = 2F1(1,2,4;$ — 1)

In general, given any three distinct points x1, x9, x3 on the real line (with oo included), there is a change
of variables that will take these three points to 0,1, 0o respectively:

(x —z1)(z2 — 23)

v (x — x3)(x2 — 71)

This is called a M&bius transformation. In the example above, we sent (1,2, 00) — (0,1, 00) using the
map x — = — 1. We could also choose to send (1, 00,2) — (0,1, 00) using the map
(x—1)(z2—2) xz-—1

— i = .
T e - 2)(as—1) z-2

In this new coordinate #, the solution will again be a hypergeometric series, with different parameters a, b, é.
But in terms of z, it must be equal to the original solution. This is one way to produce non-trivial identities
for hypergeometric series.
3.5 Irregular singular points
Series solutions at irregular singular points are hopeless. The following example illustrates why.
Example 3.5.1. Consider the first-order linear ODE
2%y +y=0.
It has an irregular singular point at = 0. One checks that the general solution is
y=ce /*.
It is impossible to obtain this solution as a series, even using the Frobenius ansatz. This is because

e_l/”’zl—x_1+lx_2+fx_3—|—-~-

has terms of arbitrarily negative degree, and therefore cannot be written in the form of the Frobenius ansatz
at all. The function e~'/* has an essential singularity at z = 0. This is a “pole of infinite order”.
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The general idea for second-order linear equations y” + p(x)y’ + ¢(z)y = 0 is that
1. a regular singularity at 2 = 0 corresponds to p(z) = O(x~!) and ¢(z) = O(z~2);

2. an irregular singularity at = 0 corresponds to p(x) = O(x~*~!) and ¢(x) = O(x~2#~2) for some
integer k > 1.

Definition 3.5.2. The integer k is called the rank of the irregular singularity. Equivalently, it is the smallest

integer such that

k+1 2k+2

(= 20)" " p(x), (2—w0)™ "q(2)

are analytic functions at x = xg.

The example suggests that solutions at an irregular singular point of rank & should involve a term
exp O((z — z0)~%). Indeed, solutions are of the form

- Cl Ck—1 C1
x) = g(x)ex + RS
o) = i) exp (i + e e )
where §(z) is some Frobenius series. Usually the constants ¢; are determined by analyzing asymptotics near
T = x9, and then the Frobenius ansatz is used. We will not go through this procedure.

Example 3.5.3. An irregular singular point can be viewed as the result of two regular singular points
“colliding”. Consider the confluent hypergeometric equation

2y + (c —z)y —ay = 0.

This has a regular singular point = 0 and an irregular singular point x = oco. It is obtained from the usual
hypergeometric equation by the change of coordinates £ := bz and then sending b — oo. The change of
coordinates produces
Tb—2
b b (
since d/dx = b(d/dx). Divide out a factor of b and simplify a little to get

b2y") + (c —(a+b+ 1)?) (by') — aby =0

z

b—2 b+1
Tyt (C—a+b+53> y' —ay =0.

In the limit b — oo, both fractions become 1 and we get the confluent hypergeometric equation. The singular
points x = 0, 0o become singular points £ = 0, co, but the singular point = 1 becomes = b and tends to
oo in the limit. It collides with the existing regular singularity to create an irregular singularity at oco.

Definition 3.5.4. From this analysis, the analytic solution at = 0 of the confluent hypergeometric equation
must be the series

xr
li F(J),;—).
bl—I>r(1)2 1\ Cb

This is the confluent hypergeometric series 1 F(a,c; ).
In the same way that any second-order equation with three regular singular points can be transformed
into the hypergeometric equation, any second-order equation with a regular singular point and an irregular

singular point can be transformed into the confluent hypergeometric equation. For example, this is true for
Laguerre polynomials and Bessel functions.
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4 Laplace transform

The Laplace transform is a general tool used to transform differential equations into usual algebraic ones.
It is usually easier to solve the resulting algebraic equation and do run the Laplace transform backward to
get the desired solution to the ODE.

Definition 4.0.1. The Laplace transform of a function f(¢) is a new function F(s) of a real variable s.
The usual notation is -
LLF()} = F(s) = / e~ £ (1) dt. (4.1)
0
We often call e=% the kernel. Note that this has nothing to do with the concept of kernel from linear
algebra.

Historically, the variable ¢ stood for time, so we often say f(t) is a function in the time domain. By
analogy with Fourier theory, the variable s represents frequency, and so the corresponding F(s) is in the
frequency domain.

Example 4.0.2. The simplest possible function we can plug into the Laplace transform is the constant
function f(t) = 1:

—st

t=o00
e 1

S

L{1} = / e Stdt = —
0

From this, one can directly see that

t=0

L{e"} = /°° L
0

s—a

One has to be careful when taking Laplace transforms of functions which “grow faster” than e® ast — cc.
This is because in those cases, the integral (4.1)) may diverge and the Laplace transform may not exist. The
technical condition we need is that

beyond some T, for all t > T we have |f(t)] < Ke* for some constants a and K.

This condition is usually abbreviated as f(t) = O(e®), similar to the big-O notation we used for series
in Definition In English, it means that f(t) grows at most as fast as some constant multiple of the
exponential e,

Example 4.0.3. All polynomials grow slower than exponentials, so if f(¢) is any polynomial of ¢ then
f(t) = O(e*) for any positive a. On the other hand, for example,

e’ £ O(e™)  for any a.

As long as we avoid such fast-growing functions and functions which are not piecewise continuous, the
Laplace transform will always exist. We will not worry about existence much from now on, unless it plays a
crucial role in an argument.

Example 4.0.4. Let f(¢) = sinat and g(t) = cosat. Let their Laplace transforms be
F(s) = L{f®)},  G(s) = L{g(t)}-

We can compute these two Laplace transforms simultaneously:

oo

e’} efst
F(s) = / e *'sinatdt = — sin at
0 s

o0
+2 / et cosatdt = “G(s)
o sJto s

> e~ st < a [ 1 a
G(s) = / e *'cosatdt = — cosat| — 7/ e S'sinatdt = — — —F(s).
0 s 0 o

0 S S

Solving this system of equations for F(s) and G(s) gives

a S
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The usual way to compute Laplace transforms of functions is to know (or look up in a table) common
pieces, and then to use properties of the Laplace transform. This is analogous to how we usually differentiate
functions, by knowing a few common derivatives and applying the sum/product/chain rules. Since we have
graduated from basic calculus, we refer to the “sum rule” as the property of linearity.

Theorem 4.0.5 (Linearity of the Laplace transform). For constants c1,ca and functions f1, fa,

L{ci f1(t) + e2 fo(t)} = 1 L{f1 (1)} + c2L{ f2(1)}.
Example 4.0.6. The Laplace transform of 3e~2¢ — 7 cos 5t is

3 7s

3L{e "} + 7L{cos 5t} = penp iR

4.1 Solving IVPs

The utility of the Laplace transform for ODEs lies in part (1) of the following theorem, which tells us how to
find the Laplace transform of 3’ once we know the Laplace transform of y. Since the time variable is usually
called ¢, from now on our ODEs have independent variable ¢ instead of x.

Theorem 4.1.1 (Properties of the Laplace transform (part 1)).
1. (Time derivative) Suppose f(t) = O(e*) for some constant a. Then

L{f ()} = sL{f (1)} = £(0). (4.2)
2. (Prequency derivative) Let L{f(t)} = F(s). Then
L{-tf(0)} = F'(s). (13)

Proof. We only prove (1). Integrating by parts gives

o0

C{f (1) = / T et e dt = e £ (1)

+ s /OO e St f(t) dt.

0 0
Since f(t) = O(e™),

lim [e” ' f(¢)] < K lim e~ (5ma)t — .
t—o0 t—o0
Hence the first term becomes — f(0), and the second term is sL{f(t)}, and we are done. O

Assuming f/(t) satisfies the same condition as f(t), we can repeatedly apply . For example,
L{f" ()} = sL{f' (1)} = '(0) = s*LLf (1)} — 5£(0) = f'(0).

In other words, the Laplace transform of any derivative of f(¢) can be related to the Laplace transform of
f(t) itself.

Example 4.1.2. Consider the IVP
y' =3y +2y=0, y(0)=1,y'(0)=0.
Let Y (s) .= L{y}. Using the given initial conditions, the Laplace transform of the lhs is
L{y"} = 3L{y'} +2L{y} = (s’Y(s) —s — 0) = 3(sY(s) — 1) +2Y(s) = (s* — 35+ 2)Y(s) — (s — 3).
Setting this equal to the rhs £{0} = 0, it follows that
5s—3
(s—1)(s—2)"

If we can find a function y(¢) whose Laplace transform is exactly Y (s), then this function y(t) is the (unique)
solution to the IVP!

Y(s) =
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The operation of obtaining the original function y from its Laplace transform Y (s) = L{y} is called the
inverse Laplace transform. We often write

y =LY (s)}.

Computing inverse Laplace transforms in general is hard, just like integrating arbitrary functions is hard.
But the functions for which we will want the inverse Laplace transform are usually recognizable combinations
of basic pieces, especially if we keep partial fraction decomposition in mind.
Example 4.1.3. Continuing with the previous example, we would like the inverse Laplace transform of
s—3
Y(s)= ———.
() (s—=1)(s—2)

Using partial fractions, we write

for some constants a and b which satisfy

at+b=1
—2)+b(s—1)=s+1
a(s ) (s )=s w {—Za—b: -3
Solving, a = 2 and b = —1. Hence
V(s) = —2 — 1 _orfet) — £{e)
s—1 s—2 '

Hence £71{Y (s)} = 2¢! — . One can check this is the solution to the IVP.

We can summarize the logic behind using the Laplace transform to solve IVPs using the following diagram:

Linear ODE for y(t) ------ hard ____, > Solution y(t)
Laplace transform E{f}l Tinverse Laplace transform £~ '{—}

Algebraic equation for Y(s) 25D Solution Y(s) = L{y(t)}.

4.2 Piecewise continuous forcing functions

The true power of the Laplace transform arises when the rhs of a (non-homogeneous) linear ODE has
discontinuities. This rhs function is often called the forcing function. Perhaps the ODE models a physical
phenomenon which is abrupt, e.g. flicking on a switch to complete an electrical circuit. The building block
for such discontinuous behavior is the Heaviside step function

Y

Any piecewise continuous function can be written in terms of step functions and continuous functions, as
follows.
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1. If we want f(t) on (c,00), use f(t)uc(t).
2. If we want f(t) on (—oo,c), use f(t)(1 —uc(t)).
3. If we want f(t) on (¢, d), use f(t)(uc(t) —uq(t)).

Whether or not endpoints are included makes no difference when integrating, so we neglect the difference
between e.g. (¢, 00) and [e, 00).

Theorem 4.2.1 (Properties of the Laplace transform (part 2)). Let F(s) = L{f(t)}.

1. (Frequency shift)
L{e" f(t)} = F(s — a). (4.4)
2. (Time shift)
L{u.(t)f{t —c)} = e “F(s). (4.5)

In particular, if we apply the time shift property (4.5) to the constant function f(t) = 1, we get the
Laplace transform of a single step function:

—cCs

Lluo(t)y = e~eL{1} = & —.

Example 4.2.2. Consider the IVP
y'+y=g), y0)=0

where the forcing function is

0 t<?2
gt)=<1 2<t<5b
0 t>5.

This represents e.g. the charge stored in a capacitor where a constant 1 volt is applied between times ¢t = 2
and ¢ = 5. First note we can rewrite

9(t) = ua(t) — us(t).

Take the Laplace transform to get

—2s _ _,—bs
sY(s)+Y(s) = & - ¢

Hence we need to compute the inverse Laplace transform of
—2s —5s
e % —e
Y(s) = —+—
s(s+1)

Note that we can use the time shift property (4.5) backward for each of the two terms in the rhs here. So it
suffices to compute the inverse Laplace transform

-1 1 [l 1 —t
= — — =1
£ {s(s—l—l) £ s s+1 ‘o

and then use the time shift property (4.5 to get the solution

y(t) = L7HY (5)} = ua(t)(1 — e~ D) — g (¢)(1 — e~ D),

This solution, when graphed, looks like
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In general, piecewise continuous forcing functions often represent a system being “switched on”. A
common situation is a piecewise constant forcing function, like a sum of step functions. The solution will
then have two components:

1. a transient response, which is present for a short time immediately after the system is switched on;
2. a steady-state response, which is the long-term (asymptotic) behavior of the solution.

In the example above, the forcing function caused the capacitor to charge almost up to 1 volt, and then
discharge. This is the transient behavior. After a long time, the capacitor will have total charge approaching
zero, which is the steady-state behavior.

Example 4.2.3. Steady-state behavior need not be constant. The IVP

y' +y=us(t), y(0)=y(0)=0

has Laplace transform

and hence the solution is

6—28

LYY (s)y =71 {5(824_1)} = ug(t)(1 — cos(t — 2)).

This has oscillatory steady-state behavior.

In the case when the steady-state response is constant, i.e. lim;_, o, y(t) exists, we can compute its value
without necessarily finding the solution y. This is possible because the Laplace transform L£{y} already
contains this information.

Theorem 4.2.4. Let L{f(t)} = F(s). Assume f is bounded on (0,00).
1. (Initial value) limy_o f(t) = lims_,o SF(s) whenever both limits exist.

2. (Final value) limy_, o f(t) = lim,_,o+ sF(s) whenever both limits exist.

Proof. Start with the equation

L{f(#)} = sF(s) — f(0).
Take the limit s — oo of both sides. On the lhs, this limit can be exchanged with the integral. (We ignore
all convergence issues here and assume this is always a valid operation.) So

§—00

lim [,{f’(t)}:/o slingoe—stf'(t)dt:/o 0. f/(t)dt = 0.
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Hence we get 0 = lim;_, o $F(s) — f(0), which is the statement of the initial value theorem.
For the final value theorem, we start with the same equation and take the limit s — 0% of both sides.
On the lhs,

Jm 2070} = [ tm ewan= [ wda= i g - o)

Comparing this to the rhs, we get the statement of the final value theorem. O

It is possible that lim,_,o+ sF'(s) exists but lim;_,, f(¢) does not. For example, f could have oscillatory
steady-state behavior. In practice, there is a useful condition for the Laplace transform Y'(s) to ensure that
the steady-state limit lim;_, . y(t) exists. We state but do not prove it.

Theorem 4.2.5. If all the poles of sF(s) have negative real parts, then lim;_,o f(t) exists.
Example 4.2.6. In Example we computed that

8725 _ 6755
Y(s§)= —
() s(s+1)
This function satisfies the conditions of the theorem, because sY (s) has a single pole at s = —1. So, without

computing the inverse Laplace transform, we know that

6—25 _ 6_55

lim y(t) = lim sY(s) = lim —— =0.

t—o0 50+ s—0+ s+1
This agrees with what we get by actually finding y(¢) and taking the limit ¢t — oc.
Example 4.2.7. In Example we computed that

6725

Y(s)= REFEE

Then sY (s) has two poles, at s = 0+4, which do not have negative real parts. So we are not guaranteed that
lim;_, oo f(t) exists, and in fact we know from the earlier example that it does not; the steady-state behavior

is oscillatory. On the other hand,

6—23

li F = 1 —_ =
Jim sF(s) = lim 5=

4.3 Impulsive forcing functions

Another common type of forcing function is impulses: short-time high-magnitude spikes. These are modeled
by functions g(t) which are non-zero only in a small interval (g, t1), and the total impulse imparted is the

quantity
t1
/ g(t) dt.
to

In the same way we build discontinuous functions out of a canonical step function u.(t) which steps up
exactly by 1 unit, we will only consider functions g(¢) whose total impulse is 1.

Example 4.3.1. Consider the family of functions

D.(t) = 1/(21) —7<t<rT
0 otherwise.
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These all have total impulse 1. For small 7, these are good functions for modeling impulses.

)

In the limit 7 — 0, we get an idealized impulse §(¢). The total impulse is still 1, but we should think that
d(t) = 0 for every t # 0. There is no actual function ¢ that satisfies these requirements. To be precise, such
an object § exists only as a distribution, or density function, but not as an actual function. It does not
make sense to ask for the “value” of a density function at a point ¢; it only makes sense to ask for its value
when integrated over an interval [a, b].

Definition 4.3.2. The Dirac delta function, also known as the unit impulse, is the distribution satis-

fying
/ ba(t)dt: 1 [a,b] contains 0
a 0 otherwise.

In particular, for any € > 0 we have f:o d(t)dt = 0, and similarly for (—oo, —€). So we lose nothing by
thinking of § as a “function” such that

0(t) =0 forallt+#0.

One can derive many properties of the delta function with arguments like this. However these arguments
and calculations will not be completely mathematically rigorous. In the same way that for improper integrals
faoo we think of “plugging in co”, when we work with delta functions we tend to think of them as actual

functions. In reality, for improper integrals there is a limit lim 4, f;l hiding in the background. For delta
functions, the analogous thing to keep in mind is

§(t) = lim D, (t).

T—0
Example 4.3.3. Let f be any continuous function. Take an interval [a, b] containing 0. Then since §(t) = 0

except at t =0,
b

b b
/ F(t)8(t) dt = / F(0)8(t) dt = £(0) / 5(t)dt = f(0). (4.6)

To really make this calculation precise, we should think about

lim / b F(O)D,(t) dt,

7—0

which we won’t do in detail.
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Note that we can shift the impulse from ¢ = 0 to an arbitrary ¢ = ty by using §(¢ — to). Usually we will
take tg > 0. The formula (4.6|) yields its Laplace transform:

L{6(t—to)} = /OOo et (t — to) dt = e 50, (4.7)

Example 4.3.4. Consider the IVP from Example [£.2.2] but now with an impulse at ¢ = 2 as forcing
function:
v +y=96(t—2), y(0)=0.
Then the Laplace transform is
sY(5)+Y(s) =e 2,

so that the solution to the IVP is

LYY (s)) = £t { < } — up(t)e= -2,

s+1

4.4 Convolution and impulse response

Now that we are used to using the Laplace transform to solve IVPs involving complicated forcing functions,
we can ask a very general question: to what extent does the solution actually depend on the forcing function?
We can try leaving the forcing function g(¢) unspecified, to see if we can still get some sort of solution which
depends on ¢(t) in some way.

Example 4.4.1. Consider the IVP
ay’ +by=g(t), y(0)=ryo. (4.8)
Let G(s) := L{g(t)} be the Laplace transform of the rhs. Then
a(sY (s) —yo) + bY (s) = G(s).

Rearranging, we can write

Yo G(s)
Y(s) = .
() as+b + as+b
—— =
P(s) W(s)

By linearity, the solution to the original IVP is

y(t) = L7H(s)} + L7H{U(s)} .
#(s) ¥(s)

1. ®(s) is what we would get if we set the forcing function to zero, i.e. solved the associated homogeneous
equation. In other words, ¢ = L71{®(s)} solves

ay' +by =0, y(0)=yo. (4.9)
2. U(s) is what we would get if we set the initial condition to zero. In other words, 1 = L=1{¥(s)} solves
ay’ +by = g(t), y(0) =0.
So ®(s) is independent of the forcing function g(t), and we should focus only on ¥(s). In general,
U(s) = H(s)G(s)

where H(s) = (as + b)~! is a function which is also independent of g(¢). Then we would like to be able to
write

Y = L7{U(s)} = some function of L7 {H(s)} and g = L7{G(s)}.

The function H(s) is called the transfer function.
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In other words, we want to know what multiplication of functions in the frequency domain corresponds
to in the time domain. For example, if F(s) = L{f(¢)} and G(s) = L{g(t)}, it is certainly not true that

LTHF(s)G(s)} = f(t)g(t),
since this is already false for f(t) = g(t) = 1, where F(s) = G(s) = 1/s. The actual formula is more subtle.

Theorem 4.4.2. If F(s) = L{f(t)} and G(s) = L{g(t)}, then
F(s)G(s) = L{A(t)}
where the function h is the convolution
t
h(t) = / f&—=m7)g(r)dr.
0
Proof. This is a slightly tricky direct calculation. Note that we can rewrite
FEGE) = [ [ e 50l dc
o Jo
which suggests a change of variables ( ~» t :== ( + 7 for the inner integral. Then
F(s)G(s) = / / S (t — 7)g(r) dt dr.
0 T

Now we change the order of integration from dt dr to dr dt.

t t

o

This only changes the bounds of integration and not the integrand:
o] t
F(s)G(s) = / / e St f(t — 7)g(T) dr dt.
o Jo
Pull the e~*¢ out to get
oo t
F(s)G(s) = / oot ( £t —1)g(r) dT> dt = £{h(1)}. 0
0 0

Definition 4.4.3. We view the convolution of f and g as a new type of product of functions. The resulting
function is usually denoted

t
(F+9)®) = [ f(t-riglr)ar.
0
Example 4.4.4. Now we can continue with Example Using the convolution product,

L7HU(s)} = LTH{H(s)G(s)} = h(t) * g(t)
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where h(t) := L71{H(s)} is the inverse Laplace transform of the transfer function H(s). So once we know
what h(t) is, we are done. In our case,

Hence the solution to (4.8)) is given by

y(t) = o(t) + h(t) = g(t)
where ¢(t) is the solution of the associated homogeneous equation (4.9) and h(t) is given as above.

In general, we have the following interpretation of h(t). In frequency domain, recall that ¢(t) =
L7YW(s)} = L7H{H(s)G(s)} is the solution of

ay' +by = g(t), y(0) = yo.
If we set G(s) = 1, then the solution will be L™1{H(s)} = h(t). In the time domain, (4.7) tells us that
g(t) = L7HG(s)} = L7H{1} = 8().

It follows that the solution to
ay’ +by =4(t), y(0)=wo

is precisely the function h(t) we wanted.
Definition 4.4.5. The function h(t) is called the impulse response.

All this work yields a very general conceptual framework for handling forcing functions. Given a linear
IVP with forcing function ¢(t), the solution is given by the following procedure.

1. Find the solution ¢ to the associated homogeneous equation.
2. Find the impulse response h of the equation, i.e. the solution when g(t) = 6(¢).

3. The actual solution is given by
y(t) = ¢(t) + h(t) x g(t).

We say that such ODEs are characterized by their impulse response.

5 First-order systems

Now we return to the study of first-order equations, but in systems. In the same way that one can have a
system of algebraic equations, one can have a system of ODEs. We start with first-order systems, which are
the most important case.

Definition 5.0.1. A first-order system of ODEs is a system of equations of the form

¥y = Fi(t,z1,22,...,7,)
I]S/2 = FQ(taxlaan cee 7xn)

(5.1)
xl, = Fy(t,x1,T2,...,Tn).

The associated IVP has initial conditions x(tg) = x¢ for each x;.
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First-order systems arise very naturally in the study of ODEs. Given an arbitrary n-th order equation
y™ = F(t,y,y,...,y"" D), define

r1 =Y, T2 = y/a xr3 = yllv Tty Tn = y(n—l).

Then the n-th order equation becomes equivalent to the first-order system

T =19
Th =13
/ —
Tp—1 = Tn
/
x, = F(t,x1,22,...,2,).

Initial conditions for the n-th order equation, e.g. y'(0) = y(,, become conditions for the first-order equations,
e.g. x2(0) = y,. Hence there is a close relation between a first-order system of n ODEs and a single n-th
order ODE. For linear equations, all of the general theory from section [2.4] carries over, as we will see.

Definition 5.0.2. The first-order system (5.1) is a linear system if each F;(¢,x1,%9,...,%,) is a linear
function of z1, 2, ..., z,. In other words, (5.1]) takes the form

1+ -+ pon(t)a, + g2(t)

Pn(t

)21
p21(t)
When all the g; are zero, the system is homogeneous.

Theorem 5.0.3 (Existence and uniquness for linear first-order systems). If the functions p;; and g; are
continuous on an open interval I containing to, then there exists a unique solution to (5.2)) satisfying the
initial conditions

x1(to) = x(l), xa(to) = xg, s xn(te) = x%. (5.3)

It is cumbersome to work with systems of ODEs in this form. A better way is to use the language of
linear algebra, and write everything in terms of matrices and vectors. This is not just for the sake of notation;
tools from linear algebra will prove very helpful in analyzing systems of ODEs.

5.1 Review of linear algebra

We briefly review the most important tools we will need from linear algebra, and introduce some new notation
coming from ODEs.

Definition 5.1.1. Our vectors and matrices consist of functions, and are written

28 an(t) - an(t)
x(t) = , At) = .
2alt) an() o aun(t)

All relevant concepts are defined on component-wise unless stated otherwise. For example, x is continu-
ous if each component z; is continuous, and derivatives and integrals are defined by differentiating and
integrating each component individually.

43



As usual, we use the notation x’ instead of dx/dt whenever there is no ambiguity. In matrix notation,
the general form (5.2)) of a linear first-order system of ODEs, with initial conditions (|5.3), can be written as

x'(t) = P(t)x(t) + g(t), x(to) = xo.

The usual rules of calculus work with matrices as well, and can be checked by writing everything out in
components. However since matrices do not commute with each other, i.e. AB # BA, one must be careful
about the ordering of terms in usual calculus rules.

Example 5.1.2. We verify the matrix version of the product rule:

d dB  dA
—(AB)= A~ + “0B. (5.4)

The ij-th component of the lhs is
d d &
—(AB = — Ak Bi;
(Gam) =55 aum
J k=1
by the definition of matrix multiplication. Since the components A;; and By, are ordinary functions, we can
proceed with the product rule from ordinary calculus, to get

d n
(dt(AB)> = > (AwBi; + AjBy;) -
i k=1
Working backward now, the pieces on the rhs are exactly the ij-th components of the rhs in (5.4)).

Definition 5.1.3. Let P be a matrix. If a vector v satisfies
Pv=)\v

for some constant A, then we say it is an eigenvector of P with eigenvalue \. Eigenvalues are solutions
of the characteristic equation (or characteristic polynomial)

det(P — A\I) = 0.
If we can form a basis of eigenvectors {vy,...,v,}, usually called an eigenbasis, then in that basis the
matrix P is a diagonal matrix. In equations,
M | |
P=S S7l, S=|vi - v,
An | |

In such situations we call P diagonalizable. We like working with diagonalizable matrices because in the
eigenbasis they are diagonal, and diagonal matrices and scalars behave very similarly. Unfortunately, while
most matrices are diagonalizable once we work over the complex numbers, not all of them are.

Example 5.1.4. Consider the two matrices

(Y e

The first matrix A is already diagonalized, so its eigenbasis is the standard basis

1 0
V] =€ = (0>, Vg = €9 = <1)
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consisting of two eigenvectors with eigenvalue 2. The second matrix B is not diagonalized. Its eigenvalues
are the zeros of the characteristic polynomial

2-A 1\ )
det< 0 2_>\>(2)\).

So just as with A we expect two eigenvectors of eigenvalue 2. If v = (v1,v2) is such an eigenvector then

2 1 v\ 2’()1
0 2 (%] o 2’()2 ’
The general solution to this system is spanned by the single vector e;. So B only has one actual eigenvector

of eigenvalue 2, even though A = 2 is a zero of multiplicity two.

So in the case of a shortage of eigenvectors one cannot fully diagonalize a matrix A. However it can be
transformed into a nearly diagonal form called the Jordan form. The Jordan form is block-diagonal, i.e. of

the form

The B; are called Jordan blocks and are of the form
YR

where )\; is the eigenvalue associated to the Jordan block. The corresponding basis for a Jordan block no
longer consists of eigenvectors: associated to each Jordan block is only one actual eigenvector.

Example 5.1.5. Consider the three matrices

2 2 1 2 1
2 1
2 2 2

All three have characteristic polynomial (2 — \)® = 0, i.e. a single eigenvalue 2 of multiplicity three.

1. The first matrix has three 1 x 1 Jordan blocks. It therefore has three linearly independent eigenvectors
(and is evidently diagonalizable).

2. The second matrix has a 2 x 2 Jordan block and a 1 x 1 Jordan block. It therefore has two linearly
independent eigenvectors.

3. The third matrix has a single 3 x 3 Jordan block. It therefore has only a single linearly independent
eigenvector.

The question now is what is being used as a basis within each Jordan block. The eigenvalue associated
to a Jordan block has a deficiency of eigenvectors, which is why the block cannot be fully diagonalized.

Definition 5.1.6. Let A\ be an eigenvalue of A. A vector v is a generalized eigenvector associated to A
if
(A - ADfv=0

for some positive integer k. The smallest k£ such that this equation holds for v is called the rank of v.
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Theorem 5.1.7 (Jordan normal form). Every (complex) matriz A can be put into Jordan normal form. An
r X r Jordan block with eigenvalue A corresponds to a rank-r generalized eigenvector v such that a basis for
that Jordan block is given by

v, (A=AD)v, ---, (A-AD)"'v.

Actual eigenvectors are generalized eigenvectors of rank 1. Note that the last vector in this basis is an
actual eigenvector, because if we denote it by w := (A — AI)"~1v, then

(A= A)w=(A-AI)'v=0
by the definition of v. This yields a procedure for computing generalized eigenvectors for eigenvalue A.

1. Find all ordinary eigenvectors vy, ..., vy for a given eigenvalue \.

)

2. For each ordinary eigenvector v; =: v; 7, solve the equations

(A= ADv? =vV (A Ay = v,
as far as possible, to get a sequence of generalized eigenvectors
) @

(1
v, v

v (5.5)

Then vl(j Vis a rank-j generalized eigenvector.

For an r x r Jordan block, its generalized eigenvectors (5.5)) form a basis in which the matrix A is in Jordan
form. This means

Avi) =\
AVZ@) = vgl) + )\Vl@)
A v 50

szm = vgr_l) + )\vgr).

5.2 Homogeneous systems with constant coefficients

In the language of linear algebra, we usually write a system of n first-order equations in the form
x' =P(t)x+g(t),

for an nxn matrix P(¢). An initial condition would be of the form x(¢yp) = xo. The associated homogeneous
equation is
x' = P(t)x. (5.7)

Theorem 5.2.1 (Structure of solutions to homogeneous systems). The general solution of (5.7) is of the
form
X = clx(l)(t) + ch(z)(t) + et epx™ (t)

for a fundamental set of solutions x(V(t),... ,x™)(t).

As we did for first- and second-order ODEs, the simplest case to begin with is when all coefficients are
constants. In the context of systems, this means that in

x' = Px, (5.8)

the components of the matrix P are all constants, i.e. independent of t. The theory of such constant-
coeflicient systems of n ODEs parallels the general theory of single linear n-th order ODEs from section
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Example 5.2.2. Suppose P is a diagonal matrix, i.e. that

pnn

where all off-diagonal entries are zero. Then the system x’ = Px is decoupled, in the sense that it is now
a collection of first-order equations that have nothing to do with each other:

!
1 = P11x1

Each equation is the simplest kind of first-order ODE. The general solution is x;(t) = ¢;ePiit.

The idea for solving the general case is to make the ansatz x(t) = ve® for some constant a, and some
constant vector v. Plugging this into (5.8)) yields

ave = Pve®.
Since e # 0, we can cancel it from both sides. Then
av =Pv,

i.e. v is an eigenvector for P with eigenvalue a. This should not be surprising: a general P becomes diagonal
in the eigenbasis, and therefore decoupled.

Example 5.2.3. The second-order homogeneous equation y” — 3y’ + 2y = 0 is equivalent to a system of 2

first-order equations:
x = 0 1 X
T\-2 3/

The eigenvalues and eigenvectors of this matrix are

/\121,V1=G), )\222,V2=<;>~

Hence the general solution is given by
1 e (1 1
(CCQ) = clef <1> + czth (2> . (5.9)

We can compare this solution to our earlier one in Example In the context of the second-order equation,
x1 =y and 2 = y'. So (5.9) says

ry =Y = clet + czeZt
zo =1y = cre’ + 2coe*,
which makes sense and agrees with our earlier solution to the second-order equation.

Definition 5.2.4. To test independence of solutions, the Wronskian of n solutions x1,...,x, is

W(x1,...,xp)(t) :==det | x1(¢) -+  xp(¢)
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This is compatible with the previous definition for an n-th order ODE, because the i-th derivative
of a solution there becomes the i-th entry of a solution vector here. Note that, in this language, it is clear
that the Wronskian tests linear independence of the solutions, as vectors. However, we notice a problem: not
every matrix P is diagonalizable, so there will not always be n linearly independent eigenvectors to provide
n independent solutions. We saw this phenomenon already in the second-order case, in section where
the characteristic equation could have a repeated root. There the two independent solutions were

t

Y1 = e” y Y2 = teat~

In this case, the resulting matrix P is not diagonalizable. However it can still be put into Jordan form, by
Theorem [5.1.7] Then the following formula yields a fundamental set of solutions; we will see in the next
section where it comes from.

Theorem 5.2.5. Suppose P is a single r xr Jordan block of eigenvalue A. Let v; be a generalized eigenvector
of rank i, fori=1,...,r. Then the r independent solutions of

x' = Px

are given by

X N t2 tkfl
(B _ (Vk PV BVt le) (5.10)

fork=1,....r.
Proof. Using the product rule, compute that

(k) _ \ At ﬁ ! At th2
(x'™)" = Xe M R A R s ALY R R RS R e

tk—2 tk_l
=M ((vkl +AVE) +tH(Vi—2 + AVE_1) + -+ m(vl + Avz) + )‘Vl)

\ tk‘72 tk71
— M (Pvy 4PV 4+t Pu P
¢ (V” Vel T 2T o) Vl)

tk—Q tk‘,—l
=22 o1

:Pekt (V]g+th1++ )'V1> :PX(k)

Here we used that v, ..., v, form the basis in which P is in Jordan normal form, so that (5.6 holds. O

Example 5.2.6. Consider the system

;o _ (0 1
x = Px, P.—(_1 2).

Then P has eigenvalue A = 1 with multiplicity 2, but the only eigenvector is

(1)

So we look for a generalized eigenvector vo arising from this eigenvector, by solving

(P —I)VQ = Vji.

e (%)
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Then Theorem [5.2.5] tells us that a fundamental set of solutions is

t
(1) g t frng €
X e'vy (et>

(2)_ t o tet
x\¥ =e'(vg +tvy) = o+t

This makes sense, because the system actually corresponds to the second-order equation y”’ — 2y’ +y = 0,

for which a fundamental set of solutions is y; = e and ys = te.

Note that generalized eigenvectors are not unique, even up to scaling. For example, in the preceding
example, we could have taken
-1
Vo = < 0 ) .
The resulting fundamental set of solutions is
t t t
-1 e (2 —e' +te
= (8). %= (5.

which is also perfectly valid. It is related to the other fundamental set of solutions by

x© = %0 x@) — 5@ 4 O,

Example 5.2.7. In the case of complex eigenvalues, we extract real-valued solutions in the usual way.
Consider
< — —1/2 1 <
S\ -1 -=1/2)7

The eigenvalues and eigenvectors for this system are

1. 1 1 1
)\1——5—1—2, v1—<i>, AQ——Q—Z,VQ—<_Z.>.

Note that eigenvalues being complex conjugates means eigenvectors are also complex conjugates. A funda-
mental set of solutions is therefore

xM(t) = (1> o(—1/2+i)t _ < e~ Y2(cost 4 isint) )

i e 1/2(—sint +icost)

x®)(t) = ( 1_) o(—1/2-0)t _ ( e '/2(cost — isint) ) .

—i e~V/2(—sint —icost)

These are complea-valued solutions. One can use the usual trick of looking at
1 1

2 2i

but instead, we should use the following more general observation to get real-valued solutions.

D) +x@ @), V) -xP (1),

Theorem 5.2.8. Ifx = u(t) +iv(t) is a complex-valued solution to the homogeneous system x' = Px, then
its real and imaginary parts u(t) and v(t) are real-valued solutions.

Proof. Substituting x = u + iv into the equation,

(W —Pu) +i(v —Pv) =0.
A complex number is zero only when both its real and imaginary parts are zero, so
v =Pv

u =Pu

)

and both are solutions. But both are also real. O
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Example 5.2.9. Continuing with the example, we can separate the real and imaginary parts of X(l)(t) to
get
—1/2 —1/2 o
Wy (€ cost .fe sint
x () (—6_1/2 sint + e 1/2cost)”
—1/2 —1/2
@y (€ cost \ . fe sint
x=() <—e‘1/2 sint “\eV2cost)

The real and imaginary parts of either solution are the same, and form a fundamental set of realvalued
solutions.

Similarly,

5.3 Matrix exponentials

There is a more systematic approach to solutions of homogeneous constant-coefficient linear systems, which
in particular will explain how to obtain the formula (5.10)) for general solutions associated to a Jordan block.

Example 5.3.1. Suppose we tried to obtain a series solution for the IVP
x' =Px, x(0)=xo. (5.11)
Then the ansatz should be -
X(t) = X + tx1 +t*x9 + - = Zxktk
k=0

for unknown wvector coefficients x;. Plugging this into the equation gives

(o) (o]
Z kX[Jkil -P Zxktk =0.
k=0 k=0

From this we get the recursion

The solution to this recursion is

by factoring out xg on the right.

Definition 5.3.2. Let A be a matrix. The matrix exponential e® is the matrix defined by the series

®© Ak
A _ A
et = —.
k!
k=0

Using this notation, the solution to the IVP is given by
x(t) = eAlxg.
This should be compared to the series solution in Example and also to the non-matrix version
y' = ay, y(0)=yo,

which has solution y(t) = yoe®. The only problem now is how to compute e®? for the matrix case. One has
to be careful because while scalars are commutative, matrices are not.
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Theorem 5.3.3 (Properties of the matrix exponential). Let A, B be n x n matrices.
1. If A is a diagonal matriz, then

a
ed11

ednn

2. If A =SBS™! (i.e. a change of basis), then

e =SeBs 1.

3. If A and B commute, then

Proof. We show (2). Since A = SBS™1,
A% = (SBS 1)(SBS™!) =SB?S,

and in general we have A*¥ = SB¥S~!, so0 that

SBFS—! B*
A _ _ -1_ q,Bg-!
e —E i —S<E k!)s = Se”S™. O

k=0 k=0

If P is diagonalizable, then we can write P = SDS™! for a diagonal matrix D. Then we can use (1)
and (2) to compute eF?. If it is not diagonalizable, we use generalized eigenvectors to form S, to put P into
Jordan normal form. When P is a single Jordan block of eigenvalue A, this means

Al

S-lps = /\ — A+ N
1
A

where N is the matrix with 1’s in the first diagonal above the main diagonal. Since AI commutes with any
matrix,
Pl = 8eMieNig—1, (5.12)

Clearly e** = eMI. It remains to compute eNt.

Theorem 5.3.4. If N isn x n, then N* =0. So

2 n—1
Lt 5 (=)
1 tn—2
/2 -1 (n—2)!
Nt — 2* “ e n—1 — . . .
N =T+Nt+ N4+ N T L c - (5.13)
1 t
1
Example 5.3.5. Consider the linear system given by
6 —2 -1
xX=Px, P=[3 1 -1
2 -1 2
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One can check that its Jordan normal form is given by

310 1 1
S7'PS=(0 3 1|, S=|1 1 0
0 0 3 0 2
Working in this basis, we have
1t £
2
S—lePtS:e?)t 0 1 t
0 0 1
It follows that
= Coi VRS Q. ¥ —t
2
Fr=e¥Slo 1 ¢ |St=e| L43 L 241 —t
00 1 £ 4ot o —t+1

General solutions are obtained by letting the initial conditions be arbitrary constants. Hence the general
solution is

This means x(t) is ¢; times the first column of eF'?, plus ¢, times the second column of e¥?, etc. A fundamental
set of solutions is therefore given by the columns of eF*.

Definition 5.3.6. The matrix eF? is called the fundamental matrix. Its columns form a fundamental set
of solutions.

Using this, we can understand where the formula (5.12]) comes from: the r solutions given by that formula
are exactly the r columns in the matrix in (5.13]). For example, the formula ([5.10]) for a fundamental system of
solutions corresponding to a single Jordan block comes from reading off the columns of the matrix exponential
(5.13), keeping in mind that that calculation was done in the Jordan basis (of generalized eigenvectors).
5.4 Non-homogeneous systems

Now we tackle the general non-homogeneous case
x' =P(t)x +g(t). (5.14)
Theorem 5.4.1. The general solution to i
x =v(t) +erxD @) + -+ enx™ (1)

where v(t) is a specific solution, and c;xM (t) + - - -4 ¢,x™)(t) is the solution of the associated homogeneous
system.

To find the specific solution v(¢), possible strategies parallel the strategies we used in the non-system
case in section we can use the method of undetermined coefficients for systems, and also variation of
parameters, and even the Laplace transform if we are given an IVP. However, in the case that P is constant,
i.e. independent of ¢, there is a better approach.

Suppose for simplicity that P can be diagonalized as P = SDS™!. Then we can work in the eigenbasis
to decouple the equations. Concretely this means we define

y =8S"'x
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and rewrite the equation in terms of y:
Sy’ = PSy +g(t).
Multiplying by S™! on both sides gives
y' =S 'PSy + S !g(t) = Dy + S~ 'g(t). (5.15)

Since D is diagonal, this system is decoupled and we can solve each individual non-homogeneous first-order
equation using any method we wish. Then the original solution is recovered by

x = Sy.

If P is constant but not diagonalizable, we can put it into Jordan form. Then in (5.15)), the resulting
matrix D is in Jordan form instead of being diagonal. The resulting system is not completely decoupled;
each Jordan block looks like

v Al o I (t)
2 I 2 I
Yn—1 R N hn—1(t)
y’I/’L A Yn hn(t)

where h(t) := S~1g(t). Note however that the last equation in this system
Yn = Ay + B (t)

is independent of all other y;, and can be solved on its own. Then once we know y,,, we can plug it into the
second last equation
Yno1 = NYn—1 + Yn + (1),

and solve this on its own. Repeating this procedure until we get to the first equation yields a solution y.
Example 5.4.2. Consider the system
xh = 3x1 + 229 + 2€

1
I‘IQ = —51‘1 + o + e4t,

P:(—f/2 ?) 8(*)

One can check that the Jordan normal form of P is

B . (21 (2 0
P =SDS !, D._<O 2), s._(_1 1),

so that the associated system (5.15)) is

so that in matrix form

I
S
SRS
N———

Hence we should first solve
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This can be done using the method of undetermined coefficients, with the ansatz y» = Ae! + Be*. The
solution is yo = —e’ + (1/2)e*’. Now we plug this in to the first equation, which becomes

1 1
Yy =2y1 + (€' + §e4t) +el =2 + §e4t.

The ansatz y; = Ae?! yields the solution y; = (1/4)e**. Hence a particular solution to the original system is

14t 14t
v=_ (—et4+ %e‘“) - (—etz—l— ie‘lt) '
The general solution is therefore

v ePt () — Tett + et + cote?
o —e' + Lett + coe?.

5.5 Phase plane and stability

For a single ODE, we can plot the solution z(t) as a graph to get a visual idea of its behavior. For a
system of ODEs, we should plot the entire vector x(t). This is difficult to understand visually except in low
dimensions, so now we will narrow our focus to systems of two linear first-order equations, i.e. when P(¢) is
a 2 X 2 matrix.

Definition 5.5.1. The z;zso-plane is the phase plane, and the plot of solutions on it is the phase diagram
of the system of ODEs.

It is enlightening to see, visually, what different kinds of solutions look like for the case of a 2 x 2
constant-coefficient homogeneous system
x' = Px.

We can classify different types of such systems, by diagonalizing (or putting into Jordan form) the system
and examining the system in that basis. Assume for simplicity that P is full rank, so no eigenvalues are 0.

Example 5.5.2 (Diagonalizable P). Suppose P is diagonalizable, with eigenvalues A1, A2. In the eigenbasis,
we may as well think about the phase diagram of the system

x = A0 X
0 X/ 77
Letting (x,y) = (21, x2), this autonomous system is related to the first-order equation

dy _ ey
dr Mz

as described in section The general solution to this equation is
Yy = et/

This is the unparameterized versions of solutions to the original system, and therefore will at least tell us
what the integral curves look like. For example, consider A\o/A; = 1/2. Then integral curves are y = c¢/.

1. If (A1, A2) = (=2, —1), then the parameterized solution is x = (e~2,e~t). In this case, trajectories flow
toward the origin as time increases.

2. If (A2, A2) = (2,1), then the parameterized solution is x = (%, e?). In this case, trajectories flow away
from the origin as time increases.
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The vector field (and some trajectories) of the original system in these two cases is as follows. Note that

everything stays the same except the direction of flow.

Y

SOSNNNN ANV ST
SIOSONNNY VIV A A T
TSN N VIV A Ve
TS ™S ™S N VIV ¥ ¥ e e =

T S S N VY ¥ ¥ e m e
e e 2 S v ok “ <<
——— > > > 7 L e
—_——— > > > Y € € — «—<—<—<—
—_— 7 7 7 7 r % AR <
—Z T T T T A EN I N S N N =
7T T AL RN NS

T 2NN NN
Pl VA L W N N N NN
277 8 YN N NN

)
SOOI T
AN NN NN T R A e s
SOSONNNN KA 2 S 77T
A N NN ANfArA A A AT T T
At N N A AN A4 T T -7
— . S ) A A —_—7 2z
e — €« <« LN > o> 5 —HS—>—>—> T
— T — & &k A 2 T
P e e N A ~S —_— > >
e K Vv N NN
e K VIV NN N NGNS
A VYN NN
74 VIV OV NN
ST YNNI

The origin x = (0,0) is special in this case. It is an equilibrium, in the sense that a trajectory x(¢) which

starts at (0,0) remains stationary.
Definition 5.5.3. An equilibrium or critical point of a first-order system x’ = F(x) is a point x where
F(x) = 0.
Such a point is:
1. asymptotically stable if all sufficiently nearby points flow toward the critical point;
2. stable if all sufficiently nearby points stay within a bounded region around the critical point;
3. unstable if it is not stable, i.e. if trajectories flow far away from the critical point.
Example 5.5.4. So far we only looked at linear homogeneous systems x’ = Px with P invertible. Then
Px=0 < x=0.
So the origin is the only critical point. If P is not invertible, everything in the kernel of P is a critical point.
Example 5.5.5 (Nodal sources/sinks). Let P be diagonalizable with eigenvalues A1, A2 of the same sign.

1. If A1, A2 < 0, then all trajectories flow toward the origin, and so the origin is an asymptotically stable
critical point. Such a point is usually called a sink.

2. If A1, A2 > 0, then all trajectories flow away from the origin, and so it is an unstable point. Such a
point is usually called a source.

In either case, all trajectories around the critical point behave the same way; such a critical point is a node.

Let v(), v(?) be the eigenvectors corresponding to the eigenvalues A, A\o. Then the phase diagram for
x’ = Px is related to the phase diagrams in the previous Example by a change of coordinates back to
the original basis from the eigenbasis. For example, the phase diagram for the system where

P-S (02 _01> s, S-— Ao b

looks like the following.
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Example 5.5.6 (Saddle points). If in Example the diagonalizable matrix P has two eigenvalues A1, Ag
of different sign, then the critical point at (0,0) is not a node anymore. This is because the solution
X = (eAlt,eA2t)

has one component flowing away from the origin and another component flowing toward the origin. The
critical point in this case is a saddle point. Note that it is unstable.

In general, for the diagonalizable case, note that as ¢ — Foo one of the solutions ve will grow faster
than the other. We say the faster-growing solution dominates the slower-growing one. This is reflected in
the phase diagram: as we follow the trajectories forward /backwards, they eventually become parallel to the
relevant eigenvector. For example, for a nodal source, if \; > Ay > 0 then:

1. v(DeMt dominates as t — oo, so eventually trajectories all become parallel to v(1);

2. v(@er2t dominates as t — —oo, so near the critical point (0,0) all trajectories become parallel to v(?),
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The same observations hold in general for nodal sinks and saddle points too. However it is not true in all
cases that the steady-state solution tends toward eigenvectors.

Example 5.5.7 (Complex eigenvalues). If P is diagonalizable but has complex eigenvalues A =+ ip, then
neither eigenvector dominates the other and there is oscillatory behavior in the solutions. In the eigenbasis,
a fundamental set of solutions is

X(l)(t) _ 6)\15 ( cos fuit > , X(2)(t) _ 6)\15 (Sin,ut> )

—sin put cos ut

When A = 0, these are parameterized circles; when A\ # 0, these circles will expand/shrink as ¢ changes, and
form spirals instead.

-~

Note that here the critical point is stable but not asymptotically stable.

Example 5.5.8 (Non-diagonalizable P). If P is not diagonalizable, then its Jordan normal form is a single
2 x 2 Jordan block. In other words, there is a basis of generalized eigenvectors where the system becomes

X/ = >\ 1 X
—\0 A
with solutions v(V e and eM (vt 4 v()). Unfortunately here the associated first-order equation

dy
“Ay+ Az +y)-==0
y+ ety
has no nice solution, so the integral curves cannot be described using elementary functions. However note
that as t — +oo the term v(Vte* dominates, so trajectories are parallel to the (only) eigenvector v(1) both

near the origin and also near infinity.
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The origin here is also a node, and is sometimes called a degenerate node.

A similar kind of analysis can be performed for higher-dimensional systems, especially for diagonaliz-
able systems. For example, for 3 x 3 matrices, having all three positive eigenvalues gives a nodal source
where eventually trajectories become parallel to the eigenvector with largest eigenvalue. However, higher-
dimensional Jordan blocks become more complicated. Nodes can be degenerate in multiple ways, depending
on the number and size of Jordan blocks.

6 Boundary value problems

In the final part of this course, we study a class of differential equations which is more general than IVPs.
Recall that an n-th order IVP (whether with scalar or vector-valued solutions) has initial conditions of the
form
yto) =vo, ¥ () =vh -+, ¥y D(to) =u" Y.

Importantly, these initial conditions have all been at the same point, namely the initial point tg. For such
IVPs, we have a very general existence and uniqueness theorem [2.4.2) on an open interval I which contains
the initial point. Often the initial point is the left endpoint of I, especially when the independent variable
t represents time. However, instead of constraining the solution at a single point, we can imagine putting
boundary conditions on solutions in I by constraining how they behave on the boundary of I, i.e. both
endpoints of 1.

Definition 6.0.1. An n-th order boundary value problem (BVP) on an interval I = (o, 8) is an n-th
order equation with boundary conditions

aoy(a) + a1y’ (a) + -+ an—ly(nfl)(a) =0
Boy(B) + L1t/ (B) + -+ + Bury™V(B) = 0

In principle the rhs could be arbitrary constants y, and yg, but they can always be made zero after a change
of variables.

The above is the most general boundary condition. In practice, there are only two important kinds of
boundary conditions; most other boundary conditions are combinations of these two.
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1. (Dirichlet boundary condition) Fix the value of the solution at the boundary, i.e. impose
y(a) =0, y(B)=0.
This can represent, for example, the behavior of an elastic which is pinned down at two points.
2. (Neumann boundary condition) Fix the rate of change of the solution at the boundary, i.e. impose
y'(a)=0, y(B)=0.

This can represent, for example, the heat distribution in a 1-dimensional rod whose endpoints are being
constantly heated/cooled.

The type of boundary condition on each endpoint may be different, in which case we say the boundary
condition is mixed.

Example 6.0.2. Consider the BVP
y'+y=0, y(0)=y(m)=0.
This is a Dirichlet boundary condition. Without the boundary condition, the general solution is
§(t) = 1 cost + cosint. (6.1)

But then y(0) = ¢; and y(7) = ¢1, so the boundary condition forces ¢; = 0 with no constraint on ¢y. The
solution is therefore y = csint for an arbitrary constant c. In particular there are infinitely many solutions.

Example 6.0.3. Consider the BVP
y'+y=0 y(0)=y(r)=0.

This is a Neumann boundary condition. It forces c¢; = 0 in the general solution (6.1]), and so the solution is
y = ccost for an arbitrary constant c.

Knowing the general solution to the equation 3” + y = 0, it is not hard to see that we can produce
boundary conditions such that there are no solutions, one solution, or infinitely many solutions. In general,
establishing existence and/or uniqueness theorems for various classes of BVPs is very difficult.

6.1 Green’s functions

A Green’s function is a more general version of the impulse response, and is used to find solutions to BVPs
whenever they exist. They are constructed out of solutions to the associated homogeneous equation. For
simplicity, in this section we focus on second-order equations.

Definition 6.1.1. On an interval [«, 8], consider the second-order equation Dy = g(t) where

d? d

D = a(t) 25 +b(t) 2 + e(t)

is an arbitrary linear second-order differential operator with continuous coefficients a,b, c. (Later we’ll need
to assume a(t) has at most finitely many zeros.) Impose general boundary conditions at o and 3:

apy(a) + a1y’ () =0
Boy(B) + b1y’ (B) = 0.

A Green’s function for the operator D is a solution G(t, s) to the equation

(6.2)

DG(t,s) =0(t —s)

satisfying the above boundary conditions in the variable ¢.
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Just like impulse responses, Green’s functions only depend on the homogeneous part of the equation. If
we know G(t, s), then the solution to the original, non-homogeneous equation Dy = g(¢) is

B
y(t):/ G(t,s)g(s)ds. (6.3)

If G doesn’t actually depend on ¢ and s individually, but rather only depends on their difference ¢ — s, then
/ f G(t — s)g(s) ds is just a convolution, and in this case G is exactly the impulse response. This is true for
IVPs. But for BVPs, G will actually depend on both ¢ and s, instead of just ¢ — s.

Theorem 6.1.2. The function (6.3)) solves Dy = g(t) with the prescribed boundary conditions (6.2))

Proof. First we check that it solves the equation Dy = g(t). This is a computation using the delta function:

B B B
Dy = D/ G(t,s)g(s)ds = / DG(t,s)g(s)ds = / o(t—s)g(s)ds = g(t).

Next we check that the solution satisfies the boundary conditions (6.2)). At t = «,

aoy(@) + aay'(a) = /ab (aoG(a, s) + 041%7?(04, S)) g(s)ds = /:0 ~g(s)ds =0

because by definition G satisfies the same boundary condition in the ¢ variable. The same thing is true at
t=p. O

So we should figure out how to construct Green’s functions. The idea is to impose the boundary conditions
one at a time for the homogeneous equation. This makes sense because for ¢ < s and also t > s we have
d(t,s) = 0, and therefore we should consider the equation DG(t,s) = 0 on both intervals separately. For
example, on the interval [a, s) we should only impose the boundary condition

aoy(a) + ary'(a) = 0. (6.4)
Note that we can write an associated homogeneous IVP
Dy=0, yla)=-a1, y(a)=ao.

Solutions y will of course also satisfy the boundary condition . So we have written down an IVP, whose
solution y; exists and is unique and solves “half” the BVP. Similarly, we can get a solution yo for the IVP
associated to the boundary condition at ¢t = 3. These solutions y; and y, are usually independent, i.e. are
not scalar multiples of each other. To understand why this is the case, and also how y; and y2 combine to
give the Green’s function, we need the following observation.

Theorem 6.1.3. A function u(t) is a solution to
Dy =0, agy(a)+ay'(e)=0 (6.5)
if and only if w = cyy for some constant c.

Proof. If u = cyy clearly it satisfies the equation. Conversely, if u satisfies the equation, then
0 = apu(a) + aru’(@) = —yi (a)u(a) + yi(@)u'(a) = Wy, u)(a).

So u and y; are not independent solutions, i.e. u = cy;. O
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From this theorem we can immediately make two observations. First, as long as yo doesn’t satisfy the
boundary condition (6.4]) at ¢ = a corresponding to y;, they are independent solutions. Second, the Green’s
function G(t, s) itself satisfies the IVP (6.5]) associated to y;, and also the IVP associated to ys, and therefore

G(t,s) = A(s)y1(t) fort € [a,s) (6.6)
G(t,s) = B(s)ya2(t) fort e (s,p] (6.7)

for some unknown coefficients A(s) and B(s) which are independent of t. To figure out what they are, we
need to consider how these two solutions in different intervals are “glued together” at ¢ = s. In other words,
we need to find how

G(t,8)|j=st = tlim G(t, s)

—s*

(and their derivatives) are related to each other.
Theorem 6.1.4. The functions and should be glued according to the conditions:

1. (continuity at t = s)
G(tv s)|t:s_ = G(tv s)|t:s+;

2. (jump in derivative att = s)

0G(t, s)
ot

_ 0G(t, s)
t=st ot

- (6.8)

Proof. The Green’s function satisfies the second-order equation

9*G | b(t) 0G| c(t),, 1
W—FET—F@G_ ﬁé(t—s)

We can integrate both sides with respect to ¢, i.e. apply f; to both sides. Observe the following.

1. Assume a(t) has finitely many zeros, so that for a given s there is some interval I containing ¢t = s on
which a(t) is never zero. Then all coefficients are continuous and bounded on I. We work on I from
now on.

2. On the rhs, we may replace a(t) with a(s) since the delta function is zero everywhere else.

Then the integral gives

— + (some continuous functions) =

1
5 ﬁus(t).

Continuous functions have the same left-handed and right-handed limits, but the step function us(t) does
not. Taking left/right handed limits of this equation yields . Integrating this equation again with respect
to t yields

G + (some continuous function) = (t — s)us(t),

1
a(s)
and now the rhs is continuous too. Hence G itself is a continuous function. O

If we plug and into these conditions, we get that
A(s)y1(s) = B(s)ya(s)

Bls)y(s) — A(s)¥, (s) = %
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The solution to this system of equations for A, B is

_ y2(s) 0
Als) = a(s)zVV(s)7 B(s) = a(s;W(s)

where W = W (y1, y2) is the Wronskian. Hence the Green’s function is

y1(t)y2(s) b< g
669 =3 i, _, 9
a(s)W(s) -

The solution (6.3]) to the original BVP is

@), L [ ()
y(t) ‘/a ()7 d”/t W) ©

t S B S
- yQ“)/a a(gév)<s> ds yl(”/t a(i/;év><s> ds.

Example 6.1.5. Consider the BVP

Y +y=g(z), y(0)=y(r/2)=0.

To find its Green’s function, we write the associated IVPs for yq, yo:

Yy +y=0, y(0)=0,90)=1
y' +y=0, y(r/2)=0,y'(7/2)=1.

Hence y; = sint and y2 = — cost. Their Wronskian is the constant function W (y;,y2) = 1. It follows that

the Green’s function is
—sintcoss t<s
G(t,s) = { -

—costsins s <t.

The solution to the original BVP is

t /2
y(t) = — cos(t) /0 g(s)sin(s) ds — Sin(t)/t g(s) cos(s) ds.

Green’s functions may not always exist. This is because if the Green’s function exists for a BVP then
(6.3) immediately gives a solution to the BVP, but we know there are BVPs with no solutions. Actually it
is possible that the BVP has a solution yet a Green’s function still does not exist! One way this can happen
is if the two solutions y; and y» forming the Green’s function are not actually independent.

Example 6.1.6 (1d Laplacian with Neumann boundary conditions). Consider the BVP
y' =0, 3 (-1)=19'(1)=0.

It clearly has solutions y = ¢ for any constant c. We can try to compute its Green’s function. The associated
IVPs for y; and y, are

y'=0, y(=1)=-1Ly(-1)=0
y'=0, y(1)=-1,y(1)=0.
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The solutions are y; = yo = —1, which are not independent. Then W (y1,y2) = 0 and the Green’s function
is undefined. It is not our construction that is flawed; indeed, we can show that that there cannot be
a Green’s function for this BVP as follows. If G did exist, then

1 82 1
—G(t,s)dt = 6(t —s)dt = 1.
| gttt [ sty
On the other hand, by the fundamental theorem of calculus

1 52
0°G oG oG
—(t,s)dt = —(1,s) — —(—1, ).
| Gt =) - T
The boundary conditions for G say that each term on the rhs is 0, a contradiction. If we want to solve this
BVP by Green’s function methods, it turns out the appropriate modification is to look for G satisfying

DG(t,s) =0(t —s) — %

Such a solution exists and is given by

[t—s| t2+s2
G(t,s) = 5 T 1

Green’s functions can even be used when the boundary conditions are at +00. This does not give rise to
proper IVPs for y; and ys, but even so we can find Green’s functions and therefore a solution. Such BVPs
are common in physics, where we often assume that some physical phenomenon (e.g. electic/magnetic fields)
die out and vanish as we approach +oo.

Example 6.1.7 (1d Helmholtz equation). Consider the BVP

y' —k*y =g(t), y(+oo)=0.

The associated IVPs for y; and y2, from our construction of G, are

y'=0, y(-00)=0, y(-00)=1
y"' =0, y(oco)=0, y/(c0)=1.
One can check that no solution of the form c¢;e** + coe™** satisfies these IVPs. However we can drop the
conditions on g'; they are superfluous if we just want to satisfy the boundary conditions y(4+o0c) = 0. Then

kt —kt
Y1 = c1€e -, Yo = Co2€ ;

A(s)ekt <s
G(t,S) = {B((S))e_kt i; ‘.

and the Green’s function is

Theorem [6.1.4] gives conditions that A and B must satisfy. Solving,

1 1
A - —ks B - ks.

(5) = 5™, Bls)=—5e

The entire Green’s function can be written
G(t,s) = e klt=sl,
and so the general solution is
1 o0
y(t)= o [ gl las

—0o0

Often, especially in physics, the boundary conditions are implicitly taken to be y(£oo) = 0. Then we
speak about the Green’s function corresponding to the differential operator itself. For example, this example
worked out the Green’s function for the 1d Helmholtz operator.
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