MATH 381: Fourier Analysis and Boundary Value Problems

Northwestern University, Lecture Notes

Written by Santiago Canez

These are notes which provide a basic summary of each lecture for MATH 381, “Fourier Analysis
and Boundary Value Problems for ISP”, taught by the author at Northwestern University. The
book used as a reference is the 11th edition of Elementary Differential Equations and Boundary
Value Problems by Boyce and DiPrima. Watch out for typos! Comments and suggestions are
welcome.
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Lecture 1: Introduction

This is a course about partial differential equations. A partial differential equation (PDE for short)
is a differential equation that involves an unknown multivariable function and its partial derivatives.
The basic goal is understand the solutions of such an equation (or at least their behaviors), or in
other words the functions which satisfy it. Partial differential equations model a wide variety of
phenoma, and their study constitutes a vast area of mathematics.

Example. Here is an example of a basic PDE, known as the heat equation:

ou  0%u

ot 0x%
Here, u(z,t) is a function of two variables, x which represents position and ¢ as time. In the
standard interpretation, the value of u(x,t) gives the temperature at position z and time ¢ along
a metal rod that has been previously heated. The heat equation characterizes the time evolution
of the temperature function u(z,t), and says that at every instant of time and at every position
the rate of change of u(z,t) with respect to time must equal the second derivative of u(x,t) with
respect to position. (We will see why this is the correct equation needed to model heat diffusion
later. Also, there are some constants usually included that I am omitting for now.)
Now, one solution to the heat equation is given by the function

—t

ui(x,t) = e 'sinzx.

t t

Indeed, the partial derivative u; is —e ™" sin z, and the second-order partial derivative u,, is —e~"sin z,

so this function does satisfy u; = uz,. More generally, one can check that for any n the function
up(x,t) = et sin(nzx)

is also a solution of the heat equation. So, we have many solutions so far, such as

t

ui(z,t) = e 'sinz, ug(z,t) = e ¥sin(2z), uz(x,t) = e ¥ sin(3z)

and so on for other positive integers n.

To get more solutions, we can exploit some properties of the heat equation, namely that it is
linear and homogeneous. We will clarify what this means precisely later, but you might recall that
in the ODE case it is true that sums of scalar multiplies of solutions of a linear homogeneous ODE
are also solutions of the same ODE. This is also true in the PDE case, so something like

5e ' sinz 4 7% sin(3z)
is also a solution of the heat equation. More generally, things like
cretsing 4 - 4 cpe sin(nz)

and other “linear combinations” of solutions are also solutions. But why stop with sums of scalar
multiples of finitely many solutions? Does it make sense to take an infinite sum of solutions and
still get a solution? The answer is that—once we handle convergence issues appropriately—yes it is
true that something like the infinite series

(e}

Z cpe ™ sin(nz)

n=1



will also be a solution of the heat equation. Again, there are some subtleties here dealing with
convergence (in particular, does this infinite sum even exist as a finite value?), but we will clarify
these as we go.

Towards Fourier series. Suppose now we go back and impose an initial condition on the heat
equation, by which we mean a function f(x) telling us what the initial temperature (at time 0)
should be at any position along the rod:

u(x,0) = f(z) for all x.

We can ask whether it’s possible to find a solution of the heat equation of the “infinite sum” form
o0
u(z,t) = Z Cpe "t sin(nx)
n=1
which in particular satisfies this given initial condition. In order for this candidate to satisfy
u(z,0) = f(x), we need the following to be true:

f(x) =u(z,0) = Z cpe 0 sin(nzx) = Z cp sin(nx).
n=1 n=1

The sum at the end is an example of a Fourier series, so the conclusion is that in order for

o0

u(z,t) = Z Cne "t sin(nx)

n=1
to be a solution of the initial value problem

ou 0%
g = 922 u(z,0) = f(z),

the coefficients ¢, must come from a series expansion
o
flx) = E ¢ sin(nx)
n=1

of the function f(z). If we can figure out what these coefficients ¢, should be, we can construct a
solution of our initial value problem.

Why Fourier? So, Fourier series will help us construct solutions of PDEs. Now, so far we are
only saying that such Fourier series indeed give solutions, but we are not saying anything about
whether they give all solutions. Perhaps there are other solutions of the same initial value problem
above apart from the ones derived from Fourier series. More conceptually, apart from saying that
“it works”, why should we even anticipate that Fourier series should play any role in solving PDEs
ahead of time? This is a deep issue, that we will shed a bit of light on later in the quarter.

For now, we can gather some sense as to why considering Fourier series when solving PDEs
might be reasonable by considering an analogous method for solving ODEs using power series. For
example, consider the ODE 3/ = y. The single-variable functions which satisfy this are precisely
the scalar multiples of e*. One way to see this is by assuming that the unknown solution we want
can be expressed as a power series such as

o0
Yy = E cnx™.
n=0
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Then we can determine what properties this power series would need to have in order for the
function y it defines to satisfy ' = y. From this you can derive that in fact the coefficients ¢,, must
be of the form

C

Cn:—‘
n:

for some constant C, so that the solution we want looks like

which is precisely the power series expansion of y = Ce”. So, the idea here is to assume you can
write your solution as a power series, and then work out what that power series actually has to
look like.

But power series are not the only types of series we can use to express functions in a “nice”
way. As we will see, many functions, in particular those which are continuously differentiable, can
in fact be expressed in the form

oo
f(z) = % + Z(an cos “7E + by sin 7F)
n=1

for appropriate choices of ag, an, b,, and L. This right hand side is the form of a general Fourier
series, and if we assume that our solution of a given differential equation can be expressed in
this way, we can then try to work out information about the unknown coefficients in the hopes of
determining the solution explicitly. Again, there are deeper reasons for why Fourier series are the
right types of series to consider, but we’ll come back to this later.

Boundary values. The discussion above explains why the phrase “Fourier analysis” shows up in
the title of this course, so now we say something about the remaining phrase: “boundary value
problems”. Consider the heat equation, now with specified boundary values:

ou_ o
ot ox?’

In the standard interpretation, we are imagining a metal rod of length L, and here we are stating
that the temperatures at the ends of the rod—i.e., at the boundaries—should be zero at all times.
The question is whether we can find a solution of the heat equation satisfying these boundary
conditions. Or, we can consider boundary conditions like

u(0,t) =0 =u(L,1).

uz(0,t) =0 = uy(L, 1)

which characterizes a rod with insualted ends, and other examples. We will see here as well that
Fourier series end up being a natural thing to consider. But, unlike, say, an ODE with initial
conditions, the question of exitence and uniqueness of solutions is more subtle when imposing
boundary conditions. (We will also consider the two-dimensional heat equation

ou O o

ot 022 oy

characterizing temperature functions u(z, y, t) on two-dimensional regions, and corresponding bound-
ary and initial conditions.)



To give a sense of what can happen when imposing boundary conditions, consider the example
of the following second-order ODE with boundary conditions:

y'+4y =0, y(0) =0, y(m) = 0.
The functions satisfying y” + 4y = 0 are all of the form
y = c1 cos(2t) + casin(2t)

where ¢ and co are scalars, as we will briefly review at some point. In order to satisfying the given
boundary conditions, we need

0=y(0) =c1cos0+ cosin0 = ¢y,

so that y = cosin(2t), and also
0 = y(m) = cosin(27),

which is satisfied by all co. Hence this particular boundary value problem in fact has infintely many
solutions, namely all scalar multplies of sin(2t). But, we can find other boundary conditions for
which there will only be one solution, and others for which there will be none. The point is that
more analysis is needed when determining the behavior of solutions with boundary conditions, as
there is no “general” answer that always applies.

Lecture 2: Fourier Series

Warm-Up. We give examples of boundary conditions on the ODE
y'+9y=0

which result in zero, exactly one, and infinitely many solutions. First, we note that all functions
satisfying y” + 9y = 0 are of the form

y = c1 cos(3t) + co sin(3t).
Consider the boundary conditinos y(0) = 0,y(m) = 0. To satisfy the first condition requires that
0 =y(0) = ¢;1 cos(0) + c2sin(0) = ¢1,

so that our candidate solution of the form y = cosin(3¢). Any such function automatically satisfies
y(m) = 0 since sin(37) = 0, so these boundary conditions result in infinitely many solutions.

Now, consider y(0) = 0,y(m) = 1. The first conditions again gives y = ¢y sin(3t). But now no
such function satisfies y(m) = 1 regardless of ca, so these boundary condiitons result in no solutions.
Finally, for y(0) = 0,y(5) = 1, we first have y = ¢ sin(3t) from the first condition, and the second
requires

1=y(5) =c2 sin(%ﬂ) = —co.

Thus y = —sin(3t) is the only solution of y” + 9y = 0 satisfying the boundary conditions y(0) =0
and y(37) = 1.

Fourier series. As we saw briefly last time, Fourier series will play a role in solving various PDEs.
To be clear, a Fourier series is an infinite series of the form

o
ao nmwx 3 nmwx
5 + E (an cos "TE + by, sin "7E).
n=1



(We will see shortly why the constant terms is written as %4 instead of simply ag.) For now we

bypass the question of which functions can be expressed as such a series, and focus instead on
determining, in the case where a function is expressible in a such a way, any information we can
derive from having such a expression available. That is, if

[ee]
50 Z ap, €08 "FE + by sin “F),
what can we say about f or the required series? As a first observation, we note that the series itself
is periodic with period 2L, since the cosine and sine terms are 2L-periodic:

nm(z + 2L) (nﬂ'x ) nwr
COS ————— = COS

I T+2n7r :COST

and similarly for sin *7*. Thus, the function f had better be 2L-periodic as well:

f(z+2L) = f(a).

By appropriately choosing the value of L we can in effect set the period to be whatever we need.
So we suppose that f is indeed 2L periodic. The next step is to see what we can say about the
unknown coefficients ag, a,, and b, in the equation

o0
do
= 7 E Qi €08 "FE 4 by, sin 7).
=1

We'll refer to these coefficients as the Fourier coefficients of f, and we claim that the value of these
can be determined explicitly, so that there is only one possible set of coefficients for which this
equality can hold. Compare this to what happens for power series: if f is to be expressible as a

power series
(0.)
= E cnx’™,
n=0

. . (n)

it turns out that the value of ¢, must be given by fn_!(o)’ where £ denotes the n-th order
derivative. The same type of conclusion is true of the Fourier coefficients above, only that the
explicit formulas will be a little more involved.

Orthogonality relations. Before deriving formulas for the Fourier coefficients, we highlight the
following integral identities, called the orthogonality relations of sine and cosine. (We will see next
time why we use the term “orthogonality” here.) For nonnegative integers n and m, we have:

I 0 ifm#n
/ cos *frcos "rdr = L ifm=n#0
- 2L ifm=n=0

L
nmwx : mmx _
/LCOSTsdem =0

L .
0 if =n=0
/ mmr mg””d:c:{ ifm#norm=n

sin 7 sin )
_L L ifm=n



For the first result, when m = n = 0 note simply that we have

L
Oz Omz _rL —
/LcosTcosTdm = [7, dx =2L.

When m = n # 0, we can use the double-angle formula for cosine cos? A = %(1 + cos2A) to get

L 1 L L
2 nrx _ = _ 2nmx _ L i 2nmz _
/Lcos T dr = 5 /L (1 — cos 2%2) dyy = § (@ — 5= sin 2272 =1L

D=

When m # n, we can use the following trig identity:
1
cos Acos B = §[COS(A + B) + cos(A — B)].

This gives

L L
/_Lcos%cos T dr = %/_L [cosw +cos%]dx,
which can be computed directly to get the value 0. (Both pieces give terms involving sine which
evaluate to zero at both L and —L, since sine of an integer multiple of 7 is zero.)

Similar trig identities for the product of two sine functions, or a cosine function and a sine
function can be used to derive the other orthogonality relations.

Deriving Fourier coefficients. We now use the orthogonality relations to derive formulas for
the coeflicients in

oo
% + Z(an cos "TF + by sin 7F).
n=1
The computation we go through might seem to come out of nowhere at first, but next time we will
put it in its proper context.
First, for a nonnegative integer m, we multiply both sides of the equality above through by

mnx.
COs ==

o)

f(x) cos ™ = & cos ™E + E (an cos L cos ™IL + by, sin 7L cos LY |

n=1

Now we integrate both sides:

L L
mnzx _ag mmex
/ f(x)cos ™ dx = % cos " dx
~L -L
L

0o L
+ E (an / cos "7* cos " dx + by, / sin *7* cos m};“) dx.
n=1 -L L

There is a subtle point here in that, although it is always true that the integral of a sum of finitely
many functions equals the sum of the integrals of each of those individual functions, this is not true
for integrals of infinite sums in general. In other words, some care is needed in order to guarantee
that we can exchange the integration and summation to get that

L o
/ [ E (ancos “T% cos "L dx + bysin “TE cos L )] dx
~L

n=1



equals

0 L L
E (an/ cos " cos " dx + by, / sin “7F cos "E dx) .
L

n=1 —-L

This is related to the problem of understanding the convergence of Fourier series, but we postpone
this discussion for now.
The orthgonality relations tell us what all the integrals in

L L
ao
5 / cos OﬂTx cos " dx + E (an / cos *7F cos " dx + by, / sin *7* cos mi”“") dx
-L -L

evaluate to. (Note that we introduced cos 07123” into the first integral; this of course is simply the
constant 1, but we write it in this way so as to make the application of the orthogonality relations
to this part clear.) If m = 0, the only nonzero integral in this entire expression is the first one, in

which case the value of the integral is 2L. Thus we get in this case that

L
/ f(z) cos 2% dy = %(QL) = aoL,
-L

= %/_Ll;f(x)coso%d:c: %/_if(x)dw

When m > 0, the only nonzero integral on the right side of the equation

L L
/ f(x)cos ™ dx = % / cos " dx
~L

—L

0o L L
+ E (an / cos "T* cos " dx + by, / sin *7* cos "7 > dx.
L
n=1

SO

—L

is the specific one in the infinite series occuring for n = m and involving the two cosine terms. That
mnx mnx

is, the entire right side above simplifies to a, f 1 cos TE cos EE dx, so we get

L L
mrr  mu
/ f(x)cos " dx = am/ cos cos dx = apL,
L LTI L

and thus

1 L
=7 /_Lf(.r) cos "1 dx.

Here we assumed m > 0, but note that this same expression also gives the correct value we derived
aboe for ap when m = 0. This is why we wrote the constant term in our Fourier series as % instead

of as ag: in the latter case, the formula for the value of ag would be % i _LL f(x) dx, where the extra
2 comes from the differenence in the orthogonality relations when m = n # 0 versus m = n = 0;
by incorporating this % into the Fourier series form instead, we can use the same formula for ag as
for the other a,,.

So, we have now derived the explicit formulas for the Fourier coefficients a,, (n > 0) when we
have equality in

o0
ao .
234- g (an cos "L 4 by, sin "7E).

n=1



A similar argument where we instead multiply through by sin ¥ (m > 0), integrate, and then

use the same orthgonality relations produces

L L
3 mmnx _ 3 mmnxT 3 mmnx —
/Lf(x)sdex—bm/Lsm L sin ME dx = by, L,

so that b, = %f_LL f(x)sin ™% dx. The conclusion is thus that, if a periodic function f is to be
expressible as a Fourier series

o0
do
= 5 E_ (an cos "TE 4 by, sin "7F),

the values of the Fourier coefficients ay, b, must be given by

1 [t 1 L
——/ f(x)cos ™= dx forn > 0 and bn_—/ f(x)sin 22 dg for n > 1.
LJ L L J_;

Thus, determining an explicit Fourier series simply comes down to computing some integrals.
(That’s not to say that computing these integrals is necessarily easy, as we will see.)

Lecture 3: More on Fourier Series

Warm-Up 1. We compute the Fourier series of the “square wave” function defined by setting

f(z:):{o -1<x<0

1 0<zr<1

and then extending to all of R to have period 2. Thus, the portion of the graph for 1 < z < 2 looks
just like the portion for —1 < z < 0, the portion for 2 < x < 3 looks like the portion for 0 < z < 1,
and so on:

®———O o—o e— ——o
T : 4 - L})
=S =\ \ 2 3

(Hopefully we can see where the term “square wave” comes from!) In this case thus the value of L
in the general form of a Fourier series is 1, which is half the period.
First, we compute a,,:

1 [t 1 1 -0
== / f(z)cos "T* dx = / cosnrx dr = "
L/ 0 0 n#0.

where we use the fact that f(z) = 0 on the interval between —1 and 0, so that the integral over
this portion is zero, and that f(x) = 1 on the interval between 0 and 1 so that the integral of
f(x) cosnmz over this portion is just the integral of cosnmz. For b,, n > 1 we have:

1
:—/ f(x)sin " dx
1),



1
:/ sinnwx dx
0
1
= —— oS nmz‘

Thus the Fourier series of this function f is

1 1
5 + nzl E(l — cosnm) sinnwx.

(There are no cos nmz terms for n > 1 since they all have coefficient a,, = 0)
We can rewrite this series in another way using the fact that cosnm = (—1)", so that

0 if niseven
1 —cosnm =
2 if nis odd.

So it is only the odd-indexed terms that show up in our series, and if we express these odd indices
as 2n + 1 for n > 0, we get that the Fourier series of f is

o0

1 2 :
3 + nzz;) @ntr sin[(2n + 1)7z].

As we've said before, the question as to whether this series does in fact equal the square wave
function f is one we’ll come back to.

Warm-Up 2. We compute the Fourier series of the “triangular wave” function defined by setting

fz) =

—x —-L<zx<0
T 0<z<L

and extending to have period 2L. (Draw the graph of this to see why we use the phrase “triangular
wave”.) First, let us actually determine the value of b,,:

1 L 1 0 L
bnzz/ f(x)sin%d:rzz</ —wsin%dw—l—/ xsin"—}?dw)
~L -L 0

Now, we can save time by noting that the first integral on the right is precisely the negative of the

second one, which we can see by making a change of variables u = —x:
0 0 0 L
i NTT _ s —NTU _ o et NTU _ s NTU
/L—acsde$—/L usin =7 (—du) = /L usin “Ttdu = /0 usin T du.

Thus, the sum of the integral from —L to 0 with the integrl from 0 to L is zero. The better

explanation for why this happens is to note that since f(x) is an even function (meaning f(—x) =

f(x) for all x) and sin “7* an odd function, the product f(z)sin *7* is odd and integrating an odd

function over a symmetric interval centered at zero results in the value zero. So b, = 0 for all
n > 1, and there will be no sin “7* terms in the Fourier series.

10



Now, for a,, we have

— 1 L nmwx d _ 2 L nmx d
an = z/_Lf(a:)cosT x = z/o x cos “7* dx,
where now we use the fact that cos “7* is an even function to say that the product f(x)cos "7 is
even, and integrating an even function over a symmetric interval gives twice the value of its integral
over half of the interval. (Alterantively we can simply break up the integral into one piece over
[—L,0] where f(xz) = —x, and a piece over [0, L] where f(x) = z, and then compute both integrals.
Using the fact that we are integrating an even function will save some of work.) For n = 0 we get

9 L
aozz/o xdr = L,

and for n > 1 we get (using integration by parts):

) L
a":Z x cos "T* dx
0

2 (L . nmx L L2 nrx |©
= E EI Sin I n271'2 COS I .
2L
= — 5 (cosnT —1).
n2mw

Thus the Fourier series of the triangular wave function f is

nmx

L = 2L
3 —l—;m(cosmr— 1) cos -

If we again distinguish between even and odd n, so that cosnm — 1 is either —2 or 0, we can write
this Fourier series as

1) cos 17

L i AL (2n + )7z

2 = (2n
Here comes the linear algebra. Now we revisit the derivation of the Fourier coefficients we went
through last time, and view it from the “proper” perspective. The correct context behind all of this
is the linear algebra of inner products. In this particular case, consider a “space” V of 2L-periodic
functions. (We will place restrictions on the types of functions we need to consider later.) The sum
of periodic functions is still periodic, as is any scalar multiple of a periodic function. This says that
V is actually a vector space, which, if you recall, is just a set equipped with addition and scalar
multiplication operations, satisfying some standard axioms. (We won’t have a real need to recall
the formal definition of “vector space”, but you can look it up elsewhere.)

On this space V' we can define the following inner product: for f,g € V, we define (f,g) to be

L
(f,9) = /_L f(x)g(z) dx.

Think of this as analogous to the usual dot product of vectors in R", where we think of a function
f as a “vector” with an infinite number of components indexed by z in [—L, L]. The expression
f(z)g(z) is the product of the “z-components” of f and g, and taking the integral of f(z)g(x)
then “adds” these products together, just as in what happens for x -y = z1y; + - -+ + ¥y, when

11



x = (x1,...,2y) and y = (y1,...,Yn). This inner product has the usual properties one would
expect of a dot product, like:

(f7 f) > Oa (fag) = (97 f)7 and (f> C191 +0292) = cl(fagl) +62(f’92)

where in the final one ¢; and ¢y are scalars. After using the definition of this particular inner
product, we see that each of these amounts to a basic property of integrals. The point is that
anything you did you with dot/inner products before can be carried over to the setting of this
particular vector space and inner product. (A vector space equipped with an inner product is close
to the definition of what a Hilbert space is, although the formal definition of a Hilbert space has
one more technical requirement we will mention later.)

Back to orthogonality. With this inner product at hand, we now define what it means for two
functions f and g to be orthogonal. Based on what happens for the usual dot product in R? or R3,
we say that f and g are orthogonal if their inner product is zero:

L
(fig9) = /_Lf(w)g(x) dz = 0.

Now we see that the “orthogonality relations” we had last time are precisely the statements that
the various sine and cosine functions we are considering in a Fourier series are all orthogonal to one
another:

(cos 7%, cos L) = 0 = (sin "7%, sin 7F)

for m # n and

(cos “7%,sin ) = 0

for all m,n. (This is why we call these the “orthogonality” relations.) Moreover:
(cos 2% cos 2) = 2L and (cos 2%, cos “I%) = L = (sin "%, sin "7%)

for n > 1. The point is that these cosine and sine functions make up an “orthogonal basis” of
our space V, and the problem of expressing a function as a Fourier series is just the problem of
writing a vector as a linear combination of orthogonal basis vectors. (To be clear, so far we only
that these cosine and sine functions form an orthogonal set of elements of V'; to say that they form
an orthogonal basis also requires knowing that they “span” V', which means that every element
can indeed be written as a linear combination of these. This again boils down to a question about
convergence. )

Rederiving the coefficients. For the sake of convenient notation, we will use ¢, and %, to
denote these cosine and sine functions:

¢n(z) = cos % and ¢, (x) = sin nrr.

Then our desired Fourier series is

oo

f( ) = _¢0 Z an¢n + bnwn( )]

(Again, 1g(z) = cos0 = 1, but we erte it here explicitly next to % simply to make this term

look like the rest, apart from the extra 3 L which comes from the fact that (¢, po) = 2L instead of
(¢n, ¢n) = L for n > 1.)

12



Let us rederive the Fourier coefficients using this new notation, and since we worked it out
explicitly for a, last time, this time we will show the work for b,. Fix m > 1 and take the inner
product of both sides above with ),,:

(f, wm) = %(¢07 wm) + (Z[an¢n + bnwn]a ¢m> .

n=1

By linearity of the inner product, we can distribute the inner product through the series on the
right to get:

(F¥m) = (G0, %) + Y [an(@ns ) + b, )]
n=1

(Again, some care is needed here: this is the same “exchange integration and infinite summation”
issue we mentioned last time. In this case, although we know that something like

(cifi+---+cafns 9)

distributes as ¢1(f1,9) + -+ + ¢n(fn, g), more work is needed—convergence issues—to know that
this is still true if we have an infinite sum in the first component of the inner product, as we do
above.) By the orthogonality of the functions ¢, and 1,, we have

(60, Ym) =0, (¢n,¥m) =0 for all m,n, and (¢, ¥y,) = 0 for n # m.

Thus the only nonzero term on the right side of

(fm) = (90, Ym) + D _[@n(@ns Yim) + b, )]

n=1

is the one where n = m, so we get

(f7 ¢m> = bm(lbm, wm)

Hence

(f,¥m)
(m, ¥m)”

If we put in what the definition of this inner product actually is, this expression is just

f?’liz)m mmax
by, = ———— (wm,wm / f(x sdea:

as we had before. Similarly, by taking inner products of both sides with ¢,, (which is just what we
did last time only without the language of inner products), we get

bm =

(f’ QSTL nmx
an = (¢n’¢n / f(z) cos " dx
for n # 0 and
@ _ (f7 ¢0)
2 (¢07¢0).
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You might recognize the formula for these coefficients as precisely the same one you get when
considering orthogonal basis vectors of, say, R3: if u;, us, us form an orthogonal basis of R?, then
when writing x as a linear combination of uy, us, us, the coefficient of u; needed to do so

XU,

u; - u;

where - is the usual dot product. Of course, this is no accident, since is the same computation in
that case as the one here, all dependent on having orthogonality.

Orthogonal projections. Hence our desired Fourier series written solely using inner products is

(fs ¢o) (f dn) (fs%n)
f (¢07¢0 ¢ * Z |: ¢na¢n nt (¢n7¢n)wn
An individual term of this series, such
(fsn) "
(o, thn) "

for example, is again one you might recognize from linear algebra, say in the form

(i)
—u
u-u
when dealing with vectors in R™: this is precisely the orthogonal projection of x onto u! By analogy
we then refer to
(f, ¥n)

W) "

as being the orthogonal projection of f onto v, and similarly for the terms in the Fourier series
involving ¢p,.

Thus we can reformulate the problem of finding a Fourier series as one about reconstructing a
function f as the (infinite) sum its orthogonal projections onto the orthogonal basis functions ¢,
and v,,. The moral is that the study of Fourier series is essentially the study of a certain orthogonal
basis for a certain vector space and the orthogonal projections onto said basis elements. The same
idea will make an appearance later in the context of Sturm-Louiville theory.

Lecture 4: Complex Fourier Series

Warm-Up. Define the norm of a function f defined on the interval [—m, 7] to be || f|| = /(f, f),
where (f, f) is the inner product we defined last time. So, explicitly:

1l = / " ()2 dr.

(This is called the L?-norm of f, and is an infinite-dimensional version of the usual norm ||x|| =
Vg4 -+ x2 of vectors x = (z1,...,xy,) in R™.) We find the function in the span of

do(x) =1, ¢1(x) = coszx, P1(x) =sinz, Pa(x) = cos2x, Pa(r) = sin 2z

which minimizes Hx —g(x H among all g in this span. We are using the term “span” here in the
same way as in linear algebra: it is the set of all possible linear combinations of the given functions,
so in this particular case functions that look like

co + ¢1 cosx + cgsinx + c3 cos 2x + ¢4 8in 2x

14



where the ¢; are scalars.

Now, if you think about the analogous question in the setting of R", the answer there is one
you would have seen previously: given x in R” and uy, ..., u; in R", the vector in span(uy,...,u;)
which minimizes ||x — y|| among all y in this span is precisely the orthogonal projection of x onto
this span! Indeed, this is one way of defining what “orthgonal projection” actually means. The same
fact is true in more general vector spaces, so this problem is just asking to compute the orthogonal
projection of the function z? onto the span of the functions ¢q, ¢1,1, @2, 1o above. But if you
recall the linear-algebra interpretation we gave behind Fourier series last time, this orthoogonal
projection is precisely the portion of the full Fourier series of 2 which only goes up to the cos 2z
and sin 2z terms:

ao . .
— 4+ aycosx + bysinz 4+ agcos2x + bysin2x
2 —— —— —— ——
Y proj onto ¢1  proj onto ¥1  proj onto ¢2  proj onto
proj onto ¢o

where for n > 1:

an:%:%/” z?cosnzdr and bn:%Z%/ﬂﬁsinnmdm

(This uses the fact that the functions ¢g, ¢1, 11, d2, 2 make up an orthogonal basis of this span, so
that the orthogonal projection onto this entire span is the sum of the orthogonal projections onto
each individual basis vector. For ag it is 4 which equals the orthogonal projection, not simply
ap alone, which stems from the difference in values between (¢g, ¢9) = 27 and (¢n, ¢n) = 7 for
n # 0. The point of this problem is to emphasize this connection between orthgonal projections
and Fourier series; I will not asking something along these lines phrased in terms of linear algebra
on an exam, but you should know about it for the sake of context!)

So, we compute some Fourier coefficients. Since 22 is even on the interval [—n, 7], the coefficients
b, are zero since they involve integrals of the odd functions x?sinna over symmetric intervals
centered at zero. Then:

ag = — z° dx
™ —Tr

2 [T . . .
— 22 dx since the integrand is even
™ Jo

B
3
[\v]

w

3

an = z% cosnzx dx (n>1)

—Tr
e

22 cosnx dx since the integrand is even

T 2 [T
——/ xsinnmdaz)
0 n Jo
0)

o~ T

2% sinnz

A0 o 3=

S

N

™

4 1
=—— | ——zcosnz
™ n 0

1 .
+ —5 SINnT
n

4 cosnm

n2
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The desired orthogonal projection, and hence function in the span of ¢g, ¢1, 91, @2, s which mini-
mizes Hac2 — g|| among all g in this span, is

2
a T
?0 + a1 cosx + by sinx + ag cos 2z + by sin 2z = 3 4cosx + cos2x.
Orthonormal functions. As you saw in linear algebra, we can also turn an orthogonal basis of
a space into an orthonormal one by dividing each basis vector by its norm. In our case, for the
functions
nmwx

On = cos% and 1, = sin I

the orthogonality relatoins say that:

lgoll = v/ (0, d0) = V2L, ||gnll = v/ (6n, ¢n) = VL = /(thn, ¥n) = [[¥nl)),

where n > 1. Thus, we can produce the following orthonormal basis of our space of periodic

functions:
b0 1 On 1 nwr  Yn 1 . nmx

I6ol ~ V2L’ léall ~ VI o

S ——, ——— = —=sin —.
Ll VL L

With these normalized functions—call them ;5(/), éﬁ;, {b\; respectively—the Fourier series looks like:

(f.d0)00 + O _[(f $n)bn + (f,0n)tbn]

n=1

This perspective will not be crucial for us, but just makes another connection with linear algebra.

Complex orthogonality. Computing a Fourier series explicitly takes quite a bit of work, since
there are multiple integrals to compute, some involving cosine and some sine. (Sure, for certian
functions, namely those which are even or odd, we can cut down the number of integrals we actually
have to compute since some will automatically be zero, but that is not necessarily the case for most
functions.) The form of the Fourier series can also be a bit cumbersome to write down, since there’s
one portion which needs cosines and another which needs sines. It would be nice to have a more
compact way of expressing a (real) Fourier series, while at the same reducing the number of integral
computations needed.

To see how this can be done, we start by recaling the following identity when dealing with
compler numbers:

e = cos O + isin 6.
(Indeed, this is one possible way of defining what the complex exponential e even means.) Then
for any n we also have
e = cosnx + i sin na.

The point is that the cosine and sine terms on the right are precisely the ones which show up in a
Fourier series (say for a 2m-periodic function), so that it seems plausible that we can rewrite the
entire Fourier series using complex exponentials instead.

To set the stage, we consider a vector space of complez-valued 2m-periodic functions (still of a
real variable), and define take the following as an inner product:

(F.9)= [ f@itdz.
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The bar on g(x) denotes the complex conjugate. (Recall that g is complex-valued, so that even if z
is real, g(z) will be a complex number in general.) The need to use a conjugate for this second term
can be traced back to the fact that to get the norm of a complex z, we need to take v/2Z, which
will always be real. (Concretely, when taking the “norm” of f, using ffﬂ f(x)? dz does not work if
f(zx) is complex since this will not produce a nonnegative real number as a result; we need to use
f f(x)f(x)dx instead, which is always real and nonnegative, so that then taking the square root
makes sense.) Then for the functions e, where n now can be any integer (not just nonnegative),
we have for n # m:

( mm zmx emxezmx dx

/ ’L?’Lﬁ? —imx dm

=|

:1

™
z(n mx

B z(n - m) —r
_ i(n—m)r _ _—i(n—m)m
i(n —m) le ¢ I

(Note that computing integrals with complex numbers works the same as any other integral com-
putations; simply treat i as a constant like you normally would.) Using e? = cos@ + isinf, we can

see that:

! mIT — cos([n — m)w) + isin([n — m]r) = cos([n — m]r)

and

—i(n—m)m _ cos(—[n —m|m) + isin(—[n — m]r) = cos([n — m|r)

e
since sine of an integer multiple of 7 is zero, and cosine is even. The upshot is that

1

i(n—m)m
i(n —m)

. e—i(n—m)ﬂ'] =0,

(einx’ eimz) —

so the functionx e® are orthogonal with respect to this complex inner product. Moreover,
™ ™
(einx einz) — / ein:refin:r dr = / dr = 271
—Tr —Tr

so all of these functions have “norm” /2.

Complex Fourier series. So, by analogy with the real Fourier series using the orthgonal cosine
and sine functions, we can now consider a complex Fourier series using the orthgonal e"** functions
instead. Since these functions are orthogonal, if a complex-valued function f is expressible as such

a Fourier series:
o0
E cneln$7

n=—oo

we get that the coefficients ¢, must be given by

Cp = (f’ em.x) = i f( )emz dex = 1 /7r f(z)e ™ d.

(eznx, eznm) o2 2T .
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We call this series with these specific coefficients the complex Fourier series (also called the expo-
nential Fourier series) of f. (Note that the sum here allows for n to be negative, to make sure
we cover all of the orthogonal functions ¢™®. For the cosine/sine Fourier series there was no need
to allow n negative, since cos(—nzx) = cos(nz) and sin(—nz) = — sin(nx), so that the terms which
would occur for negative n are already accounted for in the terms with positive n. In the complex
case, it is not true that e is the same as or is the negative of e~™*—rather they are complex
conjugates of one another—so each of these must be included in the series.)

The derivation of the formula for ¢, comes from the same one we used for the real Fourier
coefficients, but just to be clear: take inner product of both sides of

f(.ilf): Z Cneimc

n=—oo

with €™ to get:

oo o0
(f7 eim:r) _ ( Z Cneinz’eimx) _ Z Cn(ein:t’eimm)’
n=—oo n=—oo
and use orthogonality to see that the only potential nonzero term on the right is the one for
n = m. Note now that, instead of having to compute a, and b, coefficients separately, here we
have only one (complex) integral to compute—apart from the n = 0 case which often requires its

own computation.

The complex Fourier series of f certainly looks cleaner than the previous series using sines and
cosines, or at least it is a more compact form to write down. But it is fair to ask just what relation
there is between this complex Fourier series and the previous real one? The answer is a very nice
one: when f is a real-valued function, the complex Fourier is literally the same as the real Fourier
series! That is, when f is real, we have equality

o0 [o¢]
ag . ;
) + E (an cosnz + by, sinnx) = E cpe'™*

n=1 n=-—0oo

for the values of ag, ay, b,, ¢, given before.

So, we are not computing a different type of Fourier series after all, at least for real functions—
all we are doing is computing the same Fourier series in an alternative (maybe quicker since it
involves fewer integrals?) way. Showing that the complex Fourier series is just a rewritten form
of the real Fourier series, for real-valued functions, is a problem on the homework. For the most
part this quarter, we will mainly care about the real Fourier series, but having the complex form
will make certain things simpler to express from time to time; in particular, the complex form will
make the connection between Fourier series and Fourier transforms clearer.

Example. We compute the complex Fourier series of the triangular wave function:

f(w)z{_x’ =<0 g om) = f(a).

x, 0<x<m,

Note that since f is real-valued, the complex Fourier series will be exactly the same as the real
Fourier series we computed previously, although written to use complex exponentials instead of
sines and cosines.
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First, we compute:
1

1 s /-/\ 1 T
o= — (2)e ™ do == | zdr= z,
0 2

o) T
where we use the fact that f is even to say that [* =2 []. Next, for n # 0 we have:
1 g —inx 1 0 —inx i —inT
Cp = — f(x)e dx = — —zxe de + | e dx | .
2 J_, 2m \J_» 0

Now, in this case we cannot simplify this to twice the integral from 0 to 7 since, although f is
even, f(z)e™"* is not even: replacing x by —z gives the complex conjugate of f(x)e™ ™, but not
f(x)e~™ itself. Nonetheless, there is a way to simplify our computation as follows. If we make
the change of variables u = —x in the first integral we get:

0 0 i
/ —ze " dx = / ue"(—du) = / ue™ du,
—m i 0

which is the same as foﬁ xe™™® dz after renaming the variable of integration. This is the conjugate
of the second integral in our expression:

s s . ™ .
/ e~ dy = / e~ T dy = / ze™ dzx.
0 0 0
/ —ze "™ dx + / ze " dx
- 0

is the sum of a complex number and its conjugate, so it should equal twice the real part of that
complex number:

0 T s
/ —xe "™ dx + / ze "™ dr =2 <rea1 part of / re " dw) .
-7 0 0

Hence there is only one integral we need to compute, namely foﬂ xe” M dg.

Thus, the expression

We have:
- 1 T 1 L
e~ M dp = —— e nx + — e~ T 1
0 m 0 m Jo
— _iﬂ_e—inﬂ . 1 —ina|"
in i2n2 0
1 . 1 .
= _——7e 1n71'+_2(e zmr_l)
n n
T COS NTT 1
=i——— + —(cosnm —1).
n n

We only need twice the real part of this, so overall we get
1 0 _ T, 1 /2 cosnm — 1
Cn = 5 </7r —ze mmdm—i—/g xe "”‘"dx) =5 <ﬁ[cosmr— 1]> =
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The complex Fourier series of f is thus

. T COSNT —
g cpe™ where cg = — and ¢;, = ————— for n #0,
2= 2 mn2

which we can also write as

1
T N cosnm — 1 iy
2 Z mn? ’
n=—00

n#0
where the n # 0 in the notation for the sum indicates that the n = 0 term is meant to be excluded;
the n = 0 term is written separately at the start since it has a different form from the other ¢,,. As
alluded to above (based on a homework problem), this complex Fourier series can be shown to be
literally the same as the Fourier series

o0
s 2
5 + E_ m(cosnﬂ — 1) cosnz
we previously computed in Warm-Up 2 of Lecture 3.

Lecture 5: Fourier Convergence
Warm-Up. We compute the complex Fourier series of f(z) = 2%, —7 < x < 7, extended to be

2m-periodic. We have
1 /‘ﬂ' 5 4 7T2
o= — x*dr = —
07 or — 3

and for n > 0:

1 4 .
Cp = — 22e” M dy
2 J_,
1 1 T g
— —4—%‘26 inT + = re” T da
27 m U Y -
. T T
s _ 1 _ 1 _;
- _ ( inm e 1n7r> : <_ rethe - = 26 inT )
2n mnm n _. *n 77r
— _i_ﬂ-(e’inﬂ' o e—inﬂ) + ie—imr + ieinﬂ' . i (6in7r o e—infr)
2n n2 n2 ™3 ’

which simplies to 2 cos nm after using e*™""

series of f is thus

= cos(nm) £isin(nm) = cos(nm). The complex Fourier

2 o )

m n (E
3T Z (=1) nze
n=—00

n#0

Note that if we use e = cos(nz) + isin(nz), and group the term occuring for —n with the term
occuring for n, we get can rewrite this as

2 o0 9 2 = 92 . A
T Y e = T ) e e = T S () o),
n
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which is the real Fourier series of f.

Partial sums. We now know how to compute Fourier series, real or complex, but we have not said
anything about whether these series actually converge, let alone what they converge to. Ideally we
would hope that the Fourier series of a function actually converges to that function itself, since the
entire point of this process was in trying to express a given function as a Fourier series. We know
that if a given function is expressible as a Fourier series, the only possible Fourier series that can
work is the one we’ve defined, but that’s different than saying that the series we get in this way
does in fact converge to our function.

Before we answer these questions, we first recall what convergence of a series actually means.
Given a series )2, Ap, we say that it converges to S if the sequence of partial sums

SN=A1+As+ -+ AN
converges to S as N — oco. That is, we look at the sequence formed by

S1 = Ay

Sy = A1 + Ay

S = A1 + Ay + Az

Sy =A1+As+ Az + Ay

and ask whether these values are converging as we add on more and more terms. In the case of a
Fourier series the partial sums looks like

N
aO nmnr 3 nnr
5t E (an cos "TE + by, sin "7F)
n=1

a

= 70 + ay cos 7 + by sin +agcos2”Tx +bgsin2ﬂTx +-~+aNcos¥ + by sin Ng‘r.
Specifically, this is called the N-th order partial sum of the Fourier series, and is an example of a
trigonometric polynomial, which in general refers to a linear combination of sines and cosines. If we
are looking at the Fourier series of a function f, the question is then whether these trigonometric
polynomials converge to f.

Fourier convergence. We will give the answer to the question above, which is easy to state, and
next time we’ll say something about why it’s true. The Fourier convergence theorem states the
following:

Suppose f is a piecewise C'! function, which means that it is piecewise continuous with
a piecewise continuous derivative. Then the Fourier series of f:

o0
% + ) (an cos "TE + by, sin "72),
n=1
where N L
1 1
an = E/ f(x)cos ™ dz and b, = E/ f(=)sin *% da,
—L -L
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converges to the function given by

f@™) + f(a™)
2

where f(z7) = lim;_,,- f(¢t) is the limit of f as t approaches = from the left and
f(z™) =lim;_,,+ f(t) the limit as ¢ approaches = from the right.

So, at any x, the value to which the Fourier series of f converges is the average of the left- and
right-hand limits of f at x. Note that if f happens to be continuous at x, the left- and right-hand
limits above both equal f(z), so this average value is just f(x) in this case. Hence at points z
where f is continuous, the equality

oo
do |
:? E (@n cos "T% + by, sin "7F)

does hold for a,, b, as defined above.

There’s more to say about this, and in particular there are some subtleties behind what type of
“convergence” we actually mean here, but we’ll come back to this. Also, we’ll say something about
how the bad the “error” can be when approximating a function by its various Fourier partial sums.

Example. Consider the square wave function

f(x>={0’ eV re ) = )

1, 0<az<l1

whose Fourier series we previously found to be

1 .1 —cosnm
5 -+ Z Tsmmm.

n=1
Note that f is piecewise constant, so it is piecewise C' as well. Thus the Fourier convergence
theorem applies, and says that this particular series converges at a point = to the average of the
one-sided limits at x.

For —1 < z < 0, f is continuous at z, so at these points this Fourier series converges to f(x) = 0.
For 1 <z < 0, f is again continuous at x, so here the series above converges to f(z) = 1. Now, f is
not continuous at, say x = 0, so here the Fourier series converges to the average of 0 (the left-hand
liimt at 0) and 1 (the right-hand limit), so it converges to % This is also true at x = 1,o = —1, and
in fact at any integer value of x. Thus overall the Fourier series above converges to the function
defined by

0, -1<z<0
g(gj): %7 1‘:—1,0,1
1 0<z<l1

and extended periodically. For example, at x = %, we thus have the following identity:

1 1-—cosnm o (2n +)r 1 = 2
1== ST COShT si — B S
2+2; nr sin - Z;2n+ 2 2+2;() 2n+ 1)m
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After rearranging terms, we can turn this into

[e.e]
™ (—1)" 11 1
S S e e N
4 ;2n+1 3T 7t

which is a nice identity.
The function to which the series above converges has a graph which looks like:

od
q

@
d

This is exactly the graph of the original square wave function f, except for at the integer points
where f was not continuous. Now, we can also plot some of the Fourier partial sums to see the
convergence actually happening before our eyes. The 1-st order partial sum is

5 —+ ; ST,
whose graph (super imposed on the triangular wave) is:
15¢
/\ VAN
\ 0.5 /
I\ 2 1\ 1 \/ 2 3
-05

The 3-rd order partial sum

1 2 . 2 .
— + —sin7wx + —sin 3wz
2 7

and 5-th order parital sum
) 2 . 2 .
— + —sinmx + — sin37x + — sin 57w
2 7 37 5%s
have the following graphs, respectively:

151

15¢
1.0
0.5

Aol AN Aol ,

3V Vo2 aVv Vv 1V V2 3 1 2 3
-0.5t -0.5
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We can literally see the convergence happening: as the order of the partial sum increases, so that
we add on more and more terms, we get even better approximations to the square wave:

15¢

IBER

In the limit, the steep jumps at the points at which the triangular wave is discontinuous become
the single points at heights % in the limit function.

Another example. The triangular wave function

f(z) = {‘“’” =<0 et om) = f(a)

T 0<zx<m

has Fourier series

nem
n=1

[ee] o
2 4
g + E ——(cosnm — 1) cosnx = % — 7?:0 m cos([2n + 1]z).

In this case, f is continuous at all points, so the Fourier series converges to the value of f at all
points. Thus we have. for example,

T > 4
_x:§—;mcos([2n+1]z) for —m<z<0

and

(o]
:L‘:g ZQn—i—l cos([2n +1]z) for 0 <z <.

n=0

At z = 7 then, this gives

T > 4 s >
-~ _ = 9 _
=3 z:: Gn 1 1)es s 1im) =3 n;) 2n+1

which after rearranging gives the following nice identity:

—iL—l—Fi—i— ! —i—i—i-

T4 (2n+1)2 0 32 520 72
n=0

The first few nonconstant Fourier partial sums are

T 4 T 4 4 3 T 4 4 3 5
5 cos , 5 CcoS T on cos 3z, 5 cos T on cos 3x T cos bz,

whose graphs (superimposed on the triangular wave graph), respectively, look like;
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Again, these Fourier approximations just get better and better as we take more and more terms.
(This last one in particular is already pretty good!)

Lecture 6: More on Convergence

Warm-Up. The Fourier series of f(z) = 22, —7 < x < 7 (extend periodically) is

4 cosnm
E ————— COSNZI.
=1

We use this to find the value of

Y
_2.

n=1 n

(This is the value of What s called the Riemnan zeta function at 2. This function is more generally
defined by ((s) = > 07, —s and is an important function in number theory, complex analysis, and
elsewhere.) The key point is that since f is continuous everywehere, this Fourier series converges
to f(x) at all z, so that in particular

o
9 T 4 cosnm
x:——i-g ————cosnz for —m <z <m.

2
3 = n
Set x = m, so that
2 2 ™
9 T 4 cosnm o 4
T _?+ZTCOSRW_ 34’2?
n=1 n=1
Rearranging gives

S 1Ly
ot n? 4 3 6

as the desired value.
We can see the convergence of the Fourier series in action by plotting a few Fourier partial

f

8 8b
t

6 of
f

4| at
[

f

[

t SR T

Pointwise vs uniform convergence. Now we clarify something we alluded to last time, namely
just what type of convergence we’re talking about when we say that a Fourier series convergence.
If you have not had a course in real analysis (specfically MATH 320-2 or MATH 321-2 at North-
western), you've probably never even heard that different types of convergence are possible, but

sums:

10 10
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understanding what is actually happenging will be important in order to clarify an earlier compu-
tation we performed—that of derviing the formula for the Fourier coefficients. Now, we will not
give formal definitions here, since after all having had an analysis course is not a prerequisite for
this course, so our aim is simply to give some intuitive sense behind what we are talking about.

We say that a sequence of functions g, converges pointwise to the function g if for any fixed
x, the number g,(x) (obtained by evaluating g, at the specific input x) converges in the usual
numerical sense to the number g(z). Then, a series of functions y - ;| f, converges pointwise to a
function f if the sequence of partial sums

fit+ N

converges pointwise to f as N — oo. We will look at an example in a bit, but ultimately this just
depends on the notion of convergence for numbers we’re already used to: plug in x, and look at
the behavior of the resulting sequence (or series) of numbers.

One point here is that, when considering pointwise convergence, the rate at which the conver-
gence occurs can vary as we move from point to point. We won’t give a precise definition of “rate”
here, but will use the following intuition: when considering convergence of a sequence of numbers
an, to say that they converge to the number ¢ means that once we are far enough along the way in
our sequence, the numbers a,, are “close enough” to a. We can then intrepret the term at which
we do end up “close” enough to a as a measure of how quickly the convergence occurs, so that if
we have to go very far in our sequence in order to end up “close enough” to a, we think of the
convergence as occuring slowly. So, for a sequence of functions g, converging pointwise, for a fixed
x we have a certain rate of convergence for the numbers g, (z) to the number g(z), measured by
how large n must be to end up “close” to g(z), but this n might change if we change the x we are
considering. Maybe the convergence happens more slowly for some x (so we have to go further in
the sequence g, (x)) than it does for other z.

We say that the sequence of functions g, converges uniformly to the function g if this rate of
convergence can be chosen to be the same for all x at once. So, we can find a single n so that
gn(x) ends up “close enough” to g(z) no matter what x we plug in. (The name “uniform” comes
from the idea that this one n works “uniformly” across all z.) The same then applies to series of
functions: > 7 | fn(z) converges uniformly to f(z) if the partial sums converge uniformly to f.
(Again, there are precise definitions of “pointwise convergence” and “uniform convergence” that
we are skipping here.)

Example. To give a basic example of this distinction, consider the sequence of functions f,(z) = =™
for n > 1 on the interval (0,1). For any « in this interval, the numbers ™ get closer and closer to
0 as n increases, so these numbers converge to 0, and hence the sequence of functions f,, converges
pointwise to the constant zero function. Here is what this looks like visually:
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Again, note that for any 0 < x < 1, the values of 2™ (i.e. the heights of the corresponding points
on the graph) converge vertically down to zero as n increases.

But, we now ask, for a fixed x and measure of how close we want z™ to actually be to zero, how
large must n be in order to make this happen? Consider vertical intervals around 0 at various x:
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To end up within this distance away from 0 at the first x we have drawn, it appears that n = 3
works. But for the next x we have drawn, n = 3 does not put us within this same distance away
from zero, and indeed we need to use n = 4 in this case. This is a reflection of the fact that the
convergence of ™ to 0 occurs more “slowly” at the second x as opposed to the first. For the third
x, we need an even larger value of n to put us within this prescribed distance away from zero, and
so on: as x gets closer and closer to 1, the value of n needed to put us within this range away
from 0 gets larger and larger, so there will be no one single value of n which puts =" within the
prescribed distance away from 0 for all x at once. Thus, the sequence of functions x™ does not
converge uniformly to the constant zero function.

Imagine now that we do not care about the entire interval (0, 1), and only about x in the interval
(0, %] The sequence ™ converges pointwise to the constant zero function on this interval, but now
we claim that the convergence is uniform. The key point is that for x in this particular interval,

we have
n 1\" 1
"< | = = —.
—\2 n

Thus, for a given measure of how close we want to end up to 0, as long as we pick an n large
enough to make 2% within this measure, we are guaranteed that 2™ will also be within this measure

regardless of x in (0, %) is. This one n works uniformly for all x in this interval:

w2 w,
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For example, if we want to end up with 0.01 away from 0, we can take n = 7 since 2% < 0.01;
and if we want to end up within 0.001 away from zero we can take n = 10 since 2% < 0.001. In
fact, as long as we fix any 0 < a < 1 and only consider z in the interval [0, a], we will have that
x™ converges uniformly to 0 on [0, a]: since ™ < @™ for x in this interval, picking n large enough
(independent of x) to make a™ small enough will force 2" to be small enough as well. This type
of reasoning does not work when we consider all of (0,1) at once we the best bound we can find is
2™ < 1™ =1 for z in this interval, but we cannot make 1™ small enough no matter what n is since
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1™ is always exactly 1; so for example, we can never make z" be uniformly within 0.01 away from
zero for all z in (0,1) at once.

The conclusion is that =™ does not converge uniformly to 0 on all of [0, 1), but it does converge
uniformly to 0 on any smaller interval [0, a] for a fixed a < 1.

Why do we care? The reason for why uniform convergence is important in our case traces back
to a subtle point we made when discussing the derivation of the formula for the Fourier coefficients
of a function. Recall that we began with

o0
a
f(z) = 30 + Z(an cos “7E + by sin “7F).
n=1
Then we multiplied both sides by, say, cos 2 and integrated the resulting expression. As part of
Y, say. 13 g g exp
this, in order to integrate the infinite sum we exchanged summation and integration:

L[ < /L
/ [Z(an cos “7* + by, sin %)] dr = Z [/ (an cos BFE 4 by, sin “7E) d

—L |n=1 n=1 —L

This ability to exchange integration and summation is certainly always true for finite sums:

[thi@) 4t fu@do = [ fi@ydo s+t [ fie)da,

but it turns out that in order to guarantee that this works for infinite sums as well actually requires
that the series question converge uniformly and not just pointwise! That is, the equation

/[zﬂ: fn(x)] dx:zn: [/fn(x) dx]

is not automatically true if we only know that the series ) f, converges pointwise, but it is
definitely true if we know that the convergence is uniform. Thus, in order for our derivation of the
Fourier coefficients to in fact be valid, we have to know that our Fourier series converges uniformly.

(The same type of phenomena is also true for power series, where the method of integrating a
power series “term-by-term” depends on uniform convergence of a power series. A similar thing is
also true for differentiating power series and Fourier series, in that something like

/
(x5) -3
n n
for infinite series is only true under a type of uniform convergence assumption.)

Fourier convergence, more precisely. So, let us now state a more precise version of the Fourier
convergence theorem, which justifies that our formula for the Fourier coefficients was in fact valid:

Under the same setup as before, with f a 2L-periodic piecewise C'' function, we have
that the Fourier series of f converges pointwise to the function
f@) + f(=h)
5 .

Moreover, on any closed interval [a, b] on which f is actually continuous, the convergence
is uniform, so that the Fourier series converges to f uniformly on such intervals.

(There is still a bit of subtlety in terms of what happens at the endpoints [—L, L] of the interval
of integration in terms of whether f is continuous at them—since we need continuity to guarantee
uniform convergence—but suffice it to say that this can be dealt with in a way which guarantees
everything works as it should. Huzzah!)
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Lecture 7: Even/Odd Extensions

Warm-Up. Consider the functions defined by f,(z) = %Sin(nx). We argue that these functions
converge uniformly (as n increases) to the constant zero function. First we note that these function
do converge pointwise to the constant zero function: for any fixed x, the numbers sin(nx) are always
between —1 and 1 as n varies, so

lim E sin(nz) = 0.

n—oo N

Now, to say that the f,, converge uniformly to the constant zero function, we need to know that

no matter how close we want the value of % sin(nzx) to end up to 0, we can find one single n which
guarantees we do so regardless of what x actually is. In this case, the point is that since
1

1
—sin(nz) — 0‘ < -
n n

for all x, we can pick n which makes % within whatever “error” we want independent of x. For
example, if we want to end up within 0.1 away from the limit 0, we can pick n = 11 since ﬁ < 0.1.
Then for any z the value of %sin(nw) will be within 0.1 away from 0 for any n > 11. If we want
the value of f,(x) to be within 0.01 away from 0, then we can take n = 101, so the starting with
ﬁ sin(101z) we will be within 0.01 away from 0 for all values of x. Since this is possible for any
desired “error”, f, does converge uniformly to O.

The reason why this works, as in the z™ on [0,1/2] example last time, is because we can find a
bound on the error which is independent of m—% in this case and 2% last time—and will approach 0
as n increases. Graphically, if we are given a “tube” around the graph of the constant zero function,
to say that %sin(nm) converges uniformly to 0 is to say that once n is large enough, the graph of

L sin(n) will lie completely within this tube:

Smk entally TS wiiin s Aube

As the “tube” shrinks perhaps we need to take n larger, but still we will eventually find such an n.

Back to partial sums. We can see the uniform convergence properties of Fourier series visually
if we consider some graphs. Take the Fourier series

o0
1 1 —cosnm .
— + E ——sinnnx
2 nmw

n=1

of the square wave function

1, 0<z<1

ﬂ@:{a_%§x<o;f@+%:f®)

we’ve considered previously. Let us focus only the behavior for 0 < z < 1 to get a clearer picture.
For such = the Fourier series converges to f(xz) = 1 since f is continuous on 0 < x < 1. Moreover,
we should have uniform convergence on any closed interval [a, b] sitting inside (0, 1).

To see this, take an “error tube” around the graph of the square wave:
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The graph of the 1-st order partial sum which is drawn does not fall within this tube, but if we
take a higher-order partial sum it does, at least on some closed interval:
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If we take a smaller tube, this specific partial sum no longer works, so we need to take an even
higher-order partial sum to find one which does:

0.8

0.6

04

0.2+

And so on, no matter how small of a tube we start with, we will find that eventually our partial
sums will have graphs that fall within this tube, whic his what uniform convergence requires. (The
fact that we always have points near 0 or 1 where the partial sum graph “jumps” out of the tube
is a reflection of the fact that f is discontinuous at these points, so that uniform convergence does
not extend to these.)

Dirichlet kernels. Let us say just a bit more about the errors obtained when trying to approximate
a function via its Fourier series. Take the N-th order Fourier partial sum of f:

N
a 3 ™
(Snf)(z) == ?0 + Z(ak cos 2L 4 by, sin K7L),
k=1
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To simplify some notation, let us consider only the case of period 2L = 27. We want to say
something about the difference/error

f(x) = (Sn f)().

Now, using the integral formulas for ag, ag, bi, we can write (Sy f)(x) as
s N s
1 1
i) =g [ swdns S (5 [ 1) costin)dy ) costia
- k=1 -

N T
3 (3 [ i) dy ) snfi
k=1 g

Note that we are using y as the variable of integration in the formulas for the coefficients here, so as
to not confuse it with x, which is the value at which the partial sum is being evaluated. Since the
cos(kx) and sin(kx) terms are independent of y, they can each be brought inside the integrals they
are being multiplied by, and since all sums here are finite, we can certainly exchange summation
and integration. After doing so and combining some things we can put everything under one big
integral to obtain:

™ (1 1Y . .
(Snf)(x) =/ < f(y)+;2[f(y) cos(ky) cos(kx) + f(y)sin(ky) Sln(kﬂf)]> dy.

o
T k=1

We can manipulate once more by factoring out % and f(y):

1 (1« o
(Snf)(z) = E/ (— + Z[cos(k;y) cos(kz) + sin(ky) sm(kaz)]) f(y) dy.

2
- k=1

Finally, use the trigonometric identity cos(a — b) = cos(a) cos(b) + sin(a) sin(b) to rewrite this as

o N
(Snf)(x) = % / (% + 3 coslh(x - yn) Fy) dy.
- k=1

Why did we go through all this trouble? The point is that we have now found a way to express
the partial sum Sy f as an integral involving f and the function

Dn(z—y) = % + Zcos[k(x —y)].
k=1

It turns out that understanding the convergence of these partial sums comes down to understanding
properties of these functions, and this is why having such an integral expression is useful. The
function Dy (x) is called the N-th order Dirichlet kernel and looks like:

N
1 1
DN(a:):§+ g cosk:ﬂ:§+cosx+cos2m+--~+cosna:.

k=1
After making a change of variables © = x — ¥, and using periodicity, it turns out that we can write
the expression for (Syf)(x) as

™ 1 m

(SwA)@) == [ Do —y) )y == [ Dy(u)fe —w)du

—Tr —T
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Coming back to the error, it can be checked the Dirichlet kernels have the property that

1 ™
— Dy (u)du =1,

™ —T

and using this we can rewrite the value f(z) as

f@) = @)= [ Dawydu=" [" Dy(w)s)du

Thus, putting everything together gives the following expression for our error:

™
flx) = (Snf)(z) = % Dy(u)lf(z) — f(z — u)] du.

—T
This is the Fourier series analog of expressions you might have seen for Taylor remainders for
power series previously, and is the key to demonstrating convergence properties of Fourier series.
In particular, as mentioned earlier, the fact that this “error” approaches 0 as N — co comes down
to properties of the Dirichlet kernel. We will not delve into this more in this course, but it is
something you would see more of in a course (second quarter) in real analysis. Our main goal here
was to show that there was a way to give a concrete expression for the Fourier series error term,
albeit one that depends on a new type of function, namely the Dirichlet kernels.

(The word “kernel” here is not used in the same way as you might have seen in linear algebra,
where there the kernel of a linear transformation refers to all input that result in the zero vector
upon applying said transformation. There is a relation between our usage of the word “kernel”
here and linear algebra, but we will save this discussion for when talk about the Fourier transform.
In short, the Dirichlet “kernel” can be viewed as an “infinite-dimensional” matrix, in a sense.)

Extensions. In the PDEs we will soon consider, we will only be given the data of a function
f(z) for x in some interval 0 < x < L. It does not make sense to talk about the Fourier series
of such a function just yet, since deriving a Fourier series requires integrating over a symmetric
interval [—L, L]. But, we can get around this essentially by just defining the value of function to
be whatever we want for —L < x < 0, and considering the Fourier series of this extension of f.

For example, take f(x) = 22 for 0 < x < 7. To express this as a Fourier series requires knowing
values for —m < x < 0, so we can take the so-called even extension of f and consider the function
on —7m < z < 7 which looks like

(The even extension is the one defined by enforcing f(—z) = f(z) to hold, so that its graph is
symmetric about the y-axis. In this case, all we are doing is simply noting that f(x) = 22 already
makes sense for —m < x < 7 as well, and the even extension is just given by f(x) = 22 itself.) The
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Fourier series of this extended function will then converge to f(z) = 22 at least on 0 < z < —,
since f equals the extension on this interval and is continuous. (Again, in this case the even
extension has the same formula 22 on —7 < x < 0 too, so the Fourier series also converges to x?
on this interval. This will not be true for even extensions of arbitrary functions, however.)

Now, the Fourier series of this even extension will not involve any sine terms, since the sine
coefficients b,, all end up being zero because they involve the integral of an odd function (sine is
odd, and even times odd is odd) over a symmetric integral:

odd
1 (L—"
by, = I _Lf(x)sin? dzx = 0.
even
odd

To be clear, the point is that if you break this integral up into two pieces:

L 0 L
/ f(m)sin@dx:/ f(x)sin@da:—%/ f(m)sinmd:n,
—L L —L L 0 L

the change of variables £ — —x will turn the second integral into the negative of the first, since
the integrand is odd. Along similar lines, the ag, a,, coefficients all involve the integral of an even
function (cosine is even, and even times even is even) over a symmetric interval, and hence can be
written as twice the integral over only half of that interval:

/_LL(even) dx = /_OL(eUen) dx + /OL(eUen) de =2 /OL(even) dx

since the change of variables x — —x turns the first integral in the middle into the second one in
the middle. Thus, the Fourier series of the even extension of f looks like

o0
% + Z Q. COS ?
n=1
where .
2
ap = — f(x) cos 2L g
L Jo

This series converges to the original f on 0 < z < L (assuming f is continuous here), and is called
the Fourier cosine series of f. Again, the point is that we are only given the values of f originally
on 0 < z < L, and we obtain a way to express it as a Fourier cosine series on this interval by
computing the Fourier series of its even extension. For the example of f(z) = 22,0 < x < 7, the
Fourier cosine series is

o
272 N Z 4 cosnm
- = cosnz.
3 n?2
n=1

But of course, the even extension of f(z) = 22,0 < z < 7 is not the only extension we could
have chosen. Let us also consider the odd extension, which is obtained by enforcing f(—x) = —f(x)
to be true, so that the graph is symmetric about the origin:
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The Fourier series of this odd extension will then converge to the original f(z) =2’ on 0 <z <7
(since f is continuous here), and will give an alternative way of writing 22 as a Fourier series as
compared to the cosine series above. In this case, all ag,a, coeflicients will be zero since they
each involving integrating an odd function (odd times even) over a symmetric interval, and the b,
coefficients (which involve the product of two odd functions, which is itself even) “double-up”. The
resulting Fourier series thus looks like

where .
2
bp, = Z/o f(z) sin?dw.

This is called the Fourier sine series of f on 0 < x < L. In the f(x) = 22,0 < z < 7 example, the

Fourier sine series is
o
2[(2 — w2n?) cosnm — 2]
E sin nx.
n=1

3

We thus now have two different ways of writing 22 for 0 < # < 7 as a Fourier series:

, 217 K 4dcosnm 2. 2[(2 — 7®n?) cosnm — 2] .
r=—+ E ———5— COSNT = E 3 sinnx.
3 n ™
n=1 n=1

There are of course other extensions we could consider, say ones that are neither even nor odd:

AVA.
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Any such random (let’s assume at least continuous) way of extending f to —L < z < 0 will result in
a Fourier series that converges to f on the original interval 0 < x < L. So, Fourier series expressions
on half-intervals like (0, L) are never unique, and only become unique once we specify what should
happen over (—L,0) as well. The Fourier cosine and sine series, resulting from the even and odd
extensions, will be the most useful ones for the purposes of solving PDEs.

Lecture 8: Heat Equation

Warm-Up. We find the Fourier cosine and sine series of f(z) =1 —x, 0 <z < 1. The Fourier
cosine coeflicients are:

2 1
aOZI/(l—HJ)dl‘Zl
0

2 ! 2(1 —
an:I/ (1—:r)cos(%)dw:w
0

m2n2 '
so the Fourier cosine series of f is
1 =2(1-
2 + Z ( ﬂ;;s n) cos(nmz)
n=1
The Fourier sine coefficients of f are
2 [ 2
by = — 1-— ML) dr = —,
n 1/0( r) sin( %) dw —

so the Fourier sine series of f(z) =1—x is
o0
2
E — sin(nnz)
nm
n=1

Both of these series converge to 1 —z for 0 < < 1. (We have to exclude the endpoints in the odd
case, since the odd extension of f will not be continuous at x = 0.)

But just for fun, we can also take the extension which is still defined by the same formula
f(x) =1— 2, now for —1 < & < 0. Altogether the three extensions we're using have graphs that
look like

=%

on Ia= =X

odd
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This new extension has Fourier series that looks like

o
2cosnm
1+ E ——sinnnz,
nmw

n=1

which is not a cosine series because of the sine terms, nor a sine series because of the constant term.
This too will converge to 1 —z for 0 < x < 1.

Heat equation. We now come back, finally, to discussing PDEs, beginning with the heat equation.
Recall from the motivation we gave the first day of class that this is an equation characterizing the
function which models the temperature at different points and times in a thin rod. To be precise,
we assume our rod is of length L, and that the temperature of the circular cross section at some
horizontal position z is constant, so that the temperature u(z,t) only depends on that horizontal
position x and time t. We also assume our rod has insulated circular sides, so that that heat can
only escape or pass through the ends of the rod:
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The heat equation states that at any position and time, the rate of change of the temperature with
respect to time has to be proportional to the second derivative of the temperature with respect to
position, so that u(z,t) satisfies

ou  ,0%u

ot oa?
(We will come back to where this equation comes from later.) Here, o
depends on the material the rod is made out of.

Our goal is to derive the explicit temperature function u(z, t) that satisfies this equation, subject
to some boundary and initial conditions we will soon impose. But first, in order to understand
something about the structure we can expect solutions to have, we note that the heat equation is
an example of a linear, homogeneous PDE. The correct context from which to view this is linear
algebra. Indeed, consider a vector space V of functions (we will restrict the types of functions we
consider later), and consider the map L : V' — V defined by

2 is a positive constant that

0 5 07 _ Ou 5 0%u
L=——-o"— sothatL(u)—E—a 92

(So, we should assume our functions are such that at least the partial derivatives needed on the
right exist.) Such an L = % — ozzaa—; is what’s called a partial differential operator, since it is a
mapping from functions to functions made up out of partial differentiation operations. To say that

the heat equation is linear means that L is a linear transformation in the sense of linear algebra:

L(uy +wu2) = L(u1) + L(ug) and L(cu) = cL(u)
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where uj, ug are functions and ¢ a scalar. (These properties just come from the linearity properties
of derivatives.) The heat equation thus takes the form

and the zero on the right is what makes the heat equation homogeneous. This in particular just says
that u is in the kernel or null space of L (in the linear-algebraic sense), so a linear homogeneous PDE
in general is one which arises from considering the kernel of a linear partial differential operator.

The fact that the heat equation describes the kernel of a linear map right away tells us that
the set of solutions of the heat equation is closed under addition and scalar multiplication, so
that it forms a subspace of our vector space of functions. (In other words, adding solutions of the
heat equation produces other solutions, and scaling solutions produces other ones.) This will be
important when we solve the heat equation, as producing new solutions from old ones in this way
will be crucial.

Boundary and initial conditions. Now we impose some conditions on the heat solutions we
want. First, we will require that the ends of the rod are held at zero temperature for all time:

u(0,¢) =0 and wu(L,t)=0.

Second, we will specify an initial temperature distribution along the entire rod, by saying that at
time ¢ = 0 the temperature at x is given by a function f(z):

u(z,0) = f(z).

The goal is then to find a solution of the heat equation which satisfies these given boundary and
initial conditions.

Will we succeed? In other words, do we have any kind of existence result? What about
uniqueness? We will see in our work that, if we impose some mild assumptions on the initial data
f(x), say for example that it should be C!, we will construct a valid solution satisfying the given
boundary and initial conditions, which gives existence. In fact, the solution we construct will be
the only one that can exist—so we do have uniqueness—but we will not able to prove uniqueness
in full in this course. (Later we will prove uniqueness for what’s called the Laplace equation, which
might give some sense of how some uniqueness arguments work.)

Separation of variables. Let’s get to work then and start trying to solve the heat equation. We
make the assumption (for the time being) that the solution we seek can be written as

u(z,t) = X(x)T(t)

for some functions X of z and T of t. That is, we assume the the x and ¢ dependences in u can be
“separated” from one another. Such a solution is called a separated solution, and the method we
use here is called separation of variables. We do not know at the outset that all solutions of the
heat equation arise in this way, so this method will only seemingly produce some solutions.

The point of separation is that we can now derive from the heat equation PDE two separate
ODEs which X and 7 must satisfy individually. Indeed, to say that u(z,t) = X (z)T'(t) satisfies
the heat equation u; = a?u,, is to say that

XT' = a2X"T
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holds, which is obtained simply by plugging u(x,t) = X (x)T(t) into the heat equation and com-
puting derivatives. We’ll assume that neither X nor T" are zero, since otherwise u(z,t) = X (x)7T'(t)
is zero as well, which is not a very interesting solution. Thus we can rearrange the equation above
to get
T/ X//

?T X
The punchline now is that both sides here must actually be constant, and in fact the same constant!
Indeed, if we put variables back then, this equation really says that

'(t) _ X"(x)

a?T(t)  X(z)'

If we hold ¢t fixed and vary z, this says that the right side must be a constant function, and if we
fix z and vary t, so must the left side. (This comes down to the fact that the two sides depend on
different variables.) Thus, we get that for some constant A:

T/ X//
W =) and y =\

These are now the ODEs for X and T" we want, which we can write as
T'=Xa?’T and X" —)AX =0.

Solving these ODEs separately will give the possible functions X and T, and from these we can
then form a separated solution u(z,t) = X (x)T(t) of our heat equation.

Back to boundary conditions. Let us start with the equation X. Recalling some facts about
second-order ODEs shows that the form the solutions of X” — AX = 0 take depends on whether \
is positive, zero, or negative. First we consider A > 0. The general solution of X” —AX = 0 is then

X = c1eVM 4 026_‘59”.

(We are assuming that we know how to solve such equations already, from a previous course.) But
we have more data to work with, namely the boundary conditions

u(z,0) =0=wu(L,t)

we're imposing. For our separated solution u(x,t) = X (z)T'(t), these boundary conditions become
simply boundary conditions X (0) = 0 = X (L) for X, at least if we assume that 7" is nonzero. Thus
what we’re really doing is solving the following boundary value problem for X:

X"—AX =0, X(0)=0=X(L).

In the A > 0 case above where X = cle‘/xm + 026—\/Xm , these boundary conditions become the

requirements that
ci+ea=0 and 1V — VA =0,

and some algebra shows that ¢; and co must both be zero here. Thus X = 0 is the solution we get,
which we ignore since we are looking for nonzero solutions.
If A =0, the general solution of X’ —0X = 0 (or simply X” =0) is

X = c1 + e,

38



but again the boundary conditions X (0) =0 = X (L) force ¢; = cg, so that X = 0.
Thus, if we are looking for nontrivial solutions, we need only consider A < 0. To make the

notation simpler, we set A = —k? < 0 for some positive number k. The general solution of
X" —AX =0, or equivalently X" 4+ k?X = 0, here is:

X =cjcoskx + cosinkx.
The boundary condition X (0) = 0 forces ¢; = 0, but X (L) = 0 forces
cosinkL =0,

which can be satisfied non-trivially! For co # 0, this equality holds as long as sin kL = 0, so for

n
kL = nm, or equivalently k = %
where n is a positive integer. (Allowing n to be negative gives the same value of A = —k* = —(2%)?

as for n positive, so we do not get any other new solutions this way. Also, n = 0 gives A = 0, which
does not fall into the case of A < 0.) Thus, we get a nontrivial solution to our boundary value

problem in the A < 0 case when A = —( ”—L”)Q, when the solution is
nmx nmwx nmw
X =0cos — + ¢y sin — = co sin ——
[ TesthTp T esh g

for co # 0. We only need one such solution, so will simply take co = 1. To summarize, we have
found that the nontrivial solutions of

X" = AX =0, X(0)=0=X(L)

__ oin NI — nmw\2 : i3 :
are X,, = sin 7% for A\, = —(F)* where n is a positive integer.

We will come back to find T" and then our general solution next time, but hopefully you can
already start to see why a Fourier series might arise.

Lecture 9: Boundary Conditions
Warm-Up. We derive the ODEs satisfied by the factors of separated solutions of the PDE
Upg + Ugt + U = 0.
If u(z,t) = X(x)T(t) satisfies this PDE, then
X'"T+ X'T'+ XT' = 0.
We can rearrange terms to write this as

X/I T/

X'T = —(X' 4+ X)T'. so —0— —
X7+ X, s0 v~ T

if assume that certain things are nonzero. Since each side here depends on a different variables,
both sides be constant (the same constant!), so that
X/l TI

Yix T T
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which results in the ODEs X" = A\(X' 4+ X) and T" = —\T.

Back to the heat equation. Recall that the separated solutions of the heat equation u; = @y,
satisfy the ODEs
—AX =0 and T =\a’T.

The homogeneous boundary conditions u(z,0) = 0 = u(L,t) (we call these homogeneous because
they are set to zero) then become the conditions X (0) = 0 = X (L) on X, and we saw last time
that the resulting boundary value problem

—AX =0, X(0)=0=X(L)

n?m?

has nontrivial solutions only for A, = —
being X, = sin "7%. (Other solutions are scalar multiples of these.)

Now, for the A we have thus determined, we can consider the corresponding ODE for T

a’n’n?

T = Mo’T = ———

T.

This has nonzero solution given by
a2n2ﬂ2t

T’Vl = 6_ L2
which we have again indexed by n. The solutions for X and T" we have found are called fundamental
solutions, and corresponding to each we thus get a “fundamental solution” to the heat equation
satisfying the given boundary conditions:

a2n2ﬂ2t

un(2,t) = Xp(2)T5(t) = e 22 sin 7%,

Since the heat equation is linear and homogeneous, and since the boundary conditions are
homogeneous, linear combinations of solutions still produce solutions. So, we can take an “infinite
linear combination” of these fundamental solutions to get a more general solution:

2.2 2

[e.e] o

_« n27r t 'mm:

t) = E Cnip (T, t) = E cne L2 sin M7F
n=1 n=1

There are convergence issues to mention, which we will come back to, so so far this is only a
“formal” solution of the heat equation. Note that naively taking a derivative with respect to ¢t and
comparing to the second derivative with respect to = gives what we expect: the former gives an
extra coefficient of —O‘QZE“Z, which is precisely o times the coefficient obtained from the latter,
exactly as the heat equation specifies.

Initial condition. The formal solution above satisfies the boundary conditions u(0,t) = 0 =
u(L,t), so now we consider our initial condition u(z,0) = f(x). In order for this to be satisfied,
the following must hold:

—& n2ﬂ20 nﬂx nﬂx
f(z) = u(z,0) E cpe L sin ME g ¢p sin 72

where the exponential terms are all just e’ = 1. But this equation says precisely that the series on
the right should be the Fourier sine series of f (recall that initially f is only defined along the rod
for 0 < z < L), so that the unknown coefficients must be given by

9 (L
:Z/o f(x)sin?dx.
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Thus, the final conclusion is that

> > 2,2 2
_an“nw7t
u(z,t) = Z Cplin(z,t) = Z cpe L? sin ME
n=1

n=1

where .
2
C"ZZ/O f(a:)sinn—zxdx

is a (formal) solution of the heat equation u; = au,, satisfying the homogeneous boundary con-
ditions u(0,t) = 0 = u(L,t) and the initial condition u(x,0) = f(z). Huzzah!

In order to remove the word “formal” throughout the discussion above requires knowing that
the series above defines an actual function, meaning that it converges. For the initial condition

o0
flz) = chsin”—zx
n=1

this requires f to be C*, or even just piecewise C! (where we don’t quite get the series converging
exactly to f(z) at all points—only those where f is continuous—but this will not really affect the
“heat” interpretation anyway, so we ignore such minor details), and in fact if this is true, it turns
out that the full solution

> s a2n27-r2t
u(z,t) = E cpn(z,t) = E cpe L? sin MfE
n=1

n=1

converges as well. (We will talk about this later, but essentially the exponential term decreases
rapidly enough as n increases to force convergence. Also, there are some things to say about
whether the convergence is uniform or not, as we’ll see.)

Example. Consider the heat equation u; = ug; (so a? = 1) with boundary conditions u(0,t) =
0 = u(1,t) and initial condition u(z,0) =1 — z. The solution is

o0
u(z,t) = Z Ccpe” Tt sin(nmx)
n=1

where the coefficients are the Fourier sine coefficients of u(z,0) = 1 — . We computed these in a
previous example to be

1

2
Cn = 2/ (1 —x)sin(nrz)de = —,

0 nm

so the solution of this specific heat problem is
N2 oo
u(x,t) = e "™ sin(nwx).
(0= 3 e st

Now, consider what happens to this temperature as time goes on. In the limit t — oo, we have
that e~""™°t 0, and this in fact will force the entire series to approach 0, at any x:

lim w(z,t) = 0.
t—o0

This makes sense physically: as time goes on, heat escapes through the ends of the rod with no
new heat being introduced, so the temperature should decrease more and more, eventually “zeroing
out” at infinity. We can see this happening if we plot a few instances of u(z,t) at fixed values of ¢:
at t = 0 we have our initial temperature u(x,0) =1 — z; at t = 1 we have a temperature that has
decreased at all x; at t = 2 is has decreased more; and so on as we increase t
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This phenomena occurs in general with homogeneous boundary conditions u(0,t) = 0 = u(L,t),
since in general it is true that heat will escape at all times, so that the temperature gets smaller
and smaller. Mathematically, this occurs because of the exponential term (with negative exponent)
in the general heat solution.

Insulated ends. Let us now consider a different set of boundary conditions, namely boundary
conditions describing the case of insulated ends. Here, we imagine that no heat passes through the
ends of the rod, which we can describe by the conditions

uz(0,t) =0 = uz (L, t).

Note that this does not force the temperature at the ends to necessarily be zero, only that the rate
at which the temperature changes at the ends with respect to position is zero. The analysis here is
for the most part the same as for the boundary conditions we considered previously, with the only
difference coming in the boundary value problem for X, which now looks like

X"—AX =0, X'(0)=0=X'(L).

As in the previous case, for A > 0 it turns out that there are no nontrivial solutions: we get
X = 16V 4 c9e= V2 and requiring X'(0) = 0 = X'(L) leads to ¢; = ¢o = 0. For A = 0, however,
our solution (to X” = 0) looks like
X =c1 + cor,

and lo-and-behold we do get a nonzero solution now: X’(0) = 0 = X'(L) both force c2 = 0, but
there are no restrictions on ¢;. Thus we can take Xy = 1 to be a constant fundamental solution for
Ao = 0. For A = —k? < 0, we again get

X =cicoskx + cosinkz.
Here X'(0) = 0 forces ¢o = 0—=s0 only the cosine term remains—and X’(L) = 0 requires that

—c1ksin(kL) = 0.
Hence we get a nonzero solution when kL = nr for a positive integer n, which gives X,, = cos *7*

as the fundamental solution for \,, = —%.

As for T, \g = 0 gives 7" = 0T, so that T is constant and hence we can take Ty = e = 1 to
2.2

be a fundamental solution. For A, = —*;7- we get the same exponential fundamental solution we

had for the previous boundary conditions, so overall we get fundamental solutions of the form

n27r2t

ugp(x,t) = To(t)Xo(x) =1 and wuy(x,t) = Tn(t) Xn(z) =€ L2 cos “FE.

The general solution is thus

© © TL27T2/
u(z,t) = C2—Ou0(ac,t) + Z up(z,t) = %0 + chef 7 cos e,
n=1

n=1
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(I took the constant term to be ¢ instead of just co to match because of the what happens when
we impose our initial condition.) Imposing an initial condition u(z,0) = f(x) (let’s assume that f

is piecewise C1) gives
oo
f(z) = u(z,0) = %0 + zzlcncos n—zx,
n=

so that now the coefficients c¢,, must be the Fourier cosine coefficients of f. Thus, the solution to the
heat equation u; = a?u,, with insulated boundary conditions u,(0,t) = 0 = u,(L,t) and piecewise
C* initial condition u(x,0) = f(z) is

_ n27r2t

oo
€0
u(x,t) = E+ E cne L% cos T
n=1

where .
2
Cn = Z/o f(zx) COSnLLde}.
The upshot is that the form the solution takes is determined by the boundary conditions.

Steady-states. In the insulated ends case, we get a different limit as ¢ — oo than in the original
case:

- _ @
tliglou(x,t) 2

(Again, the exponential terms force everything else to approach 0.) Thus, in the limit the temper-
ature “evens out” to a nonzero constant. This makes sense physically: if no heat is escaping our
rod, then the total heat in the rod remains the same throughout but it it bounces around from
pieces of high temperature to pieces of low temperature until it settles down. (This constant can
also be interpreted as the average temperature throughout the rod at any time.)

Moreover, if our initial temperature had been this exact constant u(z,0) = %, then we get
u(x,t) = G, so that the temperature never changes. Thus, this constant temperature is a “steady-
state” solution of the heat equation, which means a solution that does not change in time. Hence,
steady-state solutions are ones which satisfy u; = 0, so that the heat equation becomes simply
Uge = 0, which means that the potential steady-state solutions are of the form u(z,t) = A + Bz
(recall no dependence on t). In the case of insulated ends, the boundary conditions u.(0,t) =0 =
ug (L, t) force B = 0, so the steady-state solution u(xz,t) = A is indeed constant. We can interpret
the general solution

u(z,t) = D+ N e IT cos e
as the sum of the steady-state one and a “transient” term that characterizes the dependence on t.

Lecture 10: More on Heat Solutions

Warm-Up. Consider the heat equation with boundary conditions
w(0,t) =0 = uy (L, t),

so that the left end of the rod is held at temperature zero while the right end is insulated. We
determine the form a series solution will take. As with previous examples, the key point is the
resulting boundary value problem for X:

X"—AX =0, X(0)=0=X'(L).

43



For A > 0, we have X = cle\/xm —i—ch*‘/Xx, and the boundary conditions force ¢; = co = 0, so that’s
no good. For A = 0 we have X = ¢; + cox, and again the boundary conditions force ¢; = c5 = 0.
For A = —k? < 0, we have X = ¢ cos kx + co sin kz. The first boundary condition gives ¢; = 0,
and the second then gives
cok cos(kL) = 0.

We thus get a nonzero solution when kL is an odd multiple of I, so that k = W for a positive

integer n. Hence the given boundary value problem for X has a nonzero solution

. 2n—-1)rmx (2n — 1)272
X, =sin————— for \, = ———+%—
Y " AL2
_ (2n—1)27r2t
The corresponding solutions for T are T,, = € 4.2 | g0 the fundamental solutions for u are
7 (2n71)27r
up(z,t) =e€ aL? %

Hence the general solution is

_@n=1)2x2%t (2n—1)ma
t) = E cpe  4LZ sin o

If we then impose an initial condition u(z,0) = f(x), we get the requirement that

(2n 1
cn sin

This type of Fourier series showed up on the homework, where the coefficients ¢, are given by

/ f(x)sin (2n 1 )T .

It arises from extending f into L < x < 2L for requiring f(2L — x) = f(z), and then extending
as an odd function into —2L < x < 0. The moral is that these different types of specific forms of
Fourier series arise from various types of boundary considerations.

Other boundary conditions. There are plenty of other types of boundary conditions we can
impose. For example, we can consider non-homogeneous boundary conditions like

w(0,t) =11 and wu(L,t) =Ty,

where the ends of the rod are held at nonzero temperature. Here a solution can be found which is
of the form
u(z,t) = v(x) + w(z,t)

where v(x) is steady-state solution and w(x,t) a solution satisfying the homogeneous boundary
conditions u(0,t) = 0 = wu(L,t). (Essentially, the non-homogeneous boundary conditions can
“absorbed” by the stead-state term by requiring V(0) = T1,V (L) = Tz.) We will look at an
example along these lines next time, and you can also check the book for the general approach.

More general boundary conditions are found by assuming that the rate at which the temperature
changes with respect to position at the end should be proportional to the temperature itself:

uz(0,t) = (scalar)u(0,t) and wug(L,t) = (scalar)u(L,t).
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We will consider such boundary conditions later on from the perspective of Sturm-Liouville theory.
We can also consider the effect of an external heat or cooling source (so, not technically a boundary
condition), which affects the value of w;:

up = gy + (something else).
We will look at an example like this next time.

Behavior of solutions. Let us now say a bit more about the heat solutions we are finding. Much
of the behavior and structure of solutions comes from the fact that the heat equation is an example
of a parabolic PDE. (In fact, the heat equation is the prototypical model of a parabolic PDE.)
Here’s the definition: a second-order linear homogeneous PDE with constant coefficients

Aty + Bug + Cuyy + Dug + Eug = 0

is parabolic if B> —4AC = 0. The name comes from the fact that this property characterizes when
the corresponding quadratic equation

Ax?® + Bxy + Cy* + Dz + Ey =0

defines a parabola in R2.
Parabolic PDEs in general have the following two key properties:

e there are basic existence and uniqueness results under basic boundary and initial condition
assumptions, and

e solutions exhibit a type of “smoothing” behavior.

The second property essentially means that although the initial condition u(x,0) = f(z) might
only be piecewise C'! with possibly many discontinuities, these discontinuities disappear in time, in
fact in a short amount of time. The flow of heat from high to low temperature areas thus causes
the overall heat distribution to “smooth out”.

For the first property, let us now come back to elaborate on our method for finding solutions
via separation. As we pointed out at the start of our whole heat discussion, we do not know at the
outset that separation of variables will find all solutions. But in fact after everything we’ve done
we now know that this method does in fact find all solutions subject to homogeneous boundary
conditions and piecewise C! initial data: in this setting, our construction for sure produces a
solution, and so if we take the uniqueness property of parabolic PDEs for granted, this solution
we found must be the only one. (We will not be able to prove this uniqueness result here in full
generality, but will note that among solutions obtained via operation, uniqueness follows from the
uniqueness of Fourier series coefficients.)

But there is still one lingering issue, which is how we know that the solution we’ve constructed
is in fact a solution; that is, why does

e _a2n27r2t . nnz
u(z,t) = E cpe L? sin ME
n=1

actually satisfy the heat equation u; = o®uz,? Naively we can simply try to compute u; and g,

o0 o0
a2n27r2t a2n27r2t

2.2 2 _ . 2 2 _ X
up = E — e 12 sin f7F and ug, = E —"gcpe L7 sin M7E

n=1 n=1
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and plug them in. However, and this is the subtle point, this computation depends on being able
to compute the derivative of a series by exchanging differentiation and summation; for example,

o 2 2 2 o 2 2 2
8 _an“n7t nre _an“net 8 . nrx
— E cpe LT sintTE | = E cpe L2 — (sm T) .
ox ox

n=1 n=1

We have previously spoken about how this requires uniform convergence of our original series, but
actually a bit more is required as well: we need to know that the series obtained after differentiating
in this way converges uniformly as well! The same applies to the series obtained by differentiating
with respect to x once more. In all of these cases, it is the presence of the exponential term
that guarantees everything converges uniformly and so everything works out nicely. Yes it is then
possible to verify that our proposed solution is in fact a solution (so no longer merely a “formal”
one) by differentiating term-by-term and seeing that the heat equation is satisfied. (This will not
be the case with the wave equation, however, and we will need a different approach in order to
verify that our proposed solution there is actually a solution.)

Heat equation elsewhere. The heat equation has applications beyond simply modeling temper-
ature distributions. Here are two examples of other ways in which it shows up. First, in finance
the Black-Scholes equation models the pricing of what are called options over time. If V' denotes
the pricing function, the Black-Scholes equation states that

ov 1 0*V oV
Bt + 50252W + 7’5% —rV =0.
(I'll ignore here what all the various symbols mean.) Solving the Black-Scholes equation then
gives the pricing function. The point is that, after some suitable (multiple) changes of variables,
the Black-Scholes equation becomes precisely the heat equation! If we accept that options pricing
should be a “diffusive” process, then it makes some sense that the behavior of such prices should
exhibit some “heat-like” qualities.

Second, the notion of Ricci flow in geometry (and possibly general relativity) also depends on
a version of the heat equation. Here we consider a geometric object which is initially curved in a
possibly random way:

The Ricci flow equation describes the evolution of the curvature of this surface, and says that in
time the curvature smooths out until we are left with a much simpler smoother surface:

46



The point is that although the original surface might have been difficult to identity directly, after it
“smooths out” we’ll have an easier time of doing so. (The notion Ricci flow was used heavily in the
proof of what’s called the Poincaré conjecture, which gives a classification of certain 3-dimensional
geometric objects. It’s proof back in the mid 2000’s was a big deal at the time.)

In general, given any type of “diffusive” phenomena, where extreme behaviors in one location
are “smoothed out” towards less extreme behaviors elsewhere, there is a decent chance that there
is a version of the heat equation underlying those phenomena.

Two dimensions. The heat equation also shows up in higher-dimensions, say in describing the dis-
tribution of heat in a two-dimensional region, or in a three-dimensional region. The two-dimensional

heat equation is

ou o (0?u  O*u

— =« - + - ,

ot 0x? 0y
where wu(z,y,t) now depends on two space parameters. (In higher dimensions we simply add
another second-order derivative term on the right for each new spatial variable.) We will not solve
this equation in full (although you’ll see it a bit in discussion), but we will solve a special case of
it soon enough when we consider the Laplace equation.

The basic idea is the same: assume your solution is separated, and derive some ODEs. Here we
have u(z,y,t) = X(2)Y (y)T'(t), so we get

XYT = o*(X"YT + XY'T).
Separating gives

Tl B X//Y+XY//
2T Xy 7

so that
T = \a’T and X"Y + XY" = \XY

for some constant A. We can separate again in the second equation to get
X" AY =Y
X~ v
so that
X"=pX and Y'=0N\-p)Y

for some other constant p. Then we can solve after imposing some boundary conditions, such as
boundary conditions on a rectangle for example. Or we can consider boundary conditions on, say,
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a disk, but it turns out here that the separated form above is not so useful, and that it is better to
consider the heat equation in terms of polar coordinates and then use separation there. We’ll see
glimpses of these things in discussion and later. Good stuff!

Lecture 11: Wave Equation
Warm-Up. We solve the non-homogeneous heat equation
Ut = Uy + 27

with boundary conditions u(0,t) = 1,u(1,t) = 2 and initial condition u(z,0) = 2,0 < z < 1. This
equation characterizes a rod with an external heat source applied, increasing the temperature by a
constant rate of 2 at every point and time. Let us suppose that the solution we seek can be written
as

u(z,t) = v(x) + w(x,t),

where v(z) is a steady-state solution which is independent of time (so that % = 0 and hence
0 =" + 2) and satisfying the boundary conditions v(0) = 1,v(1) = 2. Note that then we have

Wy =up — 0 = Ugy + 2= (V' + Wsz) + 2 = Wyy

and
w(0,t) =u(0,t) —v(0) =1—-1=0 and w(l,t)=u(l,t)—v(l)=2-2=0,

so that w(x,t) satisfies our usual homogeneous heat equation withe usual homogeneous bound-
ary conditions. Essentially, we are absorbing the external heat term and the non-homogeneous
boundary conditions u(0,t) = 1,u(1,¢) = 2 into the steady-state term.

The heat equation for the steady-state solution is 0 = v” + 2, so v looks like

v=—12° + cox + 1.
The boundary conditions on v then give
l=¢ and 2= —12+02+01,
so that ¢y = 2. Thus the steady-state solution is
v=—z2+2z+1.

The remaining term w(z,t) has the form

o)

w(z,t) = Z ane sin(nm)

n=1

since w satisfies the homogeneous heat equation with usual homogeneous boundary conditions.
Since w(z,t) = u(z,t) — v(x), the initial condition for w is

w(z,0) =u(z,0) —v(z) =z — (-2 +2x+1) =2 —z — 1.
Thus the coefficients a,, are the Fourier sine coefficients of 22 — z — 1:

21%n? 4+ 4)(cos mn — 1)
min3

= 1m2—$— sin(nmwx x—(
on=2 [ ( 1)sin(nma) do =
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The full solution to the given non-homogeneous heat boundary value problem is thus

u(z,t) = v(x) + w(z,t)

i op a1 i (2m%n? + 4)(cos ™n — 1)€_n27r2t

33 sin(nmz).
n

n=1
Derivation of heat equation. ***T0O BE FINISHED***
Wave equation. Consider an elastic vibrating string. We assume that each point on the string

can only move vertically, so that the vertical displacement (i.e., height) of a point on the string is
given by a function u(x,t) depending only on time ¢ and the horizontal position x of the point:

folie Verkice! disglacemady
ok ke t oo
V~§\\\‘M X% wWRkk)

W(X o) A

W) T

The wave equation says that, under only the action of tension with no other external force, the
displacement function u(z,t) evolves according to

0%u 5 0%u

— = q°—
ot? 0x?’

where a® > 0 is a constant depending only on the string and what it is made of. We will talk about
the derivation of this equation from Newton’s laws next time. Like the heat equation, the wave
equation is an example of a linear homogeneous PDE: here the relevant linear partial differential
operator is

2 2
L = 8_ — GQa_’
ot? Ox2
and the wave equation says that L(u) = 0. Thus, being the kernel of a linear operator, we know
that the space of solutions is closed under addition and scalar multiplication.
As one might expect after having seen the heat equation, we can find solutions to the wave
equation via Fourier series methods. The presence of such series comes, as usual, from boundary

conditions. In this case, we impose the following basic boundary conditions:
u(0,t) =0 = u(L,t),

which say that the ends of the string are tied down throughout all time. Later we will also consider
boundary conditions which say that the partial derivative w, should be 0 at an end, which allow
for one or both ends to move freely.

We will also impose initial conditions, where the first u(x,0) = f(z) gives the starting position
of string. Since the wave equation is second-order in time (meaning it involves a second derivative
with respect to time), to single-out a solution requires that we also specify the first derivative with
respect to time, so we impose u(x,0) = g(x), which gives the starting velocity at any point along
the string. The goal is then to find the function u(x,t) satisfying the wave equation and the given
boundary and initial conditions.
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Fundamental and general solutions. Using separation of variables, for a separated solution
u(z,t) = X(x)T(t), we get the following ODEs:

— \a®’T =0, X" —AX =0.

The boundary conditions «(0,¢) = 0 = u(L,t) become X(0) = 0 = X(L), and the resulting
boundary value problem for X

X"-AX =0, X(0)=0=X(L)

is precisely the same one we had in the heat equation. Thus we get the same fundamental solutions

as before:

n?m?

L

nmwx

X,, = sin (T) for A\, =—

where n is a positive integer.

The ODE for T then becomes

a’n?m?

T + T =0.

Rather than the exponential solutions we got for the heat equation, here we get trigonometric

solutions:
t t
T, = ¢, cos (m}jr ) + d,, sin (arzr )

where ¢,, d, are scalars. After multiplying this by X,,, we see that we get fundamental solutions
for wuy,(x,t) which consist of terms involving

cos (an;rt) sin (?) and sin (mzrt) sin (nzx) ,

and so the general (formal) solution is

u(z,t) = i [cn cos ( an> + d,, sin <anL7rt>] sin (?) .

n=1

Now we impose initial conditions. For u(x,0) = f(x) we get the requirement that

f(z) = u(z,0) chsm (mm")

so the ¢, should be the Fourier sine coefficients of f. For u:(z,0) = g(x), we get

o0
. /nmx
9(a) = Zdn Tsin (“).
so d, “7" should give the Fourier sine coefficients of the initial velocity g(z), meaning that d,, should
be this Fourier sine coefficient times # Thus, the solution of the wave equation
Ut = a2uxm

satisfying
u(0,t) =0 =wu(L,t), u(x,0) = f(z), and w(x,0) = g(z)
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is

= t t
u(z,t) = g [cn cos (CmTW> + d,, sin <anT7r>] sin <$>
n=1
2 [k . /nTx
Cn = Z/{) f(z)sin (T) dx

L 2 [k . (nTX 2 L . /nTx
dy, = . z/o g(z) sin (T) dx = %/0 g(z) sin (T) dx

Example. Consider the string on [0, 7] with initial position

where

and

rld

* Ix

e
=

so f(x)=xfor0<z < § and f(x) =7 —x for § <z <7, and with initial velocity zero, evolving
according to uy = Ugy. (SO a? =1 in this case.) The Fourier sine coefficients of f are

on=2 /0 " f(w)sin(na) dz = 2 [ /0 " sin(na) o+ /7r " (7 — @) sin(na) dm] _ dein(5),

T /2 ™n?2

and the Fourier sine coefficients us(x,0) = 0 are all zero. Hence the displacement of the string is
given by
o0 .
4sin(%F)
u(x,t) = ——— 27 cos(nt) sin(nz).
(2.0) = 3 = costut)sinine)

Note what happens as t increases—here are some plots for ¢t = 0,0.5,1, 1.5, 2:

This exhibits the “wave-like” behavior we expect: the initial graph begins to move down as ¢
increases, eventually dipping below the z-axis. It will begin to do so until it reaches its minimal
(i.e. most negative) displacement at ¢ = 7 (the graph will be the mirror image of the initial one),
after which the graphs begins to move back up, reaching the initial displacement again at ¢ = 2.
The point is that the wave equation truly does describe wave-like behavior!
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Lecture 12: More on Waves

Warm-Up. We solve the wave equation u; = 4u,, with boundary conditions
u(0,t) =0 =u(1,t)

and initial conditions u(z,0) = 10, us(w,0) = x2. The solution is
oo
Z ¢n cos (2nmt) + dy, sin (2n7t)] sin (nrx)
n=1

where the ¢, are the Fourier sine coefficients of u(x,0) = 10 and 2nwd, are the Fourier sine
coefficients of us(x,0) = 22. Thus we have

20(1 — cosnm)
nmw
1ot (2 — 72n?) cosnm — 2

d, = — z°sin(nrx) dz =
" onm ), (nrz) mint

1
Cn = 2/ 10sin(nrz) de =
0

The solution we want is

oo
20(1 — 2 — m2n? -2
u(z,t) = Z [% cos (2nmt) + @-m nﬂi;z)s nr sin (2nmt) | sin (n7x) .

n=1
But note that care must be taken in order to know that this solution is indeed a solution, in the
sense that it gives a well-defined function. In other words, how do we know that this series in fact
converges? If it doesn’t converge it would make no sense to try to construct a candidate solution
from it, so this is an important issue. In particular, note that taking two partial derivatives with
respect to z (as required in the wave equation) will produce an n? term, and it is not obvious that

a series with terms like
oo

0[1 —
Z 2001 = cosm] cos(2nmt) sin(nmx)
=1

(I'm omitting the second piece for now) will converge. This was not really an issue with the heat
equation because there we had an exponential term in our solution that decayed rapidly enough to
balance out any other term like “n” that grows, but there is no such exponential term here. We
will come back to this issue in a bit.

Visualizing velocity. ***T0O BE FINISHED***

Derivation of the wave equation. ***T0O BE FINISHED***
Convergence issues. ***T0O BE FINISHED***

Hyperbolic PDEs. ***T0O BE FINISHED***

Other boundary conditions. Other typical boundary conditions come from allowing one or
both ends of the string to move freely. For example, with

u(0,t) =0, ug(L,t) =0,
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we hold the end on the left always at zero but the right end can move. (This is a wave analog of
an “insulated end”.) This gives boundary conditions X (0) = 0 = X'(L) for a separated solution,
which results in fundamental solutions

. ((2n -7z (2n —1)272
X, = sin <T for A\, = —T

The case where both ends can move freely:
uz(0,t) =0 = uz (L, t)

gives X’(0) = 0 = X'(L), which results in fundamental solutions

n27r2

L2
In this case initial conditions u(x,0) = f(z), u(x,0) = g(x) require the use of Fourier cosine series
when deriving the unknown coefficients.

Xo=1for \g =0, and X, —cos( 17 ) for A =

2D wave equation. ***T0O BE FINISHED***

Lecture 13: Laplace Equation
Warm-Up. We show that the function

o
t
u(z,t) = Zan cos (arzr ) sin <%) ,

n=1

which describes the solution to the wave equation uy = a2y, with boundary conditions u(0,t) =
0 = u(L,t) and initial conditions u(z,0) = f(z), u(z,0) =0, is 3(h(z — at) + h(z + at)) where h
is the odd extension of the initial condition u(z,0) = f(x). This reflects a general fact about the
structure of wave solutions which we’ll clarify afterwards.

The odd extension h has Fourier series

o
= Z Qp, SIn <@)
" L
n=1
where the a,, are the Fourier sine coefficients of f. Using the angle-addition formula for sine:

sin(A 4+ B) = cos Asin B + cos Bsin A,

we get that
o
B . (nm(x — at)
h(:r—at)—;ansm( 7 )

= nz::l ap, COS <7n7lr/:r) sin < 7rnat> Z Qp, COS < at) sin <_nz:17)

and
t
h(z + at) ay, sin <n7r(a:L+ a )>



= 3 awcon (U5 s (T) D mon (1) sin (5.

Since cosine is even and sine is odd, when adding h(z — at) and h(x + at) we see that the terms

with sin (%‘lt) cancel out, so we are left with

> nmat\ . nTxT
h(x — at) + h(z + at) = QZancos< 7 >sm (T) .

n=1

Thus after dividing by 2 we get the desired claim:
1
u(z,t) = §(h(m —at) + h(z + at)).

Superpositions and standing waves. Now, we can interpret this result as follows. First, note
that h(x — at) has the same graph as h(z), only shifted to the right, with the “shift” increasing as
t does. Similarly, h(z 4+ at) is the graph of h shifted to the left, more and more as ¢ increase. Thus,
if we interpret h(x — at) as describing a rightward moving wave and h(x + at) a leftward moving
wave, the result

u(z,t) = %(h(x —at) + h(z — at))

in the case of no initial velocity says that any wave is a superposition of a rightward moving wave
with a leftward moving wave. The constant a then describes the speed of the moving wave.

If we go back to the form
= anmt nwe
t) = ;an coS (T) sin <T> ,

we can also give an interpretation to each summand. The function sin("7*) describes a standing
wave, since it does not depend on t. The % constant is then the frequency of this standing wave
and is inversely proportional to the period 2L (The frequency tells you how many “peaks” there
are within a given interval.) The coefficient cos(“F%) describes an amplitude of the wave, so that

as time increases our standing wave remains “standing” only with varying amplitude:

Stonding Lovey ok Naryiney avp\vnde

Y=o
2\

2L

The general solution
[e.e]
t
t) = nz_:lan cos (%) sin (?)

in the zero initial velocity case thus says that an arbitrary wave is a superposition of standing
waves, each corresponding to a certain frequency. (We will generalize this “frequency” perspective
a bit later to the case of a continuous range of frequencies when we discuss Fourier transforms.)
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Justifying wave solutions. Moreover, the form u(z,t) = 1(h(z — at) + h(z + at)) allows us to
formally justify the fact that the series above does give an actual solution to the wave equation.

Recall the issue we mentioned last time that even though

e}
t
u(z,t) = Z:lan cos (WZT ) sin (?)
n=

might converge, the series obtained by differentiating might not, and so it is not clear that we
can verify uy; = a’ug, directly in such a situation. But now we have a way out: the function
u(z,t) = 3(h(z — at) + h(z + at)) definitely exists and is definitely differentiable as much times as
we want (assuming h is), so we can verify by direct substitution that it satisfies the wave equation:

1 1
Uy = §(a2h"(m —at) +a’h"(xz +at)) and wuy, = i(h”(fli —at) + h"(z + at),

SO Uy = a’ug, is true. The upshot is that, although it may be the case that “term-by-term”

differentiation in -
anmt nmwx
T, t) = ay COS si (—)
u(x,t) E n < T ) in{—

n=1

does not actually work, the function defined by this series satisfies the wave equation nonetheless
via alternative means. A similar thing is true when we include a nonzero initial velocity.

Laplace equation. The final PDE we consider is the Laplace equation, which in the two-
dimensional case is
0’u  0%u
— + == =0.
0x?  Oy?
(This is the prototypical example of an elliptic partial differential equation.) This is a linear
homogeneous PDE, corresponding to the linear partial differential operator given by

0?2 0?2
922 T a2

This is called the Laplacian operator, and with this notation the Laplace equation is Au = 0.
Solutions of the Laplace equation are known as harmonic functions, and show up in various

contexts. Perhaps the main one is in characterizing various types of potential functions in physics.

For example, the standard gravitational and electric potential and functions are harmonic. That

this might be a desirable thing to have comes from recognizing that being harmonic says that the

gradient of u is divergence-free:

O(ug) | O(uy)

+

Vu = (ug, uy) ~ div(Vu) = o a0y

= Ugy + Uyy.

Harmonic functions also show up in complex analysis as the real and imaginary parts of complez-
differentiable functions. That is, if f : C — C has a complex derivative (you’ll learn what this
means in MATH 382) and we write f as f = u + iv where u,v are both real-valued, it is a basic
fact that v and v must both be harmonic. (This follows from what are called the Cauchy-Riemann
equations, which is a system of PDEs you’ll see in a complex analysis course.)

But most relevant to things we’ve seen in this course is that the fact that the Laplace equation
describes steady-state solutions of the two-dimensional heat equation:

Uy = az(um + Uyy).
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For a steady-state solution we require that u; = 0, which turns the steady-state heat equation into
precisely the Laplace equation.

Rectangular regions. The form which solutions of the Laplace equation takes depends heavily
on the region being considered. We will mainly be concerned with rectangular regions and, later,
disks. We begin by considering the Laplace equation on a rectangle

AN

with boundary conditions

u(0,y) =0 =u(a,y), u(z,0) =0, u(z,b) = f(x).

(There is no initial condition since there is no dependence on t.) Now, as usual, we separate our
solution and get some ODEs:

u(z,y) = X (@)Y (y) ~ X" = AX =0, Y+ Y =0.

The boundary conditions u(0,y) = 0 = u(a, y) on the left and right edges give X (0) = 0 = X(a).
The equation X” — AX = 0 with these boundary conditions is one we’ve solved already, where we

get nonzero solutions

n’n?

X,, = sin (@) for A\, =—

a a?

For these \,, the ODE for Y is Y” — %Y = 0, which has solution

nmy/a —nmy/a

Y =ce + coe

Now, the boundary condition u(z,0) = 0 along the bottom edge gives Y (0) = 0, so ¢; + ¢c2 = 0.
Thus ¢y = —c¢y, SO
Y — Cl(emry/a _ e—mry/a)‘

After setting ¢; we take
Y, = emry/a _ e—mry/a

as a fundamental solution. In fact, this expression is precisely 2 times the hyperbolic sine function:

Y, = 2sinh(*2¥). So then we can actually simply take Y;, = sinh(*2¥) as a fundamental solution.

The general solution of the Laplace equation with these boundary conditions is then

u(z,y) = Z ¢p sinh (%) sin (%) .
n=1
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The remaining boundary condition u(x,b) = f(x) along the top edge then gives

f(z) =u(z,b) = icn sinh (nTﬂb) sin (?) ,

which says that the ¢, sinh("T“b) should be the Fourier sine coefficients of f(x). Then our solution

is
o0
: nmwy\ . (NI
)= 3 cusinh (T ) sin (57)
u(z,y) n;lcn in L )sin(—
where

Cn = L/Oa f(z)sin <$) dx.

sinh(222)
Lecture 14: More on Laplace

Warm-Up. We solve the Laplace equation Au = 0 on the rectangle 0 < z < a, 0 < y < b with
boundary conditions

u(0,y) =0=u(l,y), u(z,0) =0, u(z,2) =1—x.

As we derived last time, the solution is

o0

u(x,y) = Z ¢y sinh (n7ry) sin (nmx)

n=1

where by, sinh("T”b) are the Fourier sine coefficients of u(z,0). In this specific case we have

2 ! 2
= —— 1 —z)si de = —————.
e sinh(2n) /0 (1 =) sin(nme) dz nm sinh(2n)
Hence our solution is
S 2
u(z,y) = Z ——————— sinh (n7y) sin (n7x) .

nm sinh(2n7)

Here is a plot of the graph of u(x,y):
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If we interpret this as a steady-state solution of the heat equation, we see that, as expected from the
boundary conditions, the temperature of u(x,2) = 1 — x along the top boundary “dissuses” away
and decreases as we move away from this boundary, reaching a temperature of zero along the other
pieces of the boundary. The diffusion occurs quite rapidly, meaning we don’t have to move away
from the top boundary by too much before we find that the temperature has fallen dramatically.

Other rectangular boundaries. Let us now consider the Laplace equation on the same rectangle
0<z<a,0<y<b as before, but now with nonzero boundary condition on the left side and zero
on the other pieces of the boundary:

u(0,y) = 9(y), u(a,y) =0, u(z,0) =0 = u(z,b).
Here we end up with the following boundary value problems for Y':
Y+ XY =0, Y(0) =0=Y(b).
This has fundamental solutions

Y, = sin (%TJ) for M\, =

For X we then get (imposing only u(a,y) = 0 for now)

n?n?

"
X 72

X =0, X(a)=0.

The solution thus looks like
X = Clen'/rx/b + C2€—n7rz/b,

and X (a) = 0 forces ¢y = —c1e*"™/?. Hence

X = Clemrz/b - 6162n7ra/be—n7rx/b'

To find a “nice” fundamental solution, we can rewrite this by factoring out a factor of e”7%/?:
X = Clemra/b(emr(:c—a)/b _ e—mr(:v—a)/b)_

The expression in parentheses is 2 sinh(w), so we can take

X,, = sinh <—m(‘rb_ a)>

as a fundamental solution.
Thus our solution looks like

u(z,y) = i ¢ sinh (W) sin ("%% .

n=1

The remaining boundary condition u(0,y) = g(y) gives
1= e () (52
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so that —c¢y, sinh (”%{a) must be the Fourier sine coefficients of g(y).

Now, for the problem where we have both a nonzero boundary condition on the top and left
sides of the rectangle, with zero boundary conditions on the other two sides, we can simply add
together the solutions we’ve found so far. That is, if u;(x,y) is the solution we had last time for
the case of a nonzero boundary condition f(z) on the to edge, and ug(x,y) is the solution above
with a nonzero boundary condition g(y) on the left edge, then

u(:v,y) = ul(x7y) + ug(x,y)

still satisfies the Laplace equation (the Laplace equation is linear) and satisfies the boundary con-
ditions

u(0,y) = u1(0,y) +u2(0,y) = 0+ g(y) = 9(y), u(z,b) = ui(x,b) + uz(x,b) = f(x) + 0 = f(x),

and zeroes on the other two edges. More generally, for a rectangle with nonzero boundary conditions
on all sides, we can first find the solutions with one nonzero boundary conditions at-a-time, and
then add these together to get the full solution. Thus, we can solve the Laplace equation on any
rectangular region.

Dirichlet vs Neumann boundary conditions. The boundary conditions give above, where we
specify the values of our solution on the boundary, are known as Dirichlet boundary conditions.
Alternatively, Neumann boundary conditions are ones where we specify instead the rate of change
in the “normal” direction of the solution along boundary. In the case of a rectangle, Neumann
boundary conditions thus looks like

um(07y) = f(y)a ulv(aa y) = g(y)a uy(:v,()) = h(ﬂ?), uy(x,b) = f(ﬂ?)

The process of solving Neumann boundary value problems is the same as Dirichlet problems (indeed,
we already saw some Neumann conditions with the heat equation, say with insulated ends), but
the structure of the solutions can be a bit different. You’ll see some examples on the homework.

Uniqueness. We now prove uniqueness of solutions to the Laplace equation on any region with
Dirichlet boundary conditions. (At least, any region nice enough to which Green’s theorem is
applicable!) This is one of the only uniqueness results we can definitely justify in this class, since
it just depends on Green’s theorem (more precisely, the divergence form of Green’s theorem) from
multivariable calculus. The upshot is that the behavior of harmonic functions is fairly restrictive:
the behavior along the boundary of a region completely determines the behavior through the entire
region, since there is only one possible function which those boundary values can give rise to. (You
will see a similar phenomenon show in complex analysis, which is no surprise given the connection
between harmonic functions and complex differentiable functions we mentioned last time.)

Suppose D is a nice two-dimensional region with boundary 0D. (For example, “nice” could
mean that the boundary 0D consists of piecewise smooth curves.) The claim is that if f and g are
two functions satisfying the Laplace equation on D which have the same values along the boundary
of D, then f = g on all of D. Note that f = g on D if and only if f — g is zero on all of D, and
f =gon dD if and only if f — g = 0 on dD, so it is enough to know that a harmonic function
which is zero along 9D must then be zero on all of D.

So, suppose Au = 0 on D and © = 0 on dD. Consider the vector field uVu. The divergence
form of Green’s theorem states that

/ uVu-nds = // div(uVu) dA
oD D
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when 0D has the proper orientation. (The orientation won’t matter in this application. Also, the
left side is a line integral where we measure the extent to which the field uVu flows “through” the
boundary, as indicated by the dot product with the unit normal vector n along the boundary. It’s
not important to go back and recall what this line integral actually means, since it will be zero in
our case.) Since u = 0 on 9D, the vector field uVu is zero on the boundary as well, so the left side
of the equation above is zero.

For the right side we first compute:

O(uuy) n O(uuy)
ox oy

div(uVu) = div(uug, uuy,) = = UplUy + Ulgy + Uylly + Ullyy.
Since Au = 0 on D, we have that uug, + vy, = u(uge + uyy) = 0 on D, so the integral on the
right simplifies and we are left with

0= /[ ?+ ) aa.

But the integrand (u;)? + (uy)? is never negative, so in order for this integral to be zero we must
have (uz)? + (uy)? = 0 at all points of D. This forces u, and u, to be zero on all of D, which
implies that « must be constant on D. Since the value of w on 9D is zero, this “constant” must
be zero, so u = 0 on all of D as desired. Thus, solutions of the Laplace equation on a region with
specified Dirichlet boundary conditions are unique.

Lecture 15: Polar Laplace

Warm-Up. We solve the Laplace equation on a rectangle with some Neumann boundary condi-
tions, say
uz(0,y) = f(y), ua(a,y) =0, uy(x,0) =0 = uy(z,b).

As usual, we separate variables and for Y in particular we get
Y'+AY =0, Y'(0)=0=Y'(b).

This is the boundary value problem we saw previously when considering the heat equation with
insulated ends, and the fundamental solutions are
nmy 272

Y,, = cos (T) for \, = T

2 , and Yy =1 for \g = 0.

Then for X and A, (n # 0) we get
2,2

n-m

"
X" — 2

X =0, X'(a) =0,

which has solution
X = clemrm/b + cleana/be—nwm/b'

We can express in terms of hyperbolic cosine via:

X = Clenﬂa/b(enﬂ'(w—a)/b + e—n'/ra:—a/b%

2 cosh(nm(x—a)/b
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so we take

X, = cosh (L(l’b_ “)>

as the fundamental solution. For Ao = 0, we have X = ¢; + cox, and X'(a) = 0 gives Xy = 1.
Thus, our solution is

o
u(z,y) = %0 + T;cn cosh <w> cos (%) ,
and the remaining boundary condition u,(0,y) = f(y) requires

F9) = w05 = > — T2 sinh (252 ) cos (22,

n=1

so that —"%™ sinh (”%{“) should be the Fourier cosine coefficients of f(y). (In particular, the
constant Fourier cosine coefficient ¢y should be zero since it does not appear in the series above, so
f should satisfy fob f(y)dy = 0 in order for there to be a solution at all.)

Laplace on a disk. The Laplace equation on other regions sides rectangles is not so easy to solve,
but at least we can also work out a general solution in the case of a disk. This will take quite a bit
more work than the case of a rectangle, and depends more heavily on some ODE material, but we
get a nice explicit form in the end.

The key point is that we can do all the required computations in polar coordinates. The Laplace
equation in polar coordinates is

1 1
Upp + —Up + —Uoo = 0.
r r

(We briefly saw the left side a bit when considering the heat equation in polar coordinates.) We
consider a disk centered at the origin of radius a, with boundary condition

u(a,0) = f(0).

Since 0 = 27 in terms of values for 6 on the disk, we must require that f be 2m-periodic. Moreover,
we will also assume that the solution u(r,d) we seek is bounded on the disk. All of these (mild)
assumptions are necessary in order to derive an explicit solution.

After separating variables u(r,0) = R(r)©(0), we get

©" — X0 =0 and r*R" +rR' + AR = 0.

Now, for A > 0 we get

V0 \/Xe‘

O = e + coe™

But such a thing cannot be periodic on the boundary unless ¢; and ¢y are both zero, so we get no
nonzero solution here. For A = 0, we get © = ¢; + c20, and the periodic assumption forces co = 0,
so that © is constant. The ODE for R in this case becomes

R’ = —rR.
This can be solved by rewriting it as %l,/ = —%, integrating once to obtain

In|R|=—-Inr+C,
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exponentiating to get

_ c2
R = coe™ ™" = == for some constant co,

,
and finally integrating once more to get R = ¢; + coInr. (I told you the case of a disk was more
involved than that of a rectangle!) But our solution is meant to be bounded, and Inr is unbounded
as r — 0 in the disk, so we must have co = 0 and thus R = ¢; is constant as well. Thus, in the
A = 0 case we get a constant solution for u, so ug = 1 is our fundamental solution.

Finally, suppose A = —k? < 0. For © we get

© = ¢; cos(k@) + co sin(k0),
and the 27-periodic requirement forces k to be an integer. The equation for R is then
r*R'+rR —kK*R=0

This is an example of an Euler equation, which you perhaps learned how to solve in a previous
course. The strategy is to search for solution of the form R = r™. If this is to be solution, then we
must have
n(n — 1)r" + nr" —k*" =0,
—_—
r2R! rR/

which requires that n(n — 1) +n — k% = 0. Solving for n gives n = +k as the possible values, so ¥

and r~* are two solutions of this Euler equation, and we can write the general solution as
R = cirf + corF.

The requirement that u(r, 8) be bounded forces co = 0 since »~* blows up to infinite as r — 0, so

R, = 1™ is our fundamental solution for R when \,, = —n?.

After putting everything together, we thus get that our general solution is
oo
Co
=5 Z cnr’ cos(nd) + byr" sin(nd)).
The boundary condition u(a, ) = f(0) gives
oo
Co
f(0) = =5 Z cpa” cos(nf) + bpa™ sin(nf)),

so the ¢,a™ and b,a™ must be the Fourier coefficients (in the very first sense we considered in the
first week of class) of f(0).

Lecture 16: Fourier Transform

Warm-Up. We solve the Laplace equation on the region 3 < r < 0o outside the disk r < 3, with

boundary values
0 0<0<
u(3,0) =1 =UsT
2t — 60, w<0<2n7.

Just like last time when considering the Laplace equation inside the disk, we look here for a bounded
solution wu(r, 8) which is periodic on the boundary circle. Following the same analysis as last time,
the first minor difference comes in the A = 0 case, where the solution of R is

R=c +clnr.
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Previously we used the fact that Inr is unbounded as r — 0 to force ¢ = 0, and here it the fact
that Inr is unbounded as r — oo that again forces co = 0. Thus we get a constant solution for
A =0, just as before.

The only other difference comes in the A = —k? < 0 case, where we again get

R = clrk + czr_k.

However, now it is the ¢; coefficient which must be zero since ¥ — 0o as r — oo. Thus here we
b
get R, = r~* as the fundamental solution, so the general solution is

50 + nz:l cnr” " cos(nd) + dpr~ " sin(nd)].

The boundary condition u(3,6) = f(¢) implies that 37 "¢, and 37"d,, are the Fourier coefficients
of f(0), so we get;

27 27
%:1/ ﬂmwzl/(%—mwzf
0 ™ Jr 2

3" 2m [ 3"(cosn — 1)
n = = — 2m — e S ——
c =/ £(0) cos(nb) db - /7T (2w — 0) cos(nh) db 3
n 2T 27 n
dy =2 ﬂmmmmwzl/(%—mmmmw:iﬂﬂ@
™ Jo T Jr n
Thus our solution is
T = [3%(cosmn —1) _, 3"cosmn _,, .
u(r,0) = 1 + Z [Tr cos(n#) + — T sin(nf)

n=1
Spherical Laplace. ***TO BE FINISHED***

Back to the heat equation. We now move to a new topic, that of the Fourier transform, but
will motivate its definition by returning to the heat equation. We seek to find a solution of the heat
equation
Ut = a2uzza u(xv 0) - f(x)
but now with no boundary conditions and modeling the temperature in a rod of infinite length. In
other words, we now want u(z,t) to be a function where x can take values on all of R, as opposed
to the type of bounded interval [0, L] we considered before. We will make one assumption, however,
namely that u(z,t) should be bounded as z varies in R.
Following the same method as before, we come to consider the ODE

- AX =0,
with no boundary conditions. For A > 0 we have

X = cle‘/_x + coe —Viz

)

which, if nonzero, does not remain bounded as x — +oo. If A = 0, we get X = ¢; + cox, and the
bounded condition forces co = 0. So we get a nonzero solution Xy = 1 for \y = 0. Then we are left
with the A = —k? < 0 case, where now we write our solution in complex form as

X = 1™ 4 cge™ e,
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(Recall that expressing functions in terms of these complex exponentials is equivalent to expressing
in terms of sine and cosine.) This is always bounded since |e**| = 1, so we have no further
restrictions, and in particular there is no restriction in this case that £ must be an integer, so that
k is now any nonzero real number! (The integer restriction previously came from the boundary
conditions on [0, L].) So, we get a whole bunch of fundamental solutions e** for nonzero k, and if
we allow k = 0 we get the one e’ = 1 we had for A = 0.

From discrete to continuous. Thus, by analogy with the bounded string we had before, we
would expect (or, perhaps more precisely, hope) that our solution in this case should be end up
being a “sum” of scalar multiples of ¢’**, where k ranges among all real numbers:

z cr eikr )
k is real

But of course, such a sum does not quite make sense since we cannot actually “add”—in the
normal sense—such quantities together if there are “R-many” of them. But, the way out of this is
to interpret the “sum” as an integral over —oo < k < oo instead, so that we want something like

/ c(k) e dk.

(The point is that an integral should be interpreted as a “continuous sum”, versus an infinite series,
which is still a “discrete sum”. We write the coefficient as ¢(k) instead of ¢; to make it look more
like a function since we are getting such a value for each real “input” k, but the idea is the same:
for each k, c(k) is a scalar coefficient.) As for the “coefficient function” c¢(k), again if we go purely
by analogy with the coefficients obtained in the “discrete” case before:

1 (7 ;
k=5 - f(z)e ™ dg,

we might expect to get something like
1 > .
c(k) = py /_OO f(x)e ™ dg

The function (of k) defined by this integral [* f(z)e™** dx (we’ll forget the constant - in front
for now) is thus a continuous analog of a Fourier coefficient, and will eventually give us a way to
express f as a continuous analog of a Fourier series.

Fourier transform. Motivated by the discussion above, we thus make the following definition:
the Fourier transform of a function f is the function f defined by

fo) = [ s

We finish with an example, and compute the Fourier transform of the “pulse” function

fz) =

1 T<z<T
0 otherwise

where T > 0 is a constant. We have:

for= [ : F(@)e da
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_T . T . 0 .
= / 0-e "¥dx+ / 1-e7"*dx+ / 0-e " dx
—00 -T T

T .
— / eI o
=T
T

1

18

= —%( 2isin(sT))

~ 2sin(sT)
= P

(e—isT _ eisT)

Note that although this resulting function appears at first to be undefined at s = 0, since

lim 2sin(sT)

s—0 S

=2T

we can set its value at s = 0 to be 27" and still get a continuous (in fact C'!) function on R. This
is reflective of a general idea we will highlight next time.

Lecture 17: More on Transforms

Warm-Up. We compute the Fourier transforms of the functions

£ = {o_at t<0

e t>0

and g(t) = e=%*, where a > 0 is a constant. For f we have:

00
:/ f —Zst dt
00
00
:/ —at —ist dt
0
00
— / —(a+is)t
0
00
- —(a+zs)
a+1s 0
1
a+tis

(Recall that to “evaluate” an improper integral at an infinite bound really means to take a limit as
the variable in question approaches that infinite bound, so that evaluating at the upper bound of
oo in this case really means to compute

. lati . 1 _ar
lim ————e (@F9)t — Jim e~ eist

t—oo a-+18 t—oo a4+ 18

Here, the e %! term is bounded and the e~ decays to 0 as ¢t — 00, s0 the entire limit, and hence
the “value” at oo, is zero.) Thus the Fourier transform of f is f(s) = Note that even though
f is real-valued here, its Fourier transform is complex-valued.

a—HS
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For g we have:

i) = [ glare o

— 00
:/ e—a(—t)e—zst dt+/ et —ist dt,
—00 0
where in the first integral we use the fact that |[t| = —¢ for ¢ < 0. Now, we can compute each of

these in a similar way as we did for f above, but in fact we can directly use the result for f above
here. In particular, note that the second integral above is precisely the integral which gave f(s).
For the first integral we can make a change of variables t — —t to get:

0 . S .
/ e—a(—t)e—zst dt = / e~ at ist dt,
—00 0

which is precisely the value of f at the input —s instead of s. (We can also characterize this integral
as the conjugate of f(s).) Thus we have

3() = Fes) + fls) = — 4 2

a—is a-+is a?+ s>

as the Fourier transform of g.

Functions vs their transforms. Let us graph the function g above (in green) and its Fourier
transform (in blue) for a = 1,2, 3:

The key observation here is that g fails to be differentiable at 0 (notice the “cusp”), but g is
perfectly nice and smooth at 0. The cusp gets worse as a increases, and in turn ¢ behaves in a
more controlled way. The idea is that taking the Fourier transform of a function can “smooth out”
any singularities it might have, making the Fourier transformed function a possibly nicer function
to work with. (Below we argue that we can always recover g from g, so that we lose no information
when working with the Fourier transform instead.)

We see the same phenomenon with the example of the “pulse” function from last time, which
is 1 for =T < x < T and zero elsewhere:

(Here we take T' = 1,2,3.) Now the original function has discontinuities, which disappear after
computing the Fourier transform, which is even differentiable!
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Fourier transforms and coefficients. We previously alluded to the idea of using Fourier trans-
forms to give “continuous” versions of Fourier coefficients, and now we make this precise. Indeed, we
claim that the process of computing the Fourier coefficients of a function is itself a type of Fourier
transform, only in a discrete setting. Given a 27-periodic (possibly complex-valued) function f, we
can compute its (complex) Fourier coefficients
1 (7 :
c = — x)e " de.
=5 | f@

(We use ¢, (f) here in order to emphasize the coefficients depend on the function f.) These coef-
ficients form a sequence (¢, (f)) indexed by integers n € Z, and we can view such a sequence as
giving a function Z — C by sending n € Z to ¢,(f) € C. Thus, we can interpret the operation
F of computing Fourier coefficients as one which maps periodic functions on R to complex-valued
functions on Z:

F : {2m-periodic functions R — C} — {functions Z — C}, F(f) = (cun(f))

The point is that the Fourier transform does the exact same thing, only where we now drop the
requirement of periodicity. Now we have the operation F, which sends a (complex-valued) function
on R to its Fourier transform, mapping the space of functions on R to itself:

F : {functions R — C} — {functions R — C}, F(f) = f.

In other words, the Fourier transform is literally just the “continuous” analog of the “discrete”
Fourier coefficient construction above. It is thus no accident that the integral defining the Fourier
transform looks very similar to the one defining Fourier coefficients:

0o ) 1 ™ )
—18T d . —imnx d
/_OO f(x)e A C . f(x)e x,

since, after all, they are meant to be essentially the “same” construction. (The factor of % on the
right missing in the definition of the Fourier transform shows up elsewhere, as we will soon clarify.)

Fourier inversion. From the perspective above, we can interpret the construction of a Fourier
series as an “inverse” operation. Namely, consider the “inverse” transform F~! in the discrete case:

F~1: {functions Z — C} — {27-periodic functions R — C}

defined by sending the sequence of coefficients (¢,,) to the series

o)
E Cp e,

n=—oo
The Fourier convergence theorem can then be interpreted as saying that this F~! is indeed the
inverse of F, at least for C! functions:

o0

f=FUED) means f0)= 3 enlPe where () = 5= [ e

n=—oo

That is, from f, compute its Fourier coefficients, then form the Fourier series using these coefficients,
and you get back f. (If f is only piecewise C! and not C! everywhere, then F~1(F(f)) produces
the function 1(f(z7) + f(z1)) of averages of left- and right-hand limits.)
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The analog of this in the continuous setting for
F : {functions R — C} — {functions R — C}, F(f) =/

is called the Fourier inversion theorem, or Fourier inversion formula. Define the inverse Fourier
transform F~1(g) of a function ¢ to be

1 [ -
Fl N =5 [ g
21 J_
(There’s the 2w showing up in the definition of complex Fourier coefficients but missing in the
definition of the Fourier transform!) The Fourier inversion formula says that this is indeed in the
inverse of the Fourier transform operation F in the sense that

f(z) = % /_OO F(s)e™® ds, or in other notation f = F~Y(F(f)),

at least when f is C'. (For f only piecewise C, you get %(f(s_) + f(s™)) on the left side of this
formula.) Thus, the inverse Fourier transform of the Fourier transform of f gives back f, so that
f can be recovered from its Fourier transform. We will give a rough justification of this inversion
formula later, but the upshot is that the function f contains the exact same information as f
does, since we can recover f from f. (In the discrete case, the coefficients ¢, (f) contain the same
information as f, since we can recover f from these coefficients via a Fourier series.)

Just as the Fourier transform f can be viewed as the continuous version of the sequence of Fourier
coefficients (¢, (f)), the expression given by the inverse Fourier transform is thus the continuous
analog of a Fourier series:

o0
1 o, . . . . .
— 5)e"" ds is the continuous version of cpe™
2 n 9
T
—o n=—00

and this is why we expect such a thing to be useful in solving the heat equation on R. Of course,
there is still that extra % we have to deal with in order to make this analogy complete. In the
discrete Fourier series case, the % shows up in the definition of the coefficients, while here we are
using it in the definition of the inverse transform. Ultimately it is just a matter of convention as

to where we put this factor. Many sources define the Fourier transform by
. 1 [ .
- —ixs g ’
fo) =57 [ @ da

so that it truly mimics the definition of the coefficients ¢, (f), and in this case the inverse Fourier
transform would be

(F () ) = / " i) ds,

which now closely mimics the Fourier series expression. Other sources “split the difference” and
put a factor of \/% in both the definitions of the Fourier transform and its inverse:

1 > —ixs —1/F _ 1 ® 3 ixs
fls) = <= / @ dn, (FN@) = = / F(s)e s,

so that a 5 appears when composing F~1(F(f)). It is also common to use a different exponential
in the definition of the Fourier and inverse Fourier transform:

f(s) = /_OO f(x)e™ 2™ dg, (-F_l(f))(:p) _ /_OO f(s)ei27rrs ds,
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which eliminates the need to use any factor of % at all. We will stick with the convention we began
with, where we don’t use a % in the Fourier transform and instead use it in the inverse transform.

Frequency/momentum domain. We now give a “physical” interpretation of the Fourier trans-
form of f. To motivate this, again consider the discrete case of a Fourier series:

oo

[ en(f) ~ Z Cn(f)emx-

n=—oo

Since €™ = cos(nx) + isin(nx), we see that n here is the frequency of the corresponding wave,
which is the number of “peaks” that occur within a unit time interval, assuming that x represents
time. The coefficients ¢, (f) can be viewed as a defining a function Z — C, which is thus to be
interpreted as a function of the frequency variable n and outputs the amplitude ¢, (f) of the portion
of the wave described the “frequency n” component e™*. So, if f is a periodic function of time,
the “transformed” function Z — C describes the same phenomena as f, but as a function of the
frequency instead. If x represents position, then it turns out that the frequency can also essentially
be interpreted as the momentum of the wave, so ¢, (f) is a function of the momentum variable n.

The same interpretation holds for the Fourier transform: if f is a function of time, then f is a

function of frequency since .
1) =52 [ Fetas

says that f (s) gives the amplitude of the portion e of the wave (formed as a “superposition”
of a continuous range of simpler waves) occurring at frequency s. We often say that the Fourier
transform shifts from the description of the phenomena being studied from the time domain to the
frequency domain. If x represents position, then the Fourier transform of f can also be thought of
as a function of momentum, so the transform moves us from the position domain to the momentum
domain. The overarching point is that a function and its Fourier transform in the end capture
the same information, only from different perspectives, and that shifting perspectives might make
certain things easier to study, as we’ll see.

Uncertainty priciple. Let us make one more observation from the graphs we had previously:

If we interpret the original function as a function of position (or time) and the Fourier transformed
function as a function of momentum (or frequency), we see that the better we can isolate the
position the worse we can isolate momentum, and vice-versa. In other words, in the first graph we
have better knowledge of where position is (between —1 and 1) as compared to the other two, but
the momentum is more “spread out” than the other two since the graph of the transform “wider”;
in the third graph, now the position is less known (between —3 and 3) than in the other two, but
in turn the momentum is more “localized” around the y-axis, so we can better determine its value
here (since more of the graph occurs near 0) than we can in the first graph.

The same is apparent in the other graphs we had above, and the upshot is that this is a reflection
of what is called the uncertainty principle in physics: the closer we are to determining the value
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of position (or time), the further we are from determining the value of momentum (or frequency),
and vice-versa. There is a restriction on how well we can know both position and momentum
simultaneously, and in general we can only pick or the other to compute experimentally.

Transforms and derivatives. Our original motivation in introducing the Fourier transform was
in wanting to solve the heat equation over all of R as opposed to an interval [0, L]. We will go
ahead and do this in detail next time, but the key tool we need to do so is the relation between
Fourier transforms and derivatives. That is, given a (say C') function f, we want to know how the
Fourier transform of f’ relates to the Fourier transform of f. It is this relation which allow us to
express the heat equation in the “frequency/momentum” domain, where it will be simpler to solve.
Fourier inversion will then allow us to recover our desired solution from the “frequency” solution.
We compute the Fourier transform of f’ using integration by parts (!) as follows:

)= [ roe

= f(t)e " T /_OO —isf(t)e " dt.

The second term is precisely is times the Fourier transform of f! To deal with the first term, we
use a fact we have glossed over so far, namely that in order for the improper integral defining the
Fourier transform to actually exist as a finite value requires that f have certain properties; that is,
it is not true that ffooo f(t)e st dt exists for all functions f, but only for a certain class of functions.
To guarantee that this integral exists we will actually assume that f is absolutely integrable, which
means that

/Oo If(#)] dt < 0.

—00
We use the absolute value here instead of just f in order to guarantee that the integral is finite, not
because of some coincidental “cancellation” that occurs between positive and negative parts, but
rather as a result of the overall behavior of the function itself. The main practical consequence for
the computation at hand is that if a function is indeed absolutely integrable in this way, it must
be true that it decays to zero in both the positive and negative infinite directions:

/00 |f(t)]dt < oo = lim f(t) =0.

o t—+o0

(Otherwise the “area” under the graph of | f| would have no hope of being finite.) This then implies
. oo
that the “boundary” term f (t)e_“t‘ in the computation above is zero, since “evaluating” at both
oo

the upper co and lower —oo limits éve zero. Thus we are left with
~ Sy . A
f'(s) = z's/ fe st dt =isf(s).
— o0

The conclusion is thus that the Fourier transform of f’ is the Fourier transform of f times 7 times
the variable of the transformed function. We summarize this by saying that Fourier transformation
turns differentiation into multiplication by (¢ times) the transform variable. As we will see with the
heat equation next time, this gives a way to essentially turns PDEs into ODEs, which will make
them easier to solve.
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Lecture 18: Yet More Fourier

Warm-Up. We determine the relation between the derivative of f (assuming it exists) and f
itself, and then use this to compute the Fourier transform of the Gaussian function f(z) = e—az?/ 2,
where a > 0. (Gaussians are ubiquitous in mathematics, mainly stemming from the fact that they
model “normal distributions” and “bell curves”.) The Fourier transform of f is

fo) = [ s de.

To differentiate this respect to s we can “differentiate under the integral sign”:

(f)/(s) = %/_ f(m)e—ims dr = /_ dis[f(x)e—lm] dr = /_ —il’f(x)e_ixs dz.
But the right side is —i times the Fourier transform of x f(x), so
(Ff)'(s) = —i/_ af(2)e™ dx = —iF(af(z)).

Thus the conclusion is that the derivative of a Fourier transform is —i times the Fourier transform
of the original function multiplied by the variable in question. Said another way, this gives

i(Ff) (s) = F(af(x)),

so Fourier transforms send “multiplication by x” to ¢ times differentiation. This is a counterpart
to the relation (Ff')(s) = is(Ff)(s) we derived last time.

Now, we use this to compute the Fourier transform of f(z) =e
transform is defined by

—az?/ 2, where a > 0. This Fourier

Fe= e = [

—00

00
_ 2 s _ 2 .
e~ AT /26 s J. :/ e (az?/2+isx) dz,

o0

and we can ask why we can’t just compute this integral directly? The answer is that we can, but
doing so requires some complex analysis, which in this course we do not have access to. We will
come back to this type of integral later to give some sense as to what’s required, and to give a hint
of some of the things you’ll see in MATH 382, the complex analysis ISP course, but in this course
we must find another way to compute this transform.

The key is that f(z) = e~%%"/2 gatisfies the following ODE:

f'(x) = —axf(x),

which you can check by differentiating f(z). We now take the Fourier transform of both sides of
this ODE, and use the relations between Fourier transforms and derivatives determined above and
last time:

(Ff') = —a(F(zf(x))) ~ isf(s) = —ia(f)'(s)-
(We used the fact the Fourier transform operator F is in fact linear, so that in particular it preserves
scalar multiplication; this was needed in order to say that F(axzf(z)) is the same as aF(xf(x)).
This can be seen from the integral definition directly, since integration is itself a linear operation.)
This says that the Fourier transform f we want satisfies the ODE

(f)(s) === f(s).

a
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and solving gives

f(S) _ Ae—s2/2a

for some constant A. This constant is the value of the Fourier transform at s = 0, which we can

compute directly:
~ S . o0 2 2 > 2
0) = f(2)e® do = R ey e " du,
I ”

where in the last step we made the change of variables u = \/gx This final integral is possibly
one you saw in a previous course as an application of using polar coordinates in double integrals
(ask me if you've never seen this computation before!), and its value is /7. Thus we get

f(O)Z\/g/_OO 6_“2du:\/¥.

Hence the Fourier transform of f(x) = emaw?/2 i f (s) = @/%”6_52/ 2a_ The Fourier transform of a
Gaussian is another Gaussian!

Back to linear algebra. Note what happens above in the particular case where a = 1: we get
that the Fourier transform of e=%"/2 is

f(e_IQ/z) = V2me /2,

(I'm using z as the transform variable on the right instead of s to make the relation between the
two sides clearer.) This says that the Fourier transform of e=*/2 is a scalar multiple of e/ 2 so
that e=**/2 is in fact an eigenvector (1) for the Fourier transform operator! In this context, e=?/2
is called an eigenfunction of F, which means an eigenvector in a vector space of functions.

Let us now provide the correct linear-algebraic context from which to view F. For a space X,
we define L'(X) to be the space of absolutely integrable complex-valued functions on X, meaning
functions f : X — C for which the integral of |f| exists and is finite:

Ll(X):{f:X—>(C’/X]f(a:)|dx<oo}.

(The superscript ! relates to the fact that we are integrating the first power of |f(z)|. Soon we
will introduce L?(X)—an example of a Hilbert space—which consists of functions for which f(x)?
gives a finite integral value.) The space L'(X) is a vector space, since adding or scalar multiplying
absolutely integrable functions produces an absolutely integrable function. With this notation, the
operation sending an L' function on R to its Fourier transform is then a linear transformation

F:L'R) — L'(R),
and it is then this linear operator of which e/ is an eigenfunction. (Actually, this is not quite
correct as stated. The issue is that it is not true that the Fourier transform of an L' function is
necessarily L! itself, so F does not actually have codomain L!'(R) has written above. Either we
have to enlarge the codomain to allow for non-absolutely integrable functions, or we have to shrink
the domain and consider only those functions f for which f is indeed L'. We will sweep this all
under the rug in this course, but a graduate course in functional analysis like MATH 410-2 would
clear this all up if you were so inclined!)

72



Even better, the discrete version of the Fourier transform we defined last time, sending a periodic
function to its sequence of complex Fourier coefficients, fits into this same exact framework! A key
observation is that a periodic function can be viewed as a function on a circle: for f defined
on [—L,L] with f(—L) = f(L), “gluing” the two endpoints of [—L, L] produces a “circle”, and
f(=L) = f(L) guarantees that f is perfectly well-defined on this circle. Thus, the Fourier transform
operator in this case looks like

F : L'(circle) — LY(Z), sending f to (cn(f)).

(Again, here we view the sequence (¢, (f)) as defining a function Z — C.) As we highlighted last
time, Fourier series coefficients and Fourier transforms play the exact same role in all of this, where
the only difference is the type of space—R or a circle—we use. (One can ask why it is that for
R we use both L'(R) as the domain and codomain of the Fourier transform operator, whereas for
the circle we use domain L'(circle) and codomain L'(Z). The answer has to do with the concept
of what’s called Pontryagin duality, which is unfortunately way beyond the scope of this course.
In short, there is a notion of “Pontryagin dual” for certain types of spaces, and R is its own
Pontryagin dual where as the Pontryagin dual of a circle is Z. The concept of a Fourier transform
then generalizes to the setting of such duals. This all belongs to the subject of “harmonic analysis
on locally compact groups”, whatever that means.)

Integral kernels. As a brief aside, let us say one more thing in terms of context. The linear
transformation defined by the Fourier transform operator

F: LYR) — L'(R)

(with the caveat we mentioned previously that technically the codomain is not quite L!(R)) is an
example of an integral transform, which refers to transforms (i.e. linear transformation) defined via
integration. One way to produce examples of integral transforms is to start with a function K (z,y)
of two variables, and define a transform 7 : L'(R) — L*(R) via

frr TS given by (T))@) = [ K(e.g)fw)dy

In this setting K (x,y) is called the kernel of the integral transform 7. (Note that this usage of
the word “kernel” is different from the usage in “kernel of a linear transformation” as things which
the transformations sends to zero.) In fact, the Fourier transform arises in this way, with kernel

function K (s,z) = e=%%:
o0

fo)= [ (e da.

—0o0
We previously saw another example of an integral transform, namely the transform that sends
a 2m-periodic function f to its N-th order Fourier partial sum:

ao

N
5 + Z(an cosnx + by, sinnx).

n=1

f(x) = Snf(z) =

Here, the kernel function was what we called the N-th order Dirichlet kernel Dy, which satisfied

(Swh@) = [ Dwia—v) f(y)dy.
— 7 N——
K(z,y)
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(You can back to a previous lecture to see what this Dirichlet kernel looked like, but the explicit
expression is not important here.) In fact, it is (essentially) true that all integral transforms arise
in this way, so that every integral transform has an associated kernel. (This is not quite literally
true as stated, but can be made true if we are more careful about what type of object we allow to
serve as a “kernel”; concretely, we should allow kernels which are distributions, which is a concept
we will briefly mention in the next few days.)

Now, how does this all relate to the finite-dimensional linear algebra you’re already used to?
I claim that a kernel K(z,y) in this sense is nothing but the “continuous” analog of a matrix!
Indeed, consider ordinary matrix multiplication Ax:

a(l,1) -+ a(l,n)| [z(1)

a(n,1) --- a(n,n)| [x(n)

Here we write the entries of the matrix as a(i, j) instead of a;; and the entries of the vector as x(j)
instead of z; to make the relation to K (z,y) and f(z) clearer. The i-th component of the resulting
product Ax is

n
(Ax) (1) = ) ali, )z(j).
j=1
In the case of an integral kernel, we instead have a “continuous” range of values of ¢ and j—which
we denote by variables x and y instead—and we can interpret the integral transform definition

1)@ = [ Ky

as saying that the “a-th coordinate” of the result T'f is the “sum” of K(z,y)f(y) as y ranges
over all possible values, just as what happens in Ax above. So, an integral transform is just the
continuous analog of a matrix multiplication, and the kernel function is the continuous analog of a
matrix as claimed. The fact that every integral transform has an integral kernel is the continuous
analog of the fact that any linear transformation R™ — R"” is induced by a matrix.

Back to heat. After going off on that linear-algebraic tangent, we now return to something more
concrete. Our original motivation behind introducing the Fourier transform came from wanting to
study the heat equation on R, and so that is what we now begin to do. Our goal is to solve

uy = a*uy,, with initial condition u(x,0) = f(z)

where now —oo < & < 00 is no longer constrained. The idea is to take the Fourier transform of both
sides with respect to x (so, leave t alone), which will end up eliminating the need to use derivatives
with respect to x.

Consider the Fourier transform of u(z,t) with respect to the variable z:

a(y,t):/ u(z, t)e” W dx.

—00

According the relation between Fourier transforms and derivatives we have seen before, the Fourier
transform of u, is iy times the Fourier transform of wu:

ug(y,t) = iyu(y,t).
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Doing this once more gives that the Fourier transform of wu,, picks up another factor of iy:

Uza (y, 1) = (i) (iy)uly, t) = —y*aly 1).
Thus, after taking Fourier transforms, the right side of the heat equation becomes
azum ~ —a2y2&.
As for the left side, we use differentiation under the integral sign to get
o0 . o S .
u(y,t) = / ug(x,t)e” Y dr = —/ u(z,t)e” ¥ de,
oo ot J_o

which is just the partial derivative of 4 with respect to t, so that:

~

t — Ut.

(In other words, since the Fourier transform is being taken with respect to the x variable alone,
taking derivatives with respect to t doesn’t affect anything, so the Fourier transform of u; is the
t-derivative of the Fourier transform of u.)

Thus altogether, taking the Fourier transform of both sides of the heat equation gives

iy = —a?y?a.

What we have gained is that the x-derivatives are gone, so that what remains is simply an ODE
(not a PDE) for 4! ODEs are simpler to solve than PDEs, so the strategy is to use this ODE to
determine @, which is not hard to do, and then to use Fourier inversion to recover u from 4, which
is somewhat hard to do, but we’ll go ahead and do it in detail next time. Stay tuned!

Lecture 19: The Heat Kernel

Warm-Up. We find the Fourier transform of a solution u(z,t) of the wave equation uy = a®uz,
on R. (Imagine an infinitely long string.) As with the heat equation last time, we take the Fourier
transform of u(z,t) with respect to x:

&(y,t):/ u(z, t)e ™Y d.

—0o0
Taking the Fourier transform of both sides of the wave equation gives
Ugt = —a2y2'&,

where for the right side we used the same computation as we did last time for the heat equation:

o — 9

Ugz = (Ug)z = YUy = (iy)(iy)d = —y~i.
The resulting ODE 4y + a?y?4 = 0 for 4 has solution
a(y,t) = c1(y) cos(ayt) + ca2(y) sin(ayt),

where we allow the coefficients to depend on y since when solving an ODE with respect to ¢ alone,
“arbitrary constants” can depend on the other variable y. The explicit forms of ¢;(y), ca(y) then
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come from imposing initial conditions, which we will do later. Alternatively, we can express the
solutions of this ODE in complex form:

a(y, 1) = di(y)e'™ + da(y)e ™",
where again d; (y), d2(y) are arbitrary functions of y which can be determined from initial conditions.

Solving the heat equation. We now return to the heat equation on R, and work through the
computation which determines the solution. Recall that we are considering

Ut = QQU:m:a U($, 0) = f($)

where —oo < & < co. We saw last time that taking the Fourier transform of both sides with respect

to x gives

i = —a’y?’ i

where y is the transform variable. This is a first-order ODE for @, whose solution is
ay.1) = Aly)e ™"

for some “constant with respect to t” A(y). Now, the coefficient function A(y) should be the value
of the transform of u at ¢t = 0:

u(y,0) = A(y).

But 4(y,0) is obtained by taking the Fourier transform of u(x,0), so our given initial condition

~

u(z,0) = f(x) says that that A(y) = f(x), so that

iy, t) = fly)e

where f is our initial condition.

At this point we have completed the first step of our derivation: we have found an explicit
expression for the Fourier transform of the solution u(x,t) we want. The next step is to use an
inverse Fourier transform to recover u from 4:

1 [ ;
u(x,t) = —/ u(y,t) e dy.

27 J_

After substituting the expression we found for 4(y,t), we see that
1 * ; —a?y?t_iyx
u(z,t) = — fy)e >V e dy.
2 J_ s

Our goal now is to express this solution in terms of the original f instead of f .
Comparison with series methods. Let us take a brief aside to note the relation between the
solution we have found so far for the heat equation on R and the solution we found previously for

the heat equation on a bounded interval [0, 7] with boundary conditions u(0,t) = 0 = u(m,t). In
this latter case, we saw that the solution is given by

u(z,t) = i en(f) et sin(nx)
n=1
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where ¢, (f) are the Fourier sine coefficients of u(x,0) = f(z). Be expressing

sin(nz) = —%(emz — e~ in)

in terms of complex exponentials, we see that we can write u(x,t) in the form

u(w,t) = 3 dy(f) e e,

n=—oo

The point is that this the same form that our solution on R takes:
1 < 2 —a2y?t _iyx
w(x,t) = [ fly)e* ¥ e dy,
2 J_ o

only that the series is the discrete version; the sum over n in Z becomes an integral over y in R,

and the Fourier coefficients dy,(f) become the Fourier transform f(y). (The 5 in our solution on

R shows up in the formula for the Fourier coefficients d,,(f) in the discrete case instead.) Thus, it
is no accident that we get something like

1 ® 2 —a2y?t_iyx
w(@,t)=o— [ fly)e "V e dy,
2 J_ s
since this is just the continuous version of what we had before.

Computing the inverse transform. We now compute
1 ® 3 —a?y?t_iyx
w(z,t) = o— [ flye ™™V e dy
2m J_o

more explicitly. First, we can put in the definition of f (y):

u(x,t) = LT f(s)e % ds e~V teivr g
D=0 |/ Y.

(Note we are taking care when introducing variables of integration: we use s for the integral defining
f since z is already used elsewhere.) The resulting expression is an iterated double integral, and
we can switch the order of integration to write it as

1 o 00 . )
u(x,t) = %/ |:/ f(s)e—zsx ds} e—a2y2tezyx dy
1 oo oo ) )
f(S) |;/ efzsx€7a2y2tezyx dy} dS,

27 —00 —00

where we have pulled f(s) out of the y-integral since f(s) does not depend on y. After combining
some exponentials we get

u(z,t) = %/ f(s) [/ o=@yt p—i(s—a)y dy] ds

o0

00
/ €—a2y2te—i(s—z)y dy
—00
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in brackets? It is nothing but the Fourier transform of e~y only evaluated at s — x! (Recall
9(z) = [ g(y)e™ ¥ dy, so here we have g(y) = e=®v*t and z = s — 2.) The function e=*%" is a
Gaussian, so using the general computation we did last time of the transform of a Gaussian:

Jf(e*ayg/2)(z) _ 2_71-6722/2(1

a

we get (with a = 2ot in our case)

]:(efozztyQ)(Z) _ 227;t efz2/2(2a2t) — % efz2/4a2t.
o (6]

Thus, finally, we find that the solution u(z,t) we want is

/ f |:/ e—a2y2t€—i(s—x)y dy:| ds
= — f(s),/%e (s=2)?/40’t g
«

_ / f —(s—$)2/4a2t ds.

471'0z2

(An absolutely epic computation!)

The heat kernel. Our conclusion is thus that the solution of the heat equation u; = auy, on R
with initial condition u(z,0) = f(x) is

x t / f 7(5722)2/401275 ds.

47ra

(This final form looks quite different than the types of series solutions we had before, but there is
a way to directly relate the two, which we will look at later.) Note here that the only dependence
on the initial condition in this solution comes from the f(s) factor, and that the exponential factor
does not depend on f at all.

The upshot is that there is one single function

1 —(s—x)2 /40>t

— ¢
VAara2t

we can use to construct the solution of the heat equation on R with any initial condition: simply
multiply your initial condition by this particular function and integrate. This function is called the
heat kernel (more precisely, the one-dimensional heat kernel), and is of fundamental importance in
the study of the heat equation. The word “kernel” used here refers to the context we gave previ-
ously regarding integral transforms, where the heat kernel is something like an infinite-dimensional
“continuous” matrix. The linear transform defined by the integral transform corresponding to this
kernel is hence the one that sends an initial condition function f to the solution of the heat equation
with initial condition f.
If we introduce the function



then the heat kernel is h(z — s,t). In this notation, the solution of the heat equation is

u(z,t) = /OO f(s)h(x — s,t)ds.

Integral expressions of this type were introduced on the last discussion problem set, and is called
the convolution of f with h (in the first coordinate, ignoring t). Thus, solutions of the heat equation
are produced by convolving (not sure that this an actual word, but I'm going with it) with h. This
h(z,t) is called the fundamental solution of the heat equation, since it is the solution from which
all others can be obtained, which is similar-in-spirit to how we used “fundamental solution” with
the Fourier series approach we considered previously.

But, if h(z,t) is in fact to be a “fundamental solution” of the heat equation, then what initial
condition does it actually satisfy? It is straightforward enough (but a bit tedious) to verify that

_ 1 —22 /40t
Mat) = e ©

does satisfy u; = a?u.., but an attempt to find the appropriate initial condition u(x,0) by plugging
in ¢t = 0 fails since h(z,t) is undefined at ¢ = 0! Thus, we have to be more careful about what we
actually mean by “initial condition” in this case; the answer will come from the notion of a delta
function, which we’ll talk about next time.

Lecture 20: Delta Functions
Warm-Up. We find the solution of the PDE
Ut = Ugy — Uy, U(.’I}',O) = f(.’]f)

on R. This is known as a diffusion-convection equation, where the u, term indicates a contribution
to the change in u coming from convection. (Think the heat in some liquid moving around, or a
chemical which “diffuses” when placed in a liquid.) In general we can allow coefficients in front of
the convection term, and the heat equation is the special case where this coefficient is zero. As in
our solution of the heat equation, we can take the Fourier transform of both sides with respect to
T to get X
iy = —y*a — iya, a(y,0) = f(y).
The ODE i, = (—y? — iy)a has solution

iy, t) = Ay)el v -t
and (y,0) = f(y) gives A(y) = f(y), so
iy, t) = fy)e =V -,

Now, to determine u(z,t) we can do what we did for the heat equation last time: use an inverse
transform to express u(z, t) in terms of an integral involving 4 (y, t), and then compute the resulting
integral. However, we can save some work here by using the exact result of the computation we
did last time. Note that we can rewrite u(y,t) above as

a(y,t) = fly)e e v,
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Here, the factor f(y)e ™! is precisely the Fourier transform of the “shift” f(z—t), as was computed
on a recent homework problem. That is, if we denote this shift by g(x) = f(x — t), then

9(y) = e ¥ f(y),
so that ,
a(y,t) = gly)e .
The point is that this expression is precisely the one we would have obtained by considering the

heat equation u; = g, with initial condition u(x,0) = g(x), so the explicit form of u(x,t) is exactly
the one given by the heat kernel integral and initial function g(z):

u(x,t):/ g(s)\/i? —(s—a)? /4td8_/ Fs —t)——— 47Tt o—(s—2)?/4t 4o

Thus, by exploiting the heat kernel computation from last time, we can save a bunch of work this
time. (This idea works for more general diffusion-convection equations as well.)

Finally, we make a change of variables to replace the integral involving the shifted f with one
involving the unshifted f. For p = s —t, we get

u(x,t) =

(s z) /4td5_/ f —(p+t—=x)? /4tdp

as our final solution. (The particular PDE w; = gy, — u, thus has “fundamental solution” h(z,t) =
ﬁe_(t_””)Q/ 4 from which all other solutions can be derived by convolution.)

The heat kernel at time 0. We now come back to determining the initial condition satisfied by
the heat equation’s fundamental solution

1 2 2
h(z,t) = ——— e~ /407t
Vamalt
As pointed out last time, evaluating this function at t = 0 gives an undefined expression, so we
can’t do that. (Or can we?) To get a handle on what is happening, consider instead the limit of
h(z,t) as t — 0. Here are some plots for values of ¢ approaching 0:

(Note that we if view these pictures in reverse, so as t increases, we get the diffusive type of behavior
we expect of a solution of the heat equation: the bump in the middle gets smoothed out as time
increases, due to the high temperature in the middle moving towards areas of low temperature.)
The key observation is that as t — 0, the bump gets concentrated more and more near z = 0,
and grows in magnitude more and more, and regions away from 0 get flattened out towards zero
more and more. In some sense, the limit as t — 0 should be “function” which is zero for z # 0
and infinitely large at x = 0. Of course, it doesn’t make sense to say that the value of the limit at
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x = 0 should be oo (or does it?), but the situation is even stranger: it turns out that for any ¢t > 0,
the integral of function
1 e—z2 /42t
Vamra?t

over the entire real number line is actually 1! The limit of the constant 1 as t — 0 is still 1, so we
might expect that the “function” we get by taking ¢ — 0 in h(z,t) should be one whose integral
over R is in fact 1. Thus, altogether, the initial condition we want (obtained by taking ¢ — 0 in
h(z,t)) should be something which is zero for x # 0, co for = 0, and yet has integral 1 over R.
There is absolutely no actual function that has all these properties, so it seems like we are just
talking nonsense.

Fourier transform of a constant. But we are not talking nonsense after all. The non-existent
“function” with the properties above does exist, and is called the Dirac delta function. Now, the
first thing you learn about the Dirac delta function is that it is not actually a function, since, after
all, as we said above no literal function having the desired properties exists. So, if the Dirac delta
function is not a function, then what is it?

Before answering this, we will look at a different problem first, namely the problem of deter-
mining the Fourier transform of the constant function 1. By definition, this Fourier transform is

defined as - -
1(s) = / 1-e %% dy = / e "% dg.,

The trouble is that this integral does not exist! As z ranges over all of R, the complex numbers
e~ "* move around the unit circle in the complex plane, and no “convergence” occurs. Or, said

another way, if we write this integral in terms of real and imaginary parts:

/ e ise d:(::/ cos(sz) dx—H'/ sin(sz) dz,

— 00 —0o0 —00

we get two divergent integrals. (Note that the constant function 1 is not in L!(R).) So, the constant
function of 1 does not have a Fourier transform in the usual sense.

But, we can start trying to give some meaning to 1 regardless by considering 1 to be a limit of
certain functions we considered previously: the “rectangular pulse” functions

fr(z) =

1 T<x<T
0 otherwise.

As T — oo, in some sense the functions fr(z) do “approach” the constant function 1, since the

interval over which the value of fr(x) is 1 gets larger and larger, eventually becoming all of R in

the limit. We computed the Fourier transform of this pulse function earlier:

N B 2sin sT

fr(s) ;

S

so we can try to essentially define the Fourier transform of the constant 1 to be the limit of these
transformed pulse functions as T — oc:

A - 2sin sT'
1(3); lim fr(s) = lim iy

T—o0 T—o00 S

The same problem from before still remains however: the limit on the right does not exist.
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Nevertheless, we can give this limit a precise meaning as follows. First we note the following
fact: for any T > 0 we have
* 2¢in sT
ds = 2m,

e S

which comes from making a change of variables x = sT in the integral

o -
sinx
/ dr = .
e T

(The function Sh;f is called the sinc function, and this particular integral can be computed using
methods from complex analysis. We’ll say something about this in a bit to give a flavor of the
types of things you would see in a complex analysis course like MATH 382.) Now, for a function

f(s), consider the limit
& 2sin(sT
lim / f(s) 2sin(sT) dx.
o s

T—o00

It turns out that this limit does exist, and it has the value 27 f(0)! Proving this formally is beyond
the scope of this course, but we can give some pretty good intuition as follows. As T increases, the
functions 25%(3:” look like:

The point is that the values are becoming concentrated more and more near s = 0, with points
away from zero becoming more and more negligible. (There are still “peaks” away from zero, but
these get thinner and thinner, hence why they become more and more negligible too.) The net
areas under all of these graphs are 27 as stated above, so no area disappears as T increases, it
just gets more and more concentrated. Thus the product f(s) QS%QT) also gets more and more
concentrated near s = 0 as T increases, with parts of f away from zero being “zeroed” out, so that
in the limit the only contribution to

00 :
lim / f(s) 2sin(sT) dx

oo S

T—o00

comes from the value of f(0), with the net area of 27 under the graph of W preserved throughout
the limit. Again, this is not a proof, but should hopefully make it plausible that

& 2sin(sT
lim / f(s)mdx:%rf@).

T—o0 S

Dirac delta function. Now working even more informally, we exchange limit and integration

above to get
e 2sin sT
/ f(z) < lim SHSIS ) ds =27 f(0).

oo T—o0

As stated before, limp_, o % does not exist as a function, but if it did, this equation says that
it should be a “function” 276 (x) with the property that

/_00 f(z)[27m6(x)] dx = 27 £(0).
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The notation §(z) denotes what’s called the Dirac delta function, and this equation is precisely
how we define it: §(z) is the object defined by requiring that

/_ " f(@)d(x) dx = £(0).

(We incorporated 27 into 27d(z) when describing the limit of % above precisely so that it
would not show up in this defining expression.)

It is crucial to note, once again, that §(z) is not an actual function here, but rather is merely a
symbol which acquires meaning only via the requirement that integrating f(z)d(x) produces f(0).
But, it is natural to ask: if §(z) is not a function, what actually is it? The answer is that it is
what’s called a distribution. (Distributions are often called generalized functions in physics.) A
distribution is nothing but a linear transformation

LY(R) — R.

(Linear transformation from a vector space to the scalar field are also called linear functionals, and
their study constitutes the subject of functional analysis.) The Dirac delta function is thus the
distribution defined by sending f(x) to f(0). But, in what sense is this a “generalized function”
and why do use integral notation to denote its effect on f(z), as we did above? The answer is that
actual functions do indeed give rise to distributions! Indeed, to an honest function g(z) (say L')
we can associate the distribution L!'(R) — R defined by

f@) - | " fo)g(x) da.

The right side is simply a number in R, and this operation is linear since integration is linear, so
this does give a distribution. Because of this, we thus often use integration notation in general to
denote the effect of applying a distribution to a given function f(x), as in the definition of d(x).

Back to fundamental solutions. So, using the notion of the Dirac delta function (a distribution,
not a function), we can give meaning to various things we considered leading up to this point. For
example, we say that

T—o0 S

not as an equality among functions, but as an equality among distributions instead; and we say
that the Fourier transform of 1 is 27 (), or in other words

/ e dy = 276 (),

—00

again not as an equality of functions but as an equality of distributions. (So, for example, something

like
e[ ] e

which equals 27 [*°_ f(2)d(x) dz, is, by definition, 27 f(0).)
Moreover, and finally, the “value” of

1
h(Z, t) — 76—22/404%

VAra?2t
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at t = 0 is d(x), as a distribution. This is thus the initial condition we wanted, so that this
h(z,t)—which gives rise to the heat kernel—is the solution of the heat initial value problem

U = &gy, u(z,0) = 0(x).

This initial condition models the setup where we have the entirety of our initial heat—infinite in
value—concentrated all at = 0, which then “diffuses” (quickly!) into the fundamental solution
h(z,t) above as t increases. (Good stuff!)

The integral of sinc. We will do more with the delta function next time, but we finish for now
with saying something about the integral of the sinc function:

o
sinx
/ dx = .
oo X

This is an integral which cannot be easily computed using real-analytic methods alone, but is
precisely the type of thing which complex analysis makes doable. (Note that this integral involves
no complex numbers at all, so it may seem surprising that introducing complex numbers actually
makes things simpler! This is a phenomenon which occurs repeatedly in complex analysis.)

The key is to view sinz as the imaginary part of ¢®, so that the integral we want is nothing

but the imaginary part of
[ee) eix
/ —dz.
o T
ei

To compute this, we then consider the complex function 72 and integrate it over the following
curve I'g  in the complex plane:

imjxmvus
axiy

real
axis

-R / d

(We will not define what it means to integrate a complex function over a curve in the complex
plane here, but in some sense, it is somehow analogous to integrating a vector field over a curve.)
This curves follows the upper-half of a circle of radius R, then a segment along the real axis from
—R to —e, then the upper-half a of circle of radius ¢, and finally a segment on the real axis from e
to R. (The small circle in the middle is there to make sure we avoid the singularity of % at z = 0.)

If we take the limit of the integral '

1z

/ c dz
Tre #

as R — oo and € — 0, the bounds on the x-axis approach those on the integral

00 eim
/ —dzx
o T
we want, so the idea is that we can extract this integral we want by indeed taking the limit of the
complex integral above.
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By some crucial theorem in complex analysis (what’s called Cauchy’s theorem, which is in some
ways analogous to Green’s theorem for vector fields), the integral of % over I'g ¢ is zero, essentially
because the singularity of this function does not occur within the region bounded by this curve. But
the integral over the entire curves splits up into four pieces: the integral over the larger semi-circle,
the integral over the smaller semi-circle, and integrals over each segment on the x-axis. Thus we

get
12 12 12 12 12
(& € & (& e
0:/ —dz:/ —dz+/ —dz+/ —dz+/ —dz.
I'r.e z large circle z small circle < segment 1 z segment 2 <

The integrals over the two segments occur only along the real axis, so after rearranging we get

—€ iz R iz iz iz
€ (& € (&
/ —dx+/ —dx:—/ —dz—/ £ d.
-R € T large circle z small circle #

In the limit as R — oo and € — 0, the left side becomes precisely the integral we want

00 iT
e
/ — dI,
—0 T

while the integral over the larger circle turns out to go to zero (this is not obvious!) and the integral
over the smaller circle turns out to approach —im (also not obvious!). Thus we end up with

oo ix
e .
/ —dx = im,
o0 T

and taking imaginary parts gives the sinc integral we wanted:

o
sinx
/ dx = .
o T

Hooray! (Again, you need a complex analysis course like MATH 382 to see what is really going
on here, namely in terms of how the complex integral is actually defined and why the limits of the
integrals over the two circles have the values we said they do. Using complex analysis to compute
many of the types of integrals which show up in Fourier analysis is one of the main practical
reasons why MATH 382 is required for ISP—that and understanding more properties of harmonic
functions, i.e. solutions of the Laplace equation, in terms of their complex-analytic interpretation
as the real and imaginary parts of complex-differentiable functions.)

Lecture 21: Fundamental Solutions

Warm-Up. We finally justify the Fourier inversion formula:
f@ =5 [ Fwera
= o - p P,

assuming that f is C'. (If f is only piecewise C!, the left side should be %(f(:v*) + f(z™)).

Technically we should also assume f and f are in L'(R).) This is now simply an exercise in
working with the delta function. First we can put in the definition of f:

1 0o ) ) )
o [/ f(s)e P ds} e’P* dp.
—00 —00
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After switching the order of integration in this double integral and rearranging terms we get

TR

/OO e—i(s—cc)p dp
)

is the Fourier transform of 1 evaluated at s — z, and as we argued last time this can be given
meaning as (27 times) the Dirac delta function at s — x:

Now, the inner integral

/ e~ =P dp = 2716(s — ).

Thus the double integral above becomes

% /_Zf(s) [/_(: e~ is=2)p dp} ds = % /_Z f(s)[2md(s — x)] ds.

The 27’s cancel, and by the way in which the Dirac delta function behaves or is to be interpreted,
this final integral should pick out the value of f(s) at the value of s where the input s — = into the
delta function is zero, meaning at s = x:

/ff@w@—st:ﬂm.

Thus we get
1 [°° . .
o | e dy= (o)
—0o0
as the Fourier inversion formula claims.

More on delta. The fact we used above that
o0
| #3(s — ayds = (o)
— o0

is, as said, essentially just the definition of what §(s — x) means: it is the “distribution” defining
the linear transformation which sends f(s) to f(x). This type of identity, and its use above, might
seem quite magical, and indeed in some ways it is. But, we emphasize again (as we described
last time when “constructing” the delta function) that what this identity really means is that the
following limit identity holds:

oo

i [~ 1)

T—oo J_o

2sin((s — x)T)

} ds = f(x).

(Last time we only wrote this down in the case where x = 0, but the same reasoning we outlined
there applies here simply by “shitfting” the center.) It is this identity that underlies all computa-
tions we do with the delta function, and in particular provides the formal approach to the Fourier
inversion formula. Working with the delta function as we did above is simply a convenient way to
work with this limit without having to mention it directly.
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Using the notion of convolution we gave on a previous discussion sheet, we can recast

/_ " f()6(s — 2) ds = f(2)

as the statement that fxd = f. It is also true that d x f = f, so this says that § is something like
an “identity” for the convolution operation. If we consider the sequence of functions defined by
sin(sn)

on(s) = )

s

then the statement that f 0 = f is really the statement that

lim f x4, = f.

n—oo
Such a sequence of functions is called an approzimate identity, since it becomes an “identity” in the
limit. The existence of such approximate identities is the key to making this all rigorous, and are
crucial component of the study of functional analysis. (Incidentally, the sequence of Dirchlet kernels
Dy also form an approximate identity, which is essentially the reason why the Fourier convergence
theorem for Fourier series holds.)

Fundamental solutions of PDEs. Let us wrap up our discussion of PDEs on R and using

the Fourier transform to solve them by elaborating on the notion of a fundamental solution. To

be clear, a fundamental solution of a (linear) PDE is a solution satisfying an initial or boundary

condition given by a delta function. The point is that from such a solution we can construct every

solution via convolution. (A fundamental solution is also called a Green’s function for the PDE.)
We have already seen the fundamental solution

_ 1 —x2 /402t
Gl = 7=e

for the heat equation u; = a?ug, on R, which satisfies the initial condition u(z,0) = §(x). To

be clear, the fact that this is indeed the appropriate initial condition for this solution is just the
statement that

/_OO 5(5)G(x — s.1) ds = G(z,1).

(Here, G(z — s,t) is the heat kernel, which via our derivation of it turns the integral on the left
into the function satisfying the heat equation with particular initial function given by the function
we are multiplying by the heat kernel in this integral, which is the delta function in this.)

Let us check that we do indeed get every other solution by convolving with this one. Given
the initial condition u(z,0) = f(z), the claim is that the convolution f(z) * G(x,t) (with respect
to the x-coordinate) should given the solution of the heat equation satisfying this particular initial
condition. The convolution is

oo
f(z)* Gz, t) = / f(8)G(z — s,t)ds.
—0oQ
Evaluating at t = 0 and using the initial condition for G(z,t) gives

f(z) * G(x,0) = /_OO f(s)G(x —s,0)ds
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(s)o(x — s)ds

so that this convolution really does satisfy u(x,0) = f(z).

Fundamental wave solution. Now we consider the fundamental solution of the wave equation
Uy = Uy, satisfying the initial conditions

u(z,0) = f(x), w(z,0) =0.

(The initial condition u(z,0) = 0,u:(z,0) = g(x) gives rise to its own fundamental solution, and
the fundamental solution for the general initial conditions u(z,0) = f(z),u(z,0) = g(z) will be
a sum of these two.) Actually, you worked out a recent discussion sheet, using Fourier transform
methods, that the solution of the initial value problem above is

u(z,t) = %[f(:v —at) + f(xz + at)].

This is just a generalization to R of something we saw previously on [0, L] using Fourier series
methods: the wave solution with given initial position and zero velocity is formed by taking the
average of a rightward moving wave with a leftward moving wave.

We claim that on R the fundamental solution can be taken to be

Gla,t) = %[5(30 — at) + 8(z + at)),
which does satisfy the appropriate initial condition: G(z,0) = d(x). Let us convolve G with any f:
f@)+ Gt = [ F6)G - sit)ds
1 [ 1 [
:5/ f(s)é(q;—s—at)d8+§/ f(8)d(x — s+ at)ds
1 1 1
= 5@ =at)+ 3£+ at) = 5[f@w—at) + f(e + at),

This thus agrees with the solution found in discussion.

Laplace fundamental solution. As a final example, let us describe a certain type of fundamental
solution for the Laplace equation. We consider the “radially symmetric” Laplace equation, where
we consider only functions that are independent of the polar variable #. Our functions then can be
thought of as depending on the radial variable r alone, so the fundamental solution we want is the
one satisfying
o(r)
o
(We will not explain here why the delta function takes the form %5(7“) in polar coordinates—
it comes from a change of variables computation. Also, since d(r) “equals” 0 for r # 0, this
fundamental solution will be a harmonic function away from the origin.) In polar form this equation
is

6(r)

Uppr + —Up + _2u6’9 = 5
r T 27

Au =
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but since u is assumed to be independent of € in this case, this simplifies to

1 o(r)

Upp + —Up = —
T

The left side can be written as (ru,)’ (where the prime denotes a derivative with respect to r),
and

1 o(r)

I _ - 7
T(rur) o

and then be solved for u by integrating a couple of times. The answer you get is

1 1
u(r) = Py Inr, or in other words u(z,y) = o In /22 + 2.

This is the fundamental solution of the radially-symmetric Laplace equation.
Then given the PDE Au = f (this is called Poisson’s equation when f # 0), the solution is
then obtained by convolving (in two variables) with the fundamental solution above:

u(m,y)z/_i/_if(s,t) [%ln\/(x—s)2+(y—t)2 ds dt.

Verifying that this does satisfy Poisson’s equation requires working with derivatives of delta func-
tions, which is indeed a thing (!), but beyond the scope of this course, so we leave it at that.

The heat kernel via Fourier series. Finally, we describe how the heat kernel on R can actually
be obtained via Fourier series methods, making the connection between Fourier series and Fourier
transforms clearer. Consider the heat equation w; = uy, (let us just take a? = 1 to simplify
notation) on the interval [—L, L] with boundary conditions

u(—L,t) =u(L,t) and wu,(—L,t) = u,(L,t).
(These just say that u,u, should be periodic.) Using separation of variables, the general solution
in complex form can be found to be
> 2 2

_n“n%t jnnx
g cpe L2 e L .

n=—oo

(The ODE X” — AX =0 for X in this case has no solutions for A\ > 0, nonzero constant solutions
for A = 0, and then nonzero solutions for A = —”2’52 < 0, all which are included above by the
complex exponentials e L for varying integers n, including n = 0.) Given an initial condition

u(x,0) = f(z), we can put in the formula for the Fourier coefficients ¢, to get

> 1 L inms n2x%t  ingw
Z <ﬁ/_Lf(s)e_ L ds> e 1T e L .

n=—oo

Now, in order to move from the interval [—L, L] to all of R, we take the limit as L — co. Note
that the integral from —L to L above will become an integral from —oo to oo, precisely the type
of thing showing up in solutions to the heat equation on R. To make this limit precise, let us set

Yn = “I-. So far these only take on a discrete set of values, but as L — oo these discrete values
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start to fill up more and more of R, so that in the limit we expect these to cover all of R. The
change Ay, in y,, i.e. the distance from one y, to the next is

n+1)r nr T
Ayn:yn—f—l_yn:i( L) —f:z.

With this we can write the % term in the series above as

1 Ay,
oL 27’

and so in this notation the entire series expression above becomes

o0

1 L . .
Z <%/Lf(s)e_’y"5 ds) e_y%te’y"l’Ayn.

n=—oo

But, this exact series is nothing but a Riemann sum for a certain integral! As we take L — oo,
the y,’s fill out all values y in R, Ay, becomes dy, the bounds —oco to co on n becomes bounds on
y, and the bounds on the inner integral become infinite, so that the limit gives

1 o 0 ] )
o (/ f(s)e ds> e*yQtelyxdy.

If you go back and look at our derivation of the heat kernel, you will see that this is precisely
the integral we obtained there when recovering u(z,t) from its Fourier transform u(y,t). The
computation there then gives the integral involving the heat kernel, and that is the point: the heat
kernel integral arises by taking a limit of the solutino of the heat equation over a bounded interval
as that interval grows in size! The upshot is that Fourier series and Fourier transforms really are
two sides of the same coin, where the “continuous” transform arises from the “discrete” Fourier
coefficients simply by taking an appropriate limit.

Lecture 22: Eigenvalue Problems
Warm-Up. ***TO BE FINISHED***

Eigenvalue problems. We now head into our final topic of the quarter, where we will see, even
more clearly than before, how much of the study of linear differential equations really does amount
to infinite-dimensional linear algebra. Let us return to the heat equation on [0, L]. When solving
for the separated solution X we end up solving

X" AX =0.

We can write this equation as X” = AX, and so if we denote by L = % the linear operator that
sends a function to its second derivative, we see that the ODE for X takes the form

L[X] = A\X.

But, in linear-algebraic terms, this equation says precisely that X is an eigenvector of L with
eigenvalue A If we impose boundary conditions, say, X(0) = 0 = X (L), then we are looking for
eigenvectors of L in the vector space

V' = {functions on [0, L] such that X(0) =0 = X(L)}.
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In this setting the eigenvectors are called eigenfunctions, and so the upshot is that solving the
boundary value problem
X"—AX =0, X(0)=0=X(L)

comes down to finding eigenfunctions of the linear operator L = % in V. We call such a boundary
value problem, where the goal is to determine the A for which a nonzero solution exists and to
determine those nonzero solutions, an eigenvalue problem.

Examples. For the specific eigenvalue problem
X" AX =0, X(0)=0=X(L),

n?7?

the process we went through before in finding solutions shows that the eigenvalues are A\, = —

LQ
and corresponding eigenfunctions are X,, = sin(27%).

T Any eigenfunction with eigenvalue A, is a
scalar multiple of this specific X,,, so this specific X,, spans the entire eigenspace corresponding to
An and hence forms a basis for this eigenspace.

We previously also considered the eigenvalue problem
X" XX =0, X(0)=0=X'(L)

when looking at the heat equation with one insulated end. The analysis we went through before
showed the the eigenvalues where

(2n — 1)272
=TT
and corresponding eigenfunctions were
. (2n—1)mx
Xn = Sin %

Each of these again spans the entire eigenspace for that eigenvalue.
Another example. Consider the eigenvalue problem
X"—AX =0, X'(0)=0= X(1)+ X'(1).

These are not boundary conditions we have carefully considered before, so we run through our
usual analysis. First, for A > 0 the general solution of the given ODE is

X = c1eVM 4+ 026“/&.
The boundary conditions give

Ve —e) =0 and (c1eV + e ) + VA1V — V) = 0.

X(1) X/(1)

Thus ¢; = ¢z, and then the second condition reduces to
a(l+ \/X)e‘/X = (V- 1)6_\/X.

Solving this further yields ¢; = 0, so ¢ = ¢; = 0 as well and there are no nonzero solutions. Hence
the given problem has no positive eigenvalues. For A = 0 we get X = ¢; + cox, and the boundary
conditions force X = 0, so that 0 is also not an eigenvalue.
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Finally, we consider A = —k? < 0, with k positive. Then
X = ¢y cos(kx) + cosin(kz).

The boundary condition X’(0) = 0 forces co = 0. Then X = ¢; cos(kz), and the second boundary
condition gives
cpcosk —crksink = 0.

Hence k must satisfy ksink = cosk, or in other words cot k = k. A sketch of y = cotz and y =

shows that there are infinitely many such positive k, so if we denote these in increasing order by
k1 <ko<ks<...,

then the eigenvalues for this problem are \, = —k2, which occur in decreasing order
AL > A > A3 >

(Note that if had written our eigenvalue problem as X” + AX = 0 instead of X" — AX = 0, the
eigenvalues would change sign, so that for X” + AX = 0 we would have eigenvalues \; = k:f in
increasing order. This is a minor point but will be important in clarifying an observation we’ll
make later.) The corresponding eigenfunctions are

X, = sin(kpz) = sin(v/—\z),

where we use —\,, because our eigenvalues are negative. (If we use X” + AX = 0 instead with
A\n = k2, the eigenfunctions are sin(y/A\,z.)

Self-adjointness. Now, was the existence of eigenvalues and eigenvectors in each of the boundary
value problems above a coincidence, or is there something deeper at play? The answer is, of course,
yes there is something deeper going on. If we think back to the setting of finite-dimensional linear
algebra and matrices, you might recall that a key way to guarantee that a matrix has “enough”
real eigenvalues and eigenvectors is to assume that is is symmetric, meaning that it equals its
own transpose. The spectral theorem says that any real symmetric n X n matrix is orthogonally
diagonalizable, which means that there exists a basis for R” consisting of orthogonal eigenvectors
of that matrix. We claim that it is this type of result which accounts for the “eigen-observations”
in the boundary value problems above.

Namely, we claim that the linear differential operator L = % is “symmetric” in an appropriate
sense. To say what we really mean by this, we recall the following characterization of symmetric
matrices: A is symmetric if and only if

Ax -y =x- Ay
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for all vectors x,y, where - denotes the standard dot product. The point is that in general it is the
transpose A of A that satisfies
Ax -y =x- Aly,

so A being symmetric means that A = A? itself satisfies this dot product equation. If you have
ever seen a proof of the spectral theorem for matrices, or of the ingredients which go into the proof
(we’ll see some of these later in the infinite-dimensional setting), you will notice that it is precisely
the property Ax -y = x - Ay that makes everything work out.

But we know how to generalize the dot product to infinite dimensions, by considering the inner
product of functions defined on, say, [0, L]:

L
(f,9) :/0 f(x)g(x) dx.

Thus, to say that L = % is “symmetric” means that L should satisfy the same type of inner

product equation as symmetric matrices do, namely:

(LLf],9) = (f, Llg))-

To be more precise, we only consider functions satisfying whatever boundary conditions we want,
say for example f(0) = 0 = f(L). The claim is that L = -, viewed as a linear operator
on the vector space of functions satisfying these boundary conditions, does indeed satisfy the
inner product equation above. For a general inner product on a vector space, we say that linear
operations satisfying this equation are self-adjoint, which is the general version of “symmetric”.
(Thus, symmetric matrices are ones which are self-adjoint with respect to the standard dot product
on R™. The term “adjoint” refers to the linear operator L* satisfying

(LLf),9) = (f, L*[g])

in general, which is called the adjoint of L. Self-adjoint operators are thus ones which equal their
own adjoints. Adjoints are a generalization of matrix transposes.)
To see that L = j—zz is self-adjoint, we first determine the adjoint of di using integration by
X i
parts. We have:

L
(o) = [ rete) ds
L
= f@o@|, - [ )@ e

L
—0+ /0 f(@)[~g(@)] de
=(f,—9")

L
where the boundary term f(x)g(x) ’0 vanishes due to the boundary conditions f(0) =0 = f(L) we

are imposing. This says that the adjoint of % is —%, since we can replace the application of %
in the first argument of (f’, g) by an application of —% in the second argument instead. But, now
we can apply this operator twice to get L, and each time we do we pick up an extra negative, so

that the negatives cancel out in the end:
2 2
(LU 9) = (55 9) = (& (£)9) = (. —8) = (.- £(=49) = (/. £9) = (/. LIg).
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Thus, L is self-adjoint with respect to this inner product as claimed. We’ll see that this the key
reason why we can expect to find eigenvalues and eigenfunctions for ODEs involving L, and other
more general operators.

Lecture 23: Sturm-Liouville

Warm-Up. We solve the following eigenvalue problem:
V' +y =Xy, y(0) +4/(0) = 0=y(r) +y'(m).

(In other words, we are finding the eigenvalues and eigenfunctions of L = % + 1 on the vector

% + 1 is linear operator that

computes a second derivative and adds on 1 times the input: L[y] = %y +1ly=9"+y.) Let us
rewrite our equation as

space of functions satisfying the boundary conditions above, where

Y+ (1— Ny =0.
For 1 — A = —k? < 0, the general solution is
y = c1eM + coeF?,
and a direct (a bit tedious, so we skip it) computation shows that this satisfies
y(0) +4'(0) =0 =y(r) + 4 (m)
only when ¢; = co = 0, so there are no eigenvalues here. For 1 — A = 0, we have

Yy =c1 + cx,

and again the boundary conditions force ¢; = ¢o = 0.
So, we assume 1 — XA = k2 > 0, so that

Yy = c1 coskx + cosin k.
The boundary condition y(0) + ¢'(0) = 0 gives
c1+key =0,
and the boundary condition y(7) + y/(7) = 0 gives
c1coskm + cosinkm — key sinkm + ke cos km = 0.

(Careful: we do not yet know that k is an integer, so we cannot yet say that for instance sin km = 0.)
If we write this second condition as

(c1 + kcg) coskm + (cg — key) sinkm = 0,

we see that the first boundary requirement ¢ + kco = 0 forces the first term above to be zero, so
that we are left with
(c2 — key)sinkm = 0.

Thus either ¢o — ke = 0 or sin k7 = 0, but in the first case we thus have the pair of requirements

c1+kes and co — kep =0,
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which are only satisfied by ¢; = ¢o = 0. This is no good, so we must instead have sin k7w = 0, which
says that k must indeed be a positive integer. Thus 1 — A = n? for some positive integer n, and
thus the eigenvalues are A, = 1 — n?. The solution of our ODE in this case is

Y = €1 COsnx + co sinnx,

where the first boundary requirement still forces the condition that ¢; + nco = 0. Taking ¢o = 1 in
order to get a nontrivial solution then gives ¢; = —n, so the eigenfunctions are given by

Yn = —N COSNZT + Sin nx.

(We will see that, just as functions can be written as, say, Fourier sine series expansions, they can
also be written as “expansions” in terms of these eigenfunctions above! This will give more general
types of “Fourier-like” series, suitable to study the specific boundary value problem at hand.)

Sturm-Liouville theory. The proper setting in which to discuss all of the eigen/self-adjoint
observations we made last time is that of Sturm-Liouwville theory. Sturm-Liouville theory deals
with second-order linear differential equations of the form

(p(x)y') + q(x)y = Mr(2)y.

Here y is the unknown function (of z), and such an ODE is said to be in Sturm-Liouville form. We
will consider boundary conditions of the form

a1y(0) + a2y (0) = 0 = Biy(L) + Ba2y' (L),

which are called separated boundary conditions since there is no interaction between the terms at
0 and the terms at L, so that the boundary points are “separated” from one another.

Here are two remarks. First, note that our sign conventions here are a bit different than the
book’s. The book writes the Sturm-Liouville ODE as

(p(x)y') — q(x)y + Ar(z)y = 0, or equivalently (p(z)y’) — q(z)y = —Ar(z)y.

So, the signs of ¢(x) and A in my version differ from that in the book. The different signs in ¢(x)
doesn’t matter at all (just replace what I'm calling g(x) by the function —¢(x) instead), and the
change in A just means that my eigenvalues will be the negative of those in the book (recall the
difference in eigenvalues of X” —AX = 0 vs X"+ AX = 0 we mentioned last time), but importantly
the eigenfunctions will be the same either way. The convention we’re using here will just make the
connection to linear algebra simply to see, but in the end it has no real impact on the theory, apart
from changing the signs of the eigenvalues.

The second remark is that, although the Sturm-Liouville ODE form above might seem to be
quite restrictive at first, it in fact covers pretty much all second-order linear homogeneous ODEs.
Indeed, you will show on a discussion problem that essentially any second-order linear homogeneous
ODE

P(z)y" + Q(z)y + R(x)y =0

can be put in Sturm-Liouville form, at least when the coefficient functions are “nice”. Certainly,
for most ODEs you will ever see in any real practical context this will be true. Second-order
ODE:s arise all the times in physics and chemistry via Newton’s laws and other considerations, so
Sturm-Liouville theory is indeed quite broadly applicable.
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Operators on Hilbert spaces. Introduce the Sturm-Liouville operator:

Lly] = (p(2)y") + q(x)y,

which is a linear differential operator acting on some vector space of functions. (Note again the
difference in signs here vs the book.) With this notation, the Sturm-Liouville ODE becomes

Lly] = Ar(z)y.

This looks close to an eigenvector equation, except for the nonconstant r(z) term on the right. If
we assume that r(z) > 0, for example, then we can rewrite the Sturm-Liouville equation as

L

JQZA%

r(z)
which now is an eigenvector equation. The conclusion is that solutions of the Sturm-Liouville
equation

(p(@)y") +a(z)y = Ar(z)y

are precisely eigenfunctions of the modified Sturm-Liouville operator

Lyl _ (p@)y) +a(@)y
r(z) r(z) ’

at least when r(x) > 0. The case where r(z) > 0 is called the regular case of Sturm-Liouville
theory, or more precisely the regular case is when we assume that p,p’, ¢, are all C' and that p,r
are always positive. The positivity assumption on 7(x) is the most important for us, and we will
clarify the role that r(z) > 0 plays in the theory later.

So, if L[y] = (p(x)y') + q(z)y is the linear operator we care about, on which vector space is
it meant to act? Let us recall the notation L?(X) as denoting the space of all real-valued square-
integrable functions on X, which are functions f : X — R such that the integral of the square of f
over X exists and is finite:

jif¢m2¢r<cm.

In the case at hand, we are working with L?([0, L]) (the second “L” is different than the first!), so
functions for which fOL f(x)?dx is finite. L?(X) is a vector space since adding and scalar multiplying
L? functions results in an L? function, and is the prototypical example of what’s called a Hilbert
space. What makes this a “Hilbert space” is the fact that L?(X) comes equipped with an inner
product

(f.9) = /X f(@)g(x) de,

and that it satisfies some type of convergence property, which we will say a bit about later. So, we
have our Sturm-Liouville operator L acting on some Hilbert space of functions L?([0, L]) (all three
“L”’s mean different things here!), and it in this setting that Sturm-Liouville theory takes place.
(Actually, we should restrict our domain to consider only those square-integral functions which are,
say, C!, in order to guarantee that their derivatives exist, as required in the very definition of the
operator L[y] = (p(z)y’) + ¢q(x)y. This will be a standing assumption going forward, so we won’t
clarify it every single time we need it.)

Lagrange’s identity. We now want to show that the Sturm-Liouville operator L is self-adjoint,
at least on an appropriate subspace of our Hilbert space, since it is this property which will give
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rise to all the eigen-goodness we expect. We begin by determining the adjoint of L with respect
to our integral inner product. The computation again comes down to integration by parts. Recall
that our operator is defined by L[y] = (p(z)y’)" + q(x)y.

For two functions u and v, we have:

L
(L[u],v):/o L{u)v dx

L
| 1@y + gty da
L L
/ (p(z)u) vdx + / q(z)uv dz.
0 0
We will leave the second term as is, and integrate by parts in the first to “undo” the outer derivative
in (p(x)u)":
L L
- / p(x)u'v' dz.
0 0

Now we group the p(z) and v’ terms in the second piece together and integrate by parts again:

L
/0 (p(z)u')vdx = p(a)u'v

/OL p(x)u'v dor = /OL o (p(z)v') da

L
/

= up(x)v

- /0 "ol d.

0

After putting this into the expression we obtained after the first integration by parts, and bringing
back in the fOL q(z)uv dr term, we altogether get:

L L
(L[u],v):/o (p(gv)u’)’valnv+/0 q(z)uv dx

= p(z)u'v OL - /OL p(z)u'v dx + /OL q(z)uv dzx
= P(ZE)U/U‘OL — up(z)v’ X + /OL u(p(x)v") dx + /OL q(z)uv dx

L

= p(z)(v'v — u') . +

This final identity
(L[u], v) = p(z)(u'v — w)

(Il

is known as Lagrange’s identity. As we will see next time, the point is that the separated boundary
conditions we consider will force the “boundary term”

L

p(z)(u'v —uw')|

to be zero, so that Lagrange’s identity says that L will indeed be self-adjoint on the space of
functions satisfying these boundary conditions.
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Lecture 24: More on Sturm-Liouville

Warm-Up. We show that if L is a self-adjoint operator with respect to some inner product,
meaning
(L[u],v) = (u, L[v]),

then all eigenvalues of L are real and eigenvectors that correspond to different eigenvalues are
orthogonal. (You might recall that these same properties are true for symmetric matrices.) Of
course, we will apply this to the case of a Sturm-Liouville operator where the inner product is
given by some integral, but this is a general fact that works for other inner products as well. The
important properties needed are how inner products behave with respect to scalar multiplication,
and the fact that the inner product (u,u) of a vector with itself is always bigger than or equal to
zero (in particular, it is always real), and equals 0 only for u = 0. We should clarify here that we
are really considering a complex inner product, where we have

(Au,v) = A(u,v) for a complex scalar A, but (u, A\v) = \(u,v).

That is, when pulling a complex scalar out of the second argument, it becomes the conjugate
complex scalar. We can see that this is true for the complex integral inner product we considered
when discussing complex Fourier series:

L
(f.9) = /0 f(2)g(z) da,

where Ag(x) = Ag(x) results in “pulling out” the conjugate scalar as claimed. (We are then really
working in the Hilbert space of complez-valued functions on [0, L], of which the Hilbert space of
real-valued functions is a subspace.)
Thus, suppose A is a complex eigenvalue of L, with (complex) eigenvector u. Since L is self-
adjoint, we have
(Llu],u) = (u, Lu]).

The left side is (A\u,u) = A(u,u), while the right side is (u, Au) = A(u, u), so
Mu, u) = Mu, ).

Since eigenvectors are always nonzero, (u,u) > 0, so this forces A = A, and hence \ is real.
Now suppose u and v are eigenvectors corresponding to different eigenvalues A and u, respec-

tively. Then (L[u],v) = (u, L[v]), so
(Mo, v) = (u, ov).

The left side is A(u,v) and the right side is f(u, v), but we already know that p has to be real, so
A, v) = (s, v).

Since A # p, this forces (u,v) = 0, so u and v are orthogonal as claimed.

Self-adjoint Sturm-Liouville. Let us return to Lagrange’s identity:

(L[u],v) = p(z)(v'v — uv") 5 + (u, L[v]).

Now we impose our separated boundary conditions:

a1y(0) + a2y/'(0) = 0 = B1y(L) + B2y/ (L).
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Note that we expect at least one of o, ag to be nonzero, since otherwise the first boundary condition
is no condition at all, and similarly for g, fs.
For functions satisfying these boundary conditions, we have

(At least, assuming oy # 0; if g is zero then we solve for y(0) in terms of 3/(0) instead). Thus the
boundary term
p(z)(w'v — uv')

in Lagrange’s identity upon evaluating at 0 becomes

a1
PO O0(0) - u(0)'(0) = (0) |- 22u(0)0(0) - u(0) (21 ) o] =0,
and the same happens when evaluating at L. (Again, perhaps we have to divide by (; instead of
B2, or by «; instead of as here depending on which scalars are nonzero, but the boundary term
vanishes either way.) Thus, among the functions in the subspace of L%([0, L]) carved out by our
separated boundary conditions, we have

(L[u]’ U) = (u7 L[U])7

so L is self-adjoint on this subspace. Immediately we thus know that all eigenvalues of L on this
subspace are real and that eigenfunctions for different eigenvalue are orthogonal.

Changing the weight. Recall that using the operator L[y| = (p(z)y’)’+¢(x)y, our Sturm-Liouville
ODE was

Lly] = Ar(z)y.

As we mentioned before, this is not quite an eigenvector equation due to the nonconstant r(z),
but (assuming regularity) to fix this we instead consider the modified Sturm-Liouville operator
obtained by dividing by r(z):
L
] _ .
r(x

Solutions of the Sturm-Liouville ODE are then indeed eigenfunctions of %

If r(x) = 1 (as is true in all examples we’ve seen so far, as we’ll soon clarify), then this operator
is just L, which is self-adjoint with respect to the usual integral inner product. If r(z) # 1,
however, we lose self-adjointness with respect to this usual inner product, but can recover it using
a “weighted” inner product instead. Indeed, we have

/OLL[U]U dx = /OL uL[v] dx,

so if we divide and multiply both sides by r(x) > 0, we can rewrite this as

/OLr(q:) (%) vdz = /OL r(2)u (%) do

Thus if we introduce the weighted inner product
L
()= [ r@)f@g(a)da.
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we have
() = (7))

so that ﬁ becomes self-adjoint. The fact that r(z) > 0 (i.e. regularity) is needed here to guarantee
that this weighted inner product is still an inner product, meaning in particular that it still satisfies
(u,u) > 0 and (u,u) = 0 only for u = 0.

(Weighted inner products are used in finite-dimensions as well, although possibly not in your
previous linear algebra. For example, modifying the usual dot product on R? by putting in some
weight terms like (x,y) = 2z1y1 + 322y also gives an inner product on R?. The idea here is that,
for whatever reason, perhaps we want to give more weight to the second coordinates of our vectors
instead of the first, and using weighted inner products gives a formal way to do so.)

Sturm-Liouville Spectral Theorem. Thus, finally, we have that solutions of a regular Sturm-
Liouville ODE

(p(2)y) + q(z)y = Mr(x)y
Lly]

with separated boundary conditions are the same as eigenfunctions of the “weighted” Sturm-

Liouville operator % on the space of functions satisfying those boundary conditions, which is

self-adjoint with respect to an r(x)-weighted inner product. For matrices, it is the spectral theorem
that then gives the eigen-properties of symmetric matrices, so now we give our infinite-dimemsional
analog, which we call the Sturm-Liouville Spectral Theorem.

The claim is that, with the setup above, the following are true:

° ré ) has infinitely many real eigenvalues, which are discrete in the sense that they can be

arranged in (decreasing) order:
AL > A > A3 > ...,

(Here is one place where the difference in sign convention between my Sturm-Liouville equa-
tion and the book’s pops up: with the book’s convention of using —A\ instead of A, the
eigenvalues are instead increasing. As we said before, this does not lead to any real material
difference, so we sweep it under the rug.)

e All eigenspaces of % are one-dimensional, meaning that all eigenfunctions for a specific
eigenvalue are scalar multiples of a single nonzero one.

e Finally, and most importantly, eigenfunctions ¢,, corresponding to the eigenvalues )\, form
an orthogonal basis for the Hilbert space L?([0, L]), or at least the subspace of C' functions
in this Hilbert space, meaning that any such f can be written as

o0

f(ﬂ?) = Z qubn(m)

n=1

for an appropriate choices of scalars ¢,. We call such a series expression the eigenfunction
expansion of f relative to this basis.

So, just as with symmetric matrices, self-adjoint Sturm-Liouville operators do give rise to a basis of
orthogonal eigenvectors of our vector space. In the first part, we already know that the eigenvalues
are real from the Warm-Up, so the important part is there are infinitely many of them and that they
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are discrete. The second part can be proven using the notion of the Wronskian of two functions,
but we will skips this since this part is not so crucial for our purposes.

The fact that the eigenfunctions in the third part are orthogonal is just what we showed in the
Warm-Up, so the real claim here is that they form a basis for our space. There are two remarks
we should make here. First, it is true that these give a basis for all of L2, not just the subspace of
C' functions, but the meaning behind what the equality

flz)= Z CnPn(T)
n=1

actually means changes for L? as opposed to the C! case. We won’t go into the details since we only
really care about the C' case, but this comes down to the type of “convergence” we care about.
(This is not about the distinction between pointwise vs uniform convergence—there is yet another
type of convergence, namely what’s called L2-convergence, we comes into play. For our purposes,
all that matters is that uniform convergence implies L?-convergence.) Note well that this applies
even if f does not satisfy our separated boundary conditions: any appropriately nice function can
be “eigenfunction expanded”. (In the case where f is only piecewise C!, the eigenfunction series
will converge to %( f(z7) + f(z™)) at points where f is not continuous—this possibly includes the
endpoints of [0, L]—just as we saw for Fourier series.)

The second remark is that we have to be a bit careful about what we mean by “basis” here.
In the standard linear-algebraic usage, when saying that a given vector is a linear combination of
basis vectors we always mean a linear combination of finitely many basis vectors, since “infinite
linear combinations” do not make sense in arbitrary vector spaces. But, in the third part of this
spectral theorem, we are indeed allowing infinite linear combinations expressed as an infinite series.
Technically, what we have here then is what’s called a Schauder basis for our space, which is the
name for bases where infinite linear combinations are used. The previous notion of basis you would
have seen, which only allows finite linear combinations, is called a Hamel basis. So, the third
part is really about the existence of a Schauder basis. In this setting, we also say that the set of
eigenfunctions forms a complete set of orthogonal eigenvectors for our Hilbert space.

Examples. Let us finish by putting previous examples we’ve seen now into the context of this
spectral theorem. The eigenvalue problem

y' =Xy =0, y(0) =0=y(1)
is in regular Sturm-Liouville form by taking p(z) = r(z) = 1 and ¢(z) = 0:

(1) + 0y = Aly.

The eigenvalues \,, = —n?7? are discrete and decreasing

2> —4Ar? > —97% > ...

(they would be increasing if we used the book’s convention with y” + Ay = 0 where )\, = n?n?

instead), and the eigenspace corresponding to A, is spanned by ¢, = sin(nmz). The fact these
eigenfunctions are orthogonal is just the orthogonality relations for Fourier series we saw back in
the first week (the inner product is not weighted in this case since r(x) = 1), and the corresponding
eigenfunction expansion of a function

flx) = Z ¢ sin(nmz)
n=1
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is just a Fourier sine series.
For y” — Ay = 0 with separated boundary conditions y(0) = 0 = (1), the eigenvalues were

—m?> 972 > —257% > ...,

or A, = —(2n — 1)272 in general, and the basis eigenfunctions were ¢, = sin(%). The
corresponding eigenfunctions expansions are the specific sine series of the form

> <2n—1)7r:1:>
chsm — )

n=1

which we saw come up in the heat equation, for example, with one insulated end. The moral of
the story is that given any nice enough ODE, we get a nice type of expansion uniquely suited
to that ODE to work with. We’ll soon put such expansions to use when solving general types of
non-homogeneous ODEs.

Lecture 25: Eigenfunction Expansions

Warm-Up. We find the normalized eigenvectors for each of the following eigenvalue problems:

y'+ Ay =0, y'(0) =0=y(1)+y(1)

and
y" +y =Xy, y(0)+4'(0) =0 =y(r) +y'(x).

Note that in both cases the weight function is r(z) = 1. Now, by normalized eigenvectors we mean
eigenvectors of norm 1, where the norm computed using the inner product: ||f|| = +/(f, f). To
obtain a normalized eigenvector we simply take any eigenvector and divide it by its norm, just as
you would have done in a previous linear algebra course.

We saw in an earlier example that the eigenvalues of the first problem are the positive solutions
to cot vVA = v/A. For the n-th eigenvalue \,, a corresponding eigenfunction is

= cos(v/ An).

We have

[ _ [ 1, sin(VA) cos(v/An)
(¢n, Pn) —/0 ¢n($)2 dx = ; cos2(\/)\_nx) dr = 5 (1 + " ) ‘

This can be cleaned up a bit using the fact that the eigenvalue satisfies cos VA = \:

) Ry = costy/A) = Vnsin(y/ ),

SO

(6 60) = 51+ sin?(VAL).

Thus the normalized eigenfunctions are

¢on  V2cos(vAuz)
lonll /1 sin?(vVAn)
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We saw previously that the eigenvalues of the second problem are \, = 1 — n?, where n is a
positive integer, with eigenfunctions

¢n = sin(nx) — ncos(nx).

Let us first emphasize that these eigenfunctions are orthogonal:
(Ony Om) = / [sin(nz) — n cos(nx)][sin(mz) — mcos(mz)| dz =0
0

for m # n. Of course this can be verified through a computation of these integrals, but the point
is that we know it is true without computation purely as a consequence of the fact that these
eigenfunctions arise from a self-adjoint operator. We also have

s

(bn, On) = /Oﬁ[sin(na:) — ncos(nz))? dr = 5( 241).

Thus the norm of ¢, is \/5(n? + 1), so the normalized eigenfunctions are

Pn  _ V2[sin(nx) — n cos(nz)]
[[nl m(n?+1) '

Existence of eigenvalues. We will not be able to prove the Sturm-Liouville spectral theorem in
full in this course, but let us give a sense of what is needed in order to do so. To begin, we recall how
the proof of the spectral theorem for matrices works. If A is an n X n symmetric matrix, the key
facts we need are that A always has at least one real eigenvalue, and that A preserves orthogonal
complements of invariant subspaces. The first fact follows from the fact that eigenvalues are roots
of the characteristic polynomial: this polynomial for sure has a complex root, so A has a complex
eigenvalue, and then the fact that A is symmetric guarantees that this complex root is actually
real. By the second fact above we mean that if A sends every vector of a subspace into that same
subspace, then it also sends every vector in orthogonal complement of that subspace into that
orthogonal complement.

Here is how this works in the 3 x 3 case. First, A has at least one real eigenvalue, and so
an eigenvector vi. The orthogonal complement property stated above then says that A will send
anything in the plane orthogonal to vy into that same plane:

\ /TI‘ N &yﬁ
s, =%

Pane Nse Lvedd oM new r:‘ﬁu-.mvkv\
Hon queten

But now A gives a symmetric linear transformation from this plane to itself, so the same reasoning
applies again: A has at least one eigenvector in this plane, call vo, and then A sends the space
orthogonal to the span of vq, vo into itself. At this final step this remaining orthogonal complement
is a line, and a vector on this line gives a third eigenvector vs. These eigenvectors are all orthogonal
by construction (each came from some orthogonal complement to the previous ones), and so they
form an orthogonal eigenbasis of R3. The idea is that at each step we “break” off an orthogonal
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complement, which then contains a new eigenvector we can add to the list of eigenvectors we are
constructing, until we end up with three in total. This idea then works for larger matrices as well.

The details are not crucial to understand, but the upshot is that it is this same type of argument
which essentially works in infinite dimensions too. The orthogonal complement preservation prop-
erty above only depends on Ax -y = x - Ay, and so works for more general self-adjoint operators,
at least once we deal with some subtle issues that arise infinite dimensions. The real hard part in
infinite dimensions is in guaranteeing that any self-adjoint operator has at least one real eigenvalue.
The issue is that there is no analog of the characteristic polynomial in infinite dimensions, since we
cannot take the determinant of an “infinite” matrix. So, if want to guarantee the existence of an
eigenvalue we need a different approach.

The solution comes from another topic you saw in a previous course: the method of Lagrange
multipliers. The point is that there is another way to characterize eigenvalues (at least the largest
and smallest ones) of a symmetric matrix: they are precisely the maximal and minimal values of
the function

f(x) =x-Ax

among all unit vectors! This can be shown by optimizing f(x) subject to the constraint ||x|| = 1
using Lagrange multipliers. Thus, even without using characteristic polynomials, we see that we
have another way to guarantee that A has an eigenvalue via optimization instead. It turns out that
this idea does work (essentially) in infinite-dimensions, and can be used to show that self-adjoint
operators do have eigenvalues. There is still much work needed in making the jump to infinite
dimensions here precise, but once we’ve done so, the proof of the spectral theorem works in a
similar way as in the finite-dimensional case.

Back to Hilbert spaces. Let us take a brief aside to finish off the definition of the term “Hilbert
space”. We previously said that a Hilbert space was a vector space equipped with an inner product
which satisfies some type of convergence property, with the key example being the space L?(X)
of square-integrable functions on some space X. The convergence property we need can be stated
in different ways, but here is one which likely the simplest to state: in a Hilbert space it should
be true that a series ) ¢, converges whenever the series of norms Y ||¢y|| converges. This latter
series is just a series of numbers and convergence of this means convergence in the usual sense
of calculus. The former series is a series in our Hilbert space, and convergence here really means
“I2-convergence”, whatever that means. But, uniform convergence is a special case, and that’s
really what matters for us.

We will not need the precise definition in the rest of this course, but it’s worth stating at least
once. Hilbert spaces are of fundamental importance in many areas of mathematics (and in quantum
mechanics!), essentially because they provide examples of infinite-dimensional spaces which behave,
in many many ways, in some sense like R". Take a course in “functional analysis” to learn more.

Weighted example. Let us now look at an example of a Sturm-Liouville problem with a weight.
We consider the following;:

1 1
@MY+5y=AyA y(1) =0=y(e).

Note that this is in regular Sturm-Liouville form, with p(z) = z, ¢(x) = 1, and with weight function

Tz

r(z) = £ > 0. (Note that these are all C' on the domain [1, €] in question.) With this weight then

X
we can rewrite our ODE as

(zy') + 2y

1
T

= \y,
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so that we are considering eigenfunctions of the operator on the left.
This eigenvalue problem turns out to have eigenvalues )\, = 1 — n?7? with eigenfunctions

¢n = sin(nmInx).

That these A, are the correct eigenvalues can be verified simply by plugging in y = ¢, and com-
puting
(wd)%)/ + %an

)

8=

which (do it!) works out to be (1 —n?72)¢,. These specific eigenfunctions can be found by actually
solving the ODE

1 1
(zy) + —y=A-y
x x
with the given boundary conditions. Doing so is not hard, it just requires methods for solving what
are called Fuler equations, or more precisely Euler equations with repeated roots. We won’t go

through the process of actually solving this to find ¢, here.
These eigenfunctions are then orthogonal with respect to the weighted inner product

(f.9) = /le éf(:c)g(a:) dz.

This means that for m # n we have
€1
(Pns Pm) = / —sin(nmInx) sin(mm Inz) de = 0.
1 X

(This can be verified by direct computation using a clever substitution and trig identity, but of
course we know it will be true because of general Sturm-Liouville results.) For n = m, we can
compute that

e
1
(¢n7 ¢n) = / Sin2(n7r IDCL') dx = 5’
1
so that each ¢, has norm % Thus, normalized eigenfunctions are given by &5; = ﬂsin(nﬂ Inx).

Eigenfunction expansions. Because of Sturm-Liouville theory, we know that eigenfunctions ¢,
above, or their normalized versions ¢,,, form an orthogonal (orthonormal in the normalized case)
basis for L?([1,€]). In particular, we know that any C! function as an eigenfunction expansion of
the form

@) = cudn(a).
n=1

Of course, the coefficients ¢, can be derived just as we did for Fourier coefficients way back when.
(In fact, we phrased the problem of deriving the Fourier coefficients in terms of inner products back
in that first week precisely so that the same derivation would apply to any orthogonal basis.) The
point was to take the inner product (weighted in this case) of both sides of this equation with some
®m, and then use orthogonality to isolate c,, and solve. The answer is

(f, Pn)

Cp = —F—

(¢n, dn)’
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which as before is some projection coefficient. If we use the orthonormal eigenfunctions % instead,
the denominator becomes 1, so that

F(@) =Y dngn(x) with dy = (f, 6n).
n=1

(The benefit of using normalized eigenfunctions is thus to get a simpler expression for the expansion
coefficient. However, note that we don’t really save any work in doing so, since either way we have
to compute (¢, dy): either it shows up in the formula for ¢, in the non-normalized case, or it
shows up in the expression for </]5; in the normalized case. So, either way we get to the same point,
and so we won’t usually bother with requiring normalized eigenfunctions.) The overall point is
that these eigenfunctions expansions are just exactly analogs of Fourier series, only using other
types of “basis” functions. With the eigenfunctions in the weighted example above, we thus get
the “Fourier-like” series

flx) = Z ¢ sin(nm ln x)

n=1
where . . e
Cp = (E;::"Zi) _h Ef(l’) SII;(TMT Inx)dx _ 2/1 %f(ac) sin(nmInx) dx.

Back to weighted example. Let us see the eigenfunction expansion of f(x) = 1 in terms of these
weighted eigenfunctions. We have

2(1 — cosnm)
T ™m '

e
1
Cn = 2/ —sin(nrlnz) dr =
1

Thus our expansion is

= Z 2(1 — cosnm)

sin(nmlnx).
™

n=1
(If we had used the normalized eigenfunctions, the 2 in front would be a \/5, but then another v/2
would show up as the coefficient of sin(nmInz), so that overall the same factor of 2 appears.) Note
that this equality really is only guaranteed to hold for 1 < x < e, since strange things can happen
at the boundary points 1 and e, where the convergence is actually to some average of right/left
limiting values.
This might seem like a crazy identity, but looking at a plot shows that it is in fact not so crazy:

T 2 4 e 18 2 22 24 25 28 3 a2z 3

(This is the 50th-order partial sum.) Sure enough, this very strongly suggests that this series
does in fact converge to the constant function 1, away from the endpoints. Such is the power of
Sturm-Liouville!
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Lecture 26: More on Expansions

Warm-Up. We determine the eigenfunction expansion of f(x) = x in terms of the orthogonal
eigenfunctions of

v +y =2y, y(0) +1/(0) =0 = y(m) +y'(m).
We have seen that these eigenfunctions are

¢n(x) = sin(nz) — ncos(nz),

with eigenvalues A\, = 1 — n?. The eigenfunction expansion of z is

00
T = Z Cn®n
n=1

where

(z, én)
(P> Bn)

The weight for this Sturm-Liouville problem is 7(z) = 1, so we are using the standard inner product
and thus

Cp =

1—(1+m)cosnm

cn = (z,0n) = /OW z[sin(nz) — ncos(nx)] dr =

n
We previously saw that ||¢,||> = (¢n, dn) = & = (n? + 1), so the desired eigenfunction expansion is
o0
2[( (1
—Z +7T)Cosmr](sinnx—ncosnx), for 0 <z <.

mn(n?+1)
(Careful at the endpoints!)

Solving driven equations. Let us now put eigenfunction expansions to good use, and solve the
nonhomogeneous boundary value problem given by

y' =3y =z, y(0)=0=y(1).

We call x here the “driving term”, since it reflects some external factor that helps to “drive” the
behavior of the system. The strategy is to expand everything in sight, meaning the driving term x
and the unknown solution ¥, in terms of our eigenfunctions and see what we get. The eigenfunctions
to consider are those of the associated homogeneous eigenvalue problem

y" — Xy =0, ory” = Ny, with y(0) =0 = y(1).

2

We have seen that this has eigenvalues A = —n?7? and eigenfunctions ¢,, = sin(nnz).

Now, expanding y gives
o0

= ch¢n

n=1

for some unknown coefficients, and expanding x gives

o0
Z 2cos 7rn
mny

n=1
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where the coefficients here come from the inner product (x, ¢,) fo xsin(nmz)dr. The goal is
then to use the fact that these should satisfy our driven ODE in order to determine the unknown
coefficients ¢,. Once we know what ¢, is explicitly, we will know our solution y = >_ ¢, ¢,,. The
benefit of expanding ¥ in terms of eigenfunctions is that we can easily say what the result of plugging
Y into our differential equation is: this specific equation comes from the Sturm-Liouville operator
L= and the fact that L{¢,] = A\n¢y, gives

y” = L[y] =L [Z Cn¢n] = Z CnL[¢n] = Z CnAn®n = Z Cn(_n27r2)¢n
n=1 n=1 n=1 n=1

Note that the third equality here is just the fact that L is a linear transformation:

d27

Llci¢y + cago + -+ ] = Llcig1] + Licapa] + -+ = c1 L[g1] + caL[¢2] +

(As usual, there are some convergence/continuity issues lurking in the background needed to guar-
antee that this linearity property not only applies to finite sums but also infinite sums as well, but
we take this for granted.) Thus, in terms of eigenfunction expansions, our driven ODE ¢" — 3y = z

thus becomes
§ Cn( n-m )¢n E 3cn¢n E ™ ¢n
n=1 n=1 n=1

~\~
xr

L[y}:y/l 3y

The beauty of having this identity in terms of the orthogonal eigen-expansion is that now we
can directly compare coefficients on both sides: since eigenfunction expansions are unique, the
coefficient of ¢, on the left side must agree with the coefficient of ¢,, on the right, so

9 9 9 2cosmn

cn(—n?7?) — 3¢, = cp(—n’m? = 3) = —
™m

Thus we find that ¢, = WQ;Q%, so the solution we desire is

o0

2cosmn

g 5 o Sin(nm).
! (n?n? 4+ 3)mn

n=

Essentially, phrasing everything in terms of an eigenfunction expansions turned all the calculus, i.e.
computing y”, into algebra, i.e. finding c,!

Diagonalization. Let us recast what we have just done in the language of linear algebra, to make
a connection with a concept you have no doubt seen before. In our eigenfunction expansion of y:

0o
y= Z Cn®n,
n=1

the point is that the ¢, should be viewed as the “coordinates” of y with respect to the basis ¢,.
We can encode these coordinates in an “infinite-dimensional” vector:
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The fact that the ¢, are eigenvectors, so that
o
Lly] = Z CnAn®n,
n=1

says that the coordinates of L[y] are A,c,. Thus, L has the following effect on “coordinate” vectors,
where each coordinate is simply scaled by the appropriate eigenvalue:

c1 Aicr
Co )\262
ca| ™7 [ Ases

But this final expression can be written in terms of multiplication by an infinite-dimensional matrix:

Aict A1 c1
A2 A2 c2
Azcs| — A3 c3 |

so the upshot is that the effect the operator L has on “coordinates” is given by this matrix, so that
L is represented by this infinite-dimensional matrix with respect to this particular eigenbasis.

And now the point: this is precisely what happens for a diagonalizable matrix! To say that a
matrix A is diagonalizable is to say that there is a basis of R™ consisting of eigenvectors of A, or
equivalently that A = SDS™! for some diagonal matrix D and invertible matrix S, whose columns
give the eigenvector basis. The diagonal matrix D, whose diagonal entries are the eigenvalues,
then describes the effect which A has on coordinates relative to the eigenbasis, so that the effect
is simply to scale each coordinate by the appropriate eigenvalue. Thus, what we have done here
now is to essentially diagonalize (or better yet: orthogonally diagonalize) the infinite-dimensional
Sturm-Liouville operator L! From this perspective, solving L[y] — 3y = x amounts to solving for
the ¢, in the infinite-dimensional matrix equation

)\1 -3 C1 dl
Ao —3 Cc2 do

)\3—3 C3 = d3

where the d,, are the “coordinates” of x relative to the basis of eigenfunctions. But this matrix is
invertible since none of the eigenvalues equal 3, and its inverse is still diagonal with diagonal entries
being the reciprocals of the A\, — 3, so we the solution we want is

C1 )\1 -3 ! d1 ﬁ dl
Co B )\2 -3 d2 _ )\21_3 d2

c3| Az — 3 ds| — 1 ds

This explains the values ¢, = % we derived before, so being able to “diagonalize” L has now

allowed us to easily “invert” it in order to solve L[y] — 3y =z ~ y = (L — 31)7[x].
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Orthogonality constraints. Now consider the driven equation

y' —py =z, y(0) =0=y(1)

for an arbitrary constant u. We use the same eigenfunction expansions as before:

[e.e] o0
. . 2cosmn
Yy = Z cpsin(nrz), = 2s1n(n7rzz:), where d,, = Ei—
n=1 n=1
Plugging in our ODE gives
oo oo o0
Z —n’n?c, sin(nrx) — Z pcy sin(nmx) = Z dp, sin(nmx),
n=1 n=1 n=1

and comparing coefficients gives
—cp(nPn® 4 p) = dp,.

As before, we would like to divide by —(n?m? + p) in order to find the unknown c,. The point is
that this is valid, as long as p is not an eigenvalue of the corresponding Sturm-Liouville problem!
Indeed, if ;1 is not one of these eigenvalues —n?7?, then n?r2 + u is never zero, and so

dp, 2cosmn
C = — =
" n?m2 4+ pu  wn(n?m? + p)

just as in the g = 3 example. Then y =Y 7 | ¢, sin(nmx) for these ¢, is the solution we want.
However, if p is an eigenvalue, say u = —m?7%, we have to be more careful. In this case the
defining relation for ¢, is
—em (NP7 4 p) = dpn,

where the left side is zero since u = —m?72. Thus, in order for this relation to hold, we need d,y,

to be zero as well—if d,,, # 0, for sure there is no solution to our driven ODE. In the specific case

at hand, we have

2cosmm
dp = ——,

mm

which is nonzero, so 3’ + m?7?y = x has no solution satisfying y(0) = 0 = y(1).
In the same way, for a general driving term f, the boundary value problem

y" +m’m?y = f(z), y(0) =0=y(1)

has a solution if and only if the inner product (f,sin(mmx))—which is the coefficient of ¢, =
sin(mmz) in the eigenfunction expansion of f—is zero. To say that (f,¢,) = 0 means that f
should be orthogonal to the eigenfunction ¢,,, which says also that f is orthogonal to the entire
eigenspace corresponding to the eigenvalue \,, = —m?n?, since this entire eigenspace is spanned

by ¢, alone. Thus, in general, the boundary value problem

Y+ py = f(z), y(0) =0=y(1)

has a solution for sure if y is not an eigenvalue of the associated Sturm-Liouville problem, and when
1 is an eigenvalue, there is a solution if and only if f is orthogonal to the eigenspace corresponding
to that eigenvalue. Thus, existence of solutions to these general nonhomogeneous ODEs comes
down to certainly orthogonality relating the driving term to the eigenspaces.
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If we phrase this in terms of trying to “invert” (L — ul)[y] = f(x) as in the infinite-dimensional
matrix approach mentioned above, the claim is that when p is an eigenvalue of L, L — ul is not
invertible everywhere, but it becomes invertible when restricted to the orthogonal complement of
the eigenspace corresponding to p. We will say more about this idea next time, and see how it
simply a reflection of some linear algebra you might have seen previously. In the case where the
correct orthogonality constraint is satisfied, the driven equation (L — pl)[y] = f(z) in fact has
infinitely many solutions, as we will see next time in an example. (The point is that the relation
you get for the coefficients in the eigenfunction expansions in general is

cm(>\m - ,U,) = dma

so that when f is orthogonal to the eigenspace corresponding to u = A, both sides here are
automatically zero regardless of what ¢, is. Thus any of the infinitely many choices for the specific
coefficient ¢, gives a valid solution.)

Lecture 27: Nonhomogeneous ODEs
Warm-Up. We determine the condition under which
y' +y=f(z), y(0) +y'(0) = 0=y(r) + 4 (r)
has a solution, and find the solution when it does. We saw previously that the Sturm-Liouville op-

erator L[y] = y”+y with these boundary conditions has eigenvalues \,, = 1—n? with eigenfunctions
¢n(x) = sin(nz) — ncos(nx). We expanding y and f in terms of these eigenfunctions:

Yy = Z cn¢na f(.fC) = Zdn¢n
n=1 n=1

Then - -
L[y] = chL[¢n] = Z Cn(l - n2)¢n>
n=1 n=1

so " +y = f(x) becomes
o o
Z Cn(l - n2)¢n = Z dn¢n
n=1 n=1

Thus we require that ¢, (1 — n?) = d,, for each n. However, when n = 1 the left side is zero, so in

order for there to be a solution it must be the case that d; = ((f;én is zero, and thus we see that

@1,61)
our given problem has a solution if and only if

™
(f, 1) = / f(z)(sinz — cosz)dx = 0.
0
Using the setup we described last time, the point is that if we write our ODE as

Lly] = 0y + f(x),

the fact that 0 is an eigenvalue of L (A, = 1 — n? is zero for n = 1) places restrictions on what f
can be, so that f should be orthogonal to the eigenspace corresponding to 0. This is thus where
the requirement that (f, ¢1) = 0 comes from.
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So, assuming that f is indeed orthogonal to ¢;, we can then describe our desired solution as
follows. The requirement that
cn(1—n?) =d,

is trivial when n = 1 since both sides are zero. For n > 2, we then get

dn

1 -n?

Cn

Thus, it is for these coefficients that y = Y 7 | ¢ ,¢p, gives a solution of our problem. (The d,,’s are
determined by f(x), and so are known quantities given f.) Now, if we write the series expansion
of y as follows

(o0
y=c1¢1+ Y cnbn,
n=2

we have that
o

y:cl(sinx—cosx)—i—g 1 b 5 (sinnz —n cosnz)
-n
n=2

is the desired solution. Here ¢; is an arbitrary constant, and so we actually get infinitely many
solutions to 3" +y = f(x), y(0) +4'(0) = 0 = y(x) + ¢/(x) when [ f(z)(sinz — cosz)dx = 0.

The form of the solution we get above makes sense from what you might recall about nonho-
mogeneous linear equations (either ODEs or systems of equations in the sense of linear algebra).
The point is that the first term ¢ (sinz — cos x) is actually the general solution of the homogeneous
equation y” 4+ y = 0 with these boundary conditions, and the second term (the series starting at
n = 2) is a particular solution of our nonhomogeneous equation. Thus, the solution we have above
is simply a reflection of the fact that solutions of nonhomogeneous linear equations in general are
of the form

(general homogeneous solution) + (particular nonhomogeneous solution).

For example, for a matrix equation Ax = b, the general solution is formed by taking the general
solution of Ax = 0 and adding to it a particular solution of Ax = b.

If we had the equation y” +y = 2y + f(x) with these boundary conditions instead, then a
solution always exist for any f since 2 is not an eigenvalue of our Sturm-Liouville operator, and
the (unique) solution is

where the d,, are the expansion coefficients of f(x).

Fredholm alternative. The fact that L[y] = py + f(z) has a solution in the case where p is an
eigenvalue of L if and only if f is orthogonal to the eigenspace corresponding to p is an instance
of something you might have seen in a previously linear algebra course. (Or maybe not! It might
depend on which linear algebra course you had. Certainly if you saw the method of least squares
in your prior linear algebra course, you likely saw what we’re about to describe here.) The basic
fact for matrices is that saying a linear equation Bx = y has a solution is the same as saying that
y is in the image of B, and the image of B in fact is the same as the orthogonal complement of the
kernel of BT:
im B = (ker(BT))*.
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Thus, Bx = y has a solution if and only if y is orthogogonal to ker(B”). The same is true in our
setting, so we have that

(L — puI)]y] = f(z) has a solution if and only if f is orthogonal to ker(L — ul)*,

where * denotes the adjoint. But L is self-adjoint in our case, so (L — ul)* = L — pl, and thus
our equation has a solution if and only if f is orthogonal to ker(L — ul), which is precisely the
eigenspace of L corresponding to u!

The fact that we can characterize whether (L — pl)[y] = f(x) (or even just Bx = y) has a
solution or not in terms of an orthogonality condition on f (or y) is an instance of what’s called the
Fredholm alternative theorem. The general form of this theorem is more broad than what we are
describing here, but idea is the same: characterize existence of solutions in terms of orthogonality.
Thus, once again, we see that what we are really doing in this course is just infinite-dimensional
linear algebra!

Driven example with weights. For a final example before moving on to PDEs, we solve

@dY+iy=£,MD=0=y@)

If we rewrite the ODE as .
(zy') + 2y 1

8=

we see that this is in weighted Sturm-Liouville form, with weighted operator

Ly = @)+

8=

We saw before that the eigenvalues of L, with the given boundary conditions, are A, = 1 — n?7?,

with eigenfunctions ¢,, = sin(nwInz). These are orthogonal with respect to the weighted inner
product

1
(f.9) = [ 1 f@g(o)de
1 X
Now, if we think of our ODE as

(xy)' + 3y
———— =0y +1,

z
since 0 is not an eigenvalue of L there will be a unique solution. The expansion of the driving term
1 in terms of the ¢, is

2. 2(1 — cosnm)
1= g ———— = sin(nrlnx),
™
n=1

as we worked out previously. Thus, a solution y = >">° | ¢, ¢, should satisfy

o

2(1 — cosnm
§ en(1—n’n?)p, = gqﬁm
o ™

N

1

Lly
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2(1—cos nm)
™

and so we need ¢, (1 — n?7?) = . Hence the solution is

> 1—Cosn7r .
Z 2( )

sin(nmlnx).

Nonhomogeneous heat equation. With all of this Sturm-Liouville theory built up, we now
come to applying it to solve nonhomogeneous versions of PDEs we saw previously, in particular the
heat and wave equations. As a first example, we take the following driven heat equation, which
actually showed up on the last set of discussion section problems:

Up = Ugy + xt, u(0,t) =0 =u(nm,t), u(z,0) =0.

The driving term f(x,t) = zt here describes some external heat source. The appropriate Sturm-
Liouville problem for this equation is

~AX =0, X(0)=0=X(r),

which characterizes the separated solution X. This has eigenvalues )\, = —n? and eigenfunctions
¢n = sin(nx), as we have seen countless times before.
The strategy is to expand everything in sight in terms of these specific eigenfunctions. So, we

expand the solution u(z,t) as
o0
t) = Z Un(t) sinnx
n=1

for some functions Up,(t). (In other words, for each ¢ expand the function u(z,t) of  in in terms
of our eigenfunctions.) The expansion of the driving term zt is

o0
= Z cn(t) sinnz
n=1

where
2t cosnm

cn(t) = — /On atsin(nz) de = —

™ n

(Again, think of t as fixed and expand xt to get coefficients ¢, (¢) that depend on t.)
In order to satisfy u; = uy, + xt, we must have

o [o@)
, 2tcosnm
E U, (t) sinnx = E smnw—l—g ——————sinnz.
n
n=1

n=1 n=1

(The first term on the right incorporates the eigenvalues —n? since this is the term obtained by

applying the Sturm-Liouville operator L[ X]| = X”.) We can rewrite this as

> . 2tcosnm
U4 (8) +n?Un(t)] sinne = Y~ =" sinna.
n=1 n=1

Thus, by comparing coefficients we see that the unknown U, () should satisfy

2t
U (t) + n2U,(t) = —ﬁ.
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Now, at t = 0 we have
o0
u(x,0) = Z U, (0) sin nx,
n=1

so in order to satisfy u(z,0) = 0 we must have that this series is the Fourier sine series of zero, so
that U, (0) = 0 for all n. Thus we find that U, (¢) must satisfy the initial value problem

2t
Un(t) +n2Un(t) = ==, Uy (0) = 0.

This can be solved using the method of integrating factors for first-order linear ODEs, and doing
so will produce the explicit U, (t) we need so that

u(z,t) = Z U, (t) sin(nz)
n=1

will be a solution of our “driven” heat equation. We’ll wrap this up next time and look at more
examples of the same process in action.

Lecture 28: Driven Heat and Waves

Warm-Up. We derive the ODE satisfied by the coefficients in an eigenfunction expansion solution
of the driven heat conduction problem

up = gy + 372 + 2, u(0,t) =0 = u(1,t), u(z,0) = 0.

Actually, let us go ahead and describe the approach for a general driving term f(x,¢) and initial
condition g(x), so

up = Uz + f(2,1), u(0,t) =0 =u(1,t), u(z,0) = g(z).

(Different boundary conditions would just change the eigenfunctions we use, but otherwise the
method is the same.) The corresponding eigenvalue problem for the Sturm-Liouville operator
L[X] = X" (which describes the homogeneous term on the right side of our PDE) has eigenfunctions

¢n = sin(nmx) with eigenvalue \,, = —n?r2.

We expand our desired solution and driving term in terms of these eigenfunctions:

u(@,t) = Un(t)pn(x)
n=1
and -
fl@t) = bu(t)gn(x)
n=1
where

1
ba(t) = 2 /0 £, ) () da.

(Again, in each of these view t as fixed, so that the expansion is taken “with respect to x”.)
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Under these expansions our PDE becomes

Z U’ ()¢ (@ Z a?(— n(O)6n () + Y bu(t)bn(t)
n=1

ut OZQU;C;): f($,t)

(The wu,, expression comes simply from scaling each ¢, by the appropriate eigenvalue.) After
comparing coefficients we thus find that U, (t) must satisfy the non-homogeneous ODE

UL(t) = —a’*n72Up(t) + bu(t).

The final piece of data comes from the initial condition, which says that
o0
g(x) = u(zx,0) Z Un(0
n=1
so that the U, (0) are the coefficients of g(z) in its eigenfunction expansion:

1
U (0) = 2 /0 o) pn(z) da

Thus, Uy, (t) satisfies the initial value problem

1

1
UL(t) = —a*n?*nU,(t) + 2/ f(z,t)pn(z) dz, U,(0) = 2/ 9(x)pn(x) dz.
0 0
Now, in the specific problem
up = 0Pz, + 372+ 2, w(0,t) =0 =u(1,t), u(x,0) =0,
we have

B¢ tx=> bu(t)gn(x
n=1

with
6e2(1 — cosnm) 2cosnm

1
by (t) = 2/0 (372" 4 2) sin(n7wx) do =

nm nm

The coefficients in the eigenfunction expansion of u(x,0) = 0 are all zero, so we get the ODE

—2t 1— 2
UL () = —a2n2r2U (1) + 6e~*"(1 —cosnm)  2cos mr, U,(0) = 0.

nm nm

This can be solved using the method of integrating factors for first-order linear ODEs from a
previous course (or using a computer), and the solution turns out to be

U, (1) = 2 cosnm 6(1 — cosnm) Ca2n2a2e 672 (1 —cosnm)  2cosnm
a2t onm(—2 4 a?n?r?) nm(—2+ a?n?w?)  o?ndpd’

Thus the solution to our heat conduction problem is

sin nmx.

(z.1) i 2 cosnm 6(1 — cosnm) ~Kn?xtt | 6e=2/(1 — cosnm) 2cosnm
u(z,t) = — e —
’ Kn3m3  nn(—2+ Kn?n?) (=2 + Kn2n2)  Kn373

n=1

116



Example from last time. Let us return to the final example from last time, and finish it off.
Recall that we were considering

Up = Ugy + xt, u(0,t) =0 =u(nm,t), u(z,0) =0,

and found that the eigenfunction-expanded solution was

u(z,t) = Z U, (t) sin(nz)
n=1

where the U, (t) satisfy

2t cosnm

U (t) = —n2U,(t) , Un(0) =0.

Here, the —M% are the expansion coefficients of the driving term xt, —n? is the eigenvalue, and
U, (0) = 0 are the expansion coefficients of u(z,0) = 0. The solution of this first-order linear initial

value problem is

2cosnm 2cosnm  2cosnm
Un(t) = ——e_"Qt + t

nb nd n3
so that the solution of our heat conduction problem is

o0
2cosnm _,2, 2cosmm  2cosnm .
u(x,t) = E ———¢€ + . 51 | sinnz.
n n n

n=1

Imagine if instead we had the problem
Ut = Ugg + u + 2t, u(0,t) +uz(0,t) =0 = u(m,t) + uz(m,t),

with some initial condition. The only difference here is that in this case we use the Sturm-Liouville
problem
X"+ X =XX, X(0)+X'(0)=0=X(n) + X'(n)

due to the homogeneous terms u,, + u on the right side of our PDE. This gives the eigenfunctions

¢n = sin(nx) — ncos(nx) with eigenvalues A\, = 1 — n?

as we worked our previously, but after this the process of solving is exactly the same. (We won’t
work out the details here, but do it for practice!)

Driven wave example. The same approach as in the heat conduction examples above work just
as well for driven, nonhomogeneous wave equations. For example consider

U = Ugy + 62, u(0,t) =0 =wu(1,t), u(xz,0) =0, u(z,0)=0.

We can view the 6x term as a contribution from an external motor, say, which affects the motion
of the string, so that even if the initial position and velocity are both zero, wave-like motion will
still occur. As before, we expand everything in terms of the eigenfunctions

bn(x) = sin(nmz) (eigenvalues \, = —n’z7?)

of the corresponding Sturm-Liouville problem X” = AX, X(0) = 0 = X(1). The driving term has
expansion

o0
12 cosnm .
6r = E ————sinnnz,

nm
n=1
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where the coefficients come from

12 cosnm
nt

1
2/0 6x¢y(x) dr =

Thus for an expanded solution

u(x, t) = Z Un(t)¢n(x)7

n=1
our PDE becomes
- = . 12cosnw
Zl Un (t)¢n () = Zl —n?72 U (t)n () + Zl == sin e,
n= n—= n=

so we get the requirement
12
U (8) + n2m2U, () = — =20
nm
The initial conditions u(z,0) = 0 and w¢(x,0) = 0 give U,(0) = 0 = U},(0), we are left with the

second-order initial value problem

12 cos
U"(t) + n2m2Up(t) = — 21T 7 (0) = 0 = U (0).

nm

This can be solved using standard methods for solving second-order ODEs with constant coefficients,

and the solution is
U B 12 cosnm 12 cosnm
w0 = oSt = g

Hence the solution of our driven wave equation is

>, /12cosnT 12cosnm\ .
u(z,t) = Z ——5 3 cosnmt — ———— | sinnmz.
n3m n3m

n=1
Dampled example. We can also now easily consider other variations of the PDEs we’ve been
seeing. For example,

U = Ut + Ugy + 6x

is a damped driven wave equation, where the “damping” term wu; on the right describes, for example,
the effect of “air drag” or some other medium through which the string moves. The process of
solving this is, of course, the same. With the same boundary and initial conditions as before, we

get
2t cosnm

Uy (8) = Up(t) = n*m*Up(t) = =, Un(0) = 0 = Uy (0)
nm
as the second-order ODE satisfied by the coefficients in an expand solution. Solving for U,,(t) using
standard techniques (computer) will yield our desired solution.

Lecture 29: Spectral Theory

The final day was devoted to putting essentially everything we’ve done the entire quarter into the
context of spectral theory, which is the framework that puts Fourier series expansions and Fourier
transforms on equal ground. The difference comes only from the difference between the discrete vs
continuous spectrum of a linear operator, where the spectrum is some generalization of the set of
eigenvalues. I'll include this all at some point later but will omit it for now since it is not required
material for the final. Thanks for reading!
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