Comments, Notes, and Questions for Real Analysis Il (640:502)

The material that we plan to cover can be conveniently grouped into several units:
Unit 1. Completeness and its consequences and applications; Unit 2. Compactness
and its applications (including some aspects of spectral theory of compact linear oper-
ators); Unit 3. Duality, weak convergence and weak compactness; Unit 4. Elements
of distribution theory; and Unit 5. Additional topics on measures (Lebesgue-Radon-
Nikodym Theorem, Hausdorff measure, and area formula for submanifolds in the
Euclidean space).

1 Completeness and its consequences and applica-
tions

We will first study how completeness,in conjunction with the Baire category theorem,
is used to give the three basic theorems involving bounded linear operators: the Open
Mapping Theorem, the Closed Graph Theorem, and the Uniform Bounded Principle.
More importantly we will illustrate how these theorems are applied. We will introduce
Fourier series and Fourier transforms in this context and illustrate how these tools are
used. This is also a natural context to discuss the Interpolation Theorem of L? spaces.
We will then discuss how completeness is used in the Dirichlet principle to solve some
boundary value problems and in naturally extending the notion of solutions to certain
differential equations. Relevant sections from the text are 5.3, 8.1 — 8.5, 6.5.

Assignment 1. The *-ed problems are due in class on Thursday, Jan. 28.

Chapter 5: 27, 29%, 30%, 32, 37%, 38%, 40, 42.

1.1 Fourier series

We now do a quick review of Fourier series and raise some of the issues that need to
be addressed. Fourier’s original idea was to expand any function f(x) on [0, 27], say,

in terms of the functions {1, cosz, sin z, cos 2z, sin 2z, - - - } in the form of
f(x) ~ap+ Z (ay, cos(nx) + by, sin(nz)) (1)
n=1



for some choice of the coefficients {a,, b,}, which would be called the Fourier coeffi-
cients of f(z). Some immediate questions are:

Question 1. (a). How to determine the coefficients {a,,b,} in terms of f(x)? (b).
In what sense does the series (1) converge back to f(x)?, and (¢). How to recon-
struct f(x) from the Fourier coefficients {a,,by,}, if the series (1) does not converge
pointwise?

Fourier determined the coefficients {a,, b, } based on the properties

2w 2m 2w
/ cos(nx) cos(mx) dr = / sin(nx) sin(maz) de = Tum, / cos(nzx) sin(mz) dz = 0,
0 0 0

for n,m =1,2,---, and the ones involving cos(nz) also allow n = 0. In other words,
{1, cos z, sinx, cos 2x,sin 2z, - - - } is a set of orthogonal functions in L?[0,27]. Then
from the Hilbert space point of view,

0 — (f(x), cos(nzx)) _ 1 Ozﬂf(:c)cos(nx)dx, for n # 0,
" 1 0 " f(z) du, for n = 0,

(cos(nz), cos(nzx))

and

b, = (f(x) sin(na)) / f(z)sin(nz)dx for n # 0.

(sin(nx), sin(nx))

To answer questions (b) and (c) above, the most natural approach is to form the
partial sums

Smf(x) =ap+ Z a, cos(nx) + b, sin(nx))
n=1

and study the convergence of S,,, f(x) to f(x) as m — oo. From our general discussion
on Hilbert space, the convergence in (1) holds in L?[0, 2] sense provided one of
the criteria in Theorem 5.27 holds. The completeness criterion would hold if
(f, cos(nz)) = (f,sin(nz)) = 0 for n = 0,1,2,--- implies f(z) = 0 in L?[0,27]. This
is a uniqueness criterion on the Fourier coefficients: if f,g € L?[0, 7] have the same
Fourier coefficients, then they are the same. Bessel’s inequality implies that

ag 0 ai bi 2 ) 2m e
(1,1)+HZ:;<(cos(na:),cos(nx))+(sin(nx),sin(na: ) +; W t0n) /O |f () Pda

So any f € L?0,2n] gives rise to a sequence {1,ay,bi,as,bs, -} in I>. Proposi-
tion 5.30 says that this map is a unitary map onto [2, provided we can verify the
uniqueness criterion above.

For f in other function spaces such at C[0, 27| or L?[0, 2] for some p > 1, the
Fourier coefficients can be determined in the same way, and one can ask the same
questions on reconstruction, convergence and uniqueness.
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Question 2. (a) Given f € C[0,2r] or L?[0,27] for some p > 1, what can one say
about its Fourier coefficients? Do they form a sequence in some 19¢ (b). If there is
a positive answer to (a), is the map in (a) onto? invertible? and (c). In what sense
can the Fourier coefficients be used to reconstruct f in such settings?

One basic question in the classical setting is

Question 3. Given f € C[0,2x] or LP[0,2x]| for some p > 1, does the partial sum
S f(x) converge to f(x) for all or appropriate x?

Let’s first work out S,, f(x) in terms of f:

S f {% %i [cos(nt) cos(nx) + sin(nt) sm(nx)]} f(t)dt
1 1
{% —~ 2 osnx—t}f(t)dt
:/ Dol — 1) f(£) dt,
0
where (m + )( )
sin(m
Dy (x—1t) = + Zcosnx— 27 sin 21

is called the Dirichlet kernel. Noting that f m(t)dt = 1 for any m, we have

2m ™
Smf(x) = fz) = i Do (x = 1) [f(t) — f(2)] dt = / Do (1) [f (2 +7) = f(2)] dr,
here we have tacitly assumed that f is 2w-periodic, or in general, extended the given f
into a 27-periodic function. If f is continuous at z, then we can attempt to break up
the above integral into two parts: |7| < 7y for some small 7 so that | f(z+7) — f(z)|
remains small there, and |7| > 79. To make the integral over |7| > 7y small, since
D,,,(7) does not converge to 0 there as m — oo, one has to make use of the rapid
oscillation of D,, (7 ) there when m — oo; to make the integral over |7| < 7y small, one
hopes that f 7l < D,,(T)|dr remains bounded as m — oo, which is, unfortunately,

not the case, desplte the fact that fo% Dy, (1)dr = 1!
One solution to deal with the difficulty is to replace Sy, f(z) b

ot () ZSmf / Kon(0)f (& — t)dt, 2)



where

Koul) = (1m0 30 Du(a) = oL (B ®)
m = " — ke S 2(m+ D)7 sin § '
Then we still have [7 K, (7)dr = 1, and now since K,,(1) > 0, we also have

fmqo |Kpm(7)|dr < 1 for any 79 > 0. Now if f is continuous at z, then for any
e > 0, we can find 79 > 0 such that |f(x +7) — f(z)| < € when |7| < 79, thus

owf(@) - f(o)l <{ [+ b1+ 7) = ol
</ VKl | 1K@t 7) = Fla)ldr

IT1=70
Now K, (1) — 0 as m — oo uniformly for || > 79, so for some N > 0, |K,,(7)| < €
for all m > N and |7| > 79, whence,

|om f(2) = f(2)] < €4 2[|f]]ue,

proving that o,,f(z) — f(z) as m — co. One immediate consequence is the unique-
ness criterion.

Corollary 1. Suppose that f is a 2m-periodic continuous function on [0,2rn| and all
its Fourier coefficients are 0, then f = 0.

The above proof actually also shows that if f is a 2w-period continuous function on
0, 27] then o, f converges to f uniformly as m — co. Since o, f(z) is a trigonometric
polynomial for each m, we have also proved the following

Corollary 2. Any 2m-periodic continuous function on [0,27] can be uniformly ap-
proximated by trigonometric polynomials.

It’s possible to use Corollary 2 to prove the Weierstrass polynomial approximation
theorem, namely, any continuous function on a finite closed interval can be uniformly
approximated by polynomials.

The discussion above contains two ideas that are worth further exploring: one is
the concept of convolution, the other is the concept of good kernels, or approximation
of identities—both are taken up in 8.2.

To go back to the question of characterizing the Fourier coefficients of functions
in C[0,27] or LP[0, 27], we first have

Proposition 1. (a). Suppose that f is a C* 2m-periodic function, then |a,|, |bn| =
o(1/n*); in fact, the sequence {n*a,,n*b,} is in I%.
(b). (The Riemann-Lebesque Lemma) Suppose that f € LP[0,2x| for some p > 1,
then its Fourier coefficients a,,b, — 0 as n — oo.
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The Riemann-Lebesgue Lemma establishes a (bounded) linear map F from f €
L0, 27] to the sequence of its Fourier coefficients, which lies in cg, a closed subspace
of [*°. An immediate question refining Question 2 is

Question 4. [s there a more precise decaying rate for the sequence of the Fourier
coefficients of a function in C[0, 2] or LP[0,27]? Is the map F : L'[0,27] — ¢y onto?

To minimize the need of having to deal with the Fourier cosine and sine coefficients
separately, it is often more convenient to use {e"*},cz to replace {1,cosz,sinx,- - },
and allow complex valued functions. Then the L? inner product is extended naturally,
and {e""},cz forms an orthogonal basis on L?[0,27]. Then any L'[0,27] function f
has a Fourier expansion

f~ fnye, (4)
nez
with

o (fiem) 1 ine
f(”)—m—ﬁ/o f(z)e” " da.

Then ¢y = ag, f(n) = (an — byi)/2 for n = 1,2,---, and f(n) = (Ajn| + byyi)/2 for
n=—1,—2,---. Furthermore

Z f(n)e™ = ag + Z (a, cos(nzx) + b, sin(nx)) = Sy, f(z).

— n=1

The text uses {€*™*}, <z on L?[0, 1] instead, and one just modifies the above formulas
accordingly. In this framework,

m

onfla)= Y (1—”1'%'1) Fmyemie

n=—m

1.2 Uniform boundedness, open mapping and closed graph
theorems

The statements and proofs are straight forward—observe carefully where in the state-
ment and proof the completeness enters. The more difficult task is to learn how to
apply them. Sometimes it may not be easy to apply them directly, and one needs to
go back to the proofs to extract what one needs. We will give an initial illustration
of the applications of these ideas in the context of proving that (i) given any point in
0, 27], there is some continuous function whose Fourier series diverges there; and (ii)
the map F sending an f € L'[0, 27] to the sequence of its Fourier coefficients in cq is
not onto.



Exercise 1. Prove that for any countable sequence {x,} in [0, 27], there is a contin-
wous function f whose Fourier series diverges at each of x,,.

Exercise 2. A basic PDE is the Poisson equation Au(x) = f(x), where A =

v, 02 is the Laplace operator. To avoid dealing with boundary conditions, we will
Just consider the problem on the whole R™ and require both u(z) and f(x) to de-
cay to 0 as x — oo. More precisely, given f € Co(R") :== {v € C(R") : v(z) —
0 as x — oo}, we look for a solution u € CE(R") := {w € C*R") : d0w(x) —
0 as x — oo and for all |a] < 2}. Unfortunately, for n > 2, there exists f € Co(R")
for which there is no solution to Au(z) = f(x) in CZ(R™). Prove this. (Hints: If for
every f € Co(R™) there is a solution u € CZ(R™) to Au(x) = f(x), there would exist
a constant C' > 0 such that |[ul[cz@n) < Cf|Aul|cymn). Try to construct sequence
of functions in CZ(R") that would violate this estimate by first looking for radial
solutions to Au(x) = 0, which unfortunately has a singularity, then modifying the
radial solutions.) The solvability of the Poisson equation has a satisfactory answer if
we work with some different choice of function spaces.

1.3 Convolutions and good kernels

After introducing the notion of convolutions, we will initially focus on Propositions
8.7, 8.8, 8.10, and Theorem 8.14. Note that Theorem 8.14 holds also for convolutions
on the round circle T, provided the function ¢(x) used to construct ¢,(z), considered
as a function on [—7, 1), has compact support in (7, 7).

Definition 1 (Definition of good kernels). A family of kernels {K;(x)}32, on the
circle (or in R™) is a family of good kernels, if it satisfies

(a) For alli>1,
/Ki(x)dx =1,

(b) There exists M > 0 such that for all i > 1,

[ 1Kl =1

(¢) For every 6 >0,
/ |K;(x)|de — 0, asi— oo.
6< ||

One could also replace the countable parameter i by a continuous parameter.



As in the text, if p € L*(R") (or T") and [ ¢ = 1, then ¢;(x) = ¢t "¢(x/t) provides
a family of good kernels as t — 0. But the Fejer kernel in (3) is not defined this way.

Assignment 2: The *-ed problems are due in class on Thursday, Feb. 4.
Chapter 8: 6, 7, 8%, 14* 16*, 28, 34, 35*, 36.

1.4 Some situations where Fourier series and transforms arise
naturally

Fourier series and transforms arise naturally in finding solutions to standard linear
PDEs. We will illustrate how they enter through a construction of solutions to the
heat equation either as an initial value problem

ou

E_Au:o, for x € R" and t > 0,

u(z,0) = f(z);
or as a boundary value problem (a 1-D case on [0, ], for simplicity)

%—Auzo, forO<zx<landt >0,

u(0,t) = u(l,t) =0, fort >0,
u(z,0) = f(z).

Our first step is to look for some sample solutions of the PDE using the method of
separation of variables, ignoring for the moment the initial or boundary conditions,
i.e., we look for solutions of the form u(x,t) = T'(t)X (z) and reduce the construction
of solutions of a PDE to some set of ODFs. Substituting into the heat equation, we
are led to T3(t) X (x) = T(t) X4z(x). We deduce that X, (x)/X (z) must be a constant,
independent of (z,t). Call this constant —\. Then we have a set of ODEs

(IVP)

(BVP)

Xz = —AX(2), (5)
Ti(t) = —AT(1). (0
Note that for each &, X () = "¢ is a solution of (5) with A = ¢2, and T'(t) = e ¢

solves (6) for the same . So ue = €€ is a solution to (5) and (6). By the
superposition principle, any finite linear combination of such solutions

> cgere
£€a finite set

is a solution of the heat equation.



Question 5. Does this construction generate all solutions to the Cauchy problem for
the homogeneous heat equation?

To satisfy an arbitrary initial data, it is obviously not enough to take only finite
linear combinations of solutions of the form €¢~¢**. For an infinite linear combina-
tion, or an integral of the form [ c(f)eix&gtdﬁ , one issue is the convergence of such
integrals for (z,t) € R x RT; another issue is how to choose c(£) to satisfy a given
initial data u(z,0). Although for complex valued &, ¢ "¢=€" ig also a solution of the
homogeneous heat equation, but such solutions grow exponentially in x as x goes to
one end of infinity. So we take & € R. At least formally, the factor e ¢ helps with
the convergence of the integral for ¢ > 0, but not for ¢ < 0; also we expect

u(z,0) = /561R c(€)e' ™ de. (7)

We now ask

Question 6. Given an initial data u(x,0) = f(x), how do we choose c(&) so that the
representation (7) is valid in some sense?

We will recognize that (7) is possible if we choose ¢(£) to be the Fourier transform
of u(z,0), up to a constant. So we now have an algorithm: construct ¢(§) using f(z),
then construct the integral [ c(&)e™~¢"d¢, and verify that it is a genuine solution to
the heat equation and it takes on the initial data f(x) as ¢ \ 0.

Caution. We are led to ask whether
[t — s@), a0, 0
while the convergence of
[e@ea— @) a0, )

is not directly relevant to our task of constructing the solutions to (IVP). You should
compare this with the situation of asking for the convergence of the Fourier series

Snf(z) =Y fln)e™

vs the convergence of the Fejer series
o . ’nl £ inx
omf(z) = n_E_m (1 Tl f(n)e™.

We found the convergence issue for the latter easier to handle than the one for the
former.



Our experience in dealing with Fourier series also taught us that, if Hy(z) is a
function such that H,(¢) = e ¢, then

/ () e = H, + f(2),

and we could answer the convergence more easily using the convolution properties,
provided that we have some good control on H;.

If one is interested in solving the (BVP), then in our sample solutions, we want
X(0) = X(I) = 0. So the choice of X(z) is limited to satisfy a boundary value
problem of ODEs:

X(0)=X()=0.

The choice of X\ is now limited to be a discrete set of numbers \ = (%)2, for n =
1,2,---, and X,(z) = sin (%) So

. nmwr _ (nm)?2
E CnSHl(T>e (l)t
n€a finite set

is a genuine solution of the homogeneous heat equation with the boundary condition
u(0,t) = u(l,t) = 0 for all £ > 0. To satisfy an arbitrarily given initial data u(zx,0),
we again need to make an infinite sum. Formally, we need to choose ¢, such that

icn sin (T%ﬂ) = u(xz,0) on [0,]]. (10)

Again, the factor e_<nll)2t will help with the convergence for ¢ > 0, but not for ¢t < 0.
Here we see the natural appearance of the series {sin(nmx/l)}5°, not the full Fourier
basis—they do show up if we ask, instead of the homogeneous Dirichlet boundary
condition, but the periodic boundary conditions w(0,¢) = u(l,t) and u,(0,t) = u,(l,t)
for all ¢ > 0. It’s easy to see that {sin(nmz/l)}52, is orthogonal in L?[0,1].

Question 7. Is {sin(nmwx/l)}°, complete in L?[0,1]? How do we handle the conver-
gence issues of Y | cpsin(nwx/l) as m — oo or of

> cosin (M) (1) asen0 (1)
n=1

either in some LP space or pointwise?



Exercise 3. Choose | = 27 and compare {sin(nmx/1)}°, with the classical Fourier
basis {1, cosx,sinx, - -} on an interval of length 2m. Could any function in the latter
be expanded as an L?[0,27] convergent series in the former? How would you determine
the coefficients? How would you interpret the convergence result, if any, when x is
outside of [0,2n]?

Finally we raise

Question 8. How do you tackle the (IVP) or (BVP) when the equation is not ho-
mogeneous, i.e. when the PDE becomes uy(x,t) — Au(x,t) = g(x,t) for some given
g(x,t)? and in the case of (BVP), when the boundary conditions are not homoge-
neous?

Instead of tackling the convergence issues of the sine series from scratch, we can
reformulate the problem into one where we can apply our knowledge on the classical
Fourier series. Note two features in the set {sin(nwz/l)}>°, : (i) each is an odd func-
tion of z, (ii) these functions have a common period 2/, not [. So it is natural to look
at them as functions on [—[,[], or more precisely 2[-periodic functions; accordingly,
we should extend any given function f under consideration on [0, (] first to [—[, ] by
odd reflection, and then extend it to f. as a 2l-periodic function on R. The con-
vergence issues involving f can be answered by those on fe. But a simple scaling
can translate all our results on the classical Fourier series in terms of {e™*}>° __ on
[—7, 7] to results on [—1,1] in terms of {e™™*/!}>° _ or in the more familiar form
{1,cos(mx/l),sin(mx/l),cos(2mx/l),-- - }. When fo is odd, its Fourier series in this
basis consists only of the sine series, which is what we needed to investigate when
solving the (BVP).

1.5 Passage from Fourier series to Fourier transforms

We will follow the notation of the text to define the Fourier transform of a function

f e L'(R") by

fo)= [ raean, (12)

and the Fourier coefficients of a function f € L'(T") by the same formula as (12),
replacing £ € R™ by k € Z", and R” by T". We are more familiar with the algebraic
and convergence properties involving the Fourier series, esp. the one-dimensional
case. We will sketch here some discussion that relates the Fourier series to Fourier
transforms—for simplicity, we will assume n = 1.

First we describe Fourier series expansions for any L' (or C¥) function f with
compact support. Choose [ > 0 large such that the support of f is included in (—[,1)
and let g(t) = f(it). Then g is compactly supported in (—1,1), and we understand
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2mimt

some conditions under which the Fourier series > ° g(m)e converges to g(t).

Recall that

1
g(m) :/ g(t) —27rzmtdt / f —27rzmac/l /f _2mmm/ld1’ o

1

m=—00

f(m/).

c\‘|)—l

If fis C?, for example, then we have

fle)= S0 LHmnenent,

m=—0o0

where the series converges uniformly, while if f is only known to be in C°, then we
also have

N—oo
m=—

- m| 1
— I 1 — - l 27rzxm/l
o) = Jim Y (1= ) Hm/e
Next we derive from the above an expansion (or integral) for f that is not depen-
dent on [. If f is in C?, then as in the proof for the Riemann-Lebesgue Lemma, we
can prove that |f(£)] has a fast enough decay rate as £ — oo so that [, [ f(£)|d€ < oo
and

= 1. , " ‘
li - l 2mizm/l _ 27rza:£d
im E_OO lf(m/ Je /Rf(f)e 3

l—00

proving f(z fR £)e*m ¢ d¢—vyou should justify this step. If f is only known to
be in C?, then we can Verify that

= [m| "l
lim :N( — N”frl) z f(m/1)e*m =/t = lim (1_E> F&)ermiede,

N—oo R—oo _R

proving that
[ €1 7/ ey 2mi
f(z) = lim (1 — E) f(&)e*m=tqe.

R—o0 _R

The justification for the step above is harder than the previous case. In fact it does
not seem obvious that the limit on the right exists as R — co. We will give a different
justification in the lecture. Another, slightly different, approach is as follows. Assume
for simplicity that we can take [ = 1. Then Fejer’s theorem says that for any € > 0
there is Ny such that when N > Nj,

'f -3 (1 555 ) Fmperen

m=—N

<€
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for all z. For any parameter 7, we can apply the same result to e 2™ f(z), and
noting that

—

e=2mien f(z)(m) = f(m +n), by Theorem 8.22 (a),

to obtain
- [m|

6—27ri:v77f(x) _ Z (1 _ Nﬂj_ 1) f(m + 77)627ria:m

m=—N

< €.

Here it follows from the proof of Fejer's theorem that we can take the same Nj
uniformly for 1. The above estimate implies that

N
r@)= 30 (1= ) dm s e

m=—N

< €,

from which it follows by integrating over n from 0 < n <1 that

N

|m| b miz(m+n)
flx) = ZN <1—N—+1)/0 f(m 4 m)e*m=tmmdy

m=—

dn

10— 30 (1= 0 ) flon e
N

Defining ®n (&) =1 — |m|/(N +1) when m < <m+1, form=—N,...,N,and 0
otherwise, we see that

N 1 . N+1 . ‘
> (1= 32 ) [ e menmenay = [ anfeena

m=—N N
thus we have proved
N+1

lim Dy () f(&)e™™dE = f(a)

N—oo J_n

uniformly in x. If we have the additional information that [ | f(€)|de < oo, then
using Pn(€) — 1 as N — oo, as well as 1 — [{|/R — 1 as R — oo for any fixed ¢,
and the dominated convergence theorem we obtain

w [ e ereminas = i [ (12 Y fepen o
lim (I)N(f)f(f)ezmzﬁdg = lim <1 _ _> f(g)e%rzwédg — / f<€>€2mw£df,
R R

N—o0 _N R—oo _R

thus proving f(z) = [g F(€)e?™*Ed¢ in this case as well.

Assignment 3: Chapter 8: 18% 22, 25(a), 26, 28*
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1.6 Fourier transforms applied to IVP for the heat equation

Back to our earlier discussion on solving the IVP for the heat equation, if we conform
with the notation in the text, then for any £ € R",

u(z,t) = 2™ gatisfies u — Au = 0.

Thus for reasonable ¢(§),
u(z,t) := / (&)™ g satisfies u, — Au = 0,

at least formally; our question was, given any initial data u(z,0), can we choose ¢(§)
such that the u(z, t) defined above solves the homogeneous heat equation, and satisfies
the initial condition lim o u(z,t) = u(x,0) in appropriate sense? It is now clear that
we should take ¢(§) = wu(x,0)(¢). This requires technically that u(z,0) € L*(R™).

Then we know ¢(§) € Cyp(R™), so the integral defining the u(z,t) above is absolutely
convergent at ¢ > 0, uniformly so at t > ¢ > 0 for any § > 0.

Recall that e=m#1* (&) = e~™¢", thus, using (b) of Proposition 8.22, we have

||

H(z) = (4nt) "¢ "5 = / 2mica—tnlelt g
R’I’L

and

u(w,t) = Hy x u(z,0) = / c(&)ePmiE Al e

n

We can now see that {H;};~o forms a family of good kernels, and using our results
on convolutions, we conclude that for any u(z,0) € LP(R"), 1 < p < oo, u(x,t) =
Hyxu(x,0) solves uy(x,t) — Au(x,t) = 0 for t > 0 and ||u(z,t) —u(x,0)||Lr@n) — 0 as
t \, 0. For p = oo, u(z,t) = H; * u(z,0) still solves w;(x,t) — Au(z,t) =0 for t > 0,
but the sense in which u(x,t) takes on the initial data u(z,0) has to be reformulated;
however, if u(z,0) is also assumed to be in C°, then we know that u(z,t) — u(z,0)
uniformly on compact subsets of R™ as ¢ N\, 0. Note that the derivation for the
solution required u(z,0) € L'(R™); but after we established u(x,t) = H; % u(x,0),
with good control on H;, we can bypass the derivation process and obtain results
under more flexible conditions on u(x,0). This, of course, is not always possible, and
we need to study Fourier transforms of functions in other function spaces.

1.7 Fourier inversion formula

Our key tool is the formula
Frbi= [ e fe)de,
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provided f,h € L*(R") and
H(z) = h"(z) := / XTI (€)dE .

We obtain useful results when, in addition, H € L*(R™). There are many choices of
h that satisfy these conditions. For instance, one could take h(&) = e~¢  then {H}
forms a family of good kernels. There are two types of inversion formulas: one type
is under only the condition that f € L'(R"), and one concludes that

1£@) = [ RGO FOdel sy — 0
as t \, 0; another type is under the condition that both f and f are in L'(R™), then

lim [ R(tE) f(E)ds = | T f(€)de
pointwise by the dominated convergence theorem, so obtain a pointwise inversion
formula

fla) = [ emerfieyie

for a.e. x € R (why a.e.?).

One can verify the condition that f € L'(R") by assuming that sufficiently many
derivatives of f are in L'(R™). However f may no longer be in the same class, so the
inversion acts on a different class of functions. Even when one takes f € C*(R"),
then f € C*°(R") but no longer has compact support. The Schwartz class, S, has
the nice property that f € S when f € S. Since & is also dense in LP(R™) for any
1 < p < o0, it’s often useful to obtain results in the class S first. The text proves
the Plancherel Theorem this way. More prominent use of the class & will come when
discussing the Fourier transforms of tempered distributions. So we will defer the
discussion of the topology of S until it’s needed.

1.8 Fourier transforms on L*(R")

The key property that allows the definition of Fourier transforms on L?(R") is the
Plancherel Theorem. Once the Plancherel Theorem is established for a dense subset
of L?*(R"), the extension of Fourier transforms to L?(R™), and other properties of
Fourier transforms, such as (a)-(e) of Theorem 8.22, Lemma 8.25, Theorem 8.26,
Corollary 8.27 are all valid, in appropriate sense. For instance, (¢) of Theorem 8.22
does not make sense directly, as when f,g € L?, f*g € L, and we don’t know how
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to define the Fourier transform of a function in L°°; however, f g € L' by Holder’s
inequality, and we can make sense of its Fourier (or inverse Fourier) transform, and
interpret (c) in the sense of Theorem 8.34.

Here is an example illustrating the usefulness of Fourier transforms on L?*(R™).

Example 1. We study the IVP for the Schrodinger equation

{ uy(,t) = ilu(z,t), (13)

Again, by formal computation, for any & € R™,
w(z,t) = 2T solves uy(x,t) = iAu(x, t),

thus for reasonable c(§),

u(:z:,t) — / C(€)€2ﬂi£-w74ﬂ‘2|£‘2itd£

also solves wy(z,t) = iAu(z,t). However, €27+~ no longer has fast decay in

&; to make sense of the integral, one has to require sufficient decay of ¢(€). To satisfy
the initial condition, we also need to choose c(§) = f(f) At least for f € S, we
can justify the formal computations above and verify that u(x,t) defined above is a
classical solution to (13). Note that for such solutions, we have

- < o _4n2|€124 o
lu(@, )l z2@my = llul, O)llza@n) = 1F(€)e™ ™ ]| pa@ny = 11 f(E)llz2@n) = || F1]z2@n),

and
[u(e,t) = F(@)]|2@n) = [[ul- 0(€) = F©Olrz@n = I1F(©) [ — 1] || 2gan) — 0

as t — 0 by the dominated convergence theorem under only the condition that f €
L3(R").

These estimates allow us to extend the notion of solutions, in some sense, to
initial data f € L*(R") as follows. For any f € S, let S;[f] := u(x,t) denote the
solution to (13) defined above. Then S;[f] is a continuous curve in L*(R"™), and
1S:f1] = Silfolllez@ny = |[fi = faollz2@n) for all t. Thus, for any given f € L*(R"),
when we take a sequence f; € S such that ||f; — f||r2@ny — 0 as j — oo, {S¢[f;]}
is Cauchy in L?*(R™), uniformly over ¢, and there is a limit Si[f] € L*(R™) such
that S;[f;] — Si[f] in L*(R"), uniformly over ¢, with Sy[f] = f. We may take this
(continuous) family S;[f] in L?*(R") as a generalized Schrodinger flow to (13). No
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derivatives for this family S;[f] are defined under only the condition f € L?*(R");
yet we can say that S;[f] satisfies (13) in the following sense. Take any n(x,t) €
C>(R™1), and multiply it on both sides of (13) and integrate by parts over R™ x RT,
we have

/IR”+1 w(z,t) [m(x,t) + iAn(x, t)] dedt = — . f(z)n(z,0)dx. (14)

(14) holds if we replace f by f;, and u(z,t) by S[f;]. Passing to the limit (in
L2 (R™™1)), we see that (14) holds for u = S;[f].

loc
When the initial data has some further restriction, for instance, when f satisfies

£1£(€) € L2(R™), we can define weak L? derivatives for the S[f] in the following way.

Definition 2. u(z) € L*(R") is said to have weak L* partial derivatives, if there are
L*(R™) functions g; for j =1,--- ,n, such that for any n € C*(R™), we have,

[ w@anis = [ g, (15

foreach j=1,--- n.
If u(z) has weak L? partial derivatives, then, for each j = 1,--- ,n, the choice for
g; is unique in L*(R"); and we will simply denote it by d;u. We define H'(R") =

{f € L*(R") : f has weak L? partial derivatives}. We can define higher order weak
L? partial derivatives similarly and define

H*(R™) = {f € L*(R") : f has weak L? partial derivatives of order < k},
and define an inner product on H*(R") by

P = Y [ o f@orgs
o<k R"
with the induced norm
1/2

1 f ey =S > /]R 0% f () |*da

la|<k

Remark 1. For a given u(z) € L*(R"), if there is a sequence u; € S such that u; — u
in L*(R"), as j — oo, and {Oju;}; is Cauchy in L*(R™), then u(z) € H'(R™), and
for each 1 =1,--- ,n, O is the L* limit of {Qu;};. Likewise, if there is a sequence
u; € S such that u; — u in L*(R™), as j — oo, and {0%u;}; is Cauchy in L*(R™),
for all |a| < k, then u(x) € H*(R"), and for each |o| < k, 0%u is the L? limit of
{0%;};. In fact, the definition through approxzimation by functions in S gives an
equivalent definition of H*(R™).
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Remark 2. Using Plancherel’s Theorem and approximation, we find that

HYR") = {f € L*(R") : (L + )2 f(¢) € L*(R™)}

1/2

= completion of C°(R"™) under the norm || f||grm@ny := Z ||a°‘f||%2(Rn)

la|<k

= completion of S(R™) under the norm || f|| grgn),
(16)
and an equivalent norm on H*(R™) is

1L+ 1€ F )l 2 qem.

Similar function spaces arise naturally over bounded domains in R™. More systematic
study of these spaces will be made in 9.3.

Back to solutions to (13) when f € S, we also have

10505 ul, )] | 2 amy = ||0FOFu(e, )| r2qen) = [|(—4m°[€]%0)" (2mi€)* F(€)l|2@ny, (17)
for each k and a. So when f € H?*(R"), the S;[f] we defined actually has weak L2
derivatives 0;S;[f] and 025;[f] for any |a| < 2, and the equation in (13) can be taken

to be valid as elements in L?. One key ingredient that makes this process possible is
the completeness of L?.

1.9 Fourier transform on LP(R") for 1 <p < 2

On the unit circle T, we have the relation
C(T) ¢ L=(T) ¢ LF(T) c L*(T) c LP(T) ¢ L*(T),

for 1 < p < 2. So, once the Fourier series for functions in L!(T) are defined, they are
defined for any LP(T). The L” spaces on R"™ have no such simple inclusion relations.
After we define Fourier transform on L!'(R") and on L*(R"), we can attempt to
define Fourier transform on LP(R™) for 1 < p < 2 by approximations using functions
in L'(R™)N L*(R"), and noting the relation L'(R")N L3(R") C LP(R™) for 1 < p < 2.
This can be carried out provided we have some kind of a priori inequalities on Fourier
transforms of functions in L'(R")N L?*(R™). The Riesz-Thorin Interpolation Theorem
in 6.5 provides such a tool. Applying this theorem to the setting of Fourier series
and Fourier transforms, we obtain the Hausdorff-Young inequality (8.21) and (8.30).
It turns out that except in the case p = 2, the map f € LP — f € L” is not onto.
Fourier transforms on L? can not be defined as we did for L? when 1 < p < 2,
so there is no straight forward version of the inversion theorem as (8.26). Theorem
8.35, however, can be used as a version of the inversion theorem when f € LP with
I<p<2
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1.10 Completeness used to solve BVP

Some boundary value problems (BVP) have naturally variational characterizations.
In such cases, it is often more useful to find a solution through variational means,
rather than attempting to find an explicit solution formula. The Dirichlet problem
for the Poisson equation is such an example. Here we are given a function f(x) on a
domain €, say, in C(£2), and look for a solution u € C?() solving

—Au=f in €2,
18
{ u=>0 on Of). (18)

Define the functional

= [ (5IVato)l - fou(e)) do

foru € X := {u € C*Q) : u = 0on IN}. We can see easily that if u € C%(Q) is
a solution to (18), then it is a critical point of J[u]; and a critical point u € C?(€Q)
of J[u] is a solution to (18). So we attempt to find a solution to (18) by finding a
critical point of J]u]. A natural approach is to attempt to find a minimizer for J[u].
For this purpose, we need to establish two steps:

Step 1. Prove that inf,cx J[u] =: m is finite.

Step 2. Prove that there is a u € X that attains m.

For simplicity, we treat the one-dimensional case 2 = [a, b] here. Then

€ 1
/Qf(fv)U(l') de < || flle2@lullz2@) < sllullizq) + 2—€||f||%2(9)-

Using the Wirtinger inequality

ullZaiey < (=Tl
we find
2 (1= 292) 20Vl = 311 (19)
has a finite lower bound, if we choose € > 0 such that
LA I
™

This proves that inf,cx J]u] =: m is well defined and finite.
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Remark 3. For a bounded domain ) in higher dimensional Fuclidean space R™,
there is an inequality similar to Wirtinger’s inequality, called Poincare’s inequality,
for some C' > 0, we have

lullZ2() < ClIVull72(q)

for allu € H} (). One difference between these two inequalities is that we don’t have
an explicit (optimal) C' in general for the Poincaré’s inequality.

For Step 2, we take a minimizing sequence {u;};, i.e., u; € X such that Jju;] — m
as j — o0o. The computations in (19) show that ||u;||;2(q) is bounded. In fact, we
know more. Using

I[uy] + T[] — 2J[u] 1 ) / IV (u; — w)2da,

and Ju;] — m, Jjug] — m, J[(u; +ux)/2] > m, as j, k — oo, we find that {Vu;}; is
Cauchy in L*(Q). {u;}; is also Cauchy in L?(2) due to Wirtinger’s inequality. Thus
there is a limiting function u € L*(Q) such that u; — w in L?(2); furthermore, just
as in the entire space situation, since {Vu;}; is Cauchy in L?(2), we find that the
limit « has L? weak derivative. In fact, u lies in the completion of X under the norm
|[Vu||12(0). Define Hj(€2) to be the completion of X under the norm ||Vu/|p2(q). We
arrive at the

Conclusion: instead of finding a minimizer for J[u] in X, we found a minimizer for
J[u] in its completion H}(€2). This u solves (18) in the sense that

dJ[u+ tn)

O:
dt

o = / (Vu(z) - Vn(z) — f(@)n(z)) da (20)

for all n € X.

We see now that it is relatively easy to extend J[u] to H](£2) and repeat Steps 1 and
2 above in the framework of Hj} () to find a minimizer in the extended function space
H}(Q), and the price we pay is that we don’t know at this point that a minimizer u
is in X, the classical function space that we started with. We need to add one more
step to complete the program.

Step 3. Investigate whether a solution u € Hj(£2) to (20) is a classical solution to
(18).

The variational approach can often be applied to nonlinear PDEs. For instance, when
[ = f(z,u), we can define F(z,u) = [ f(x,v)dv. Then a solution u € X to

—Au(zx) = f(z,u), in Q,
u(z) =0, on 052,
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is a critical point of

Jlu] = /Q (%|Vu(a:)|2 - F(x,u(a:))) da.

Under some restrictions on f, for instance, |f(z,u)| < AMu| + g(z) for some small
A > 0and g € L*(Q), we can still carry out Step 1 above. f(x,u) = cosu + g(z)
would be a function satisfying this restriction. More specifically, we have

> (%— A‘fc) [ 1u@P = [ )P

where C' > 0 is a constant as in Wirtinger’s inequality [, |u(z)|* < C [, |Vu(z)[* for
u € X. This shows that inf,cx J[u] := m is finite. But for a minimizing sequence, we
no longer can prove easily that {Vu;}; is Cauchy in L?(2). What we do have easily
is that {Vu;}; is bounded in L*(Q2). We now face the question of how to extract a
subsequence which converges to a minimizer in some sense. We will handle this issue
using the idea of compactness.

| 2

2 Compactness and its applications

The most familiar compactness criterion to us is the one in R™: A subset of R" is
compact iff it is bounded and closed (Proposition 0.26). Metric spaces suffice for many
applications, on which the compactness criteria are given by Theorem 0.25. Applying
these criteria to subsets of the function space C'(X), where X is a compact Hausdorff
space, we obtain Arzela-Ascoli Theorem (4.43). We will further apply these criteria
in the context of LP(2) for domains 2 C R™ to obtain compactness criteria for subsets
in LP(Q2). Folland does not contain this part of the material. A good source is Brezis’
text. A new edition is to appear soon, and I have put an earlier French version on
reserve.

We often encounter situations where the (metric) compactness criteria can not
be verified. The notion of weak (or weak*®) compactness turns out to be extremely
useful. These notions are defined in 5.4. We will expand the discussion somewhat
following Brezis.
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2.1 Notion of compactness and sequential compactness

These notions are defined in 4.4, and they are equivalent on metric spaces according
to Theorem 0.25. They are, however, not equivalent on general topological spaces.
Each is useful when it is available. We will prove a sequential compactness theo-
rem involving weak™® convergence. Although it can be included as a consequence of
the most general weak® compactness theorem of Alaoglu (5.18), it is worthwhile to
understand the idea in this special setting.

2.2 “[P-version” of Arzela-Ascoli Theorem

Theorem 1 (M. Riesz-Fréchet-Kolmogrov). Let F be a bounded set in LP(R™) with
1 <p< oo, and define T, f(x) = f(x + h) for h € R". Assume that

|}lli‘mo 7o f — fll, =0 wuniformly in f € F (21)

namely, Ye > 030 > 0 such that ||m,f — f|l, < e Vf € F Yh € R™ with |h| < 6.
Then the closure of Flq in LP(Q) is compact for any measurable set Q@ C R™ with
finite measure.

Remark 4. Under the assumptions of the M. Riesz-Fréchet-Kolmogrov theorem, we
cannot conclude in general that F itself has compact closure in LP(R™). Under an
additional assumption, however, we have

Corollary 3. Let F be a bounded set in LP(R™) with 1 < p < oco. Assume (21) and
also

Ve > 030 C R" bounded, measurable such that || f||Lr@m) < eVf € F. (22)

Then F has compact closure in LP(R™).

Corollary 4. Let G be a fized function in L*(R™) and B be a bounded set in LP(R™)
with 1 < p < 0o. Define F := G x B. Then F|q has compact closure in LP(Q2) for
any measurable  with finite measure.

Corollary 5. Let F be a bounded set in H'(R™). Then the closure of F|q in L*(2)
s compact for any measurable set 2 C R™ with finite measure.

We can define H'(T) as the completion of C'(T) under the H' norm. We also
have

Corollary 6. Let F be a bounded set in H'(T). Then the closure of F in L*(T) is
compact.
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Using the Fourier series representations of L?(T) functions, we can give a direct
proof to Corollary 6.

Proof. 1t suffices to prove that any sequence {f;} in F has a subsequence convergent
in L*(T). Let C > 0 be such that || f||g:(r) < C for all f € F. For € H'(T), we still

have f'(n) = 2mnif(n). So we have

Yo +4x Y’ f(n)P < O

It follows that for each n, {f;(n)}, is bounded in C, therefore has a convergent
subsequence. We can use a diagonal procedure to pick a subsequence { f;, }r of {f;}
such that for each n, { fjk(n)}k is a convergent sequence in C, and has a limit a,,.
{an}n € 12 by Fatouw’s Lemma. We will prove that {f}, (n) — a,}x — 0 in [2. Let me
just prove that {f]k}k is Cauchy in [?. For any ¢ > 0, we can choose N > 0 such
that C2/(4m2N?) < €2/4. Since 47>y, vy n?|f(n)]> < C? for all f € F, we find
Y non [f ()2 < €2/4 for all f € F. Now

||f]k - fjl”%2(T) = ||f.7k - sz||122

= 3" 1) = P+ Y ) = fm)?

|n|<N In|>N
Z |f]k sz (n)|* + €.
[n|<N

For the finite number of |n| < N since {f;, (n)} is convergent, we can find L > 0 such
that when k,1 > L, we have =,y [f;,(n) — f;,(n)[* < €, thus || f;, — szH ) < 2¢?
when k,1 > L, proving that {f;, }x is Cauchy in 1> and {f;, } is Cauchy in LQ(T). O

Assignment 4. Turn in the *ed problems in class on March 9.
Chapter 6, 14, 17, 23, 24, 41*.

A*. Prove the converse to Corollary 3, namely, let F be a compact subset in LP(R™)
with 1 < p < oo, prove that F is a bounded subset in LP(R"); in addition, (21)
and (22) hold.

B*. Construct a bounded family F of functions in LP(R™) with 1 < p < oo that
satisfies (21), but fails to have compact closure in LP(R™). Also construct a
bounded family F of functions in LP(R™) with 1 < p < oo that does not satisfies
(21), and fails to have compact closure in L”(€2) on any compact domain {2 C R™.
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C. Let  be a bounded domain in R”. Prove that a bounded set in HJ () (the
closure of C!(Q) in the H' norm) has compact closure in L?(2).

D*. Let K(s,t) be a bounded measurable function on [0, 1] x [0 ) 1], continuous as
a function of s, uniformly in ¢ € [0,1]. Define Klu|(s) = fo K(s,t)u(t)dt for
u € L?[0,1]. Prove that K maps a bounded set in L?[0,1] into a pre-compact
set in L?[0,1].

2.3 sequential weak (weak™) compactness

In an infinite dimensional normed vector space, a bounded closed set may not be
compact, and may not contain any subsequence which converges in norm. The notion
of weak (weak™) sequential compactness and weak (weak®) compactness are often
useful substitute for compactness in norm.

Definition 3. A sequence {x;}; in a normed vector space X is said to converge
weakly to x € X, if lim; .o l(z;) = l(z) for every linX*. We use x; — x to denote
the weak convergence of {x;}; to w.

Example 2. The sequence {€™}, is not Cauchy in X := L*[0, 27|, yet it converges
to 0 weakly in X. For, given any l € X*, which is equal to X 1in this case, there exists
g € X such that I(f) = OQW f(z)g(x)dx for all f € X; and l(e™*) = fo% ng(x)de,
which tends to 0 as n — oo by Bessel’s inequality.

Example 3. Let {s;}; be a sequence in I” such that (a) for each n, lim; . sj(n) =
s(n) exists, and (b) there is a bound C' > 0 such that ||s;||;p < C. Assume oo >p > 1.
Then {s(n)}, € I and s; = s as j — oo.

The fact that {s(n)}, € P follows from Fatou’s lemma and assumption (b). Set
X = 1? and let p' denote the conjugate exponent of p. Then X* = 1, and for any
1 € X*, there is a {y(n)}, € I’ such that I(s) = Zn s(n)y(n). Given any e > 0. Since
P < oo, there exists N such that (3, ly(n)|P)Y?" < €/3. For the finite number
1 <n <N, we can find J such that |sj(n) — s(n)| < € for all j > J. Then, for all
J>4J,

Usy) = Us) = 1D _(s5(n) = s(n))y(n)|

N 1/p 1/p
|Z(3j(”) —5(n))y(n)| + (Z |s;(n) — S(n)|p> (Z !y(n)|pl>

n>N n>N

IN

< max ly(n)|e +2Ce/3,

1<n<
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proving that s; — s as j — oo. Note that (a) means componentwise convergence of
sj(n), yet we don’t know ||s; — s||w — 0 and in general can’t find J such that |s;(n) —
s(n)| < € for all j > J and all n, however, the pairing with lin I’ allows us to control
the “tail” part 3, n(s;(n) — s(n))y(n) using the smallness of (3, -y |ly(n)[F)*/*
when N 1is large.

The converse to the statement in this example also holds, namely, if s; — s as
j — 00, then (a) and (b) hold. (a) is verified by picking l to be e, = (0,...,1,0,...),
where the 1 is in the nth slot, while (b) is a consequence of the uniform boundedness
principle.

In fact, using the idea here and a diagonal process of choosing subsequences, it’s
easy to see that for any p > 1 a sequence bounded in [? has a subsequence which
converges weakly. This is a useful substitute for Proposition 0.25.

Question 9. What happens to our argument above in the case p =17
The uniform boundedness principle gives the following general result.

Proposition 2. A weakly convergent sequence in a normed vector space X is bounded
m norm.

With the help of the Hahn-Banach theorem, we also have
Proposition 3. Suppose x; — x in a normed vector space X, then ||x|| < liminf; . ||z;].
A very useful weakly sequential compactness criterion is the following

Theorem 2. In a reflexive Banach space X the closed unit ball is sequentially com-
pact.

As a consequence, a bounded sequence in a reflexive Banach space X has a weakly
convergent subsequence. In particular, this applies to any Hilbert space and to L?((2)
for 1 < p < oo. We can use this weakly sequential compactness to complete our
proof on the existence of a minimizer at the end of last unit. In fact, the converse to
Theorem 2 also holds.

Theorem 3 (Eberlin-Smulyan). If the closed unit ball in a Banach space X is se-
quentially compact, then X is reflexive.

We will not prove either of Theorems 2 or 3. We next introduce the notion of
weak™ convergence.

Definition 4. Suppose X is the dual of a mormed vector space Y: X = Y*. A
sequence {l;}; in X is said to converge to | weak™, if ;(y) — l(y) as j — oo for any
yey.
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Remark 5. Unless X is reflexive, weak™ convergence in X is different from weak
convergence. Let X = [', then X* = I and X = ¢, where ¢y is the space of
sequences that converge to 0. Then the sequence {e;}; in I* dose not converge weakly
in I (can you supply the detail?). In fact, it does not have any subsequence that
converges weakly in I*. Yet for any {c(n)}, in co, {c,e;) = c(j) — 0 as j — oo. So
{e;}; = 0 weak™ in .

Example 4. Let Y = C[—1,1]. Then Y* = X = M[—1,1] according to Riesz’ the-
orem (7.18), where M]0,1] denotes the space of finite signed measures on the Borel
o-algebra on [—1,1]. Fiz a ¢ € C.[—1,1] with fjl ¢(x)dr = 1. Then {jo(jx)};,
considered as a sequence in L'[—1,1], has no weakly convergent subsequence, yet con-
sidered as a sequence in M[—1,1] converges weak™ to 6(0) as j — oo.

For a weak™® convergent sequence, we also have
Proposition 4. A weak* convergent sequence is bounded in norm.
Proposition 5. Suppose x; — x weak™ in X, then ||z|| < lminf; . ||z;]].

When X is not reflexive, Theorem 3 implies that the closed unit ball in X is not
sequentially compact. However, when X = Y* and Y is a separable Banach space,
we have

Theorem 4 (Helly). Suppose X = Y™ and Y is a separable Banach space, then the
closed unit ball in X is weak™ sequentially compact.

This theorem applies to {* (as well to L>(£2)), so any bounded sequence in [*
(or L*°(£2)) has a subsequence that converges weak™ in [*°.

Proof. Let {y;}; be a countable dense set of Y. Given a sequence {zy}, in X
with [|zg||lx < 1. Then for any j, {(y;,zx)}xr is bounded, hence has a convergent
subsequence. By a diagonal selection process, we can find a subsequence {xy,};
of {x)}r such that {(y;, zx,)} is convergent as | — oo for any j. We can define
Too € Y™ by first defining (y;, Too) = limy_.o(y;, 2,), then extending to (y, ) for
any y € Y by density. This is possible because (y; —y,/, Too) = limy_o0 (y; —yj7, Tg,), SO
(y; =y, Too)| < ||lyj—y;r||ly using the bound ||z, || < 1. We also see that ||z ||x < 1.
It’s now easy to see that xp, — x. weak™® as | — oo. O

We summarize one of the ingredients in the proof as
Proposition 6. Suppose that {y;}; is a sequence in Y™ such that

(i). {y;}; is uniformly bounded in Y™, namely, for some C > 0,

Hyﬂ v« < C, forallj.
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(i4). For a dense set Z of Y, lim; ..o(y}, ) exists for all z € Z.
Then the sequence {y;}; is convergent weak™,

A similar statement does not hold true for weak convergence, namely, there exists
Banach space X and a sequence {z;},; in X such that

(i). {x;}; is uniformly bounded in X, and
(ii). For a dense set Z of X*, lim;_,o (2, x;) exists for all z € Z,

yet, {z;}; does not converge weakly. (Try to understand the difference between
the situation here and above. You can construct an example with X = ¢, z; =
(1,...,1,0,0,...), where the last entry 1 is in the jth place.) We do have the following

Proposition 7. Suppose that {x;}; is a sequence in X such that
(1). {x;}; is uniformly bounded in X, and

(it). There exists xoo € X and a dense set Z of X*, im; (2, x;) = (2,2) for all
z€ Z. Then x; = x5 as j — oo.

Example 5. Let P.(x) = (1—7r2)/(1+7r*—2r cos(2mx)) denote the Poisson kernel on
T. Then for any f € LP(T), 1 < p < oo, f* P, is a harmonic function of z = re*™*
(treating r and 2mx as the polar coordinates of z) defined inside the unit disk |z| < 1.
Since {P, }o<r<1 s a family of good kernels, we also know that when 1 < p < oo,
f*P.— fin LP(T) asr /1. When p = oo, we see that {f * P.}o<r<1 s a bounded
family in L>°, and that f *x P, — f weak™ asr /' 1.

We ask the converse question: given a harmonic function F(z) defined in the
unit disk |z| < 1, under what conditions can F(z) be represented as f * P, for some
f € LP(T) for some p? In our discussion in the paragraph above, since we have
f*P.— fin LP(T) asr /' 1 in the case 1 < p < oo, and f* P. — f weak* asr /1
in the case p = 0o, a necessary condition is that {F(re*™®)},, considered as a family
of functions of x € T is bounded in LP(T). It turns out that we have

Proposition 8. Suppose that F(z) is a harmonic function in the unit disk |z| < 1,
and that {F(re*™*)}, is a bounded family in LP(T). Then when 1 < p < oo, there is
a unique f € LP(T) such that F(re*™®) = f* P,, and when p = 1, there is a unique
finite Borel measure i on T such that F(re*™®) = P, * y in the sense that

F(re®min) = / Py(e — ) d(y).
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2.4 weak (weak™) compactness

The notion of weak (weak™®) convergence can be described in terms of the correspond-
ing weak (weak™) topology on X, which is useful in some context.

Definition 5. Let X be a normed linear space. The weak topology on X is generated
by subsets of X of the form {xr € X : a < l(z) < b} where l € X* and a < b are
arbitrary scalars. We denote this topology by o(X, X*). In other words, any open set
in o(X,X*) contains a subset of the form N {zx € X : a; < l;(x) < b;} for some
finite number of [; € X* and a; < b;.

Definition 6. Suppose X = Y* whereY is a normed linear space. The weak™ topology
on X is generated by subsets of X of the form {y* € X : a < y*(y) < b} wherey € Y
and a < b are arbitrate scalars. We denote this topology by o(Y*,Y).

We can verify easily that z; — o weakly in X in the sense we defined earlier iff
x; — w in the topology (X, X*), and y; — y* weak™ in X in the sense we defined
earlier iff y5 — y* in the weak™® topology o (Y™, Y).

The main cautionary words are that these topologies are in general not metriz-
able, so the closure of a subset in these topologies may not be described in terms
of sequences. There is, however, a theorem of Eberlin and Smulyan that says that
For a Banach space X, a subset K C X 1is compact in the weak topology iff it is
sequentially weak compact. The same statement does not hold for weak™ topology,
namely, there exists a Banach space X and a subset K’ C X* which is compact in the
weak® topology, yet it contains no sequence that converges weak*. For an example,
take X = [, and K to be the weak™ closure of {e;}; C X*. One most useful feature
of the weak* topology is the Alaoglu theorem (5.18), the proof of which depends on
the Tychonoff theorem (4.42).

Review problems for the midterm. Turn in the *ed problems at the beginning
of the midterm on March 25, which will be counted as 32 points out of the 72 points
for the midterm. Use the rest as practice problems for the midterm.

Chapter 5: 6%, 22, 25, 47, 49(a), 50, 53, 62, 63.

Chapter 6: 19, 20(a)*, 22(compare with 9, 10),

A. For any f € LP(T) with 1 < p < o0, let Sxy(f) = Zg:_N f(m)e?™m= denotes
the Nth partial sum of the Fourier series of f and regard Sy : LP(T) — LP(T)
as a bounded linear operator, with

1SN lpp = sup{[[Sn (Nl < [ F]lp = 1}-

(a) Prove that the following two statements are equivalent

i. For any f € L*(T), Sy(f) — f in LP(T) as N — oo.
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B.

F*.

ii. There is a bound C' > 0 such that |[Sy||,—p < C.
(b) Prove that neither (i) nor (ii) above holds in L!(T).

For any t > 0 let P,(z) = (e~ 2™V where e=2"¢l is treated as a function in
R™.

(a) Use problem 26 of chapter 8 to evaluate P;(x).

(b) Verify that (02 + A,)Py(z) = 0 for all (z,¢t) € R* x R*. (Note that
(8152 + Az>6—27rt\§|+2ﬂ'ix-§ — 0)

(c)* Verify that for any f € LP(R™) with 1 < p < oo, (0? + A,) P, * f = 0 for
all (z,t) e R* x RT, and P, * f — f in LP(R") as t \, 0.

Let 1 < ¢ < p < oo and a(x) be a measurable function on 2. Assume that
au € LI(Q) for every u € LP(§2). Prove that a € L"(2) with

pq
N = it p < o0,
q if p = oo.

Let W1?(R) denotes the completion of C}(R) in the norm

ullwir@y == [|ul]Lo@) + [[u'|| Lo )

Prove that each element u in W!*(R) can be identified as a Holder continuous
function and

u(z) = u(y)| < |z = y"? ||| | oy for all 2,y € R,
where p’ is the conjugate exponent of p.

Let p < g and F be a bounded family in L”N L7 that is sequentially pre-compact
in LP. Prove that for any p < r < ¢, F is sequentially pre-compact in L".

Let (f;) be a sequence in LP(2) with 1 < p < oo and let f € LP(Q2). Prove that
the following two properties are equivalent:

(A) f; = f weakly in LP(Q).

(5) AC > Osuch that||f;||, < C for all f; and
Jofi = [z [ VE C Q measurable and |E| < oco.
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2.5 Compact linear operators

Definition 7. A bounded linear operator L : X +— Y 1is called compact if it maps
bounded sets in X into pre-compact sets in'Y . A bounded linear operator L : X +—Y
is said to be of finite rank if its range R(L) is a finite dimensional subspace of Y.

Finite rank operators and their limits under operator norm are examples of com-
pact operators. It turns out that compact perturbations of invertible linear operators
behave in some aspects like linear operators between finite dimensional vector spaces.

Let’s first list some important features of linear operators between finite dimen-
sional vector spaces. Let A be an m x n matrix and L = L4 : R" — R™ be the linear
operator associated with A from R™ to R™. Then

e The kernel N(L) of L is a closed subspace of R and the range R(L) of L is a
closed subspace of R™.

e There is a well defined adjoint operator L* = Ly : R™ — R", and y € R(L) iff
y-y* =0 for any y* € N(L*).

e dimN (L) = n —rank(A), and dimN(L*) = m — rank(A") == m — rank(A), so
dimN (L) — dimN(L*) = n — m is independent of L.

e When n =m, L is onto iff dimN (L) = 0.

When n = m, one major part of linear algebra is to study the diagonalizability of A,
for which the concept of eigenvalues and eigenvectors play crucial roles. Concerning
the diagonalizability of an n x n matrix, we know that

e An n x n matrix is diagonalizable iff there is a basis of R" consisting of eigen-
vectors of A.

e We often need to extend L 4 to act on the complex vector space C™ to diagonalize

A.

e When diagonalization of A fails, a Jordan canonical form may be a useful sub-
stitute.

e Certain classes of n x n matrices are diagonalizable, including real symmetric
matrices, Hermitian matrices, orthogonal matrices and unitary matrices, all of
which belong to the class of the so called normal operators.

In the infinite dimensional setting, the kernel N(T') of a bounded linear operator
T : X — Y is a closed subspace of X, but it may not be finite dimensional; and its
range R(7T") may not be a closed subspace of Y. So when Y = X and we consider the
eigenvalue problem \[ — T : X +— X, even when N(Al —T') = {0}, Al — T may fail
to have a bounded inverse.
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Definition 8. The spectrum o(T') of T : X — X s the set of scalars \ for which
M — T fails to have a bounded inverse. The complement of the o(T) is called the
resolvent of T'.

So an eigenvalue of T lies in its spectrum; but o(7") may contains non-eigenvalues;
and a scalar A is in the resolvent of 7" iff

(i) AI — T is onto;
(ii) There exists a constant C' > 0 such that ||z|| < C||(A] — T)z|| for all z € X.
We first list some basic properties on compact operators.

Theorem 5. 1. Composition of a compact operator with any bounded linear oper-
ator s compact.

2. If T : X — Y is compact, then TT : Y* — X* is compact. The converse also
holds.

3. Let K(X,Y) denote the set of compact linear operators from X into Y, then
K(X,Y) is a closed linear subspace of L(X,Y) in the operator norm.

4. If Y is a Hilbert space, then any operator in IC(X,Y) can be approximated by
finite rank (compact) operators from X toY .

We will sketch some results on compact operators K : X — X on a Banach space
X. The first result we will discuss is the Fredholm alternative.

Theorem 6. Let K : X — X be a compact linear operator. Then
(a) N(I — K) is finite dimensional.
(b) R(I — K) is closed; more precisely R(I — K) = N(I — KT)*+.
(c) NI—-K)={0} if RU—-K) =X.
(d) dimN(I — K) = dimN(I — KT).
As a consequence, we have
Corollary 7. Let K : X — X be a compact linear operator. Then
(a) X # 0 is in the spectrum of K iff X is an eigenvalue of K.
(b) For any eigenvalue X # 0 of K, its corresponding eigenspace N (A — K) is finite

dimensional, and \I — K has a closed range with codimension dimN (N — K).
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Remark 6. The conclusions in the Corollary does not hold for A = 0. Using the
operator K in problem 1 of Assignment 5, with a sequence \; — 0 but \; # 0, then
K does not have a closed range, and A = 0 is in o(K) (give a direct proof here) but
not an eigenvalue of K; on the other hand, if one chooses a sequence \; — 0 with
infinitely many of them zero, then N(K) is infinite dimensional.

The compactness of K is used crucially in proving (a), the closedness of R(I — K)
in (b) and the following two facts, which are used to prove (c).

Lemma 1. Suppose that K : X — X is compact, and set T =1 — K. Then
3k such that N(T*) = N(T*); (23)

and
3l such that R(T") = R(T"). (24)

R(I — K) = N(I — K")* follows from R(I — K) = R(I — K) and the general fact
that R(I — K) = N(I — KT)*. (c) follows from (23) and (24) as follows. First assume
that N(7") = {0}. Then it follows directly that N(7™) = {0} for all n € N. For any
r € X, Tz € R(T"). Then T'z = T'y for some y € X by (24). This implies that
T'(x — Ty) = 0, namely, x — Ty € N(T'). But N(T*) = {0}, therefore x — Ty = 0,
proving that x =Ty € R(T') and R(T) = X.

Conversely, assume R(T) = X, then R(T") = X for alln € N. Suppose z € N(T),
then it follows that x = T*y for some y € X. This implies that TF*ly = Tz = 0,
namely y €= N(T*™). But due to (23), we infer that = T*y = 0, proving that
N(T) = {0}.

Remark 7. The closedness of R(I — K) is needed for establishing (24). (23) and
(24) would imply each other if dimX < oo,as dimN(T") + dimR(T") = dimX, but
not so if dimX = oo, as the left and right shift operators on [P demonstrate.

(23) and (24) can also used to establish the following useful results using routine
linear algebra argument:

N(T*) = N(T") = N(T"?) = ... and R(T")=R(T"™)=R(T"?)=..;

denoting m = min{k, [},

N(T™) = N(T™) and R(T™) = R(T™); (25)
N(T™) N R(T™) = {0}; (26)
X =N(T")® R(T™). (27)
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Fach of the spaces N(T™) and R(T™) = X are invariant under T and K, and the
restriction of T onto N(T™) is nilpotent and easily understood, thus a decomposition
such as (27) allows one to reduce the study of K to invariant subspaces. This is one
approach to proving the Jordan canonical form.

One way to prove (d) is to use (27). (27) implies that R(T) = R(T™)®(R(T) N N(T™)).
Since N(T™) is finite dimensional by (a), there is a complementary subspace V' of
R(T)NN(T™) in N(T™): N(IT™) =V & (R(T)NN(T™)). Thus V is also a com-
plementary subspace of R(T) in X. So dimN (I — K') = dimV. On the other hand,
define the restriction of T on N(T™) as T : N(T™) — N(T™). Then N(T) = N(T),
and R(T) = R(T) N N(T™). The first equality and R(T) C R(T) N N(T™) are obvi-
ous; now for any v € R(T)NN(T™), T"x = 0 and there exists some y € X such that
x = Ty, which implies that T™ 'y = 0. Thusy € N(T™) = N(T™) due to (23),

~

and v = Ty € R(T). Now in the finite dimensional space N(T™), standard linear

~

algebra implies that dimN(T') = dimV', which allows us to conclude (d).
Further properties concerning the eigenvalues of compact operators are established
in

Theorem 7. Let K : X — X be a compact linear operator. Then o(K) is bounded

and o(K) \ {0} has no accumulation points. When dimX = oo, we also have 0 €
o(K).

Just as in finite dimensional settings, diagonalization can be achieved only under
some additional assumptions. We will present a diagonalization result on self-adjoint
compact operators.

Definition 9. Let H be a Hilbert space. A bounded linear operator T : H — H 1is
called self-adjoint if
(Tz,y) = (x,Ty) forallx € H.

Theorem 8. Let 'H be a Hilbert space and K : ' H — H be a self-adjoint compact op-
erator, and let {1, \a, ...} be an enumeration of all the distinct non-zero eigenvalues
of K, and P, denote the orthogonal projection from H onto N(\,I — K). Then

K=Y M\P, (28)

where the series converges to K in the operator norm.
Let Py denote the orthogonal projection of H onto N(K), then

I= i P,
n=0
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where the series converges to the identity map strongly, namely, for any x € 'H,
x = Z P,z (29)
n=0

Furthermore, for n # m, P,P, = P,P, = 0, the \,’s are all real, and N(K) =
R(K)*.

A large part of Theorem 8 can be proved using the same ingredients as dealing
with self-adjoint matrices in finite dimensions. For example, eigenvectors associated
with distinct eigenvalues are orthogonal to each other, which is stated here as P, P, =
P, P, = 0 for for n # m; each eigenspace N(\;I — K) is an invariant subspace of K,
and so is the linear span Y of all the eigenspaces of K; and for any invariant subspace
V of K, V+ and V are also invariant for K. We first assume the following claim and
complete a proof for Theorem 8.

Claim 1. Y is dense in H, namely, Y = H.

Now for any z € H and e > 0, there exists J and z; € N(\; I — K) such that
||z — Z;‘]:o z;|| < e. But orthogonal projections in a Hilbert space imply that, for all

j>J,
j J J
e =" Pal| <[le =) Pal| < [la = al| <e,
1=0 1=0 =0

proving (29). Noting that K P, = \;P; for all 7, we find
J J J
Kz = APal|| = ||K(zx =) Pa)|| < ||K[|-||lz = Y Pal| =0

=0 =0 =0

as j — oo. Thus
Kz = Z NP
=0

converges for all z, and

j
Kz =Y NP’ =Y Pl
1=0

i>j

:ZA?HPmHQ as Px | Pyx for i # '
i>j

< max{\? P.x||?

<mx01) 3 1)

<max{\?}||z||* by Bessel’s inequality.
1>]
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It follows now that

J
K — Pl < ‘
I = S0Pl < max{ny =0
as j — 00.
We will provide a proof for Claim 1 using the following

Lemma 2. Let K : X — X be a compact linear operator. Then
for any weakly convergent sequence x; — too in X, Kx; — Ko in norm.  (30)

||K|| = sup ||Kzl||is attained by some . with ||z.|| = 1, if X is reflexive.  (31)
||zf|=1

An operator satisfying (30) is called completely continuous.

Proof. Let x; — 7o in X, we will first prove that Kz; — Kz. By definition of
Tj — Too, (Tj,2%) — (X0, 2") for any 2* € X*. We will take z* = K'y*, where
y* € X* is arbitrary. Then

<Kxj7y*> = <$j7KTy*> - <xoo>KTy*> = <Kxooay*>>

proving Kz; — Kz.. Now by compactness of K, any subsequence of {Kx;} has
a convergent subsequence. We will assume Kz; — y for some y € X. Then
(Kzj,,y*) — (Kzo,y") and (Kzj,,y*) — (y,y*), which implies that (y,y*) =
(KZoo,y*) for all y* € X*. So y = K, namely, there is a unique limit, Kz,
to the subsequential limits of { Kx;}. Therefore Kz; — Kz .

For (31), we take a maximizing sequence z; for sup, - ||[Kz||. Again we may
assume Kz; — y for some y € X and x; — z, for some z, by the assumption that X
is reflexive. Therefore Kz; — Kx,, and ||Kz,|| = lim; . || Kz;|| = ||K||. We finally

claim that ||z,|| = 1 when ||K|| > 0. Otherwise, since ||z,|| < liminf; . ||z;|| = 1,
x, = On for some 0 < § < 1 and ||n|| = 1, which would lead to ||Kn|| = ||Kz.||/0 =
||K||/6 > ||K]||, contradicting the definition of ||K||. O

We now supply

Proof of Claim 1. If ) # H, then T is a non-trivial subspace of H, invariant for K.
Let K : Y+ Y be the restriction of K to Y. If |K|| = 0, then Y is a non-trivial
subspace of N(K) C ), impossible. So ||K|| > 0, and there exists some z, € Yy with
||z+|| = 1 attaining ||K||. Then a simple calculation of the first variation of || Kx||?

on the constraint {z € T t ||z[| = 1}, using the self-adjoint assumption of K at
this point, shows that z, is an eigenvector of K : Kz, = £||K||z.. This implies that
x, should have been included in ), again impossible. Therefore we conclude that

?L:{o} and Y = H. O
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We now outline an application of Theorem 8 to eigenfunction expansions. Our
motivation comes from solving

r(x)u(z,t) = (p(z)u ( t), + q(z)u(z,t) a<x<bt>D0,
u(a,t) = u(b,t) = t>0, (32)
u(z,0) = f(x) a<x<b,

for some given f(z). We first look for separable solutions to the first two of (32), of
the form u(x,t) = X ()T (t). Then

r(2)X (2)T'(t) = T(¢) [(p(x) X' (2)) + q(2) X ()] ,

and it follows that T"(t) = —uT'(t) for some constant p and

(p(2)X'(2)) + q(2) X (2) + pr(2)X (z) = 0.
The boundary conditions in (32) become X (a)T'(t) = X (b)T(t) = 0 for all ¢ > 0.
In order to obtain non-trivial solutions of the form wu(z,t) = X(x)7T(t), we must
choose X(a) = X(b) = 0. Thus we need to find a non-trivial solution X to the
Sturm-Liouville problem

{ (P)X'@) +a@X @) +pr@XE) =0, a<a<h

Suppose that {u;} is a collection of values for which (33) has non-trivial solution
Xi(z), then e #i*X;(x) solves the first two of (32), and so does any (finite) linear
combination of them >, ;e #i* X, (z), which takes on initial data )", ¢; X;(z).

Question 10. What kind of functions f(x) can be expanded in terms of {X;(x)}?
More precisely, is there a way to find a “complete” set of eigenfunctions of (33) such
that all functions f(x) in a reasonable function space can be expanded in terms of

{Xi(x)}?

We know one case well for (33): p(z) = r(z) = 1 and ¢(x) = 0. If we set
a = 0, then all the eigenvalues for (33) in this case are given by ju, = (nm/b)? with
X, (z) = sin(nmz/b) as a corresponding eigenfunction. Note that p, — 0o as n — .

It turns out we can cast the eigenfunction expansion problem as the eigenfunction
expansion of a compact operator K constructed through the solution operator to (33).
We will fix a po such that there is a unique solution X to

{ (p() X' (2)) + (g(x) — por(x)) X (z) = f(z), a<ax<b,
X(a) = X(b) = 0.

(34)
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for every f in a function space to be chosen. This can be done if we assume

p(z), q(z)and r(z) are bounded measurable functions on [a, b], with p(z),r(z) > ¢ > 0.

(35)
A solution X (x) to (34) can be constructed by extending our variational approach:
we look for a minimizer X (z) to

min{/[X] ¢=/ [p(2)| X" (2)* + (por () — q(2)) X*(2) + f(2) X (2)] dz}

in the class X € F := H{(a,b). We will take f € L?*[a,b]. Then because of (35), we
can choose g sufficiently large to prove that I[X] has a unique minimizer X in E
for every f € L*[a,b]. Denote this X by S[f] and regard S as an operator on L?|a, b
through S : L?[a,b] — E C L*[a,b]. Our solution process will show that S is linear
and maps bounded set in L?[a, b] into bounded set in E. But bounded set in E are

pre-compact in L*[a,b]! So we have constructed a compact operator S on L?[a, b].
Let X = S[f] and Y = S[g] for some f,g € L?[a,b], then multiplying both sides of
the equation for X by Y gives

b b
—/ [p(2) X' (2)Y" () + (por(x) — q(z)) X (2)Y (x)] dw:/ f(@)Y (z)dz.

But
b
- / [p(z) X' (2)Y'(x) + (por(z) — q(x)) X(2)Y (x)] d

T
b / b
= [ X@) [p)Y@) + ale) ~ por(e)) Y (@)] do = [ X(@)gla)da,
Using (-, ) to denote the L? inner product in L?[a,b], we have established

(f,Slg]) = (S[f],9) forall f,g € L?a,b]. (36)

Define K[X] = S[r(z)X]. Then replacing f by r(z)X(z) and g by r(z)Y (z), (36)
becomes

(r(z) X, K[Y]) = (K[X],r(2)Y), (37)
namely, S is self-adjoint in the standard L? inner product, while K is self-adjoint in
the weighted L? inner product (X,Y), := (r(z)X,Y). Let us repeat the computation
to show that eigenfunctions of (33) corresponding to distinct eigenvalues are orthog-
onal with weight r(x). Suppose u; # po are two distinct eigenvalues of (33) with
corresponding eigenfunctions X, (z) and Xs(z), then

(p()X/(2)) + (alw) = por(e)) Xie) = —(u + po)r(z) Xia),
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for each ¢ = 1,2, from which it follows that X; = —(u + po)S[r(x)X;]. Applying
(36) for f = —(u1 + po)r(z)Xi(x) and g = —(ua + po)r(z)Xao(z), we get S[f] = Xi,
S[g] = X27 and

—(p1 + o) (r(2) Xy, Xo) = —(pa + o) (X1, 7(2) Xa).

Thus (X, X3), = (r(z) X1, X5) = 0. Let ‘H denote the L? inner product space with
weight 7(z). Under our assumption (35), K : H +— H is well defined and compact,
self-adjoint. Thus Theorem 8 applies to K. In addition, each eigenfunction X of (33)
is an eigenfunction of K with eigenvalue A = —1/(u+ o), and vice verse. In the case
here N(K) = {0}. By Theorem 8, we can construct an orthonormal basis for each
of the non-zero eigenspace of K, and the union of these bases will become a basis
for H, that is, denoting by {X;} such an orthonormal basis, then any f € H can be

expanded as
f = Z CiXiv

where the convergence is in the H norm, and ¢; = (f, X;), = fab f(@)Xi(x)r(z)d.
A; — 0 now corresponds to p; — 00.

Theorem 9. Assume (35). Then there ezists an orthonormal basis of H, consisting
of eigenfunctions of (33).

Remark 8. We have outlined the eigenfunction expansion in the simple setting of
homogeneous Dirichlet boundary conditions in (32). The same conclusion can be
reached with any homogeneous boundary conditions of the type a; X (a) + 5; X' (a) =0
and ae X (b) + (2 X'(b) = 0, assuming |ou| + | 5] # 0.

The eigenfunction expansion is often presented as an eigenvalue problem for the
unbounded operator L[X] := [(p(z)X'(z)) + q(z)X ()] /r(z) on H. The domain of
L can’t be H, but is taken to be some dense subspace of H. Assuming p(x) € C'[a, b]
for instance, then (p(z)X'(x)) = p(x) X" (x)+p/(2) X' (x) is in L*[a,b] if X € H?[a,b].
One could regard L as a bounded operator from H?[a,b] into H, but it does not quite
make sense to talk about eigenvalues of an operator from one space into a different
space. So a convenient approach is to regard H?[a,b] as a dense subspace of H and
treat L an an unbounded operator. This is the way many differential operators are
treated.

Assignment 5 The following problems are adapted from the new edition of Brezis’
text. Turn all four problems in by 5pm, April 20.

1. Let (A,) be a bounded sequence in R and consider the operator K : [ — [P for
1 <p< oo
Kx = ()\1.’13'1, )\2[[’2, ey )\niL'n, - .),
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where
T = (T1,%2, .y Tpy--.)-

Prove that K is compact iff A, — 0 as n — oo.

2. Let X and Y be two Banach spaces and T € K(X,Y). Assume dimX =
0o. Prove that there exists a sequence (u,) in X such that ||u,||x = 1 and
|| Tun|ly — 0 as n — oo.

3. Let (A\,) be a sequence of positive numbers such that lim, ., A, = oo. Let V
denote the space of sequences (uy,),>1 such that

o
Z At |2 < 00.
n=1

V' is equipped with the inner product

((u,v)) = Z Anln U,

Prove that V is a Hilbert space and the injection V' C [? is compact.
4. Define Tu(z) = [; u(t)dt.

(a) Prove that T': C[0,1] — C|0, 1] is compact, but T'(B) is not closed, where
B is the closed unit ball in C]0, 1].

In the following, let X = LP(0,1) with 1 < p < oo, and consider T" € L(X).

Assignment 6 The following are recommended for chapter 3.
Chapter 3: 1, 2, 7(a), 9, 12, 20, 21, 24, 25, 28, 29, 36, 39 Here are a couple more for
practice.

1. Suppose that f is monotone increasing on [a,b] and f(b) — f(a) = fab f(x)dx.
Prove that f is absolutely continuous on [a, b].

2. Suppose that f € BV ([a,b]). Prove that |f| € BV ([a,b]). Construct a function
g such that |f| € BV ([a,b]), but g ¢ BV ([a,b]).
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3. Suppose that f and g are in BV ([a, b]). Prove that max{f, g} € BV ([a,]).

4. Suppose that f € L[a,b] and F(x f f(u)du. Prove that F' € BV ([a,b]) and
= fa | f(u)]du.

5. Suppose that f € BV([a,b]) and V’(f f | f'(u)|du. Prove that f is abso-
lutely continuous on [a, b].

3 Some comments on “signed measures and differ-
entiation”

A large part of the material on “signed measures and differentiation” originated in
extending the Fundamental Theorem of Calculus to the context of Lebesgue integral.
Namely, we would like to answer

Question 11. How to extend the statement that
d [* o :
— [ f(t)dt = f(z) at every x € [a,b], if f is continuous on [a,b],
T

to the case when f € Lla,b]?

Question 12. When F is differentiable on (a b) continuous on [a,b], and F'(x) is

Riemann integrable on [a,b], we have F(b) f F'(x)dx. What would be an
appropriate extension of this theorem in the context of Lebesgue integral?

For question 11, one approach is to study
lim

S F() dt — ff f(t)dt

_}fi%h/ f®)

and try to prove that the limit is f(z) almost everywhere. Denoting

Anteyi= 3 [ g a= e (N0,

and recalling that that {h™x[ }n>0 forms an approximation to identity, so | Anf —
ey — 0 as h ™\, 0, therefore, there exists a subsequence h; ~\, 0 such that

Ay, f(x) — f(z) almost everywhere on [a,b]. So we would have an affirmative answer
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that (" f(t) dt)/ = f(x) almost everywhere on [a,b], provided we can prove that

limy_o A, f(z) exists almost everywhere. For this purpose, it is natural to study the
function R )
Qf(x) := |limsup A, f(z) — lil;zn igf Anf(x)],
h—0 -
in particular m({x : Qf(z) > a}) for any o > 0. It turns out to be extremely useful
to study the Hardy-Littlewood maximal function

1 (@) = sup Al () = sup—iss | Wy

r>0 r>0 MM

The main property of this function is given in Theorem 3.17. Using Qf(x) < 2H f(z)
and Theorem 3.17, Folland gives a proof in Theorem 3.18 that Aj, f(z) — f(z) almost
everywhere on [a, b] as h — 0.

Another approach to question 11 is to use the relation

/: f(t)dt = /: fH(t) dt — /: f(t)dt

for f € Lla,b], where f*(z) = max{f(z),0} and f~(x) = —min{f(z),0}. Thus
f; f(t) dt is written as the difference of two monotone increasing functions. We could
answer questions on the differentiability of fax f(t) dt if we could answer questions on
the differentiability of monotone increasing functions. Interest in the latter was related
to Weierstrass’ construction of a continuous function which is nowhere differentiable:
his construction used a sum of trigonometric series and exploited the oscillations of
these functions. So it was natural to ask whether monotone functions enjoy better
differentiability properties. Using a Vitali covering argument, Lebesgue proved that a
monotone function is differentiable almost everywhere—this is part of Theorem 3.23
in Folland’s text, although with a more modern proof using Theorem 3.22.

Folland’s approach studies the differentiability of a monotone increasing F'(x) from
the point of view of measures. When F' is monotone increasing(and right continuous),
there is an associated Borel measure pp on (R, B) with pup((a,b]) = F(b) — F(a) for
any a < b. Noting

Flz+h) = F() _ pr((ae+h)
h m((z,z + h])’

for h > 0,

with a similar expression when h < 0, the differentiability of F(x) can be stud-
ied through the differentiability of the measure pup, for which the Lebesgue-Radon-
Nikodym theorem can be applied as in Theorem 3.22 to give an affirmative answer.
Here is a bit more detail. Let ur = A+ f(x)dx be the Lebesgue decomposition of g
with respect to the Lebesgue measure m. We know that A is a positive measure and
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f(x) > 0 m-a.e., and there exists a Borel set Z; with m(Z;) = 0 such that A\(Z{) = 0.
Thus h
pr((@, e +0) _ M@,z +h]) [, f(B)d

m((z,x+h])  m((z,z+ h]) h

According to Theorem 3.18, there exists a Borel set Z; with m(Z,) = 0 such that for
any x € [a,b] \ Za,
z+h
t)dt
fx# — f(z), ash—0.

It remains to prove that

lim A((x,x + h])

lim m exists for m-a.e z.

In fact, Theorem 3.22 proves that

lim A(z, z + h])

=0 f -a.e .
(5 ) or m-a.e x

Therefore, F'(z) = f(x) for m-a.e z. In terms of the Lebesgue decomposition of up,
this result says up = A+ F'(x)dx.

Either of these approaches tells us that [ f(¢)dt is differentiable almost every-
where if f € Lla,b], but does not tell us at this point what it’s derivative is. For
that, one uses again, as above, that there exists a sequence of h; — 0 such that
Ay, f(z) — f(z) almost everywhere on [a,b]. Since we now know at this point that
limy_o Anf (x) exists almost everywhere on [a, b], we can now conclude that this limit

is f(z) almost everywhere on [a,b], i.e., ([ f(t) dt), = f(z) almost everywhere on
la, b].

The study above also identifies a class of functions of interest: the difference of
two monotone increasing functions. Such functions are characterized by the property
of bounded variation. Properties of these BV functions are studied in Examples 3.25,
Lemma 3.26, Theorem 3.27, and Theorem 3.29. Folland then summarized the main
differentiability properties of these functions in Proposition 3.30. It is useful to expand
part of Proposition 3.30 into the following more concrete form:

Proposition 9. Let F' be monotone increasing and right continuous, then pup =
A+ F'(z)dz, where \ is a positive measure on (R, B), singular with respect to the
Lebesgque measure m: there is a Borel measurable set Z with m(Z) = 0, such that
ME)=XNENZ) for any Borel set E. As a consequence,

b
F(b) — F(a) = pr((a, b)) > / F(x)d, (38)
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for any a < b, with equality iff A\((a,b]) = 0. In general, A((a,b]) = 0 iff up << m on
[a, b].

For question (12), the standard Cantor function C(x) is a monotone increasing
continuous function, with C’(x) = 0 almost everywhere, but C(b)—C(a) > fab C'(x)dx
for many 0 < a < b < 1! In the case of monotone increasing function F'(z), the answer
to question (12) is already partly provided by the decomposition up = X + F'(z)dz

above: F'(b) — f F'(z)dz iff up << m. This absolute continuity condition
can be expressed in terms of F directly, as done in the text. The general condition
for F(b) f F'(z)dz is also given in terms of the absolute continuity of F,

as in Pr0p051t10ns 3.30, 3 32 and Theorem 3.35.

Remark 9. A function f(x) may be differentiable everywhere on [a,b], yet fails to be
in BV]a,b]. Here is an ezample.

2?sin(%), x #0,
flay = {7 )

0, r=0.
Uniform limit of a sequence of BV |a,b] functions may not be in BV [a,b]. For exam-
ple,

2?sin(%), |x| > L,

fule) = 0ok =
However, if {fn} is a sequence of BV [a,b] with bounded BV semi-norm, namely,
there exists M > 0 such that Ty, (b) — T}, (a) < M for all m.

and
lim fm(x) = f(x) for all x € [a,b.

Then f € BVla,b], and Tr(b) — T¢(a) < M.

Remark 10. BV functions arise in defining and computing the arclength of a curve.
Suppose that 7 : [a,b] — C defines a continuous parametrized curve in C. It’s natural
to approzimate the arclenth of v by inscribed linear segments and define

arclength(y) = sup{z |y(tiv1) —v(t)| ca=to <ty <--- <tn =b}.

This is identified to be the total variation of the complex valued function ~(t) on [a,b],
and according to (38), is > f T (t)dt, with equality iff T,(t) is AC on [a,b]. But

Tt +h) = T,(1) ‘ S ‘v(t +h) =)
h - h

Y
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for any h # 0, so T (t) > |¥'(t)| for almost all t € [a,b]. Thus we conclude
arclength(y) > fab |7/ (t)|dt, with equality iff v(t) is AC on |a,b], using the follow-
mg

Fact. v(t) is AC on [a,b] iff T,(t) is AC on [a,b].

4 Comments on the notions of weak derivatives

We have encountered several notions of weak (strong) LP derivatives. Here are some
comments to clarify their relations. The notion of weak derivatives was formally
defined in Definition 15. But we first saw a need for extending the notion of derivatives
through our variational approach, in which we encountered a Cauchy sequence u; €
CHR™) (or C*(R"),S) such that u; — u in L*(R™) for some u(z) € L*(R"), as
j — oo, and {dyu;}; is Cauchy in L?(R™). Then for each [ = 1,--- ,n, there exists
w; € L*(R") such that {Qu;}; — w; L*(R™). We will see now that this u has weak
L? derivatives in the sense of Definition 15. Fix any n € C>°(R"), for each j, we have

/n w;(z)om(z) de = — /n Oyu;(z)n(z) dx.

Since {u;}; — u and {Qu;(x)}; — w; in L*(R™), as j — oo, we know that
/ wj(x)on(x) de — uoym(x) dz,
n R

and

/n Ou;(z)n(x) de — wy(z)n(z) de.

Rn
(Can you supply the details?) Thus

/n uom(x) de = — /n wy(z)n(z) dx

for every [ = 1,--- ,n and n € C>°(R"), proving that u has weak L? derivatives, and
ou = wj.

Conversely, let u have weak L? derivatives du. Fix a family of good kernels
{g;} € C*(R™), and consider G; = u * g;. Then each G; € C*°(R") N L*(R"), and

GlGj = (8111,) * gj-

We know G; — u and 9,G; — Qu in L*(R™). This essentially proves that u can be
approximated in L*(R™) by smooth (decaying) L*(R") functions whose derivatives
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are Cauchy in L*(R™). The G, may not have compact support, but one can further
construct smooth cut-offs that have compact support and approximate u as well.

In problems # 8 and 9 of chapter 8, two more notions of derivatives are introduced
for the one dimensional case. If u has strong LP derivative h on R, then it is easy to
see that it has h as weak LP derivative, which can be defined almost identically as in
Definition 15.

Here is an outline to prove that if u has weak LP derivative h, then it has strong L?
derivative. We will first prove the property in #9, namely, u is absolutely continuous
on any finite interval. Consider the same regularized G;, then, for any a < x <y < b,

v o v o,
G, (y) — () = / G (t)dt = / % g,(t)dt. (30)

It follows that

y y 1/p
IGj(y)—Gj(l"NS/ [ # g;(£)|dt < (/ Iul*gj(t)lpdt) ly — 2|7, (40)

for 1 < p < oo, where ¢ is the conjugate exponent of p, so {G,} is equicontinuous,
as u' * g;(t) — u in LP(R), so there is an upper bound for ([ |u" * g;(t)[Pdt)"/?. In
the case p = 1, (40) still gives equicontinuity of {G;}, as u' * g;(t) — u in L'(R).
Since G; — u in LP(R), there is also a bound for fab G(x)dz, which together with
(40) implies that there exists a subsequence of {G;} that converges to a continuous
limit w uniformly on any compact interval of R. Furthermore, since G; (t) — u in
LP(R), we can pass to the limit in (39) to conclude that

w(y) —w(z) = /y u (t)dt for any x < y.. (41)

But G; — w in LP(R), we deduce that w = u a.e., namely after modifying « on a
Lebesgue null set, u is identical to a continuous function w that satisfies (41). We
can now conclude that u is absolutely continuous on every bounded interval.

44



