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1 Lecture 1. Introduction

You where given the following problem

The Problem: Given a subset D C R™ and a function f : 0D — R does it
exist a function u(x) such that u(x) = f(x) on 9D and

E(u(x)) < E(v(x))for all functions v(x) s.t. v(x) = f(x) on 9D?

Where
F(u(x)) = /D Vu(x)[2dx, (1)

My intention was that you shouldn’t be able to solve it, so let us assume
that you where not. How does one even begin to approach a, presumably, new
problem? There are many possible ways. The most common way to attack
a new problem is to make some simplifying assumptions and try to solve the
simpler problem. But in this case we will use another strategy. We will go back
to undergraduate analysis and see how we solve optimization problems there
and then see if we can generalize the approach from the known case to the more
difficult at hand.

The simplest relevant theorem form undergraduate analysis is the following.

Theorem 1.1. Let f(x) be lower semicontinuous' and bounded from below on
the interval [a,b] to R. Then there exists an xg € [a,b] such that f(z¢) < f(z)
for all x € [a, b].

Proof: We will split the proof intoseveral easy steps.

Step 1: The greatest lower bound m of the range of f exists: m =
inf, a0 (f(x)) exists.

The range of f, let us denote it by R, is a set of real numbers. Furthermore
Ry is bounded form below by assumption. The completeness property of the
real numbers states that every set of real numbers that is bounded below has a

greatest lower bound. It follows that R; has aleast lower bound that we may
call m.

Step 2: There exists a sequence of points z; € [a,b] such that f(z;) — m.
Since m is the greatest lower bound of R; it follows that m 4+ % > m is
not a lower bound of Ry. We may conclude that there exists? an x; such

IRemember that f(z) is lower semi-continuous if f(y) < limg_, f(z) for all y in the
domain of f.

2Let me just remark here that we are using the axiom of choice in this step. As is common
in mainstream mathematics today we will not bother to keep track of the usage of the axiom
of choice in this course. But as part of good mathematical culture one should, at least
occasionally, pay some attention of the choice and foundational issues.



that f(z;) < m+ % Since m is a lower bound for Ry we can conclude that
m < f(z;). Therefore m < f(z;) <m+ %, it follows that f(z;) — m.
Step 3: There exists a subsequence x;, — o for some xy € [a,b].

From the Bolzano-Weierstrass Theorem: every bounded sequence in R (such
as x; € [a,b]) has a convergent subsequence; we may conclude that x; has a
convergent subsequence. Since [a, b] is closed it follows that the limit g € [a, b].

Step 4: Conclusion of the Theorem.

Since f(z) is lower semi-continuous it follows that f(z) < limg_o f(25,) =
m. Since m is a lower bound for f(z) it follows that f(z¢) > m. We may
conclude that f(xo) = m = inf,eqp) (7). O

Now we have one theorem that assures the existence of a minimizer in one
simple case. In order to repeat the same proof for the problem we have at hand
we need to carefully analyze what properties we used in the simple theorem.

In Step 1 we only used the completeness of R and that f was bounded from
below. Since the E(u) > 0 this part of the argument should go through without
changes. But there is one complication! The range of E depends on the domain
of definition of F, and we have not properly defined the domain of definition of
E. Is E defined on the set of continuously differentiable functions, on the set of
functions whose gradient is Riemann integrable, or what?

Question 1: What is the natural domain of definition of E? How should
we Interpret the integral in the definition of E7?

We have a lot of freedom to choose a domain of definition of F, lets call the
domain of definition for Kg. But almost all of our choices will be wrong! If we
choose the domain of definition Kg to small we might not have a minimizer;
consider for instance trying to minimize continuous functions over Q. In any
case the domain of F must be be non-empty. On the other hand, if we choose
it to large we might have several minimizers; or they might not behave the way
we want.

If we, for the moment, assume that we have agreed on a reasonable and non
empty domain of definition Kg. Then the argument in step 1 should work and
we can turn our attention to step 2. It is easy to see that step 2 should work
without changes.

Step 3 is much more subtle. We are actually using two things in step 3.
First we use the Bolzano-Weierstrass Theorem and then that g is closed.

To derive a Bolzano-Weierstrass type theorem for g we would want every
bounded sequence w/ to have a convergent subsequence.®> This leads to the
next problem, how do we assure that a sequence u/ such that E(u/) — m =
infyex, E(u) is bounded, and in what sense is it bounded? To choose the
domain K bounded is of lesser importance. This since if E(u’) — m then
there exists a J € N such that

/ |V (x)|*dx < 2m for j > J. (2)
D

We thus get that the sequence v’ is bounded, in the sense of (2), irregardless
of whether Kg is bounded. We would need some kind of Bolzano-Weierstrass

3Later we will see that this is to strong a requirement and therefore we will have to introduce
the concept of weak convergence.

Need some kind
of Bolzano-
Weierstrass
Theorem for the
domain of E.



Theorem that states that if a sequence u/ is bounded in the sense of (2) then
there is a convergent subsequence u’* — u’. We would want to derive the
following: If u’ is a sequence such that [, |Vu/|*dx < M then there exists a
subsequence u’* that converges to some u’. Notice that the concept of bound-
edness, [, |Vu/[*dx < M, is given to us (or imposed on us) by the mathematics
of the problem. But can we derive such a Bolzano-Weierstrass Theorem?

The other property we used in step 3 was that g is a closed set. Since we
are only interested in functions u such that u(x) = f(x) on 9D we would need to
show that if u/ — u” and v/ = f on 9D then u® = f on D. This is not entirely
straightforward. We still have not really decided in what sense it is natural to
consider the convergence v/ — u° but given the appearance of fD |Vul|?dx i
the formulation of the tentative Bolzano-Weierstrass Theorem it is reasonable
to say that u/ — u® if [, |V(u/* —u®)?dx — 0.* But if the convergence only
depends on the integral of V(u? —u°) it might not even be possible to talk about
values of u? on the boundary. We will explain the problems relating to this in
more detail later.

The final step in the proof of Theorem 1.1 uses that f is lower semicon-
tinuous. To emulate the proof of this step we need to show that E is lower
semicontinuous with respect to the convergence u/* — u®. That is, when we
derive our Bolzano-Weierstrass Theorem we need to fix a meaning for u/* — u°,
say that [ |V(u/* —u?)|?dx — 0, and then show that E is lower semicontinuous
with respect to convergence in this sense.

In order to summarize we would need the following things in order to prove
existence of minimizers of F(u).

1. We need to choose the domain of definition, Kg, of the functional E(u)
in such way that,

(a) Kg should be, or contained in a space that is, complete with respect
to some norm. The mathematics indicate that the norm should be
|ul|? = fD |Vu|?dx.

(b) We need to show some sort of Bolzano-Weierstrass Theorem: If
|u?|| < M then there exists a function u® and a subsequence u/* —
u’.

(c) We need to make sure that g is non-empty.

(d) We need to make sure that g is closed under convergence. In par-
ticular, we need to make sense of the boundary condition v = f on
0D and show that that is preserved under limits.

2. We need to figure out what it means for a function u to have square
integrable gradient. Clearly if u € C1(D) then |Vu|? is integrable. But
we will see that assuming that u € C1(D) is to restrictive for the theory
we want to develop.

3. We need to show that the function E(u) : Kg — R is lower semicontinuous
with respect to the convergence u’* — uV.

4. We need to resolve all other problems, and there will be problems, that
appear during our attempt to prove the above points.

4As we will see this is not what we will use later - but what we will use is even worse so
the heuristics that follows is still valid.

The natural condi-
tion for bounded-
ness in the set Kg

is [p | VulZdx.

Domain of E
should be closed.



1.1 What goes wrong with the Riemann integral.

Let us end the first lecture with a quick review of the Riemann integral. We
begin by reminding ourselves of some definitions.

Definition 1.1. We say that a function f : [a,b] — R is Riemann integrable’
if there for any € > 0 exists a partition of |a,b], that is a set of points a = x¢ <
1 < To < ... < xp =b, such that

n

Z(M’f —mg) (e — Tp—1) <€ (3)

k=1

where My, = SUD,e (4, 1 2p) f(x) and my = inf,cp, | 2 f(2).
If f(z) : [a,b] — R is Riemann integrable we define

b n
/ f(x)dx = supka(xk —Tp_1),

k=1

where the supremum is taken over all partitions P: a =xg <11 < ..<xp, =b
for all n.

This definition agrees well with our intuition with assigning a (signed) area
to the region under a graph. But the definition is useless unless we actually
can integrate a large class of functions. Fortunately we know from undergrad-
uate analysis that if f € C([a,b]) then u is Riemann integrable. The argument
goes something like this: since f is continuous on a compact interval w is uni-
formly continuous and we may therefore find, for each € > 0, a § > 0 such that
0SCyefzy—1,25]U < 55 for each x_1 < xp such that |z — xx—1| < J; we may

b—a
therefore part [a, b] into n ~ 2(b—a” pieces a = xg < 1 < ... < ¥, = b such that

08Cse(ap—1,00)f < ==, then (3) holds.®

We also know from undergraduate analysis that if f(z) is bounded and
piecewise continuous, that is discontinuous at finite set of points, then f is
Riemann integrable.

f(x)

a

X

5At times one calls these functions Darboux integrable. But the Riemann and Darboux
concepts of integrability are equivalent.

By definition the oscillation of f over [Z_1, k], in symbols 0sCye (s, —1,4;,) f (2), is defined
to be SUPge(xy)_1,2k) f(x) - ianE(zk,l,zk) f(I) = My — mg.



Figure: If f(x) is discontinuous at finitely many points, say at two points
c and d as in the graph, then we may capture the discontinuities in two samll
rectangles (yellow in the graph) each having area less than €/5. The rest of the
graph consits of three continuous pieces. The area under each which may be
approximated from above and below by the area under step functions so that the
difference of the area under the red and blue stepfunctions is less than €/5, this
since f is uniformly continuous at each of the three pieces in the complement of
the yellow rectangles. We may therefore approximate the area under the graph
within an € error for every € > 0. It follows that f is Riemann integrable.

These undergraduate theorems gives large classes of Riemann integrable
functions. But can we describe exactly when a function is Riemann integrable?
A good guess would be that f should not be discontinuous in a to large set. The
right way to measure largeness of the set of discontinuities is by the concept of
Zero measure.

Definition 1.2. We say that a set A C R has zero measure if, for any ¢ > 0,
there exists a countable set of interval’s (a;,b;) such that

A CUZ (ais b)

and
o0

Z(bz — ai) < €.

=1

Theorem 1.2. A bounded function f : [a,b] — R is Riemann integrable if and
only the set
D = {z € [a,b]; [ is discontinuous at x}.

Proof: Assume that D has measure zero. We aim to prove that f is Riemann
integrable. Let us write D = U2 ; D), where

Dy = {x € [a,b]; lim osciy—rgir)f > 1/k}.
r—0t ’

It is enough to show that each Dy has measure zero. Indeed, if each Dy has
measure zero then we may find a countable covering (a¥,b¥) such that
o0

€

i=1

Then the countable covering consisting of all interval’s (a¥, b¥) will satisfy

177

ZZ(bf—af) < 22% =e
k=1i=1 k=1

We now turn to finding a cover of Dy, that has length less than e. Since f is
Riemann integrable there is a partition a = x¢p < 21 < ... < &, = b such that

(Mj —my)(zj —zj-1) <

(4)

ENd )

J

n

=



Notice that if Dy, N (x;-1,2;) # 0 then M; —m; > +. Lets denote the indexes j
such that Dy N (xj_1,2;) # 0 by J. From (4) and the last observation we may
conclude that

Z%(fﬂj—xj—l)SZ(Mj—mj) —xj-1) Z —zj-1) <

jeJ jeJ

En e

It follows that » . ;(zj—2;-1) < € and since Uje j(x; — ;1) covers Dy, except
possibly finitely many points z;, we may conclude that D, has measure zero.

Now assume that D has measure zero, this implies that Dy has measure zero
for each k. We want to show that f is Riemann integrable. To that end we fix
an € > 0 and choose k large enough so that % < m.

Since Dy, has zero measure we may find a covering, (a;,b;), of Dy so that
>2(bi —a;) < 357 where M = sup,¢(q 4 f(2). Furthermore for every point
x ¢ Dy, there is an r, > 0 such that osc(z—y, z4r,)f < < 4(b E

Now Dy, is closed and bounded and we may therefore find a finite sub-
cover of (a;,b;) of Dy: upon relabeling the a; and b; we may conclude that
Dy, € UL, (ay, b;) for some finite I. Also [a, b]\UL_, (a;, b;) is closed and bounded
and therefore compact so we may cover [a,b] \ UL_; (a;,b;) by a finite subset of
the intervals (x — 5, @ + 7). That is there exists a finite set J such that

[a,0] C (Upes(x — 1,0+ 12)) U (Uf:l(ai7 b)) -

We may therefore use all the numbers x + r, for x € J and a; and b; for
i < I to form a partition, a = 29 < 21 < ... < 2, = b, of [a,b]. The union of
the intervals (x;_1, ;) that intersect Dy will have length less than UL, (a;, b;),
that is length less than ;37 and in these intervals the oscillation M; —m; < 2M.
The total length of the intervals (z;_1,z;) that does not intersect Dy will be
less than b — a and the oscillation in these intervals is M; —m; < % < m.
Therefore

n

D (M = my)(w; —jo1) < 2M € _(-a)<e
j=1 (b —a)
It follows that f is Riemann integrable. O

This theorem classifies which functions are Riemann integrable. But, as we
all know, not all functions are Riemann integrable.

Example: Let f : [0,1] — R be defined

1 ifzeQn]o,1]
f(x):{o if 2 ¢ QN[0,1]. (5)

Then the oscillation of f will be equal to 1 in every open interval since Q is
dense in R. In particular, for any partition 0 = z¢g < 21 < ... < x, = 1 we will

have .
> (M = my)(a; —xj-0) = 1.

=1

Therefore f is not Riemann integrable.



Of course, that there is an, admittedly weird, function that is not Riemann
integrable does not discredit the Riemann integral. Even the more powerful
Lebesgue integral (that we will develop over the next few lectures) is not pow-
erful enough to integrate all functions. What really is lacking in the Riemann
integral is that it does not work well with convergence.

Example: Let x1, 23, ... be some enumeration of Q N [0, 1] and define

fk(x):{ 1 ifx=x; for some j <k

0 else.

Then fy(z) is an increasing sequence of functions, fi(x) < fry1(x) for all k,
and converges point-wise to f where f is defined in (5). Also fol fr(z)de =0
for all k. This is easy to see by choosing the partition with points 0, x; & . for
j=1,2,...,k and 1.

This shows that there is a sequence of increasing functions that all have
integral zero that converges to a function f(x) that is not even integrable.

Clearly the above example shows that the Riemann integral has bad proper-
ties when it comes to convergence of functions. This is a very severe shortcoming
of the Riemann integral.

Some heuristics for the remedy for the integral. Interestingly the
function f(z), defined as in (5), can be more or less integrated by hand, at least
heuristically. The idea is that if z1, 2, ... is an enumeration of Q N[0, 1]. Then
the intervals

€

€ € € € €
(@-gmatga) (e-gmetyg) (e-gmatyg) -
will cover QN [0, 1] and the total length of the intervals will be

Z%ze.

j=1

Since € > 0 is arbitrary, the set where f equals to 1 has measure zero. We
should be rather confident to ascribe the area under the graph of f to be zero
as well.

This is not really a stringent argument since we have not defined area, but it
should still be intuitively convincing. What we gain in the above reasoning that
we do not have in the Riemann integral case is that we where allowed to cover
the set where f(z) = 1 by a countable set of intervals. We seem to be getting
something extra by first evaluating the "length“ of the set {z € [0,1]; f(z) =1}
by using a countable covering.

We may (and will) extend this idea for general functions f(x). If f(x) :
[0,1] = R and |f(z)| < M then we may approximate f(z) by the function

N
s(@) = Y ekX{ae0,1)ik—1)e< (@) <ke} (), (6)
k=—N
where N is chosen so that M < eN and xa(z) = { é ii ; i is the charac-
teristic function of the set A. Clearly
|s(z) — f(z)| <€ (7)



and the area under s(z) should be

N

> ekm({z € [0,1]; (k — 1)e < f(x) < ke}),

k=—N

where m(A) somehow measures the length of the set A. Also, at least intuitively
by (7),the area under f(z) should differ from the area under s(x) by at most
€. So far one might not think that we have gained anything by approximating
f(z) by s(x) defined as in (6) instead of approximating f(z) by a step function,
it might even seem to be more complicated since we will have to figure out how
to measure the length of a general set {z € [0,1]; (k — 1)e < f(x) < ke}. But
there is a real gain, and that is, that when we measure the length of the sets
{z € [0,1]; (k — 1)e < f(z) < ke} we do that independently of the integral
and we may use countable many intervals whereas we only used finitely many
intervals in the partition when evaluation the Rieamann integral. It will require
some work to define the length, or measure, of a general set, but it will lead to a
definition of the integral that is stronger and more versatile than the Riemann
integral.

1.2 Exercises:

1. Let
if:cz%é@

f(m):{ ifz € R\ Q,

where, obviously, we require that p and ¢ > 0 does not have any common
factors. Prove that f is Riemann integrable and that fol f(z)dz = 0.

Oa=

2. In the proof of Theorem 1.2 we claim that Dy is a closed set: prove this!
You may use the following steps.

(a) Argue that is is enough to show that if ; € Dy and z; — x¢ then
xo € Dy.

(b) Assume, in oder to get a contradiction, that there exist x; — zo ¢
D.

(c¢) Show that, since xg ¢ Dy, it follows that there exists an € > 0 and
an r. > 0 such that 08¢y, —rzo4+rf < % —e¢for all r < re.

(d) show that if |x; —x¢| < 7/2 then z; ¢ D}, and derive a contradiction.
HinT: Can you prove that the if (a,b) C (c,d) then osci,p)f <
0sCe,a) f?

2 Lecture 2: The Lebegue Measure - 1.

At the end of lecture 1 we noticed that there are bounded and increasing se-
quences of Riemann integrable functions f;(z)  f(x) (point-wise) without f(z)
being Riemann integrable. That sequences that converge in rather good ways
(increasing point-wise) whose limits are not integrable is a serious shortcoming
of the Riemann’s definition of the integral.



We also realized that the integral might be more versatile if we use the
approximation

ejm ({z; je < f(z) < (j+ De}) <

M=

—N

J

B N
< [ Hadr< Y el Dmla e < f) < G+ 1eb).

j=—N

where m(A) is some measure of the length of the set A.

f(x)

A, A, A,

Figure: The general idea with the Lebesgue integral is to approximate the
area under the graph of f by functions that are constant where f is almost
constant. In the figue we may approximate the area under the graph in on the
red part of the x—axis by a function that has constant value a for all x in the
red part of the x-axis denoted A;, and by a constant function with value b on
the green part As. In order to calculate the area we must find a good way to
measure the length of the sets Ay and As.

The main problem is how are we supposed to define a reasonable measure
of length? For simple sets, as intervals it is quite clear that the length of the
interval (a,b) should be b — a. But the sets {z; je < f(z) < (5 + 1)e} may be
very complicated and have huge oscillations; imagine the set

{z € (0,1); 1073 < sin(e"/7) < 2~10*3} 8)

which will certainly have infinitely many components - and we might come up
with even worse examples” of sets whose length we would like to measure.

There are certain things that we would want our measure (of length) to
satisfy. In particular, if we denote by m(A) the measure of the set A C R then
the following should hold

1. Any interval has its “natural length”: m((a,b)) = b — a for any interval
(a,b) CR.

"The example in (8) is not bad at all from the point of view of integration. The function
sin(eil/m) is Riemann integrable on (0, 1).

10



2. The measure should be countable additive: m(U;A4;) = Zjoil m(A;) for
any countable disjoint collection of sets A;.

Later we will see that it is not possible to define any measure m, defined on all
subsets of R, in a way that satisfies these criteria.

A rather interesting fact is that open sets have length that is intuitively well
defined because of the following lemma.

Lemma 2.1. Let U C R be an open set. Then U = J,_,(a;,b;) where (a;,b;)
are countable (or finite) and disjoint set of open intervals.

Proof: Each connected component U; of U is open and therefore contains a
rational point ¢; € Q, fix one such point ¢; € Q for each connected component
of U. We may therefore define an injection from the connected components of
U into a subset of Q that takes the connected component U; to ¢;. Therefore
there is a bijection between the connected components of U and a subset of the
countable set Q. Therefore there are at most countable many connected subsets
of U. Clearly each connected and open set in R is an interval. O

Since we would want the length of an interval, (a,b), to be b — a it would
be natural to define the length of an open set U = |J;_,(a;,b;) C R to be
> y (bj —a;). Since there are at most countable many intervals the sum is well
defined, though it might be diverge to co. Also since all terms b; — a; > 0 the
summation is independent of the order of summation. We can therefore ascribe
a length of an open set in a natural way. We will use this to define an outer
measure (of length).

Definition 2.1. We define the outer Lebesgue measure m* on subsets A C R
to [0,00) according to

m*(A) =inf Y (b; — ay), (9)
j=0
where the infimum is taken over all countable (or finite3) unions of open inter-

vals (a;,b;) such that A C 52, (a;,b;).

This definition makes perfect intuitive sense. However it is not absolutely
clear that m*(a,b) = b — a with this definition. We need the following lemma.

Lemma 2.2. The Lebesque outer measure satisfies m*([a,b]) = m*((a,b)) =
m*([a,b)) = m*((a,b]) =b— a.

Proof: We begin by showing that m™*([a,b]) = b — a. The proof has several
steps.

Step 1: It is enough to consider finite coverings.

Since [a,b] is compact every open cover U = U2, (aj,b;) reduces to a fi-
nite sub-cover U = UL (aj,b;). Clearly, since bj —a; > 0, Zjvzl(bj —aj) <
> j=1(bj — aj). It is therefore enough to consider finite coverings.

Step 2: It is enough to consider coverings consisting of one interval (a1, by).

Assume that we have a covering U = U;V:l(aj, b;). Then, since a € U there
exists one interval, say (a1,b1), so that a € (a1,b1). If [a,b] C (a1, b1) we already

8Tn case the collection of intervals is finite then, naturally, the summation in (9) will be
over the index set of the intervals and not to infinity.

11



have one interval that covers [a,b] so lets assume that [a,b] ¢ (ai,b1). This
means that a < by < b and therefore b € [a, b]. There must be another interval,
say (ag,bs2), such that By € (ag,b2). But then (aq,bs), (as,bs), ..., (an,byn) also
cover of [a, b], with only NV — 1 intervals, and furthermore

N
(bg — al) + (b3 — a3) + ...+ (bN - aN) < Z(bj — aj).
j=1
We have therefore shown that for any cover U, containing at least two intervals,
there is another cover with one less interval and smaller sum. We may conclude
that the smallest cover can be achieved with one interval.
Step 3: m*([a,b]) =b —a.

Since, for any € > 0, (a — €/2,b + ¢/2) is a cover of [a,b] it follows that
m*([a,b]) < b— a+ e and therefore

m*([a,b]) <b—a

. Also any cover (c,d) of [a,b] must have ¢ < a < b < d which implies that
m*([a,b]) > b — a. The statement follows.

In order to show that m*((a,b)) = m*([a, b)) = m*((a,b]) = b — a we notice
that, since (a,b) C (a,b] C [a,b] and [a,b) C [a,b], each of m*((a,b)) < b — a,
m*((a,b]) < b—a and m*([a,b)) < b — a hold. We have to prove the reverse
inequalities.

To that end, let us assume that we con find a cover U = U32, (aj, b;) of any
of the intervals such that 3372, (b; —a;) < b—a, say 372, (bj —a;) =b—a—50
for some 6 > 0. Then

(a—d,a+6) | Jb—0,b+0)JUs2i(a;,0))

is a cover of [a, b]. This would imply that m*([a,b]) <b—a—§ contradlctmg the
first part of the proof. We may conclude that m*((a,b)) > b—a, m*((a, b]) > b—a
and m*([a, b)) > b — a. This finishes the proof. O

The next simple lemma that we need is.
Lemma 2.3. [Monotonicity of the measure.] If A C B then m*(A) < m*(B).

proof: This follows from the fact that every open cover of B is also an open
cover of A. Therefore

gngZ (0 =) < juf, 2 0 = )

where the infinmum is taken over all the open sets U = U2, (aj, b;). O

A somewhat refined estimate, the sub-additivity of the measure will be very
important later. The main thing we would expect from a measure of length,
besides that m*([a,b]) = b—a, is that it is additive m*(U;A;) = >, m*(4;) for
disjoint sets A;. When proving that m is additive we will repeatedly have to
prove statements like m(U;A;) = > m(A;); that is m(UA;) < > m(A;) and
m(UA;) > > m(A;). The following lemma proves one of the inequalities, and
it will be referred to frequently in the next lecture.
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Lemma 2.4. [SUB-ADDITIVITY OF THE OUTER MEASURE.] Let A; be a count-
able collection of sets in R then

m* (U7Z 21 45) Zm (10)

Proof: Using the definition of m* to write (10) we get

oo oo oo oo
inf E (dg—ck) E inf (bji—ajy;) | = inf E E 1—a;)
use, A;CUL A;CU;j I I JCUJ Pt s 7

J=17 k=1 = =1

where Uy = U2, (¢k, dy) and U; = U2, (a1, b;;) and all the summations and
unions are countable.

The lemma follows from noticing that the countable union of the countable
collections of intervals (a;,b;) is still a countable collection that we may take
as (cx, dy). So with any choice on the right side is also a choice on the left side.
This yields the lemma. O

Lemma 2.5. If A is the disjoint union of countably many intervals (open, closed
or half open) with endpoints a; and bj, and A is bounded,® then

A) = (b —ay).

Jj=1

Sketch of the Proof: Let us first show the lemma for A = U2, [ay, b;].
We claim that, for any finite N,

N
m*(UﬁV 1la Z (b; — aj). (11)

Jj=1

Since U;-Vzl [a; —b,] is compact it is enough to consider finite open coverings when
calculating m* (UL, [a; — b;]). But arguing as in Lemma 2.1 it is easy to see
that each interval [a;, b;] is covered by one open interval in the covering. Next
one can easily show that if any open cover has a connected interval containing
two adjacent intervals (adjacent is well defined since N is finite) then we may
decrease the outer measure of the cover by splitting that interval into two. It
follows that each [a;, b;] there is no loss of generality in covering Uf;l [a; —b;] by
disjoint open intervals, each containing exactly one of the [a;,b;]. The equality
(11) easily follows.
By monotonicity of the outer measure and (11):

N

> (b — aj) = m*(UN [a; — bj]) < m*(A).

j=1
Letting N — oo implies that

o0

D (b —a;) <m*(A4) < Z(bj - a;),

j=1

9Bounded is not really needed, but it makes the proof simpler.
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where the last inequality follows from sub-additivity of the measure.

In case some, or all, of the intervals I; that define A = U72,I; are open or
half open the lemma still holds. Let us brleﬂy indicate why. By sub-additivity
and Lemma 2.1 it follows that

DRy

it is therefore enough to show that

o

Zb —aj).

j=1
Arguing by contradiction we assume that, for some § > 0

ib — a;)

=1

<.

This means that there exists an open cover U2 (c;,d;) of A such that
oo oo
D (e —dy) <3 (b —ay)
j=1 j=1

If we adjoin the intervals

6 1) 6 )
<aj 3. 23’]+8-2_j) and (bjS-Q_j’bj+8-2_j>

to the collection (c;,d;) then we get an open cover U = U532 (e;, f;) of U;?":Jj
such that

o0

D (fi—e) = (dj—c;)+ 2228 .(;,j < Z(bj —a;) =m"(UjZ,15),

j=1 j=1 j=1 j=1

where we used the first part of the argument in the last equality.'® But since
U532 (ej, f;) is an open cover of U32 ©,1; we would get a contradiction. O

The Lemma 2.1 shows that the outer measure m* at least behaves the way
we want on intervals. The good thing with the definition of m* is that it also
gives a well defined length of all sets A C R. However, and rather amazingly
it turns out that there is no measure p whatsoever that is defined on all sets
A C R that has the good properties that we would expect of a measure.

Proposition 2.1. [VITALI SETS] There is no non-negative function p : P(R) —
Ry, pu# 0 and u(A) # oo for bounded sets A, such that: **

1. u(A) = u(zo + A) for all sets A C R.1?

10Here we are a little sketchy. In particular, even if I ; are disjoint it might not follow that
Tj are disjoint. I am not quite sure that it is very interesting to investigate this here so I will
leave it to the reader to clarify this point.

'We use the notation P(R) for all subsets of R, or more generally P(S) is the set of all
subsets of S. We also use the notation Ry = {z € R; = > 0}.

I2Here zo + A is the translation of A by zo; xo + A = {xo +x; = € A}.
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2. 1 (U;?‘;OAJ-) = Z;’il 1(A;) for any countable and disjoint collection of sets
j .

Proof: Let us first show that the proposition holds on the set P([0, 1)) if we
interpret all numbers modulo 1. At the end of the proof we will indicate how
to treat the case stated in the proposition.

Define the equivalence relation x = y if x = y+ ¢ for some ¢ € Q (everything
is calculated modulo 1). By using the axiom of choice we may form a set A
consisting of one element from every equivalence class. Then each z € [0,1)
may be written x =y + ¢ for y € Aand ¢ € QN[0,1). Since ¢ € QN [0,1) is a
countable set we may define the sets A; = ¢;+A, where {g;; j € N} =QnJo,1).
Since every x € [0,1) can be written x + ¢ it follows that U2, A4; = [0,1). By
construction A; N A = 0 if j # k, this since A only contains one element form
each equivalence class.

To summarize A; forms a countable disjoint collection of sets such that

[0,1) = UFZ,A;. (12)
Furthermore, for each j,k € N,
Aj=Ap+q for some geQnNI0,1). (13)

Assume, aiming for a contradiction, that there a function p as in the propo-
sition then, in view of assumption 1 and (13), pu(A;) = pu(Ax) for all j, k € N.
Also, from assumption 2 and (12), we may conclude that

)= 3" uldy). (14)

Since p # 0, and p > 0, it follows that p([0,1)) > 0 and therefor not all
w1(A;) # 0. We conclude that u(A;) = ¢ > 0 for some j therefore, and because
of (13), u(A;) = ¢ > 0 for all j. But if u(A;) = ¢ > 0 for all j then the series
in (14) diverges which means that p([0,1)) = oo for a bounded set. We get a
contradiction.

If we want to prove the same thing for R then we may argue similarly and
define the set A as containing one representative from each equivalence class
and then define

A ={z+q;; xeA,x+qj€[0,1)}U{m+qj—l; reA rv+q;€[l,2)}.

7t —AT
7A]‘ 7AJ‘

Then, for all j, u(A;) = p(A) since u(4;) = u(Aj' UA;) = u(Aj) +u(A;) =
(A+) +u(l+ A7) = pu(g; + A) = p(A). We arrive at

oo

D)= Zu(Aj)- (15)

Since the series in (15) cannot be oo since the left side is the measure of a finite
set we can conclude that p(A;) = 0, and therefore p([0,1)) = 0. It follows that

p(R) = pt (Uezlk,k + 1)) = p([0,1))
kez
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where we used translation invariance (assumption 1) in the last equality. But
u(R) = 0 is a contradiction to p # 0. O

Since any reasonable definition of what length is should include the assump-
tions 1 and 2 we need to define the measure on a smaller domain than P(R).
It is not absolutely clear what domain is the right domain of definition of the
measure m*. It turns out that the right definition of the (restricted) domain of
m™* are the measurable sets.

Definition 2.2. We define the Lebesgue measure m to be equal to m* on the
sets S C R that satisfies, for all sets X C R,

m*(S) = m*(X N S) +m* (X NS°). (16)

We call the sets S that satisfy (16) measurable and the collection of all measur-
able sets will be denoted M.

That is, the Lebesgue measure m is just m* with domain of definition re-
stricted to on the collection of measurable sets M. In order for the measure to
be useful we need to show that it satisfies some basic properties. In particular
we would want the measure to satisfy the countable additivity condition

oo

m(UiZ,45) =) m(4)) (17)
j=1

for each countable collection of measurable sets A;. But for the countable ad-
ditivity condition to be meaningful we need U2, A; to be measurable whenever
the sets A; are.

Defining the Lebesgue measure and measurable sets the way we do leads to
two big questions. First: Will m satisfy the countable additivity condition (17)?
Second: Which sets are measurable? If the class of measurable sets is to small
then the Lebesgue measure will be useless.

We will show that all open sets are measurable and also that the measurable
sets forms a o—algebra - being a o—algebra implies that the set of measurable
sets M is rich and flexible enough to use for integration.

Definition 2.3. Let R be a set and S be a collection of subsets of R. Then we
say that S is a o—algebra if

1.0 eSS and Re S,
2. if A€ S then A° € S and
3. ’LfA] €S, jeN, then U(J?ilAj eS.

Remark: Notice that the third condition also implies that finite unions
UévzlAj € S. This follows by choosing A; = () for j > N.

One of our aims will be to show that M is a o—algebra of subsets of R. That
) € M and R € M is clear from the definition of M. It also follows directly
from the definition of M that if A € M then A° € M.'3 We therefore only
need to show that if A; € M, j € N, then U2, A; € M. The last condition is,

13 This is clear form (16) which is symmetric in A and A°. In particular, substituting A°
for A (and using (A°)¢ = A) will not change (16).
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of course, what we need in order to prove the countably additivity condition for
m.

It is rather easy to show that if S is a o—algebra then S contains many more
sets than what is obvious from the definition.

Proposition 2.2. Let S be a o—algebra of subsets of R then
1. if A,B€ S then A\ B €S and

2. ifA; €S8, j €N, then N2, 4; € S.

Remark: That finite intersections N, A; € S if A; € S follows from the
final condition by choosing A; = R for j > N.

Proof of Proposition 2.2: The first statement follows from the second since
A\ B=AN(B° and if B € S then B € S.
To show the second statement we just notice that

4= (v )"
j=1

O
We will end this lecture by arguing that the, admittedly rather technical,
definition of a measurable set gives a rather natural definition of length.

Example: Later we will prove that open and closed sets are measurable,
but for this example we will assume these facts.

Assume that A C [0,1] and we want to find the measure of A, assume also
the measure of open and closed sets is well defined. The measure of A must
be greater than (or equal to) supg -4 m*(K), K closed, and less than (or equal
to) inf a4cy m*(U) = m*(A), U open.'* The measure of A would then be well
defined if

“(K) = inf m*(U) =m*(A). 1
sup m*(K) = fnf m*(U) =m"(4) (18)

But if [0,1]\ K, for K C A, is an open set that contains [0,1] \ A therefore
sup m*(K) =m*([0,1]) — inf  m*(U)=m"([0,1]) — m*([0,1] \ A) (19
sup (1) = m (0.1 = | inf o (U) =m0 (0. 1)) = m (0,1 4) (19)

- notice that because of Lemma 2.1 the definition of the length of open sets is
rather uncomplicated and unambiguous which means that it is rather uncom-
plicated to define the length of closed sets.

Using (19) in (18) we get that the length of A is “well defined” only if

m*([0,1]) =m™([0, 1]\ 4) = m*(A) = m*([0, 1]) = m*([0, 1JNA%)+m* ([0, 1]NA),

which is exactly the condition we get in the definition of measurable set with
X =10,1]. That allow X to be a general set instead of an interval is a matter of
adjusting to the tradition of measure theory.'® The point is that the condition
of measurable more or less states that we can ascribe a measure to a set A if the
largest closed set contained in A has the same measure as the smallest open set
containing A. The spirit of the definition of measurable is that the “length” of
a measurable set can be sandwiched between two sets whose measure we know.

M There might be a slight mystery why we want K to be closed and U to be open, but let
us accept that.

15And that in more abstract cases, for sets different than R, there might not be anything
as natural as an interval to use.
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3 Lecture 3: Measure Theory II (my lecture).

In this lecture we will prove that the measurable sets really form a o—algebra
and that the Lebesgue measure satisfies the countable additivity condition. We
also need to show that the set of measurable sets is rich, in particular we will
show that the measurable sets contains all open sets. The material is rather
technical but, in its own way, very amazing.

Our first goal is to show that all open sets are measurable. The proof is
rather long so we will begin with a lemma.

Lemma 3.1. Assume that U is open and that I = (a,b) then
m*(I) =m*(UNI)+m*(UnNI.
Proof: By Lemma 2.4 it follows that
m*(I) <m*(UNI)+m*(U°NI).
Therefore we only need to show that
m*(I) >m*(UNI)+m*(U°NI). (20)

By Lemma 2.1 we may write U = U2, (a;,b;). We may also assume that U is
bounded since we intersect U by a the bounded set I in each occurrence in (20).
The argument will be split up into several steps.

Step 1: There exists, for every € > 0, an N such that

N
U) <> (b

There is no loss of generality to assume that each (a;,b;) NI # () and, upon
relabeling, to assume that a; < bj < ajy1 < bjy1. Define U = UL, (a;,b;) and
notice that the closed set US is the union of

(7OO7CL1], [bl,ag], [bg,ag], ceey [bN—h (IN], [bN, OO)

Proof of Step 1: This is clear since Z;’;l(bj — a;) is convergent, by the
assumption that U is bounded. From Lemma 2.5 may conclude

00 N
:Zb —aj) SZb —aj)

j=1 j=1

The final parts of step 1 are just there for some book-keeping and should be
clear. Throwing out the intervals (a;,b;) that does not intersect I should not
effect anything and that the complement of U€ is closed and have the stated
form is elementary.

We have four different cases to consider:
1. a € [a1,b1] and b € [a,,by] or

2. a € [a1,b1] and b € [by, 00) or
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3. a € (—o00,a1] and b € [an, by] or
4. a € (—00,a1] and b € [by, o).

All cases are handled in a very similar fashion so we will assume that we are in
case 2 and leave the other cases to the reader.

Step 2: The following equality holds
N
m*(UenI) = (b —a)+ Y (b — ay).
j=2

Proof of Step 2: Notice that we may write U. N I as a disjoint union of
intervals:

Ue NnI= (a,bl) @] (ag,bg) U (a3,b3) U...u (GJNJ)N)
Step 2 follows from Lemma 2.5.

Step 3: The following equality holds
N-1
UENT) = (aj41 —bs) + (b—bw).
j=1

Proof of Step 3: Similar to step 2. We may write US N I as a disjoint union
of intervals:

Uv6 NnIl= (bl,a2) U (bg,ag) U (bg, a4) U...u (b]\/'7 b)
Step 3 follows from Lemma 2.5.
Step 4: For every € > 0 the following holds

m* (UNI+m*(U°NI)<m*(I)+e,

in particular (20) holds. This finishes the proof.
Proof of Step 4: Since U \ Ue = U52 x4 (az,b;) and 322 v\ (b —aj) < e it
follows that

m*(UNI) <m*(UcNI)+m* ((U5Znyq(az, b)) NI) <

m*(Ue N 1) +m* (U nai(ag,by) < m*(UNT) +¢, (21)

where we used sub-additivity and that (U2 x4 (a;,b;)) NI C (U2 v q(aj,b5))
(together with the monotonicity of the measure).
Also, by monotonicity of the measure and U® C U¢

m*(U°NI) <m*(USNI). (22)
From (21) and (22) we conclude that
m* (UNIH+m*(UND<m (UNI)+m*(UNI)+e=

N
:(bl—a)—l—Z(bj—aj)—i—Z(ajﬂ—bj)—i—(b—bN)—i—e:b—a—i-e,

where we used step 2 and 3 in the middle equality. O
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Proposition 3.1. Every open set U is measurable.

Proof: We need to show that, for any X C R,
m* (X NU)+m*(XNU) =m*(X).
By sub-additivity it is enough to show that
m (X NU)+m*"(XNU) <m*(X), (23)

again we will show the last inequality with an arbitrary small € error.
Let € > 0 and find a cover U2, I; of X, I; = (a;,b;), of X such that

oo

Z(bj — aj) < m*(X) + €, (24)

j=1

this we can always do by the definition of m*(X) as the infimum of all series
such as the left side in (24).

By Lemma 2.1 we may also write U = U$2,J;, where J; = (c;,d;) are
disjoint intervals.

Usmg that X C U;I;, monotonicity of the outer measure and sub-additivity
of m* we may calculate

m*(UNX) <m* (UN (L) <Y m*UNI). (25)
j=1
And similarly
“(U°N X) Zm Ucniy) (26)

From (25) and (26) we may conclude that

m (UNX)+m"(UNX) <> m (UNIL) —|—Zm wenn)= (27
= =

= i (m*(UNIL)+m*(UnI)).

j=1

From Lemma 3.1 we may conclude that
> (mrUNIL)+m*(U°NI) Zm = (b;- m*(X)+e, (28)
j=1 j=1 j=1

where we also used (24) in the last inequality.
From (27) and (28) we can conclude that

m* (UNX)+m*(U°NX)<m*(X)+e
Since € > 0 is arbitrary this proves (23) and finishes the proof of the proposition.

O
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Corollary 3.1. FEvery closed set is measurable.

Proof: Since closed sets are complements of open sets and the definition
of measurable is symmetric w.r.t. the complement this follows directly from
Proposition 3.1. O

In order to get a rich enough class of measurable sets to show that the
integral has good convergence properties it is not enough to show that all the
open and all the closed sets are measurable. We will need to show that null sets
are measurable as well. First we need to define the concept of null sets.

Definition 3.1. We say that a set A C R is a null set if
m*(A) =0.
Proposition 3.2. All the null sets are measurable.

Proof: Let A be a null set then, by the monotonicity of the outer measure,
m*(X NA) <m*(A) =0 and m*(X N A°) < m*(X). This clearly implies that

m* (X NA)+m* (X NA°) <m*(X).

The reverse inequality follows from sub-additivity. O

Next we will show that m* is countably additive on measurable sets: if
Aj, j € N, is a countable collection of disjoint and measurable sets. Then
m* (U2, 4;) = Z;’;l m*(A;). Again this requires some work. We begin by
showing that m* is finitely additive on disjoint and measurable sets.

Lemma 3.2. [FINITE ADDITIVITY] Let A;, j =1,2,...,N, be a finite collection
of disjoint measurable sets. Then

m* (UL 4) = Y m" (4;).

Proof: By induction on N. We start with the base case, N = 2, then
we define X = A; U A;. By the definition of measurable, using that As is
measurable, it follows that

* _ * _ * * c\ __ * *
m (A1UA2) =m (X) =m (XﬂA2)+m (XQAQ) =m (A2)+m (A1)7
=Az =A;
the Lemma follows for N = 2.
Assume that the lemma holds for all measurable and disjoint collections A;,
j=1,2,...,N, we want to show that for any collection A;, j =1,2,.... N 41,
of disjoint and measurable sets

N+1
m* NHA Z m* (29)

We argue as in the base case and define X = (UX

N A;j) U Angr. Then, since
ApNy1 is measurable,

m* (UL 4;) UAN 1) =m*(X) =m* (X NAng1) + m* (X N AR ) =
N—— N————
=AN41 :Ug\’zlA]-
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N+1
=m"(An1) +m* (UL 4;) = Y m*(4)),
j=1

where we used that m* (UYL, A;) = Zjvzl m*(A;) by the induction hypothesis

in the last equality. The lemma follows by induction. O
We are now ready to prove countable additivity.

Proposition 3.3. [COUNTABLE ADDITIVITY.] Let A;, j = 1,2,3,..., be a
countable collection of disjoint measurable sets. Then

m (U2, 4y) = ) m"(4;).
j=1

Proof: Again by sub-additivity of the measure it is enough to prove that

> mi(A;) <m* (U, 4;). (30)
j=1
By monotonicity of the measure it follows that
N
m* (U2, 4;) > m* (UL, 4;) = m*(4)). (31)
j=1
Passing to the limit N — oo in (31) gives (30). O

We also need to show that the measurable sets M forms a oc—algebra. By
the definition of measurable sets, in particular by the symmetry in taking com-
plements it is clear that A € M = A¢ € M. Also that ) € M (since 0 is a null
set) and that R € M (since R = ()¢) is clear. We will however have to show that
it Aj € M, j €N, then U2, A; € M. This will require some work. We begin
with a lemma.

Lemma 3.3. IfA; e M, j=1,2,...,N, then U?’:IA]- e M.

Proof: We will prove this by induction on N. We begin with the base case
N =2.

To no ones surprise (I hope) it is, by sub-additivity, enough to show the
inequality

m* ([A1 U As) N X) +m* ([A; U A2]° N X) < m*(X),

for any set X C R.
In order to show this we use that A; is measurable and calculate

m (X)=m"(XNA)+m"(XNA) =
=m* (X NA)+m* ([XNAS]N A2) +m* ([X N AN AS), (32)
where we used that A, is measurable in the last equality, which implies that
m (X NAT) =m™ ([X NAJ]N Az) + m* ([X N A7) N A3).

In order to continue we use sub-additivity on the first two terms on the right
in (32)
m* (X NA;)+m* ([X NAJIN Ag) >
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>m* ([XNAJU[XNAT) NA]) =m" (X N[AUA)), (33)
where we used the equality
(X NAJU[(XNA) NA) =X N[A; U A
in the last step of the calculation. We also rewrite the last term in (32) as
m* ([X NA§]NAS) =m* (X N[A; U Ag]%). (34)
Using (33) and (34) in (32) we can conclude that for any set X € R
m*(X) >m* (X N[A1UAs]) +m* (X N[A4; U A%,

which implies that A; U As is measurable.

The induction step is easy. Given sets A;, j =,2,..., N + 1, and assuming
that then lemma holds for all collections consisting of at most N sets we can
conclude that

U A = (U 4)) | An s e M,
——

eM

since the first union to the right is measurable by the induction hypothesis. [
We can now prove that M is closed under countable unions.

Proposition 3.4. Let A; € M, j=1,2,3,..., then A =U52, A; € M.
Proof: As always we only need to show that
m*(X) >m*(X NA4)+m*(X N A°).

The trick is to write A as a countable disjoint union (in order to use additivity
of the measure). To that end we recursively define Ty = Ay and T, = A, \
U;L:_ij. Then each T} is measurable since A, is and, by Lemma 3.3, U}‘;llTj
is. We also define L, = U7_;T; = Uj_; A;, which is also measurable by Lemma
3.3. Therefore

m*(X) =m*(X N Ly) + m* (X NLE) > m* (X N Ly) +m* (X NAS), (35)

by the monotonicity of the measure since X NA° C XNLS. Using the definition
of L,, in (35) we conclude that

m*(X) >m* (X N (U?lej)) +m (X N A%). (36)
Since T}, is measurable we may calculate
m* (X N (Uj_,Ty)) =

= ([X 0 U T)] T, )+ ([X 0 (U T)] N T5) =

=XNT, :Xn(U;:llTj)

n
=m*(XNT,) +m" (XN (U;‘;llTj)) = {repeat} = Zm*(X nTj),
j=1
where the first two equalities shows how to “move out ” T, from the measure
and the “repeat” just indicates that we do the same argument again to “move
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out” T,_; and then T,,_; et.c. Using the last equality in (36) we can conclude
that

m*(X) > zn:m*(XﬁTj)+m*(XﬁAc). (37)

j=1

Letting n — oo in (37) we get

m*(X) > im*(XmTj)er*(XmAC). (38)
j=1

But A =U52,4; = U72,T; and thus by sub-additivity

m* (X NA)=m* (XN (U52,Ty)) =
=m* (U, (X NTy) <D m"(XNT). (39)
j=1

Inserting (39) in (38) we can conclude that
m*(X) >m"(X NA)+m*(X N A°).

The proposition follows. O
Let us formulate the main results we have proven this far in a theorem.

Theorem 3.1. The Lebesque measure m, that is the outer Lebesgue measure
m* restricted to the collection of measurable sets M, is a non-negative countable
additive function.

Furthermore, the collection of measurable sets M forms a o—algebra.

This is terribly abstract and at this point it might be difficult to see if it
was worth it to go through many very technical proofs in order to derive a this
theorem. It is hardly the kind of theorem whose statement makes its applications
obvious. In the next lecture we will see that this theorem is exactly what we
need in order to define a versatile integral that behaves well under limits. And
it is only when proving the theorems for the integral we will be able to see that
the theory developed this far is right.

Before we define the integral it will be good to gain a little better under-
standing of what a measurable set is and how general or bad it can be. We will
also need a “continuity” result for measures. We will begin to show that any
measurable set can be written as the intersection of countable many open sets
and a null set.

Proposition 3.5. Let A C R be any set, then there exists a set B = ﬂ;; U;,
where U; are open sets and A C B, such that

m*(A) = m*(B). (40)

If A is measurable then
m*(B\ 4) =0,

in particular any measurable set differs from the intersection of countably many
open sets by a null set.
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Proof: For a general set A it follows directly from the definition of the outer
measure m”* that there exists an open set U; such that A C U;

1
m*(U;) <m™(A) + 7 (41)
We may assume that
...CUj CUj_l C..CcU. (42)

If not we may define U, = U; and inductively Uj =U;N ﬁj,l, then U'j C Uj,l
will satisfy (42). The sets 0j will also satisfy (41), by the monotonicity of the
measure and from A C Uj cUj.

By monotonicity of the measure, (42) and (41) it follows that B = N7, U;
satisfies

for any j € N. This implies (40).
If A is measurable then it follows from the definition of measurable, A C B
and (40) that

m(A) =m(B) =m(BNA)+m(B\A) =m(A)+m(B\ 4),

subtracting m(A) from both sides gives m(B\ A) = 0. O

The decomposition in the previous proposition is very powerful, and exact,
but it is based on an possibly infinite intersection. At times it might be beneficial
to have a finitary approximation of a measurable set. We provide such a finite
approximation in the next proposition.

Proposition 3.6. Assume that A is bounded and measurable. Then, for any
€ > 0, there exists a finite union of open intervals U = U;-Vzl(aj, b;) such that

m(AAU) < e,
here A is denotes the symmetric difference AAU = (A\U)J(U \ A).
Proof: Tf A is measurable then there exists an open set U = U2, (aj, b;)

such that A ¢ U and

m(U) < m(A) + %
Choose N large enough so that
N
m(U) < Z(bj —a;) + g

Jj=1

and define U = Ué-v:l(aj, b;). Then using sub-additivity and monotonicity

m(AAU) < m(A\U) +mU\ A) < m(U\U) + m0 \ A) < <+ < =«
—— ——" 2 2
cO\U cU\A

The final result of this lecture is
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Proposition 3.7. [CONTINUITY OF THE MEASURE] If A; is a countable col-
lection of measurable sets then

1. if Aj C Ajyr and A = U5, Aj then

m(A) = lim m(S;). (43)

j—o0
2. if Ajy1 C Aj, m(Ar) < oo, and A =N32,A; then

m(A) = lim m(S;). (44)

J—00

Proof: We begin with the first statement and assume that A; C A;;. We
construct the disjoint sets B; = A; \ A;_1 (taking Ag = @) then B; forms a
disjoint measurable collection and A = U2 By and A; = Ui:lBk.

By countable additivity for the measure we may calculate

J
Jim m(A;) = lim m(Ui_, Be) = lim ; m(By) =

=Y m(Bg) = m(UpZ, Bi) = m(A).
k=1

This proves the first statement.

The second part follows from the first part. Notice that the sets C; = A1\ 4;
forms an increasing sequence of measurable sets and U32,C; = A; \ A. Using
that all sets are measurable and (43) (with C; in place of A;) at the indicated
place we can derive that

m(Ay) —m(A) = m(Ay \ A) = {(43)} = lim m(C;) =

= lim (m(41) = m(A4,)) = m(A1) — lim m(4,).

The statement (44) follows by canceling m(A;) and multiplying by —1. O

3.1 Reading

The above material is what I covered during the lecture. If you want to read it
is a carefully edited text see:

W. Rudin, Real and complex analysis: Chapter 1-2 (not the Riesz represen-
tation Thm): Most important theorems: Thm 1.26 and 1.34

RECOMMENDED EXERCISES: 1.3, 1.4, 1.5, 1.6, 1.7, 1.9, 1.12, 2.5, 2.20, 2.25

H.L. Royden P.M Fitzpatrick, Real Analysis: Chapter 2.1-4.5 (Skip 2.7 for
now) Most important: Bdd Conv. Thp p.78 and Mon. Conv. Thm p.83

RECOMMENDED EXERCISES: 2.5, 2.6, 2.17, 2.20, 3.1, 3.3, 3.7, 3.12, 3.18,
3.22, 3.31, 4.10, 4.13, 2.25, 4.28

E. Stein R. Shakarchi, Real Analysis Chapter 1-2.2. Most important: Thm
1.4 and Cor 1.9
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4 Lecture 4. The Lebegue integral.

We will continue with the material from the previous section (no new reading)
and try to understand the convergence properties of sequences of Lebesgue in-
tegrable functions. We will also try to understand how different a Lebesgue
integrable function is from a continuous function.

5 Lecture 5. Integration on product spaces and
Fubini.

In lecture 2-3 we will primarily focus on functions of one variable. In this lecture
we will try to understand integration in several variables.
Reading:

W. Rudin, Real and complex analysis: Chapter 8 pp.160-170
RECOMMENDED EXERCISES: 8.2, 8.3, 8.6, 8.12

H.L. Royden P.M Fitzpatrick, Real Analysis: Chapter 20.1 (skim through
20.2)

RECOMMENDED EXERCISES: 20.6, 20.9, 20.10, 20.16
E. Stein R. Shakarchi, Real Analysis Chapter 2.3

6 Lecture 6. The L? spaces.

One of the main problems in showing existence of minimizers in the calculus of
variations problem was that we needed the domain Kg of the functional E to be
complete. So far we have only defined an integral (in several dimensions) that
has good convergence properties. In this lecture we will define a space LP(D),
for 1 < p < o0, of all measurable functions u : D — R such that

1/p
[ulle(py = (/ Iu(x)pdx> < oo.
D

We will prove several good properties of this space. Later we will consider a
subset of the functions u(x) such that 8;9(;() € LP(D) as the domain Kg of E.
But that will require some more work - since we do not even know what it means
of a derivative to be in LP(D).

Reading:

W. Rudin, Real and complex analysis: Chapter 3 and pages 95-97
RECOMMENDED EXERCISES: 3.11, 3.12, 3.13, 3.18

H.L. Royden P.M Fitzpatrick, Real Analysis: Chapter 7.1-7.3
RECOMMENDED EXERCISES: 7.1, 7.10, 7.13, 7.19, 7.24, 7.25

E. Stein R. Shakarchi, Real Analysis Not covered
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7 Lecture 7. Duality and functionals.

So far we have seen that LP is a complete space: that is if v/ € LP forms a
Cauchy sequence (for all € > 0 there exists an N. € N such that ||/ —u*||1» < €
for all j, k > N.) then there exists a function u® € L? such that ||u/ —u°||p» — 0.
However, what we are interested in is to show that if [|[Vu/||» < M then there
exits a sub-sequence u’* and a function u° such that | Vu/* —Vu||p» — 0 (that
is some sort of Bolzano-Weierstrass Theorem). Since we have not discussed
derivatives yet we will, in this and in particular in the next section, consider
whether every sequence v/ that is bounded in LP norm has a convergent sub-
sequence. The answer is subtle and we will have to define the concept of weak
convergence in order to answer the question affirmatively.
Let us begin by remind ourself about the theorem in R™.

Theorem 7.1. [BOLZANO-WEIERSTRASS THEOREM IN R"] Let K C R" be a
closed and bounded set and {w’}?‘;l be a sequence such that ¥ € K. Then there

exists a sub-sequence {@/* }32 | of {a/}32, such that limy,_, @'* exists.

Sketch of the Proof: Let x7 = (27,27, ..., 27) then by the Bolzano-Weierstrass

Theorem in R we may find a sub-sequence, which we may denote {m]l“ 19, of

{a] }52, such that {x{“}gozl converges.
Again by the one dimensional Bolzano-Weierstrass Theorem we may find

a subsequence of ji 1, lets denote it jj 2, such that {x;“},;“;l converges. We

may then find a subsequence of j o, lets denote it jj 3, such that {z3"*}%°,
converges et.c.

In the end we find a sequence j; = ji , such that {:E#}Z"Zl converges. But
since ji, by construction, is a sub-sequence of each sequence {ji;}7,, | =
1,2, ...,n it follows that

lim 2* =2 for [1=1,2,..,n.
k—o0

Next we notice that, by the triangle inequality,

n
: Ik 0 : Jk o _
kl:ngobc . |§klgr;o;|:1:l —z7]=0
This finishes the proof. O

If we want to emulate this argument'® for LP? we need to find a concept that
corresponds to the coordinates in R"™.

It is not absolutely clear how to do this. Let us consider the coordinate x;
of x = (x1, 2, ..., ) as the value of the linear function e; : R™ — R defined by
e;X = x;, or expressed in familiar notation e; - x = x; where e; = (1,0, ...,0),
es = (0,1,0,...,0) et.c. Then we may consider the coordinates of x as the values
of linear functions acting on x. We will use this view of coordinates when we
consider the L? spaces.

Definition 7.1. We say that T : LP(D) — R is a linear functional on LP(D) if

T(af +bg) =aT(f)+bT(g) for all f,g € LP(D) and a,b € R.

161t might be in place to warn you here that we will not be able to prove that bounded
sequences has convergent subsequences in LP —spaces.
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We are in particular interested in bounded functionals.

Definition 7.2. We say that a linear functional on LP(D) is bounded if there
exists a constant M > 0 such that

|T(u)| < Mlul|prpy for all u € LP(D).
We will denote the least such constant M by ||T'|| e (D))= -

The reason for our interest in bounded functionals is that ||T'[| z»(py))- defines
a norm on the set of bounded linear functionals. We will, as already indicated,
denote the set of all bounded linear functionals on LP(D) by (LP(D))*.

Lemma 7.1. ||T|(zr(p))- defines a norm on (LP(D))*.

Proof: We leave the proof as an exercise (see exercise 7.1). O

In order to get the idea of using functionals T' € (LP(D))* as coordinates
(that is, we hope that u € LP(D) should be characterized by the numbers T'(u)
for T € (L?(D))*) we would like to better understand what a bounded linear
functional on L?(D) is. For this we need the following Theorem.

Theorem 7.2. Let 1 < p < oo and 1% + % = 1. Then (L?(D))* = L4(D) in the
following sense:

1. For each T € (LP(D))* there exists a function g € L1(D) such that
7f = [ f(@ala)ds (15)

2. Fach g € LY(D) defines an element T € (LP(D))* defined by (45).

Furthermore, if T and g are as in (45) then

1Tl (e )y = ll9llLa(p)-
The proof is rather long and involves many ideas see (and read) for instance
W. Rudin, Real and complex analysis: pp. 76-82 and pp 116-129
RECOMMENDED EXERCISES: Chapter 4: 1,5,6; Chapter 6: 4,9

H.L. Royden P.M Fitzpatrick, Real Analysis: Chapter 8.1 (1d case) and
chapter 19.2 (general case).

RECOMMENDED EXERCISES: Chapter 8: 3, 5; Chapter 19.2: 7, 8
E. Stein R. Shakarchi, Real Analysis Not covered

8 Lecture 8: Weak compactness.

From the last lecture we have a complete and compact description of what a
bounded linear functional on LP(D) is. But the question remains if we can use
bounded linear functionals as “coordinates”. For a given u € LP(D) will the
values Tu, for T € (LP(D))*, uniquely determine u? We need the following
simple lemma.
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Lemma 8.1. Let u,v € LP(D) and u # v then there exists a functional T €
(LP(D))* such that Tu # Tv. In particular if Tu = Tv for oll T € (LP(D))*
then u = v.

Proof: By linearity it is enough to find a T' € (LP(D))* such that T'(uv—v) =
Tu—Tv # 0. If we denote w = u — v # 0 it is elpough to find a functional
T € (LP(D))* such that Tw # 0. Let g = sgn(w)|w|«, where ]% + % =1 and

1 ifw>0
sgn(w) =< 0 ifw=0
-1 ifw<O.

Then g € L9(D) and we may define the functional T' € (LP(D))* as in (45).
This leads to

Tw:/ w(X)g(x)dx:/ |w\§+1dxz/ [wlPdx = [w][Z,p) # 0,
D D b

where we used that 2 + 1 = p and the definition of ||w\|’£p(D) as well as the
assumption that w # 0. This finishes the proof. O

We are now in a good position to replicate the proof of Theorem 7.1, but we
are not quite there yet. There are still two problems that we need to consider.

First, if we have a bounded sequence u? € LP(D) then, for each T € (LP(D))*
we may find a subsequence u’* such that the numbers Tu’* converge. We may
therefore for every, countable, set {17, T», T5, ...} C (LP(D))* find a sub-sequence
u/t of u? such that lim;_, ., T}, u’/! exists (for details, see the proof below). But
there are clearly uncountable many functionals in (LP(D))*.

Second, even if we manage to make sure that Tw/' converges for all T' €
(LP(D))* we need to be able to identify a limit u® € LP(D) from the values
lim;_, oo Tw/! - it is not obvious that the values of the limits gives one function
u® € LP(D) such that lim;_, ., Tu/' = TuP.

We begin to address the first problem. Even though (LP(D))*, or equiva-
lently by Theorem 7.2 L9(D), is an uncountable set we may approximate each
function g € LY(D) by a function from a countable set.

Definition 8.1. We say that a Banach space (for instance LP(D)) is separable
if it contains a dense and countable set.

Proposition 8.1. LP(D) is separable.

Proof: The proof is rather long; it is also a rather standard proof in mathe-
matical analysis. We need to approximate an arbitrary function u € LP(D) by
a function f contained in a countable set A C LP(D) within an € > 0 error. The
construction is straightforward we begin by approximate u by a simple function,
s(x) = Zﬁil arpXA,, with an arbitrary precision, then we approximate the sim-
ple function by a simple function s,.(x) = 22/[:1 Gk X, where s,.(x) only attains
rational values (that is values in a countable set). Then we approximate the
measurable sets Ay = {s,(x) = a;, € Q} by measurable sets, Ay, constructed by
the finite union of cubes with rational coordinates (such cubes forms a countable
set); this gives a new simple function 224:1 axXx Ay This last simple function
will be contained in a countable set A C LP(D). Let us sketch some details
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(since the details will also remind us of the constructions of measures - and also
show how flexible the construction is).

Step 1: For any ¢; > 0 we may approximate u € LP(D) by a simple function
M
5(X) = D p—1 arXa, S0 that ||u — s||L»(p) < €1.
Proof of Step 1: Remember that the continuous functions with compact
support are dense in LP(D). It is therefore enough to show that for every

continuous function v € C.(D) may find a simple function s such that ||v —
5|l r(p) < €1/2. Indeed, then by the triangle inequality we have

lu— sllir(p) < [lu—vllin) + [[v = sllip (D).

and by choosing v € C.(D) such that ||u — v|rr < €1/2 it follows that ||u —

S||lp('D) < €71.
If v € C.(D) then v is bounded, say |v| < S. We define the sets

A ={xeD;0(k—-1) <v(x) <ké}, for k€ Z and |k| < S/,

where 6 > 0 will be chosen later. Moreover we set aj = 0k.
Then 0 < v(x) — s(x) < 4, where s(x) = 22/[:1 akXA,- Therefore

/D o) = s(0)Pdx < o7lspt(o)| < ()"

if § < €1/2[spt(v)|*/P. This proves step 1.

Step 2: For any e; > 0 we may approximate s(x) (from step 1) by a function
5,(x) that only attains rational values and ||s — s,||L»(p) < €

Proof of Step 2: This is just a matter of choosing ar € QN ((k —1)4, ké] in
the previous step; or we could just choose § € Q.

Step 3: For any es > 0 we may approximate any bounded and measur-
able set Ay by a set Ay, such that A;, = Zle @7, where Q7 are cubes with
rational coordinates, and m(AkAAk) < €3. Here m is the Lebesgue measure
and ALAA, = {x; x € Ap\ Ay or x € Ay, \ Ax} is the symmetric difference
between Ay, and Ak In particular, for any € > 0 we may approximate s,(x) by
a function

M
8(x) = akxy,, (46)
k=1

where a, € Q and Ay, is the union of a finite set of cubes with rational coordi-
nates and for any ez > 0
l|lsr — §||LP(D) < €3. (47)

Proof of Step 3: Since the Lebesgue measure is regular there exists a compact
set K and an open set U such that K C Ay, C U and m(U \ K) < e. Since K is
closed and U open the distance d = dist(K,U¢) > 0 is well defined and we can
choose § > 0 to be a rational number such that § < d/2+/n.

Next we let Q* be all the cubes with side length § and having the corners
in points whose coordinates are integer multiples of §. Next we cover K by
the cubes @7 such that K U Q7 # (). Since K is compact we only need finitely
many of the cubes Q7 to cover K, by relabeling the cubes we may assume that

Q,Q2, ..., Q% covers K.
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Define Ay = UleQj then
Kcui,Qi

and, since dist(K,U¢) > 24/nd, it follows that Uleéj C U. We may conclude
that _
ARAA, CU \ K.

In particular, o
m(ArAA) <m(U\ K) < e.
Next we observe that
/Tk = Uf:l@ = (UJS=1Qj) U (U}ll@\ Qj) >
it follows that
m(AxAAL) < m(ALAAL) +m (U?:1@ \ Qj> < €,

where we used that QJ \ @7 = 0Q) is a null-set in the last inequality.
p
It remains to prove (47). To that end we chose €3 < m then

/ \sr7§|pdx:/ |s, — &P <
D (UAL)A(UAR)

< (2sup(sy))Pm((UAR)A(UAR)) < (2sup(s,))PSes < ek,
taking pth roots on both sides gives the desired estimate.

Step 4: The set

M
A= {Z&kxAk; ai € Q, Ay, as in step 3, MEN}
k=1

is a countable set.
Proof of Step 4: Let us denote

M
AS = {deXAk; ar € Q, Ay, as in step 3, M<S},
k=1

for S € N. Clearly A° is countable for any S; indeed every cube is determined
by its center and side-length and therefore by a vector in Q"*! and therefore
AS does not have more elements than Q("+2)5 17

But A = U¥_, A% and countable unions of countable sets are countable.

Step 5: Finnish up the proof.
Proof of Step 5: To finish the proof we use the triangle inequality to estimate
lu=3llLoipy = [lu=sr+ 50 =3[ L py < lu=srllLoy + llsr = 8llLr(p) < e1+es,

for any €1,e3 > 0. Choosing €, = €3 = €/2 implies that there for any ¢ > 0
exists a 5 in the countable set A such that ||u — 5||1r(p)y < €. This finishes the
proof. O

"The “2” in (n +2)S comes form the fact that we also have to choose one aj, € Q for each
k=1,2,..,5.
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Proposition 8.2. Assume that T, is a sequence of functionals in (LP(D))*, Ty
is bounded by M (|| Tk||(e(py)- < M for all k) and that limy_,oo Tpu? exists for
all v/ where v’ is a dense sub-set of LP(D). Then limy_,o Tu exists for all
u € LP(D).

Proof: We need to define T for an arbitrary u € LP(D). Since u’ is dense
in LP(D) we may find an u’ such that ||u —u/||1» < €, where € > 0 is arbitrary.
We want to use this to show that Tiu is a Cauchy sequence. To this end we fix
an € > 0 and a j such that |lu — uw/||L» <e.

Since T u’ converges as k — oo it follows that Tju’ is a Cauchy sequence in
k. Thus there exists a K > 0 such that |Tju’ — Tiju?| < € for all k,l > K. But
this implies that

|Teu — Tyu| = |Th(u — v/ + ) — Ty(u —u? +u?)| <
< |Tpw? — Tywd | + [T (u — w?)| + |Ti(u — w?)| < €+ 2M|ju — v/ ||p» =
<e SM|flu—uwifp  <M|u—u|Lr

= (2M + 1)e,

for all k,1 > K. Since € > 0 is arbitrary it follows that T,u is a Cauchy sequence
and thus convergent. O

Since L1(D) = (LP(D))* is separable there exists a countable dense subset
{T1,Ts,...} C (LP(D))*. This implies that for any bounded sequence u/ €
LP(D) we can extract a subsequence u/t* such that Tju/t* converges, and a
subsequence u/2* of u/t* such that both Thu’2* and Thu’2* converges et.c. This
implies that the diagonal sequence u’t = uJtt will be such that Tju?* converges
for all k and by Proposition 8.2 Tu?' will converge for all T € (LP(D))*.

However, this does not allow us to identify the limit lim;_ oo u?* directly.
It only gives a strong indication that if u/' converges, in some sense, to u° as
| — oo then the value Tu®, for T € (LP(D))*, should be the unique value of the
limit lim;_, oo Tu?.

In order to identify u® we need another beautiful trick. By Theorem 7.2, for
every T € (LP(D))* there exists a function g € LI(D) such that (45) holds. If we
identify g with 7' then we have a unique value lim;_,, T/ for each g € L4(D)
we should therefore be able to define the functional on L4(D)

g lim Tw/' = lim [ g(x)u’ (x)dx. (48)
l—o0 l—oo Jp

But if this functional is linear and bounded then this functional, again by Theo-

rem 7.2, should correspond to a unique element u® € LP(D). We may therefore

identify the limit lim;_, oo /' with ©° in the sense that

lim [ g(x)u’(x)dx = / g(x)u’ (x)dx (49)
l—o0 D D

for every g € L9(D). We still need to show that the above argument works. First

of all we need to show that the mapping defined by (48) is indeed linear and

bounded. But before we do that we will define the new concept of convergence

introduced in (49).
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Definition 8.2. We say that a sequence v’ € LP(D), 1 < p < oo, converges
weakly to u® if

/g(w)uj(w)dw%/g(w)uo(w)dw
D D

for all g € LY(D) and %—&—% = 1. If w converges to u® weakly we write u? — u°.

We are now ready to prove that if we view v/ € LP(D) as a sequence of
functionals on L7(D) then the mapping defined in (48) is indeed linear and
bounded.

Lemma 8.2. Let S; € (LY(D)) be a sequence of linear functionals such that
1S;9] < M||gllLa(py for all g € LY(D), or equivalently v € LP(D) be sequence
of functions ||u?||Lr(py < M, such that lim;_,o S;g exists for every g € LY(D).
Then the functional S € (L4(D))*

Sg = lim Sjg
Jj—oo
is linear and bounded.

Proof: To show that S is linear we need to show that

S(af +bg) = Jim | (af () + by’ Go)dx =

— i (o [ 7Goax+d [ gl i) = sy + b

j—o0
by the linearity of the integral.
That S is bounded follows from continuity of the absolute value:

1Sgl = lim [S;g] < M|lg]|s(p)-
j—ro00
O
We are now ready to prove the weak compactness theorem for LP—spaces.

Theorem 8.1. Letu/ € LP(D), 1 < p < oo, be a bounded sequence of functions,
that is ||u/ ||Lp(_p) < M for M independent of j. Then v’ has a weakly convergent
subsequence u?t — u9.

Proof: We begin by identifying each v/ with a functional S; € (LY(D))*.
Then, since L7 is separable, we may find a countable and dense set g €
L%(D). By a diagonalization argument we may inductively define subsequences
{uj”’f“ };); of the sequence {ujl=’°};>i1 such that

sz,k+1gk+1 :/ Ujl‘IHl(X)g/H_l(X)dX
D

converges. Then the sequences S; gr = 5}, , g converges for every k, that is on
a dense subset of L4(D). It follows, from Proposition 8.2, that Sj, g converges
for all g € LY(D). Furthermore the functional S defined by

Sg = llim Sj,g for all g € LY(D)
—00
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is linear and bounded. It follows from Theorem 7.2 that there exists a unique
u? such that

/ g(x)u’(x)dx = Sg = lim [ g(x)u’t(x)dx.
D l—oo Jp
This proves the theorem. O
This shows that we have some version of the Bolzano-Weierstrass Theo-
rem for LP—spaces: every bounded sequence u/ has a convergent sub-sequence
if we interpret convergence in the weak sense as in Definition 8.2. But we
need to understand how the weak convergence relates to convergence in norm:
limj oo [|u? — u°||z» = 0. Are the two concepts the same? Is one stronger than
the other?
Tt is very easy to see that convergence in norm (at times called strong con-
vergence) is a stronger concept than weak convergence.

Proposition 8.3. Assume that v/ — u® in norm: lim;_, ||/ —u®| 1o (py = 0.
Then v/ — u® weakly.

Proof: For any bounded linear functional T' € (LP(D))* we have the following
inequality

[ Tu? — Tu’| = [T (v —u®)| < ||T| (Lo (py)- 1) — vl Lo (D).

Therefore |Tu?! — Tu®| — 0 as j — oo if u¥ — u® in norm. O
So strong convergence (that is convergence in norm) implies weak conver-
gence. Does the other implication hold?

Example (concentration phenomena): We claim that a weakly conver-
gent sequence u/ € LP(D) does not necessary converge strongly, we will assume
that 1 < p < co. In order to see this we assume that we have a weakly conver-
gent sequence u/ — u’. By considering v/ — u in place for v/ we may assume
that ©«© = 0. We thus assume that we have a sequence v/ — 0 and aim to
show that this does not imply that ||u’||L»(p) — 0. How can this happen? Well
the norm of w’ has to be somewhat large, say ||u||1»(p)y = 1 at the same time
as u’ tends to zero in some sense. Let us therefore try to find a function that
converges point-wise to zero at the same time as the integral is large, this must
mean that v/ is large on a small set.

To fix ideas, let us choose D = (0,1) and try to find a sequence of functions
such that u/ — 0 pointwise but ||u/||1s(,1) = 1. Say that w/(z) = 0 for z > 1/
then w/(x) — 0 for all z € (0,1). Let us choose u?(z) = constant for x < 1/j
such that [|u?[|1r(,1) = 1. That is we define

iy [ P for e (0,1/4]
u (r) = { g) fgr x € (1/4, {)

Then ||u/||1»(0,1) = 1 and u/ — 0 pointwise. That v/ (x) — 0 pointwise strongly
indicates that v/ — 0, but we need to prove this.

Let us pick an arbitrary g € L%(0,1) and show that fol g(z)u? (x)dz — 0. To
that end we choose an € > 0 and a simple function s(x) such that ||s—g||za0,1) <
€. Since s only attains finitely many values there exists a constant C' such that
|s(z)| < C. We can therefore calculate

< <

/0 g(x)u’ (z)dx /O(g(x)fs(ac))u (z)dz| + /0 s(x)uw’ (z)dx
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<€+ < 2¢

< llg = sllzallu’llze +

/l/j s(x)j'/7d
J x
0

e -1 ,
if j > (%)p/p . It follows that fol g(z)u! (x)dx — 0.

We have thus shown that weak convergence does not imply strong conver-
gence in general. In this example the failure of the strong convergence is due to
concentration - that there exists a set U of arbitrarily small measure such that

limj*)m HujHLp(U) 7L> 0

JP=1p

Example (oscillation phenomena): There is another way that weak
compactness may fail to be strong, if the sequence u’ shows infinite oscillations.
Again we illustrate the phenomena with a one dimensional example. Let u/ =
sin(jz) € LP((0,7)) for 1 < p < co. We claim that v/ — 0. We need to show
that for an arbitrary g € L?(0,7) and we want to show that [, g(x)u? (x)dz — 0.
To see this we approximate g by a continuous function g. € C([0,7]) such that
lg — gellLa < € then
<

+ <

/7r g(2)v? (z)dx

0

/ "(g(@) — ge(@)) (2)de

0

/7r ge(2)u? (z)dx

0

< (m) et

)

/ el (2)ds

(50)
where we used that [u/| < 1. To estimate the last integral in (50) we split the in-
terval (0, 7) into N = 7/ where § is chosen so small that sup,c(xs, (x+1)6) [9¢(2) —
ge(ko)| < e, this is possible since g is uniformly continuous on the compact in-
terval [0, 7]. We may therefore estimate the integral

< ||g—gs||m(o,ﬂ>||uﬂ'||m<om)+\ [ syt @)as
0

T ] N-1 (k+1)8 )
‘/ s @yl =|S [ gk @de| tme= (o)
0 o Jké
i cos(jkd) — cos(j(k + 1)8) 2
= de(ch) J - J +7me < = sup |g| + e,
k=0 J J zel0,x)

where we used that v/ (x) = sin(jx) in order to evaluate the integral. Using the
estimate (51) in (50) we may derive that

lim
Jj—oo

/07T g(2)u! (z)dx

< ((71')1/’" + 77) €.

Since € > 0 is arbitrary it follows that lim;_,o | [, g(z)u’ (z)dz| = 0 and uw/ — 0.
However, ||u{|p4(0,x) 7> 0 and therefore u/ # 0 in the strong sense.

The two examples above shows that in general weak convergence is not
the same as strong convergence. The examples also shows that any strong
form of the Bolzano-Weierstrass Theorem is not true in LP. If we could find a
subsequence u’* of u? such that u/* — u® with u/ as in either of the examples
then by Proposition 8.3 it would follow that u/* — u° and since the weak limit
is unique (see exercise 6 below) it would follow that u® = 0 but this would
contradict u’* — 0.

It is natural to ask how the weak convergence relates to the strong conver-
gence. We will only prove the following easy proposition.
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Proposition 8.4. Assume that v/ — u® in LP(D), 1 < p < oo, and that
lu? || r(py < M. Then

[6°| Loy < liminf [|u? || Lo (p).-
Jj—o0

Proof: Let ur be a sub-sequence such that
iy o0 |47 || Lo (p)y = liminf; o0 [|u? | r(p) and choose g(x) = sgn(u®(x))[u® (x)[?/4,
for % + % = 1. Then by Holder’s inequality

lim | g(x)u (x)dx < lim |lgl|zellu’ Lo = lim w20 e (52)
k—oo Jp k—o0 k—o0

and by weak convergence

lim g(x)uj’“(x)dX:/g(x)uo(x)dx:/D|u0(x)|pdx:||u0||1£,,(D). (53)

k—o0 D D

From (52) and (53) we can conclude that

Ollp/q 0||p/q

< hm ||u L (D) hm ||UM||LP (D)s

[ oA (o lu"* Lo () = [lu

dividing both sides by ||u°||?,? and using that p — p/q = p(1 — 1/q) = 1
P < 1 Ik P .
1’ (D) = kg{.loﬂu e (D)

O

Summary of the calculus of variation problem. Let us take the oppor-
tunity to remind ourselves what we are trying to achieve here We are aiming
to show that there exist minimizers to the energy E(u) = [ |Vul[*dx. So
far we have made significant progress. If we consider a sequence u’ such that
E(u’) — infic, E(u/) = m then E(uw/) = ||Vuj|\2Lz(D) is bounded and thus we
may extract a weakly convergent subsequence Vu’/* — Vu° and by Proposition
8.4 it follows that ||[Vu||2(p) < liminf, e ||Vuj||%2(D) = m thus E(u’) < m.
But since m is the infimum of all possible energies we expect E(u’) > m -
but that is of course dependent on whether u® € Kz or not. We have how-
ever reached the integration theory needed for the solution of the minimization
problem.

Next we are going to investigate the problem of derivatives. In particular
we need to understand what it means for Vu € LP(D). This is actually a rather
subtle thing that will take several lectures to investigate.

8.1 Exercises:

1. Give an example of a function f(z) : [0,1] — R that is point-wise bounded
but not bounded.

2. Prove Lemma 7.1.
3. Does weak compactness hold in L'([0, 1])?

HINT: Try to find a sequence u’ € L' such that the support of u? converges
to one point.
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4. What goes wrong in our proof of weak compactness if we try to apply it
to L7

5. Prove that if u/ — u® in LP(D) then u’ converges to u’ in average; that
is for each bounded measurable set ¥ C D

‘/Euj(x)dx%‘/zuo(x)dx.

Prove that also the converse holds: if u/ converges to u° in average then

ul — ul.

6. Prove that if v/ — v and w/ — w in LP(D) then v = w.

7. Assume that u/(x) — u’(x) a.e. and that ||u/||;»(py < M. Show that
u? — u® in LY(D) for every q < p.

9 Lecture 9. Differentiation. Distributional deriva-

tives. W"? spaces.

We need to interpret what it means for a function u(x) to have derivatives
Vu(x) = (O1u(x), O2u(x), ..., Opu(x)) € LP(D). The problem is rather subtle.

Clearly if u(x) € C1(D) then the gradient Vu € C(D) and therefore |Vu|
is bounded (at least if D is compact) - we can therefore find many functions u
such that Vu € LP(D) (at least if D is compact). However, we are interested
in convergence of sequences of functions u’ such that Vu’/ € LP(D) and if we
only consider C'—functions we loose the completeness of the space under the
LP—norm.

Example 1: Let u®(z) = ﬁ% € CY([-1,1]), for € > 0, be a family of
functions defined on [—1,1]. Then u¢(z) — |z| and

out  x|r|+ 2ex 1 ?f z>1
— = — sgn(z) = 0 ife=0
Ox  (lz[+e€) 1 ifz<0,

as € — 0F. It is also easy to see that ||u¢ — |z|||rr + ||Ou® — sgn(z)||Lr — O
as € = 07. Therefore u¢ should converge to |z| and du® to sgn(z) as e — 0F.
However, the function |x| is not differentiable at x = 0 - and certainly not C*.

One might think that the example is stupid since if we consider Ju® as
a function in LP([—1,1]) then the value of Ju® on a null-set is irrelevant, in
particular the value (or lack of value) at = 0 should not matter. There is
some truth to this criticism, but a more sophisticated example should convince
you that assuming that u is differentiable a.e. is not enough in order to have a
well defined derivative.

Example 2: [DEVIL’S STAIRCASE| We define fo(x) = z on [0, 1] and induc-
tively

L e (32) ifo<z<i
Jr1(z) = % if§<x<%
L inGBe—-2/3) iti<a<l
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Figure 1: The functions fy, f1, f2 and fs.

Clearly the set where f|(z) # 0 will be of measure (%)k — 0. Also, by
construction,

sup [fesr() — fu(@) = & sup |fu(@) — fer(2)]

z€[0,1] 2 xz€[0,1]

which in particular implies that the sequence of continuous functions fi con-
verges uniformly to some function f(x) which must also be continuous.'® Also
f'(z) = 0 a.e. However, f(x) is not constant.

This is not a contradiction to anything and we have to live with the fact
that functions may have zero derivatives a.e. without being constant. But the
main reason that the derivative is an interesting concept is that the derivative
relates to the change of a function. We would certainly want to be able to prove
some version of the fundamental theorem of calculus, f: f'(x)dx = f(b) — f(a),
for differentiable functions. For that we need to find “the right” definition of
derivative for functions that are not differentiable at every point.

In order to define the derivative of a function that might be discontinuous,
in particular we want to be able to define derivatives in such way that it makes
sense for them to belong to the space LP(D), we need to find some formula
that captures the essence of the derivative without using the normal point-wise
difference quotient. If Vu € LP(D) then it makes sense to integrate Vu - but
not to talk about Vu point-wise - therefore we need a good formula for the
derivative that only uses integration and not point-wise properties. This leads
us to define the derivative by means of the integration by parts formula.

Definition 9.1. Let u be integrable in some domain D C R™. Then if there
exists an integrable function w(x) such that

ov(x)
D Ox;

u(z)de = — /D v(x)w(z)dz for every v(x) € CL(D) (54)

18Remember that uniform convergence preserves continuity.
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then we say that u(zx) is weakly differentiable in x; and that w(x) is the weak

()

xi-derivative of u(x) and write 8757 = w(x).

Remark: Notice that the definition is made so as the partial integration
formula works. In particular, if u(x) is weakly differentiable in x; then (54)
become the normal integration by parts formula

ov(x) B Ou(x)
o, u(x)dxf—/pv(x)aixidx.

It follows directly that every continuously differentiable function is weakly dif-
ferentiable.

We need to make sure that the definition of weak derivative preserves enough

properties of the derivative in order to be a useful tool in analysis. But first
we will define Sobolev spaces, spaces of functions whose weak gradient are L?
functions.
Definition 9.2. Let u(x) € LP(D) be weakly differentiable in every direction
x;, 1 = 1,2,...,n and the weak derivatives % € LP(D) for alli = 1,2,...,n.
Then we say that u € WHP(D). We call the space of all such functions equipped
with the norm

lullysn(py = </D |U(x)|pdx+/DIVu(m)l”dx>1/p, (55)

where Vu(x) = (Buw) du(x) au@))'

Oxy * Oxzg 7" Oz
We will call the space WYP(D) for a Sobolev space.
We will also write WP (D) for all functions defined on D such that all weak
derivatives up to order k exists and

1/p

lullwr.2py = Z | D%ul? < 00,
la|<k P

where the summation is over all mutiindezes « of length |a| < k.

The first thing we need to verify is that the space W1 (D) is complete. That
follows easily from the fact that LP(D) is complete.

Lemma 9.1. The space WP (D) with norm (55) is a complete space.
Furthermore every bounded sequence of functions u? € WYP(D) has a sub-

j j 0 Julk A’ 0 1,
sequence w* so thatw* — u” and G~ — G- in LP(D) for some u” € WP (D).

Remark: We say that the subsequence u’* converges weakly to u® in
WLP(D), written u/* — u® in WP(D).

Proof: That WP(D) is complete follows from the completeness of LP(D).

By Theorem 8.1 we can extract a subsequence such that u’* and 8;;k , for all
i =1,2,...,n, converges weakly. We need to show that the limit of the partial
derivatives converges to the partial derivatives of the limit w/* — u%. That is
easy. For any ¢ € C'(D) we have

/D8§if)u0(x)d$<—/1)a¢<x)ujk($)dx: (56)

Zq
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Oul* Ouk
—/D¢(m) uax(ix)da:a —/Dfﬁ(x)jkligloo uax(ix)dxy

Since (56) holds for every ¢ it follows that %;@ - %T(f/’) This finishes
the proof. O

We are mistaken if we try to evaluate a mathematical concept, such as
weak derivatives, only in view of one result. The preceding lemma shows that
weak derivatives, and in particular Sobolev spaces, have the good completeness
properties that we desire. In order to convince ourselves that the definitions of
weak derivatives and Sobolev spaces and weak derivatives are “right” we will
have to work much harder. We would like to gain an understanding of how
Sobolev functions relates to the classical functions, we would like to derive some
version of the fundamental theorem of calculus and we would like to gain a better
understanding of how the weak derivative relates to the classical derivative.
Only after we have gained a thorough understanding of these issues can we be
sure that the definition is right.

We begin by showing that the space C2°(D) is dense in W1?(D), this shows
that the space W1P(D) as defined is the only possible way of making C°
complete under the norm || |lyy1.». The first step is to show that if u € WP(D)
then, for every compact set, we may approximate u by a C'*°—function.

Proposition 9.1. Let ¢(x) be the standard mollifier:

_ ce PP if |2l < 1
7@ { 0 if | > 1,

where ¢ is chosen so that [5, ¢(x)dz = 1, also define dpc(x) = Lp(x/e).r?
Furthermore let uw € LP(D), for some open set D, and define

ue(®) = e * u(w) = /D be(z — gu(y)dy,

on for x € D. = DN {y € D; dist(y,D°) > €}.
Then
1. ue € C™(D,).

2. If u € C(D) then, for every x € D, uc(x) — u(xz) as e — 07.

o

. For 1 < p < oo and any compact set K C D it follows that

lim |lu— ueHLp(K) =0.

e—0t
4. If u € WHP(D) then
Oue ou
= (be * .
8:@ 85(}7;

5. for any compact set K C D

el—i>I(I)1+ lu — wellwrrxy = 0.

19Notice that spt(¢e) = Be(0) and that [p, ¢e(x)dx =1 for all € > 0.
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Proof: We first remark that ¢.(x) € C>°(R") for any € > 0. That ¢.(x) €
C*(B.(0)) and that ¢.(x) € C°(R"™ \ B(0)) is obvious. In order to see that
¢c(x) € C°(R™) we only need to verify that the derivatives are continuous

1

elx[2—1

across 0B.(0). This follows from small calculation using that lim|, ;- —wr =
0 for all k£ € N, we leave the details to the reader.
Let us prove the four statements in the proposition.

1. This follows more or less directly from the definition of the derivative. By
the definition of u., for x € D., v € R™ and h > 0 small enough,

ue(x+h2) —uc(x) _ /D (@(x—khv—}}? —¢e(x—y)) u(y)dy. (57)

We want to pass to the limit 4 — 07 in (57) for that we use the Dominated
Convergence Theorem, which we may apply since

‘(@(X—Y) - ¢}:(X+hv—}’)

) u<y>\ < Ve -]l o ul € L.

In particular

Vue(x)-v= lim uelx + he}z) —uelx) /DE (Voe(x —y) - v)u(y)dy.

h—0t

It follows that u. is differentiable. One may argue similarly to show that
higher differentials exist. It follows that u. € C*°.

2. Fix any 0 > 0 then, since u is continuous, there exists an €5 > 0 such that
SUDyeR,  (x) |u(x) — u(y)| < é. This implies that, for any 0 < € < e,

0(x) — ue(x)| = \ [ et =3t - u(y))dy\ _

<

/ be(x — y) (u(x) — u(y))dy
Be(x)

e(x — — dy < 9§ dy =0,
S/Bm‘“x y)lu(x) — uly)ldy < /B‘(x)¢ y

where we used the definition of u. and that [ ¢.(x)dx = 1 in the first
equality?’, that ¢.(x—y) = 0 outside B.(x) in the second and that |u(x)—
u(y)| < ¢ in the first inequality. Since § > 0 is arbitrary the statement
follows.

3. We can find a continuous function v(x) such that ||u — v|[z»py < 0 and
m({x; u(x) # v(x)}) < d, see exercise 10.

Now
lw — el ) = 1w = v) = (e = ve) + (v = V) [To iy £ (58)

< 0P+ [Jue — UEHZ[),P(K) + v — Ue||1£p(K)~

20This implies in particular that u(x) = u(x) [ ¢e(x)dx = [ u(x)pe(x)dx.
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If € is small enough then the last term in (58) will be less than ¢? since ve —
v point-wise. Therefore we only need to estimate the term |lu. — v€||1£p(K).

Since ||u — U||1£p(D) < 6P it is enough to how that ||wel|zr (k) < ||w]Le(p)
for any w € LP(D).
Let w € LP(D) then for any x € D,

|we(x)] =

1-1/p 1/p
< (/Bé(x) ¢>e(xy)dy> </Be(x) ¢e(xy)lw(y)|”d)’> =
1/p
- ( / ¢e<x—y>|w<y>|pdy) 7
B (x)

where we used that | B.(x) ¢(x —y)dy = 1 in the last equality. Raising
both sides to the power p and integrating over D, results in

/DE we(x)f"dx < /D (/BE(X) Pe(x — y)lw(Y)pdy> dx —

:Aé(ﬁum¢«ywmy+ww@>dx=
< [ e ([ werax iy <l o
b

:HwHiTJ(’D)

<

/ SV (x — y)gl/P (x — y)w(y)dy
Be(x)

It follows that
e = vl i, < Il = o[, ) < 57
We may conclude from (58) that, for any § > 0,
lu = uell7p ) < 367
if € is small enough. The statement follows.

4. This statement follows from the integration by parts formula

Ou(x) B 0 (x —y) B
o —/DTUE(Y)CZY—
_ a(be( - _ aue(y) _
= /D o y)dy = / Pe(x Em dy
Oue(x
:¢e 81‘1
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5. This follows directly from the two previous parts of the proposition.

O

The previous proposition shows that we may approximate W1?(D) functions

on compact sets by C°°—functions. At times it is convenient to approximate

WLP(D) on the entire set D. The way to do that is to write u € WP(D) as a

series of functions with compact support and then approximate these functions

individually. In order to write u as a series of functions with compact support
we need to introduce the concept of partition of unity.

Proposition 9.2. Given an open set D and an open countable covering Uy, of
D, by an open covering we mean countable many sets Uy, such that D C U72 Uy.
Furthermore we assume that each point x € D there is only finitely many k such
that x € Uy,.

Then there exists functions ¥y € C*°(UpUy) such that

1. spt(yr) C Uy,
2. 0< Y <1 and

3> e k() =1 on D.

We call ¢r, a partition of unity of D with respect to the cover Uy.

Proof: Let (x.0 )
‘ | dist(x,0U; N D) ifxeU;
’77(")—{ 0 if x ¢ U,

and define the sets

Kj ={x e Ujin;(x) > zlépm(X)}
J

We claim that K are closed in D. To show this we will show that any
Cauchy sequence z,, € K; converges to a point in x° € K;. Since at least one
of the functions 1y # 0 at every point and 7;(x) = 0 for x € OU; it follows that
x0 ¢ 9U;. 1f x,, — x° € Uj it follows that 7;(x") = 4 for § = dist(x°, U;g) > 0.
And since x" is contained in only finitely many of the Uy, only finitely many
ne(xY) > 0. Since |Vni| < 1 we may conclude that only finitely many 7, have
values greater than ¢/2 in 35/2(x0), say that only 71,792, ...,7v have values
greater than 6/2 in Bs/s(x"). Also, since 7;(x%) = § and |Vn;| < 1 we may
conclude that 7;(x) > 6/2 in Bs/5(x?) Therefore

KjNBsa(x’) = {x € Ujimj(x) = _sup  mie(x)} N Byya(x”).

Since n; and supy_; oy 7x(X) are a continuous functions it follows that K is
relatively closed in Bj /2(x%). Therefore x,, € K; and x,, — x" will imply that
x? € K;. Tt follows that K is closed.

Also notice that U; K; = D since each x € D will be contained in at least on
eK;. Furthermore, since K is relatively closed in D and Uj is open, dist(K;, D\
Uj) = 26]' > 0.

We may define

w](x) = ¢Ej * XK, (X)7
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where ¢, is the standard mollifier as in Proposition 9.1 and XUk, is the charac-
teristic function of Kj:

(X)* 1 ifXEKj
MGRIZ 00 ifx ¢ K.

Then, by Proposition 9.1, 1/Ajj (x) € C* and 12;]' has compact support in U;.
Since D = U; K it follows that ), +; > 0 in D. Therefore

hi(x
(%) = oo]#
2 k1 Yr(x)
is well defined. Clearly spt(¢;) C U; and Y ;- ¢x(x) = 1 in D. This finishes
the proof. O

Theorem 9.1. C*°(D) is dense in WP(D), in particular if € > 0 and u €
WP (D) then there exists a function ue € C™(D) such that ||u—uc|wi.e(p) < €.

Proof: We begin by proving the theorem under the assumption that D is
bounded.

Let us cover D by the sets Uy = {x € D; 5 < dist(x,D°) < 2}, for k =
1,2,..., and Uy = {x € D;dist(x,D°) > 1}. Then, by Proposition 9.2, there
exists a partition of unity ¢ with respect to the cover Up. We define the
functions uy(x) = Yr(x)u(x), then u = Y 7 juk(x) and each u; has compact
support in D. We may therefore, by Proposition 9.1, approximate uy by a
function vy, € C*(D) so that ||ux —vk||w1rr(p) < gr5r- We define v = 377 vg,
then v € C°°(D) since only finitely many vy are non-zero at each point x.

By the triangle inequality it follows that

o0

§ k_vk

k=0

<
W1.p(D)

< Z ” ”Wl P (D) < Z 2k+1 =€

As for the general case when the support of w is not compact we may first
approximate u by u(x)ny(x) where

flu — 'UHWLP(D) =

(x) = 1 if x| <N
INTZ 0 if x| > N+1

and ny € C*°(R™). By choosing N large enough we can assure that |u —
uw(X)nn (x)|lwr.p(py < €. Since u(x)nn(x) has compact support in D the first
part of the proof assures that there exists a v € C*°(D) such that ||u(x)ny(x)—
v|lwir(py < €. By the triangle inequality we can conclude that

[ = vllwirp) < [lu(x)nn (%) = vlwrie) + llu = u)nn (X)]lwirp) < 26

O
That we may approximate WP functions by C° functions will help us to
prove some classical theorems for WP functions.
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Proposition 9.3. [PRODUCT AND CHAIN RULES FOR W1P FUNCTIONS.]
1. [PRODUCT RULE] If u,v € WP(D)NL>(D) then uv € WHP(D)NL>(D)

and
ou(x)
8% '

ov(x)
8l‘i

+ v(z)
2. [CHAIN RULE| Assume that f € CY(R), with bounded derivative and

f(0) =0, assume furthermore that u € WP(D). Then f(u(zx)) € W1P(D)

and
of (u(z)) du(z)
L = Pl 2

Proof: The proof is based on approximation. We begin by proving the
product rule. Let ¢ € CL(D) then and uc, v, be the C* approximations of u
and v from Theorem 9.1, by the triangle inequality,

[ a0 %5 s [ (w60 % +v<x>ag;j>)¢<x>dx] < (59)

[0 %5t [ (0250 4000 7500 )

o0x; o0x;
/D (uv — uev,) 823(::) dx‘ + /D <u( )8;;,) - ue(x)agij()) o(x)dx

[ (00052 10 2 ) gy

It follows from partial integration that I; = 0. We claim that I, I3, I[4 — 0
as ¢ — 0. We will only prove this for I,. We estimate

<

_|_

+

+

+

=L +1L+ I3+ 14

I S’ o¢ / |uv—u6v€dx§‘ o¢ / [u(v = ve)|dx+
Zi || oo (D) JD Ox; Lo (D) /D
Iolo3 /
ve(u — ul| Lo v — V) |dx+
’8% . /| Ha oop e [l
0
+o uveHLoo/ (0~ w)ldx = 0,
X L>=(D) D

since ue — v and v — v in L'. The proofs that I3, I, — 0 are similar. Inserting
that Iy,...,I4 — 0 in (59) proves the product rule.

Next we prove the chain rule. Notice that since f’ is bounded, say |f’'| < C,
it follows that

[f(u(x)) = f(ue(x))] < Clu(x) — ue(x)].

Making an integration by parts in the mtegral on the left in (60) we see that

[ = |t 8-

46

Therefore




= [ 60 25 oix - [ () - ) (Z - %) i

(61)
1o}
’/ (7(w0) = 7)) 22 g — 1+ 1, + 13,
D Ox;
Since 8?;7;:‘) — ag,—g‘) it follows that
L — —/ f’(u(x))qudx ase— 0T,
D Ox;

We may estimate I» according to

Ouc(x)  OJu(x)

— 0.
81‘,' 8@

L'(D)

L] < [ £/ (ue) = f' ()] oo

Finally, in order to estimate I3 we notice that f'(u.) — f’(u). This weak conver-
gence follows from the assumption that f’ is bounded and therefore uniformly
bounded in L' which is weakly compact. Therefore

Is—>0 ase—0t.

Using the limits of I, Is and I5 in (60) and (61) the theorem follows. [

So far we have spent some time to show that functions in W' behaves like
classically differentiable functions. But the space WP is more flexible that the
space C'. In order to show this we state the following proposition.

Proposition 9.4. If uw € W'P(D) then vt = max(u,0) € WP(D) and

out(@) _ 8%15“”) X{u>0}(Z) where X{u>o0} is the characteristic function of the

se?fw{u > 0}.

Proof: Let us define

£(8) = V24 e2—¢e ift>0
e 0 if t <0.

Then f. € CY(R) and therefore, by the chain rule, for any ¢ € C}(D)

[ gutn 25

0 Ou(x)
3:1:i
Passing to the limit ¢ — 07 proves the proposition. O

lax = [ ) 52 ot

9.1 Exercises:

1. Let fx be a sequence of continuous functions on [0, 1] such that fi(z) —
f(z) uniformly on [0,1]. Prove that f(z) is continuous.

2. Provide all the details in example 2 (the devils staircase). In particular
show that

(a) Each fy is continuous.
(b) That f’(z) = 0 almost everywhere.
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. Let D be a bounded domain and u(z) € C'(D). Show that u(z) €
Wh2(D).

. Show that the weak derivatives of the following functions, f(x), either
exist or does not exist. Then calculate the weak derivative if it exists.

0ifx <0
Does weak derivatives have to be continuous?

1
(b) f(z) = { 61{;;f<m0> 0 where f(z) is defined on [-1,1] C R.

(a) f(z) = { zife>0 where f(z) is defined on [-1,1] C R.

3/4 ;
(c) f(z) = { gif xlf<x0> 0 where f(z) is defined on [-1,1] C R.

Does weak derivatives have to be bounded?

Tif |z > 0
— ) Tt is 3
(d) f(x) { 03 2 — 0 where f(z) is defined on By C R,

. Consider the function u(x) = In(1/|x|) defined in B;(0) C R3.
(a) Show that u(z) € W12(B;(0)).

(b) Conclude that there are discontinuous, and even unbounded, func-
tions u(z) € WH2(By(0)).

1

elx>—1

. Show that limy_,- = = 0 and use this to argue that
T if x| < 1
O
belongs to C*°(R™).
. Let D be a bounded domain and u(x) € C*(D).

(a) If D= B1(0) and u(z) =0 on 9B1(0) show that

u(o) = L y - Vu(y)
(0) = /Bl(o) ——dy.

Wn ly|™

HinT: By the fundamental theorem of calculus

u(0) = —/O y - Vu(ty)dt

for any y such that |y| = 1. Integrate this over the unit sphere
9B1(0) = {y; ly = 1[}-

(b) Show that for all z € B;1(0).

L) v,
B1(0)

U(CE) = o |y — x|”
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(c¢) Use the following inequality, known as Holder’s inequality,

for % + % =1, to show that for any € > 0 there exists a constant C.
such that

1

nte
sup |u(z)| < C. </ |Vu(:c)|”+5> .
B1(0) B1(0)

8. Verify that the spaces W*P(D) are complete.
9. Verify that spt(¢e) = Bc(0) and that [, ¢c(x)dx =1 for all € > 0.

10. Prove that for any function v € LP(D) there exists a function v € C(D)
such that [lu — v||Ls(py < 0 and m({x; u(x) # v(x)}) < J. You may use
the following steps.

M ifulx)>M
(a) Defineups(x) =< u(x) if |u(x)| < M and show that if M is large
-M ifukx)<-M
enough then ||u — un||Lr(py < 01 and m({x; w(x) # up(x)}) < 1.
(b) Use Lusin’s Theorem to show that we may approximate uy; by a
continuous function v such that m({x; v(x) # unp(x)}) < 2.

(¢) Show the following inequalities

lu =]l ooy < llu—unell ooy + luar — vll oy < 81 + 85" M

and choose d; and 02 appropriately to conclude. [HINT:] You need
Hélder’s inequality in the final estimate.

11. [A REALLY BAD FUNCTION.] In this exercise we will construct a really bad
function - in mathematical analysis we love bad functions as examples.
g if x| >0
a) Show that u(z) = |2]2/3
(a) (@) { 0Oifx=0
when the space dimension n > 3. Also show that u(z) is not bounded
in any neighborhood of x = 0.

satisfies u(z) € WH2(By(0))

(b) Since Q* is countable we may define a sequence {g;}32, such that
U2 1{g;} = Q*N B1(0). Define w(x) = Py 27Ju(x — ¢;) and show
that w(z) € W2(B{(0)) and that w(z) is not bounded, neither
from above nor from below, on any open set of B (0).

[HINT:] In order to show that w(x) € WY2(B{(0)) it might be
helpful to use the following triangle inequality HZ] fj(x)HWl , <

> 1@ lyrs- -

(c) What is limsup,_, .0 w(z) and liminf, 0 w(z) for z° € B1(0)?
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10 Lecture 10. Differentiation and the Funda-
mental Theorem of Calculus, part 1.

In the last lecture we introduced Sobolev spaces and showed that Sobolev func-
tions have some good properties. We will continue our investigation by trying
to better understand differentiability properties of functions in Sobolev and
Lebesgue spaces, we would in particular want to derive a fundamental theorem
of calculus that is as general as possible.

Reading:

W. Rudin, Real and complex analysis: Chapter 7 and pages 135-156

There are rather many pages to read in Rudin this week. The must important
theory is the fundamental theorem of calculus (contained in the pages 144-150)
focus on that and make sure that you understand that.

RECOMMENDED EXERCISES: 7.1, 7.5, 7.9, 7.10, 7.12

H.L. Royden P.M Fitzpatrick, Real Analysis: Chapter 6.1-6.5 (also very
many pages...)

RECOMMENDED EXERCISES: 6.3, 6.7, 6.18, 6.21, 6.30, 6.33, 6.38, 6.44

The lectures was based on the following mate-
rial.

The undergraduate version of the fundamental theorem of calculus states
that if f is continuous on the interval [a,b] C R and if

Plz) = / Fdt  then  F'(z) = f(a). (62)

At times one sees the following version of the fundamental theorem: if f(z) is
differentiable on [a, b] then

f@) - i@ = [ " . (63)

The standard proof in undergraduate calculus books uses the intermediate value
theorem; and thus on the continuity of f in (62) and on f’ in (63).

If we would like to, and indeed we do like to, derive a version of the funda-
mental theorem of calculus that is applicable without the continuity assumption
on f we need to find a different way to investigate the derivative of an integral.

Does it even hold for arbitrary integrable functions f? If not to what ex-
tent does the fundamental theorem hold. Are the versions of the fundamental
theorem in (62) and (63) the same? How do we even approach the problem?

In general the derivative

i flx+h) — f(x)
h—0 h

might not be well defined at a point. In order to get something well defined to
work with when we differentiate a function we will define the Daboux derivatives.
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Definition 10.1. Let f be defined in a neighbourhood of the point x € R then
we define the following Darboux derivatives:
h) —
Dt f(x) = lim sup Jleth = /@) f)z /(@)

h—0t

: D, f(z) = 1}3(1)@%7

D™ f(z) = limsup My and D_f(z) = liminf M
h—s0— h h—0— h
Note that all the Darboux derivatives are well defined in the extended real

numbers. We may therefore, for any given function f : [a,b] — R, define the
function DT f(x) : [a,b] — RU {0}, Dy f(x) : [a,b] = RU{—oc0} et.c.!

Theorem 10.1. Assume that f is non-decreasing on [a,b] then DT f(x), Dy f(z),
D~ f(x) and D_f(x) are all measurable on [a,b].

Proof: We will only show that DT f(x) is measurable, the proofs for D, f(x),
D~ f(z) and D_f(z) are similar. In this proof we will extend f to [a,o0) by
setting f(z) = f(b) for x > b.

In order to show that DT f(x) is measurable we define the rational Darboux

derivative A B - ()
. T+ h)— f(x
D(ng(x) = limsup —
heQ, h—0t

Since f is non-decreasing it is measurable and therefore, for any g € Q,

flz+q) — f(z)

fo(x) = q

is measurable. But since the supremum of a countable set of measurable func-
tions is measurable it follows that

fMa)=sup  fo(x)

qeQ, 0<g<h

is measurable.
But, since the infinum of a countable set of measurable functions is measur-
able it follows that

Dg f(w) = inf f1/"(x)

is measurable.

In order to complete the proof we need to show that D(ng(:t) = D7 f(z).
We begin by showing this when DT f(x) is finite. It is enough to show that, for
any € > 0,

D* f(x) —e < D{ f(x) < DT f(x) + e (64)

The right inequality in (64) is obvious since we take the supremum over a
larger set in DT than in D&. In order to show the left inequality in (64) we
pick an h > 0 such that

e _f@+h) —f@)

D+f(x)—§< N

21Technically, Dt f(z) is not defined at 2 = b, but as a measurable function we do not care
about the value of f at single points and will therefore assign an arbitrary value to D% f(b)

(65)
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Then, for ¢ € Q, and ¢ > h we get

fata) = f@) | fleth) —fa)h €\ h
e T s (DY)~ ) T (66)

where we used that f is non-decreasing and ¢ > h in the first inequality and
(65) in the second. By choosing ¢ close enough to h in (66) the left inequality
n (64) follows.

It remains to show that D f(z) = oo if D f(x) = co. The argument is
very similar as when DT f(z) is finite. If DT f(z) = oo then for any N € N
there exists an h > 0 such that

fa+h) ~ f@)

N+41<
+ I

By arguing as in (66) it follows that D(ng(ac) > N for any N € N. That
D f(x) = DY f(x) = oo follows. O

We also need to be able to extract some global information from the Darboux
derivative DT f(z). This is rather subtle. By definition DT f(x) only depend
on the values of f in arbitrarily small neighborhoods of z. But we would want
information about the derivative, such as DV f(z) > 0, to say something about
the derivative in an entire interval. We will do that by using a covering theorem,
but first we need to define what we mean by a covering.

Definition 10.2. Let S be a subset of the real numbers. Then we say that a
collection of closed intervals, F, is a Vitali covering of S if for every for every
x € S and any h > 0 there is an interval [a,b] € F such that x € [a,b] and
|b —a| < h. We explicitly exclude the possibility that an interval consists of a
single point in the Vitali covering.

Theorem 10.2. [THE VITALI COVERING THEOREM|. Let S C [a,b] and F be
a Vitali covering of S. Then there exists sequence of intervals I,, € F such that
S\UoZ, I, is a null set.?* Furthermore (I; N 1i,) N [a,b] = 0 for j # k, that is
the intervals I, are disjoint in [a,b].

Proof: 1t will be expedient to consider the intervals I € F to be contained
in [a,b]. Let us therefore consider the Vitali cover 7/ = {I N[a,b]; I € F} of
S. Clearly if we can construct can find a sequence of intervals I/, € F’ such as
in the Theorem then the corresponding sequence I,, € F will also satisfy the
conditions of the theorem. We will therefore assume that all intervals I € F is
contained in [a, b].

If I € F then I C [a,b], by the assumption in the last paragraph, and
therefore m(I) < b — a. Therefore the following is well defined

my = sup m(I).
IEF,SNI#£D

We may therefore choose an interval I; € F such that I; NS # () and m(I;) >
m1/2

22We do not exclude the possibility that there are only finitely many intervals Iy, in that
case we use the convention that I, is the “empty interval” for n large enough.
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Let us inductively define the interval I,y as follows. If S C Up_; I then
the collection will satisfy the conditions of the Theorem and we are done. If
S ¢ Up_, 1) then we set

Mint1 = SUP m(I), (67)

where the supremum is over all I € F such that I NS # 0 and I NUE_, I}, = 0.
We then choose an interval I,, 1, among all intervals I € F such that TNS # (
and I NUY_ I = 0, satisfying

Mp+1
2 )

among all intervals I € F such that INS # @ and I NUY_ I, = 0.

We need to show that there are always intervals I € F that satisfies the
criteria. If S ¢ U}_, I} then there exists at least one point x € S\ U7_,I;. But
since each I}, is closed the union U}_, I, is closed and the distance form a point
to a closed set is always strictly positive (unless the point is in the set): thus
dist(x,Uy_,Ix) = 6 > 0. But then, by the definition of Vitali cover, it follows
that there is an interval [a, f] = I € F such that 8 —a < §/2 and x € [«, 5]. It
follows that the set of intervals we take the supremum over in (67) is non-empty
and the supremum is therefore well defined.

Unless the procedure ends after a finite number of steps, in which case we
have a collection as in the Theorem, we will get an infinite sequence Iy, I, ....
We claim that this sequence of intervals satisfy the conditions of the theorem.

m(Ins1) > (68)

We will argue by contradiction from now on and assume that
m(S\Us2,1,) =06 >0. (69)

Since the intervals I, are disjoint and US2 I, C [a, b] it follows, from mono-
tonicity of the measure, that

b—a=mila,b]) = m(U,) = S m(l,), (70)
n=1

where we also used countable additivity of the measure in the last equality.
Notice that (70) implies that m(l,) — 0 as n — oo and therefore since 0 <
my < 2m(l,)

my — 0. (71)

We will denote by J, = [cn,d,] the interval that has the same center as
I, = [an, by] but five times the length: m(.J,) = 5m(I,,). Therefore

Z m(Jp) =5 Z m(I,) < 5(b—a),

which implies that if IV is large enough then

oo

m(Uplyidn) = Y. m(Jn) <8 =m(S\ U T, (72)
n=N+1

The inequalities (72) and (69) implies that there must exist an

(o) o0
x €S\ | JInsuch that x ¢ | ) . (73)
n=1 n=N+1
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We fix one of these x. It follows from (73) that

x ¢ U I,.

n=N+1

Since ngl 1, is closed there is a fixed distance € > 0 between x and ngl I:

N
dist <x, U In> =€e>0.

n=1

And since F is a Vitali cover there exists an Iy € F such that x € I, and
m(Ix) < €, in particular

Le( ) (UNoi 1) = 0. (74)

Notice that by construction m(Ilx) < my.
Since m,, — 0 by (71) it follows that for some large enough ¢ € N that

m(Ix) > mg =supm(l),
I

where the supremum was taken over all I € F such that T NS # § and
ITNUIZA L, =0 it follows that

qg—1

L (ﬂ In> £ 0.

n=1

We may choose p € N as the smallest integer such that
I,NI, #0. (75)

Since p was the smallest integer this implies that

e (L_Jl In> — 0 (76)

and therefore, by (71),
m(lx) < mp-1 < 2m(l) (77)
where we used the choice (68) in the last inequality.
We are now ready to derive a contradiction to the assumption (69). Since
L UN_ I, = 0, from (74) and I N I, # (0, by (75) it follows that p > N + 1.
And since x ¢ U2 1 Jy, by (73) we can conclude that x ¢ J,.
But if x ¢ J, = [¢p, d,] will imply that

dist(x, Ip) > 2m(I,), (78)

since the interval J, had five times the length of I,,.
But we also have that I, N I, # 0, by (75) again, which implies that

m(Iy)

dist(x, I,,) < <m(Ip), (79)

where we used (77) in the last equality.
Putting (78) and (79) together gives

2m(I,) < dist(x, I,) < m(Ip)

which is clearly a contradiction. O
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Corollary 10.1. Let F be a Vitali covering of S C [a,b]. Then, for every,
€ > 0, there exists a finite set I, Is,....Iny € F of disjoint intervals (that are
disjoint in [a,b]) such that

m (S\UN_,1,) <e.

Proof: Let I,, n = 1,2,3,..., be the covering from the Theorem, we also
assume that I, C [a,b] as we did in the proof of the theorem. Then

M8

m(Upe 1,) = m(Il,) <b—a,

n=1

which implies that Y ° | m(I,) is (absolutely) convergent.
We may therefore choose N so that

Since N o .
S\ JIc (S\UI,,)U( U In>
n=1 n=1 n=N-+1
it follows that
N o] e
m(S\UIn>:m(S\UIn>+m< U In><0+e,
n=1 n=1 n=N+1

since where we used the Theorem to conclude that S\ U2 I, is a null set. O
We are now ready to show that if f is non-decreasing then f’(z) exists a.e.

Theorem 10.3. Let f(x) be non-decreasing on [a,b] then f'(x) exists for a.e.
x € [a,b)].

Proof: The derivative exists if D" f(x) = Dy f(z) = D™ f(z) = D_f(x).
We therefore need to show that DV f(z) = D, f(x), DT f(x) = D~ f(x) and
D~ f(x) = D_f(x) for a.e. x € [a,b]. Since the proof of these statements are
very similar we will only prove that DT f(z) = D, f(x) a.e. Since DT f is defined
by a limsup and D, f by a liminf it follows directly that DT f(z) > D, f(x),
therefore we only need to prove that D* f(z) < D4 f(z) a.e.

The idea of the proof is that if DV f(x) > D, f(z) then there exists two
rational numbers p, ¢ € Q such that

Dy f(z) <p<q<D"f(x) (80)
We will denote the set where (80) is satisfied by
Epy ={x € [a,b]; Dy f(z) <p<q< D" f(x)}.

Since f is non-decreasing DV f and D, f are measurable, by Theorem 10.1, and
therefore the set E), , is measurable. We will show that m(E,,) = 0 for every
p,q € Q. Since

E={x; D,f(z) < D" f(x)} = U Enpq,

p,q€Q
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and the union is countable, it follows that D' f = D, f a.e. if E,, is null for

each p,q € Q.
Arguing by contradiction we may assume that there exists p, ¢ € Q such that

m(Epq) = a > 0 for some p,q € Q.

Since E,, is measurable there exists, for every € > 0, an open set U such
that E,, C U and

a=m(Ep) <mU) <m(Ep) +e=a+e (81)
If x € E,, there exists arbitrary small intervals [z, y] such that

fly) — f(=) < (82)
y—x '

Since the intervals may be chosen arbitrarily small it follows that the intervals

[z,y] such that x € E,, and (82) holds forms a Vitali cover F of E,,. Since

Epq C U and U is open we may arrange it so that I C U for every I € F.
From Corollary 10.1 it follows that there is a finite set of intervals

[xla yl]a [1’2, yQ}v [mNa yN] e F
such that
m (Ep,q \ UzNzl[Iiv y7]) <e€ (83)
and therefore
N

N
D (Fwi) = F@) <pY_(yi — x:) < pm(U) < pla +e), (84)
i=1

i=1

where we have used that [z;,y;] C U and (81).

Equation (84) gives a good estimate on the growth f from above. We need
an estimate from below in order to derive a contradiction. To that end we
consider E,, = Epq N (UN, (2i,9;)). For any point u € E C E,, we may find
an arbitrary small interval [u,v] and [u,v] C UN | (z;,y;) such that

fv) = fw)

vV—1U

>q

Again these intervals forms a Vitali cover of qu and we may find a finite set
[u1,v1], [ug, va], ..., [unr, var] such that

m (Epq \ UM, [us, 0] < e (85)
and
M M
(f(0) = fw)) > gy (vi —w). (86)
i=1 i=1
Now assume that [u1,v1], [ug, va], ..., [ung, uny] C (21,91) then, since f is

non-decreasing,

M,y

D (o) = flui)) = = f(ur) + f(o1) = fluz) + f(v2) = fug) 4o + florr,) <

i=1

<0 <0
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< floan) = fur) < fya) = fl2), (87)

similar estimates holds for the intervals

(WAL +15 UMy +1]5 [UM, 42, Uty +2)s oo, (U, Uas, ) C (22, Y2).

From (84), (86) and (87) it follows that

M M N
0 ) S Y ()~ f)) < 30 () ~ e Splato. (69
But also
M )
Z(UZ —u;) =m (UL (us,v;)) >m (qu) —€e>a— 2 (89)
i=1

where we used (85) and (83).
Equations (88) and (89) together implies that

q(a—2¢) < pla+e).

Since a > 0 and € > 0 is arbitrary this contradicts p < q. O
We are ready to prove the first version of the fundamental theorem of cal-
culus, a version of the form (63) - but with an inequality.

Theorem 10.4. Assume that [ is bounded and non-decreasing on [a,b] then f’
is integrable*® and

b
/ f(x)de < £(b) — f(a)

Proof: In this proof we extend f(x) to [a,00) by f(b); that is, f(z) = f(b)
for z > b.
We let f,, be defined

ERLCETOR

since f is non-decreasing. Then, since f’ exists a.e. (Theorem 10.3)

lim f,(z) = f'(z)

n—oo

point-wise for a.e. x € [a,b]. Also f’ is measurable by Theroem 10.1 since
f'(z) = DT f(x) a.e.

By Fatou’s Lemma

b b b
lim inf/ fn(x)dz > / liminf f, (z)dx = / f(z)dx. (90)
n—oo a a n— oo a
It follows (from (90)) that it is enough to show that
b
timint [ f,(a)do < F(b) - F(a). (91)
n oo a

23We do not assume that f’ is pointwise defined or finite, however f’ will be defined and
finite a.e. by Theorem 10.3.
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We calculate

liminf/ flet1/n) - (x)dzhmmfnvbfxﬂ/ndx/f ]

n—o00 l/n n—o00
b+1/n a+1/n
= lim infn[/ / } < (92)
n—oo b

<t [ T b byde - / e f(a)dx] — ()~ Fla),

l{‘“

n—roo

where we used that f(z) = f(b) for z > b and that f(x) is non-decreasing. We
ahve already concluded, in (91), that (92) was enough to prove the theorem. [

A rather annoying feature of Theorem 10.4 is that we get an inequality in
the conclusion. This is however not an artifact of a bad proof or a flaw in the
theory. The following examples shows that the inequality is necessary.

0 ifxe[-1,0]

/ —
1 ifz e (0,1]. Then f'(x) = 0 a.e. and

Example 1: Let f(z) = {
therefore

/_ )z =0 < f(1) = £(0) =

Example 2: It is not the discontinuity that makes fundamental theorem
of calculus break down in the previous example. The cantor function also has
derivative equal to zero a.e., and it is continuous, but the cantor function is still
not constant.

10.1 Exercices

1. Prove that if f(z) is non-decreasing then f(z) is continuous except possibly
on a countable set.

2. Prove that every non-decreasing function f : [a, ] — R is measurable.

11 Lecture 11. Differentiation and the Funda-
mental Theorem of Calculus, part 2.

We know that, even for monotone and thus a.e. differentiable functions, we do
not get an equality in

b
[ sas < 10) - sta)
One would hope that if f € L(a,b) then

= /a: ft)dt = F'(z) = f(x) for a.e.x € [a, b].

This is indeed true and it will be our next aim to prove this. First we show that
integrals define continuous functions.
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Lemma 11.1. Let f € L'([a,b]) and F(x) = [ f(t)dt. Then F(x) is continu-
ous.

Proof: We know that for every e > 0 there exists a §¢ > 0 such that if ¥ is
measurable and m(X) < J. then

/ 1f(t)|dt < e.
b))

It follows that if |x — y| < d. then

therefore F(z) is continuous.?* O
We need the following proposition.

Proposition 11.1. Let f € L'(a,b) and assume that

F(z) = / ft)ydt =0

forx € la,b]. Then f(x) =0 for a.e. x € (a,b).

Proof: We will show that f(z) < 0 a.e., a similar argument shows that
f(z) > 0 a.e. as well and the proposition follows.
It is enough to show that

5, = {x; OF ;}

has measure zero for every n € N since the countable family of sets S,, covers
the set where f(x) > 0.

We argue by contradiction and assume that m(S,) = ¢ > 0 for some n € N
and §. S, is measurable (since f is) and therefore there exists a closed set
K C S, such that m(K) > /2.

Consider the open set U = (a,b) \ K. Since U is open we may cover U by a
countable union of disjoint intervals (a;, b;). It follows that

0:/abf(t)dt:/Kf(t)dt—ir/Uf(t)dtz/Kf(t)dt—l—i/: F(t)dt =
_/Kf(t)dHi Ub f(t)dt/aai f(t)dt] :/Kf(t)dtz %/deo.
=0

This is clearly a contradiction. O

Theorem 11.1. Assume that f € L'([a,b]) and

F(z) = / " fyt.

Then F'(z) = f(x) for a.e. z € [a,].

24This even shows that F' is uniformly continuous. A minor modification of the argument
will give that F' is absolutely continuous - but that is a concept of continuity that we will wait
a few pages before we define.
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Proof: We will prove the theorem in several steps (under various simplifying
assumptions).

Step 1: The Theorem holds under the extra assumption that f is non-
negative and bounded: 0 < f(x) < M.

Proof of Step 1: If f(x) > 0 then F(z) is clearly non-decreasing and therefore
differentiable (Theorem 10.3) at a.e. point.
We will argue as in Theorem 10.4 and denote

x n)— F(x a+1/n
F,(z) = il +11//72 Fx) :n/ f(t)dt < M,

where we used the extra assumption that f(xz) < M in the last inequality, we
also extend f(x) so that f(z) = f(b) for > b. We also note that F,, > 0
(since F is non decreasing) and that F,,(z) — F'(z) at every point where F is
differentiable.

By the dominated convergence theorem
conclude that

25 (in the second inequality) we may

/ F'(t)dt = / lim F,(t)dt = lim F,(t)dt =

a n— oo n— oo

= lim n [/:F(t-i—l/n)dt—/;Fn(t)dt} =

n—oo

z+1/n a+1l/n
/ F(t + 1/n)dt —/ Fu(t)dt| =

= lim [F(x +&/n) — Fla+ & /n)] = F(z) ~ Fla),

= lim n
n—oo

where we used the mean value theorem for the integral (valid since F' € C([a, b])
by Lemma 11.1) and &,,&, € (0,1) (and may depend on n) in the next to last
equality and continuity of F' in the last.

Step 2: The Theorem holds under the extra assumption that f is non-
negative: 0 < f(x).

Proof of Step 2: We may approximate f by fs(z) = min(f(z),s), for any
s > 0, then f; satisfies the assumptions of Step 1. Also lims_,o fs(2z) = f(x).
Therefore, by the dominated convergence theorem,

F(z) = /l fdt = /l lim fs(t)dt = lim xfs(t)dt. (93)
If we write .
Fi(x) = / fs(t)dt
then, since fs < f, Fs(x) < F(x) and by (93)

Fy(x) — F(x) as § — 00 (94)

25Notice that the argument is almost exactly the same as in Theorem 10.4 but we use the
dominated convergence theorem instead of Fatou’s Lemma which gives us an equality instead
of an inequality.
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We make the following estimate

x

F(x) ~ Fla) = lim [Fy(x) ~ Fy(a)] = lim [ fu(t)dt <

x

< lim f(t)dt:/mf(t)dt:F(:v)—F(a),

§—00 a

where we used (94) in the first equality, then Step 1 (since fs is bounded) and
that fs < f in the first inequality and finally the definition of F.

Step 3: The Theorem holds without extra assumptions.
Proof of Step 3: We may write F(z) = F(x) — F~(x) where

(@) = / " max( £ (1), 0)dt.

Then Step 2 applies to both F* and F~. It follows that
F'(z) = DF"(2) — DF~ F(z) = max(f(t),0) — max(—f(2),0) = f(x)

at a.e. = € [a,b)]. O

We have now shown the first version of the fundamental theorem of calculus
that if f € L! then % [ f(t)dt = f(z) a.e. But we would like to find conditions
on f that also assures that

b
£(b) — f(a) = / f(t)dt. (95)

We know that (95) does not hold in general, even if f/(z) is defined a.e.
Therefore we need to make some extra assumption on f(x) in order for (95) to
hold for f. The idea is that using the Vitali covering Theorem we can control
the variation (total change) of an a.e. differentiable function f on a set UN I,
where the measure of the complement of UY, I, is small: m ([a,b] \ U 1,,).
However, in general, as with the Cantor function, if the derivative is infinite on
a set of zero measure the formula in (95) might break down. Therefore, we need
make some extra assumption that assures that f does not oscillate to much on
small sets.

The correct assumption we need to derive (95) is absolute continuity. But it
will require very little extra work to first define the weaker concept of bounded
variation.

Definition 11.1. Let f be defined on [a,b] then we say that f is of bounded
variation if

N
V(f la,b]) = sgpz |f(a:) = f(f(aim1)| < oo,
i=1
where the supremum is taken over all finite partitions
P={a=ay<a1 <as<.. <any="0b}

of the interval [a,b] (the supremum is also over all N € N).
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Proposition 11.2. A function f is of bounded variation on [a,b] if and only
if there exists two finite and non-decreasing functions g, h : [a,b] — R such that

f(@) = g(x) — h(z).

Proof: If f(z) = g(x) — h(x), with g, h bounded and non decreasing then for
each partition P

N
Z |f(ai) — flai—1)| = Z lg(ai) — g(ai—1) — h(a;) + h(ai-1)| <

N

SZ (a;) — glai— |+Z\h a;) — h(ai—1)| =
7N
2

N
gai-1) + Y hla;) = hlai—1) =
i=1

=9(b) — g(a) + h(b) — h(a) < 2?115 lg(2)| +2 sup A ()],

where we used that f, g are non-decreasing in the second equality. Since g, h
are bounded it follows that the variation V'(f, [a,b]) is bounded.
To show the converse we assume that f is of bounded variation and define

g9(x) = V(f,[a, z]).

Clearly g is then increasing on [a,b], g(0) = 0 and g(b) = V(f, [a,b]) < 00 so g
is bounded.
Next we define h(x) = g(z) — f(z) then, for y > x,

h(y) = h(x) = V(f,[a,9]) = f(y) = V(] [a, 2]) + f(2) = (96)

= V(£ [z,9]) = Fy) + f(2) = [f(y) = f(@)| = f(y) + f(2) 20,

where we used that V (f, [a,y]) — V(f la,z]) =V (f,

[x,y]) which follows directly
from the definition of partition®® and that V(f, [z, y]

{z

6)

) > |f(y) — f(z)| which is
easily seen by choosing the trivial partition P = = a9 < a; = b} in the
supremum in Definition 11.1. It follows from (96) that h is non-decreasing.
That h is bounded follows from the fact that f and g are (note that |f(z)| <

fla) +V(f,a,0])).

Therefore both g and h are non-decreasing and bounded and

g9(x) = h(z) = V(f,[a,z]) = (V(}, [a, 2]) = f(x)) = f(z).
This finishes the proof. O

Corollary 11.1. If f(z) is of bounded variation on [a,b] then f'(x) exists a.e.
and f'(z) is integrable on [a,b].

26For any two partitions P[a «) and Py o of [a, z] and [z,y] we may form a partition of [a, y]
that includes all the points in P, ;) and Pz ) plugging this into the definition of bounded
variation will imply that V (f, [a,z]) + V(f, [m y]) < V(f,[a,y]). And for any partition P of
[a, y] we may insert the point x in P and then split it into two partitions for [a,z]| and [z, y]
respectively, using these partitions in the definition of V it also follows that V(f,[a,z]) +
V(f,[z,y]) > V(f,[a,y]). We leave the details to the reader.
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Proof: By the previous proposition we may write f(x) = g(z) — h(z) where
g(x) and h(z) are non-decreasing bounded functions. It follows, from Theorem
10.4, that ¢’ and I’ are both integrable. The corollary follows from the linearity
of the derivative and that the sum of two integrable functions is integrable. [J

Remark: We may not derive any information of the relation between f’
and f, as in Theorem 10.4, for functions of bounded variation.

We are now ready to define the concept, absolute continuity, that will assure
that the formula (95) holds.

Definition 11.2. We say that a function [ : [a,b] — R is absolutely continuous
if, for every € > 0, there exists a 0. > 0 such that for any disjoint set of intervals

[alv bl]a [a27 b2]a serey [aNa bN] c [(l, b]

such that
N
Z |b1 — ai\ < (56
i=1

it follows that
N

ST — flai)] < e

i=1

The concept of absolute continuity assures that the variation of f on small
sets is small. This in particular excludes Cantor function like behaviors; that
functions may change by positive quantities on sets of measure zero. Also,
integrals of L!([a,b]) functions are absolutely continuous.

Proposition 11.3. Let f € L'([a,b]) then

F(z) = / F(t)dt

is absolutely continuous.

Proof: The proof is almost the same as the proof of Lemma 11.1. We know
that for every € > 0 there exists a 6. > 0 such that if ¥ is measurable and
m(X) < 0, then

/ F(£)|dt < e.
b))

It follows that if
N

Z|bi—ai\ <(55

i=1
then, with o = Ui]\il [ai, bi],

N

D O 1F(be) = fla)| =

=1

5 el o

therefore F'(x) is absolutely continuous. O
Also absolutely continuous functions are of bounded variation.
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Proposition 11.4. If f : [a,b] — R is absolutely continuous then f is of
bounded variation. In particular, f'(z) exists a.e. and f'(x) is integrable on

[a,b].

Proof: Let P ={a=ap < a1 < .... < a, = b} be any partition and let §; > 0
be the . corresponding to € = 1 in Definition 11.2. We may refine the partition
P by adding the points a+9d1, a+261, a+361, ..., a+Md1, where M is the smallest
integer such that M > bg—la (notice that M is a fixed constant depending only
on f and [a,b]), to get a new partition P = {a = by < by < ...byy = b}.

It follows that

n N
S If(ai) = flaim)] < D7 1F0:) = f(biza)l- (97)
=1 i=1

We may split the last sum into M peaces each of the form Zi:k |f(b:)— f(bi—1)]
where by_1 = md; and b; = (m + 1)d;. Using the absolute continuity of f and
the choice of d; as well as the continuity of f we may conclude that each of the
M peaces of the sum satisfies

—~

S I b) = fbion)| < 1.

i=k
Using this in (97) it follows that

n

> If(ai) = flaia)| < M.

i=1

But since the original partition P was arbitrary it follows that f is of bounded
variation.
That f’ exists a.e. and is integrable follows from Corollary 11.1. O
Next we show that absolutely continuous functions actually do not have
Cantor function like behavior. The Proposition is very similar to Proposition
11.1.

Proposition 11.5. Let f : [a,b] — R be absolutely continuous and f'(x) = 0
a.e. Then f(x) is constant.

Proof: We need to show that f(c) = f(a) for every ¢ € [a,b]. Let ¢ > 0
be arbitrary and J. > 0 be as in Definition 11.2. Also let Z. = [a,c] N {z €
[a,b]; f'(z) = 0} be the set of where the derivative is defined and zero.

Since f/(z) =0 on Z,. there exists an arbitrarily small interval [z, y] s.t.

‘f(y) — f(x) <
y—x ’
that is
|f(y) — f(@)] < ely — a]. (98)

Since we may choose y > x arbitrarily close to x the intervals [z, y], for x € Z,,
forms a Vital coveri F of Z.. We may therefore find disjoint intervals

[xla yl]a [332,y2], [55373/3]7 seey [QUN:Z/N] e F
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such that
m (ZC \ U'f\il[wia yz]) < (Se- (99)

We may use these intervals to form a partition of [a, ¢]:2"

P={a<z<yi<za<ya<wg<..<xp<yn <ch

Using this partition we may estimate

N
[F(@) = Fl@)] < |f (1) = fla)l + D1 () = f(z)l+ (100)

N-1
+ Z [f(@iva) = fly)l + [f(c) = flyn)l-

From (98) we can conclude that

N N

Do) = flal <€) lyi— il < e(c—a), (101)

i=1 i=1
and from (99) we may conclude that

N-1
|1 — al + Z |ziv1 — il + e —yn| < e (102)

i=1
which implies that we may use the absolute continuity of f to deduce that

N-1

[f(21) = F@)| + Y |f(@irn) = Fwa)l + [£(e) = flyw)| <e. (103)

i=1
Using the estimates (101) and (103) in (100) we may conclude that
[f(e) = f(a)] <e(c—a+1).

Since € > 0 is arbitrary it follows that f(c) = f(a) but ¢ € [a,b] was arbitrary
so it follows that f(x) = f(a) for all = € [a, b]. O

Theorem 11.2. If f : [a,b] — R is absolutely continuous then f'(z) is defined
for a.e. x € [a,b], f'(x) is integrable and

f@) - i@ = [ " . (104)

Proof: That f’ is defined a.e. and integrable follows from Proposition 11.4.
Therefore we only need to prove (104). We define the function

o) = [ " Pt — 1),

2TWe have, for definiteness assumed that a < z1 and yx < ¢, in case one or both of these
are equalities the argument is very similar.
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Since f’ is integrable the function g(z) is well defined. By Proposition 11.3 it
follows that g(z) is absolutely continuous.?®
By Theorem 11.1,

g ()= f'(z)— f'(x)=0 for a.e. z € [a,b]. (105)

Proposition 11.5 together with (11.1) and the absolute continuity of g implies
that

g(x) = /ﬂ” f(t)dt — f(z) = constant = g(a) = f(a).

The theorem follows from the last equalities. O

12 Lecture 12. Classical derivatives and Sobolev
functions.

In this lecture we will investigate to what extent Sobolev functions have classical
derivatives. The first step consists in proving that Sobolev functions are abso-
lutely continuous on a.e. line. This would imply that the fundamental theorem
of calculus is applicable on a.e. line. We begin with a simple lemma in the one
dimensional case.

Lemma 12.1. Assume that fj(z) € C*(a,b), that || fil|Lr(ap) < C for some
constant C (independent of j) and p > 1 and that f; — fo in L*(a,b). Then
fo € WYP(a,b) and fo is absolutely continuous.

Proof: Since f; € C* the fundamental theorem of calculus holds and we

may conclude that
1
o

< |y — xo\l_l/p||fjl-”LP(ro,zl) < Clxy — x0|1—1/p7

(1) = fi(wo)| =

<

where we used Holders inequality. It follows that the sequence f; is equicon-
tinuous and thus, by Arzela-Ascoli’s Theorem we may extract a subsequence
fi. = fo uniformly where fy is a continuous function on (a,b).

It remains to show that f; is absolutely continuous. This follows from the
fact that each f; is absolutely continuous. In particular, for any set of disjoint
intervals (o, 5;)

N

N
Z 1£5(8) = filaa)l =)

=1

Bi

(27

<

1-1/p

< / i)z < U G B 1 ey <
UN, (ai,B:)

i

<C |U£\L1(ai,5i)’1_1/p~

28We also use that the sum of two absolutely continuous functions is absolutely continuous
here. But that is a direct consequence of the triangle inequality and the definition of absolute
continuity.
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)P/(P*l)

Therefore, for any € > 0, if Zf\[:l(ﬁi —) < (& then

Z\fj B) — filen)] <.

It follows that each f; is absolutely continuous. Since f; — fo uniformly it
follows that fy is absolutely continuous. O

Corollary 12.1. If f € W1P(a,b) then f is absolutely continuous.

Proof: If fj(x) = ¢1,; * f(z), where ¢;,; is the standard mollifier, then f;
and f satisfies the conditions of Lemma 12.1. O

Theorem 12.1. Let u € WHP(D) where D C R™. Then for every k =1,2,....,n
and for a.e. (T1,T,...;Tk—1,Tkt1,..-,Tn) (With respect to the (n — 1)— dimen-
sional Lebsegue measure) the function w(L1,Ta, ..., Th—1,t, Thi1y .oy L) 18 abso-
lutely continuous in t.

Proof: Let us fix a k, say k = 1. Consider u.(x) defined as in as in Theorem
9.1 then u. — u as ¢ — 0. This implies that for any § > 0 the sequence i; =
Ug2/p /2i/p CONVerges to u in WP we even have that ||u — ﬂj||€vl,p(p) < 62/27.

By Fubini’s theorem

/ </ IV (u(x) — ﬂj(x))|l>dm1> dx" = ||V (u = ;)||75p) < §%/27, (106)

where the integration to the left is also over D and x' = (x2,x3, ..., x,). From
(106) we can conclude that the set

P
Asj = {X/§ / dxy > (5}
(z1,x")ED

has measure (n—1)—dimensional Lebesgue measure less than 6/27. This implies
that the set of x; where

/(a:l,x’)ED

for some j must have measure less than 0:

S
Umides] <257 =9

To exploit this we fix some decreasing sequence d; — 01 and define u;(x) =
Ug/p 125 /0" By the above it follows that for any € > 0 there exists a jc. > 0 such
J

ou(zy,x") — u;(xq,x")

d
8171 e

au(xlvx/) — U‘J(‘rlv ) pdﬁﬂl >4

d
6331 .

that the compliment of the set of points (xs, x3, ..., ;) where

/(xl x')eD

for some j > j. has measure less than ¢; just pick j. as the smallest j such that
(Sj < €.

AN / P
ou(zy,x") uJ(xl’X)dxl dr) > €
31‘1
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But this implies that

[xl,x’)eD

except on a set of zero measure. By Lemma 12.1 it follows that w(t, 22, ..., Zy)
is absolutely continuous for a.e. (xa, ..., x,). O

One final way we will indicate that the definition of weak derivative makes
sense is to show that we may actually define the weak derivative by means of
difference quotients. However, since WP —functions may be discontinuous, we
cannot take the difference quotients point-wise. Instead we will prove that if
the difference quotients exists, in an integral sense, for a function u then the
function is in a Sobolev space.

AN / p
Ou(z1,x') —u;(x1, x )dxl dry — 0
8x1

Lemma 12.2. Let C C D be a compact set such that Cs = {x; dist(x,C) <} C
D.

Furthermore assume that u(x) € LP(D), 1 < p < 0o, and that there exists a
constant C' such that

N p
/ u(z+ e;h) —u(x) dr < C, (107)

Gs h

for all |h] < 6.
Then the weak derivative g“i exists in C and
p
/ Ou(z) dx < C.
c| Oz

In particular, if (107) holds for every i = 1,2,...,n then u € W1P(C).

Proof: Notice that (107) just states that for any sequence h; — 0 the func-
tions w are bounded in L? ((,:'5) Thus, by the weak compactness

theorem for Lp functions, Theorem 8.1, there exists a sub-sequence, still de-
noted h;, such that

u(x +e;hj) — u(x)
h;

— gi(x) € LP(Cs).

By Proposition 8.4 it follows that [|g;[| ;. ¢,y < C.
We claim that g;(x) is the weak x;—derivative of u(x). To see this we
calculate, for any ¢ € C1(D),

/Caqs()(x _hmf/qumel =) () =

ox; h;—0

Change of var.
=< x+hje—x = lim o(x)
in d)(X -+ hjei) hi =0 x—eih;eC J

5 /C 6(x)g:(x)de

w(x)—u(x—e;h;)
hj

by the weak convergence of — g;.
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This proves that g;(x) = 8:;;’_‘). The final statement of the lemma follows

from the definition of the Sobolev space. O
We are now in a very good position to prove existence of minimizers for the
minimization problem stated in the first lecture. We have indeed constructed
a good space, W12(D), that has the right compactness properties and also is
dependent on a flexible enough definition of the derivative. There is one more
issue that we need to resolve: the existence of boundary values. We can be
quite sure that the domain Kg of the functional E(u) = [, |Vu|*dx should
be a subset of the Sobolev space W2?(D). But we required the minimizer u to
satisfy the boundary condition u(x) = f(x) on 9D for some given function f(x).
Since functions u € W12(D) are only defined up to sets of measure zero and
the boundary D of most domains D has measure zero?? it is not entirely clear
how to prescribe boundary values to functions v € W1P(D). Let us consider
some examples to better appreciate the difficulty to assign boundary values.

Example 1: Let us begin with the most elementary example we can imag-
ine. Let u(x) = cos(1/z) € C(0,1). Then, even though u is continuous, there
is no natural way to assign a value to u at the boundary point x = 0. There is
certainly no continuous extension of u(z) to [0,1).

But do we have the same problems for Sobolev functions?

Example 2: Let u(x) = cos(In(|x|)) in the punctured domain D = B1(0) \
{0} in R3. Then |Vu(x)| = w and therefore we may intergrate in polar
coordinates

/D |Vu(x)2dx = 4r /01 sin?(In(r))dr < 4.

This implies that uw € WY2(D). But there is no reasonable way to ascribe a
boundary value to the point 0 € 9D since u will oscillate between —1 and 1 in
every neighborhood of 0.

Example 3: Let us consider a final example u(x) = In(|x]|) in the punctured
domain D = By(0)\ {0} in R*. Then again u € W2(D) but lim|y_,0 u(x) = 0o
which would impliy that the only natural candidate for a boundary value at
0 € 0D would be co. Again we have to conclude that we are not able to assign
boundary values to W2 —functions.

In order to get around these problems we notice that if u € WP(D) does
not attain any boundary values at a point x° € D then: either u oscillates fast
around x° (as in Example 2) or u — 0o as x — x° (as in Example 3). Of course,
we cannot claim that this is the only thing that might happen just because it is
the only examples we have, but since these are the only examples we know of we
may use them as a guide for our intuition. In any case, both fastly oscillating
functions and functions tending to infinity must have large derivatives. So if a
function is in WP we might conjecture that around most points the function
does neither oscillate fast nor tend to infinity. Maybe we can use this intuition
to prove that boundary values exists at almost every point, we will actually be
able to define boundary values in an LP—space.

One subtle thing relating to the existence of boundary data is that the

29There are specially constructed domains D such that D has positive measure. But these
are very special domains that are mostly irrelevant in the calculus of variations.
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existence of boundary data is related to the behavior of the boundary of the
domain. In order to prove the next theorem we need the following definition.

Definition 12.1. We say that a domain D has C' boundary if we can cover
9D by finitely many balls B, (a’), 2/ € D, such that D N By, (¢') is the graph
of a Ct function f7 in some coordinate system.

Figure. The left domain is a C' domain since we may cover its boundary
by balls (in red) such that the boundary is the graph if a C' function in each
ball. The right domain, however, is not C' since there is no neighbourhood
around the points A and B where the boundary is the graph of a C' function.

Theorem 12.2. [TRACE THEOREM.| Let D be a bounded domain with contin-
uwously differentiable boundary. Then there exists an operator

T : WhP(D) +— LP(OD)

that assigns boundary values (in the trace sense) of u € WH2(D) onto the bound-
ary OD. The operator T satisfies the following estimate

[TullL20m) < Cllullwre ), (108)

where the constant depends on D and on p but not on u.
Furthermore Tu = ulgp for all functions uw € C(D) N WLP(D).

Proof:

Step 1 [Straightening of the boundary.]: It is enough to prove that
the operator T : W'P(B{(0)) + LP(Bs;4(0) N {z, = 0}), where B} (0) =
B1(0) N {xz,, > 0} exists.

Proof of Step 1: By definition a domain has C! boundary if we can cover
0D by finitely many balls B, (27) such that DN By, (27) is the graph of a C'!
function f7 in some coordinate system.
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Figure: The left figure shows a domain D with C' boundary. This means
that we may cover &D by a finite number of balls B, (x) such that for each ball
there is a coordinate system so that 0D N By, (x’) is a graph in the coordinate
system. The right picture shows the same coordinate system rotated and the
boundary portion 0D N Ba,, (27) (in red) which is clearly the graph of some
function f(x). We will change coordinates to straighten the red part of the
boundary.

The idea of the proof is that we may “straighten the boundary” in B, (x)
by defining the new coordinates & so that

('Tlax27 ,.’L’n) = (i‘l7j2a ai‘n + f](‘i'/))
=4

(£17i27 7jn) = (I17I2’ oy T — fj(l’/)),

where 2/ = &' = (21, ...,7,,_1). Then the part of the boundary z,, = f7(z’) will
be mapped to the hyperplane z,, = 0 in the & coordinates. We may write the
function u(zx) in these coordinates as u(%).

By the chain rule we get that

dxy, Qu(z) <~ [ Ou(z) 8fj(:1c’)ﬁ
Z@xl Oxy, _l;<8xk + Oxy, Oz /)

In particular, |Va(Z)| will be comparable in size with |Vu(x)|.
Since f(z) is continuously differentiable we can conclude that

/ |Via(z)Pde < C/ |Vu(z)Pde,
DNBa,(z°) DNBa,(z9)

where the constant C' only depend on the maximum value of |V’ f(z')].

Notice that @(Z) is defined in a set where part of the boundary is straight
(in the & coordinates). If we can define boundary values for @ on the straight
part of the boundary then we can define boundary values of u(x) on the portion
of the boundary that lays in B, (27) by the equality u(z) = @(a’,0). But the
entire boundary 0D can be covered by finitely many balls R, (27) so we can
define boundary values for u(z) on the entire boundary 9D.

Step 2: Let u(z) € W'P(B5(0)) then

! _ ’ Py < _ 4|p—1
R L A s

71



where B} (0) = {2’ € R"~1;|2’| < 1} is the unit ball in the x’ coordinates.

Proof of step 2: Using the fundamental theorem of calculus, which we may
apply on x’ almost every line, since u(x’,t) is absolutely continuous on a.e. line

(by Theorem 12.1),
¢
/ [u(a’,t) —u(z’, s)[Pdz’ = / / du(x) dzy,
B/ (0) B0 s Oy
da'dzy, < |s — 77| Vu(z)|[]

p—1
1 Lo(B5)

de’ <

1(0) al‘n

where we used the Holder’s inequality3? in the first inequality.

Step 3: Let u(z) € WHP(B5 (0)) then the limit lim; o u(2’,t) = u®(2’,0)
exists (and is therefore unique) in L? (B} (0)) and the function u®(2’,0) € LP(B}(0)),
where B} (0) = {x' € R"™!; |X/| < 1}, and satsifies the estimate

4l Lo (B(0)) < Cllully, P (BS (0)) (109)

where the constant C' does not depend on u.

Proof of Step 3: Since u(x) € WHP(BF (0)) it follows that

1/4
/ / x)|Pdx’dz,, < /
i B3 (0)

where we used B (0) x (0,1/4) C Bj (0) in the first inequality and the definition
of W1P(B(0)) (see Definition 9.2) in the second inequality.
From (110) we can conclude that there exists an s € (0,1/4) such that

/ lu(z’, s)Pda’ < 4/ |u(x)|Pdx.
B1(0) B3 (0)

This implies that u(2’, s) € LP(B}(0)) and therefore, from step 2, that u(z’,t) €
L7(B(0).

By Step 2 the sequence of functions u(x’, s/j) will form a Cauchy sequence
and is therefore convergent, in LP(B}(0)) to some function u°(z’,0) € L?(B1(0)).
Also, by step 2,

u(z)|Pde < oo, (110)

S

1-1/p
llu(z’, s/5) — uo(x’,O)HLp(B{(o)) < (]) ||VU($)||LP(B;)~

We only need to assure that lim,_,+ u(2’,t) = u®(2’,0). But that follows
from step 2 and the triangle inequality:

[[u(z’,t) — U0($/,0)||LP(B;(0)) < (111)

< lu(a',t) = u®(@', 5/5) om0y + lu(@’s s/5) — u® (@, 0) || Lopr 0y < (112)

(-5 @) )

30With g(z) = ng? and h(z) = 1.
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where we choose j so large that s/j < ¢. It clearly follows from (111)-(113) that
[z’ t) = (2", )|l oy 0y < 26 VP Vu(@)l| o - (114)

It follows that lim; o u(2’,t) = u®(2’,0) in LP(B1(0)).
Step 4: The trace operator satisfies the estimate (108).

Proof of Step 4: The estimate (109) was derived for the function with
straightened boundary. But changing back to the original domain, by (x1, 2, ..., ;) =
(21,22, ..., 2n + f7(2')) in the notation of step 1, will directly imply that

[0 Lo (0DnB, (x1)) < Cllullwe(prpsxi))s

where C' only depend on the constant in (109) and on D (in particular on f7
through the change of variables formula) Since D is covered by the balls By (x7),
for 7 =1,2,...,J where J is a finite number, we may estimate

J J
0 0
[|u H]Zp(ap) < Z [|u ||I£P(6’DOB1(XJ')) < ZC||U||%/1~P(’DHB2(xj)) < JC”“H];VLP(D)-
i=1 j=1

Since J and C' only depend on the domain D the inequality (108) follows.

We also claim that Tu = u|sp if u is continuous up to the boundary, but this
should be clear since u(x’,t) — Tu but if u is continuous up to the boundary
then u(x’,t) = u|op. O

The previous theorem states that we may define values of f € W?(D) on
the boundary 9D, at least if D is C'. However, that does not imply that the
boundary values are preserved under weak limits, something we need in order
to solve the variational problem. This leads us to some questions relating to the
completeness and compactness properties of the Sobolev spaces WP,

The next theorem is known as the Gagliardo-Nirenberg-Sobolev inequality.

Theorem 12.3. Assume that f € WIP(R™), 1 < p < n, then there exists a
constant C(n,p) such that

[l Lo ey < ClI VUl o ey

where p* = n”—f;).

Proof:

Claim 1: We may assume that u € C°(R"™).

Proof of claim 1: If we manage to prove the theorem for ng(x)u.(x) where
Nr(x) is a cut off function (that is n € C*°, n = 1 in B and n = 0 outside
Bsr(0)) and u, is the regularized version of u. Then, since u. — v and Vu, — 0
the general result follows from first sending R — oo and then € — 0.

Claim 2: The theorem holds for p = 1.

Proof of claim 2: The proof follows from the fundamental theorem of calcu-
lus. In particular,

S, ceey bg— ati7 415 -0y bn
u(x):/ w@y, 1937. Toily ) gy (115)

— 00
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Taking absolute values on both sides in (115) we may deduce that

()| = ‘/ au(q:l,...,xz,l,t“xwﬂ,...,J;n)dti <
8xi

S/ 6u(x17~--7xl—183t27$$+17"'7xn) dt,S (116)
o €L
- oo‘au(xh...,xi1,ti7.’)3$+17...7.7;n) dt.;.

—eo dx;

Multiplying (116) for ¢ = 1,..,n and raising the resulting inequality to the

power ﬁ gives

The equation (117) gives good point-wise estimates of u but we need to integrate
away the dependence of x. So integrate both sides with respect to x1, this is a
well defined integral since u has compact support by claim 1,

1

dti> BN COTe

6“ xla "'7mi—17tiaml‘+17 e xn)

8xi

1

ceey bg— ati; T+1s -0y bn n-t
/|u aeidy, < /H(/ ’au L1y T 1995 Tz t1 Tn) dt,-) dr, =
8U(t1,x2,...,.’£n) ﬁ
= —=— Cldt 11
</R Oz ! * (118)

1
ou(xy, ooy Ti1, b, Tag1, ooy & n=1
/H (/ ’ 1 i—1ylg x+1 n) dtl> d.’El,
8$i

where we used that the first integral is independent of x;. Notice that

/H / 8U/ x17"'7x7;—17ti7x13+17"'7x77,)
5‘:31-

< ﬁ//oo lau(xl,...,xi1,ti,x$+17...,xn)

B i—2 /R J—oc0 8131'

by the generalized Holder inequality.®! From (118) and (119) we may conclude

that
n—1
/|u(x)\ﬁdx1 < < dtl) X (120)
R R

_1
y ﬁ//oo ’8U(x17~-~7$i—1,ti,$x+1,---,an) dtda n—1
i=2 /R J—o00 O Z

31The generalized Holder inequality, see exercise 4, states that if Z?:l ﬁ =1 then
J

/Dul(x)UQ(x)...un(x)d:E < T sl es (-
Jj=1

1

dtl‘) " dl‘l S

1

n—1
dt,-dx1> , (119)

Ou(t, Ta, ..., Tp)
E)xl
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Integrating the (120) over x5 gives

[ [ i< [ (]
(ML

This time the integral

au(tla L2y .eey In)
61’1

_1
n—1
dtl) X

n—1
dt1d1’1> d:l?g.

([ gzt

is independent of the outer integral and we may break out that integral and
then use the generalized Holder inequality:

//\u(x)|ﬁdm1dx2§
RJR

c')u(:rl, ...,ZL'ifl,ti, Ty+1, ,:cn)

8331'

ou(zy,ta, ..., xy)
6.1‘2

<// 8:52 dt2d$1> X
(// o dtl) <H// dt; da;l) dy <
</ / axz dt2dl‘1> X
< dtldl‘g) ( dxldxgdt )
8:101

Inductively, integrating over xj, and breaking out integrals and using the
generalized Holder inequality we reach

[ o< TT( [, |5

< |Vl

1
n—1

(R")"

Noticing that the left side in the last inequality is just ||u|| Iov (Rn) the claim
follows.

Claim 3: The general case.

Proof of claim 3: Let a = % and apply claim 2 to the function |u|®:

n—1
(/ |u fnldx) g/ |V|u\a|dx:a/ |u|*~ | Vu|dx <
n R‘n, Rn
p—1 1
pla—1) P P
<a </ |u| m=> dx) (/ |Vu|pdx) ,
n Rﬂ,

(0]




where we used Holder’s inequality in the last step. By our definition of « it
follows that this is the same as

n-1 p=1
(/ |u"nppdx> Sa(/ u"nppdx> (/ |Vupdx) ,

p—1

dividing both sides by (fRn |u|%dx> " gives the Theorem. O

Corollary 12.2. Let D be a bounded C* domain and u € WP(D) and u = f
on 0D in the sense of traces. Then

l[ullzooy < C (IVullLopy + [ fllzrom)) » (121)
where the constant C does not depend on w (but it will depend on D).

Sketch of the Proof: If we can extend u by zero to ,

i(x) = { ulx) ix : g’ (122)

so that @ € WP(R"). Then, by Theorem 12.3,
Il oy = Nlitll ooy < m(D)™Mliil| o (py = MDY ™[] o (y <

< [m(D)[M" |Vl Lo (p) = m(D) ™|Vl Lo g,

where we used Holder’s inequality and m is the Lebesgue measure as usual.
This proves the theorem in the case when we can extend u by zero to a function
in WhP(R™).

For the general case we may define a cut-off function ¢(x) € C°(D) such
that 0 < ¢(z) <1 and ¥(z) = 1 for dist(x,dD) > ro/2 where r( is the smallest
radius in the proof of the Trace Theorem. We then split up u(z) = (1 —
Y(x))u(z) + P(x)u(x). Then ¥(x)u(z) can be extended by zero to a function
in W1P(R™) and the argument in the previous paragraph applies. The function
(1 —¢(x))u(z) can be estimated in terms of the boundary values and the norm
[IV(1 —v)u|r2 as in (114). We leave the details to the reader. O

One can also show that the space W1?(D) is compactly embedded in L%(D)
for ¢ < £, We begin with a lemma.

Lemma 12.3. Assume that v/ € WYP(R™), [|[w!|lwie@n) < M for some con-
stant M and that all the functions u’ has support contained in some compact set
K. Assume furthermore that Vu? — 0 weakly in LP(R™). Then ||u? || Lo @ny — 0.

Proof: Consider the regularized sequence !, for some small ¢ > 0. Then
u! and Vu! are equicontinuous and we may therefore extract a subsequence
ul* — u® uniformly and Vul* — Vu?. Since Vu/* — 0 it follows that, for each
xz e R,

Vuls (x) = . Vioe(x — y)u'* (y)dy = (123)

- vy¢e (X - y)ujk (Y)dy = ¢e (X - Y)vyujk (Y)dy — 0.
R’Vl R’Vl
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Estimating u(x) as in (115) it follows from (123) that
ul*(x) =0 as k — oo. (124)

Since spt(u’*) C K,

[ e = [ Jutkoprax - (125)

- / | jud () [Pdx + / | () [Pdx.
Kn{|ulk(x)|<ds} Kn{|ulk (x)|>6}

<oPm(K)

From (124) we can conclude that for any 6 > 0 if k is large enough then the
measure m(K N {|us(x)| > §}) < § which in particular implies, by Holder’s

inequality, that
[ regraxs (126)
Kn{|ul* (x)|>6}

n—p

”Z) < osr/m M,

< m(K O {fult (9] > 57" ( A
Kn{|ulk (x)|>6}
where we used Theorem 12.3 and that ||Vul* | » < |lu?*||1» < M in the last
inequality.
Using (126) in (125) we may conclude that

/ [ul* (x)[Pdx < m(K )P + CP/™ MP.
Since § > 0 is arbitrary we may conclude that u/* — 0 in LP(R™). This does
not imply that u/* — 0 in LP.

In order to complete the proof we need to sow that u/* approximates u/* in
LP—norm. To that end we calculate

[ult (x) — u’* (x)| =

/ bely — X (y)dy — u* (x)
B.(x)

g = < (127

B { Change of var. }

/ &(2)u’* (x — ez)dz — u’* (x)
B1(0)

€

z) |u* (x — ez) — u/* (x)| dz
S/Bl(o)"b”’“ cz) — uw* (x)| da,

where we used the definition that ¢.(y —x) = E%gi) (y;ex) and that the standard
mollifier ¢(x) has integral equal to one.

By the fundamental theorem of calculus we know that on a.e. line, and
similarly for a.e. z

u'* (x — ez) — ut(x) = 6/ Mdt, (128)

0 ot
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which inserted in (127) implies

! Ik (x — etz
hﬁk(x)1”k(x)f§6l/;(0)¢(2) jg E”L<f>dt‘dz. (129)

ot

Taking both sides of (129) to the power p and then integrating over R™ gives

1 j _ p
/Wm i (x |pdx<6p// ( /Metz)dt‘dz) dx <
Rn n J B, (0) 0 ot
1
cof o[ ]
B1(0) n

< Ep”vujk”[,p(]Rn < 6pMp7

P

Ou (x — ctz) dtdz < (130)

dx

Hu’k
ot

where we used Holder’s inequality in the second inequality and that

|Vu/*| in the last.
From (126) and (130) we can conclude that, for any 6 > 0 and € > 0, it
follows for ji large enough that

<

[0 | o ey < Nlult — w? || Lo ey + ¥ || ogny < €M + CSH™M,
it follows that u/* — 0 in LP(R™). O

Theorem 12.4. Assume that v/ € WHP(R™), |[uf||wrpmny < M for some
constant M and that all the functions u? has support contained in some compact
set K. Assume furthermore that Vu/ — u® weakly in LP(R™). Then u? — u°
strongly in LY(R™) for any q¢ < ;£ = p*.

Proof: The sequence V(u/ — u®) — 0 which by Lemma 12.3 implies that
W/ — u®|| Lorny — 0. We claim that there exists an s € (0,1) for any p < ¢ <
an) such that

= oy < Jod =¥l e ld =¥ 0. (131)
N—————

<CM by Thm 12.3 0 by Lem 12.3

To prove (131) we need to choose constants appropriately in the Holder

inequality. We may calculate, for 0 < s < 1 and w = v/ — u?,

[ it = [ () (ol 07) dx <

pP—gs

< </ |w|de>p </ |w\(1p gq)fqu> -
n ]R

1
= [[w]| 30 [lw]| V29,

if we choose s so that % = p*, it is a matter of elementary algebra to verify

that 0 < s < 1 for p < ¢ < p*.32 This proves (131).

320ne may calculate that s = n(p=a)tpg _ "77(73277))"7 that p < ¢ < p* implies that

Pq
0 < s < 1 easily follows.
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For ¢ < p the theorem easily follows; since by the Holder inequality

[u? = vl pagrny = [|[u? — u|| pagx) < (m(K)) 7 [lu? — | Loy = 0.

O
The next Corollary states that traces are preserved under week limits in

Wie(D).

Corollary 12.3. Let v/ — u® in WP(D) where D is a bounded C* domain.
Assume furthermore that v = f on 8D in the trace sense. Then u® = f on
JD.

Sketch of the proof: Since D is a C'' domain we may cover its boundary by
a finite number B, (x7) of balls such that the boundary 9D is a graph in each
ball. It is clearly enough to show that v/ — f on 9D N B, (x7) for each ball
B, (27).

In any given ball B, (x’) we may straighten the boundary as in Theorem
12.2. Tt is therefore enough to show that if v/ — «® in WHP(B5(0))?* and
w(x) = f(x) on By(0) N {z, = 0} in the sense of traces then u’ = f on
B1(0) N {z, = 0} in the sense of traces. Here we also use the property from
the definition of C''—domain that the balls overlap and it is therefore enough
to show that u® = f on B1(0) N {z,, = 0} instead of Bz(0) N {x,, = 0}.

In order to do that we use that any u € W1?(B5(0)) is absolutely continuous
in the x,, variable for a.e. x' = (21,22, ..., Zn—1,t). Therefore

f(x) = /OS %;’t)dt —u(x', s). (132)

Integrating both sides from s = 0 to s = 1/2 say gives

1/2 s / 1/2
f(x) = 2/ / Mdtds - 2/ u(x’, s)ds =
0 o Oy 0

12 11 ou(x',t) 1/2
_ T 42y I\ _ !
—/0 (4 t ) . dt 2/0 u(x', s)ds.

Next multiply both sides by g(x') € LY(B1(0) N {z, = 0}), where ]% + % =1,
and integrate over By (0) N {z,, = 0} to deduce

/ F(x)g(x)dx! = (133)
B1(0)n{zn=0}

[ (5-22) 00005 ax -2 [ gtautax.

where we changed the names of some variables (z,, for ¢ and s) and
S = (B1(0) N {wn = 0}) x (0,1/2).

The identity (133) is valid for all u € WLP(BS(0)) where f is the trace of u.
In particular we may apply it on u® —u? € WP(Bj5 (0)). If we use the notation
fO for the trace of u® we have shown that

/ () — F(x))glx)x! =
B1(0)N{z,=0}

33Here we use the standard notation B;(0) = B,-(0) N {x; @y, > 0} for the upper half ball.
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where the right integral converges to zero since u/ — u". We can conclude that

/ (f(x) — F(x))g(x)dx' =0
B1(0)N{z,=0}

for all g € LY(B1(0) N {z,, = 0}). We may conclude, from Lemma 8.1, that
o= O

12.1 Exercises:

1. Let u € WHP(B1(0)) be of the form u(x) = ﬁ Calculate the least upper

bound of « (the least upper bound will depend on the dimension n and
on p.) Use this to calculate the values ¢ such that u € LY(B;(0)).

COMMENT: If your memory is, like mine, more similar to a goldfish’s than
to an elephant’s then this is a simple way to calculate the constants in the
Sobolev embedding theorem.

2. Why is not the following argument valid for Theorem 12.1: By Fubini’s

Theorem it follows that 597’: is integrable for almost every

(T1, @2, ey X1y Thp 1y ooy Tpp)- 1b follows, from Lemma 12.1, that u is ab-
solutely continuous on a.e. line.

3. Provide an argument for the final statement in the proof of Lemma 12.1.

4. Prove the generalized Holder inequality: Z?Zl =1 then

1
Pj
/ ur (x)uz(x) .. up (X)dz < T sl oes ()-
D =1
You may use the following steps:

(a)

13 Lecture 13. Solution to the calculus of vari-

ations problem.
We have now reached the level of sophistication so that we can “solve” the cal-
culus of variations problem introduced in lecture 1. We put “solve” in quotation
marks since the initial problem was not clearly defined and can therefore not
have a solution. Part of the problem has to be to find the right setting for its

solution.
We want to find a u € Kg such that for all v € Kg

E(u):/D|Vu(x)|2dx§/D|Vu(x)|2dx.

Part of the definition of g must be that if v € Kg then v(x) = f(x) on dD.
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The natural set Kg is the set
Kr = {v € W“(D); such that v = f on 9D in the sense of traces}.

For the trace operator to be defined 7' : W12(D) +— 9D then we must assume
that D is a bounded C'—domain, see Theorem 12.2. We also need to make sure
that Kg is non-empty. This means that we need to assume that f(x) is the
trace of some function w € W12(D). This is necessary since so far we have only
proved that, for a bounded C'—domain D, every function w € W2(D) gives
rise to a trace f € L?(0D). We do have not shown that for every f € L?(D)
there is a w € W2(D) such that f is the trace of w.3*

We are now ready to prove the main theorem.

Theorem 13.1. Assume that D is a bounced C*—domain and that f € L?(9D)
is the trace of w € WH2(D). If we denote

Kg = {ve W"*(D); such that v= f on D in the sense of traces}

then there exists a unique u € Kg such that

E(u) ::/D|Vu(w)|2da3§/D|Vv(:c)|2da:

for all v € K.
Proof:
Step 1: There exists an m such that inf, ¢, E(v) = m.
Proof of Step 1: Define the set of real numbers

V= {/D IV (x)|dx; v € ICE}.

Since w € K it follows that V' # (. Furthermore, since the integrand
|Vu|? > 0 it follows that the set V is bounded from below by 0. By the com-
pleteness of the real numbers we may conclude that the greatest lower bound
of V (g.1.b.(V)) exists; define m = ¢.1.b.(V).

Step 2: There exist a sequence u/ € Kg such that E(u/) — m.

Proof of Step 2: Since m is the greatest lower bound of V it follows that
m + % is not a lower bound. We can therefore find a function v/ € Kg such

that m < E(w/) <m + % In particular, E(u/) — m as j — oc.

Step 3: The sub-sequence u’* — u® where u° € Kg.

Proof of Step 3: This is the heart of the proof. From Lemma 9.1 it follows
that the subsequence u/* — u? exists if ||u/||y1.2(D) < M for some M.35
Since E(u?) = ||VujH%2(D) — m it follows that

| Vu’ H%Q('D) <m+1 for j large enough.

34 As a matter of fact this is not true. If f is very discontinuous then it is not the trace of
any w € W2(D). We will not discuss this in the next lecture.

35Tt is worth to remark here that the last statement is only true since we interpret the
integral in the Lebesgue sense. It is not even clear that the the function u? is integrable in
the Riemann sense even if all the u/ are.
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It is therefore enough to show that |[u/||12(py is bounded. From Theorem 12.2
(in particular from the estimate (108)) we may conclude that

1 fll2op) < Cllwllw2(py.- (134)
And from Corollary 12.2 and (134) it follows that
W[ 20y < C (VW |20y + | fllr2om)) < C (m+ 1+ |wllwiepy) = M,

where M depend on w, m, and on D but is independent of j. It follows that u/ is
bounded in W12(D) and thus, by Lemma 9.1, there is a convergent subsequence
uwik — 0 e WhH2(D).

We need to show that the trace of u® equals f in order to conclude that
u® € K. But this follows from Corollary 12.3. We may conclude that u° € K.

Step 4: Conclusion of the theorem: E(u®) = inf,cx, E(v).
Proof of Step 4: Since Vu’* — Vu? it follows from Proposition 8.4 that

m = lim [V By > [Vl = B@®) 2m,  (135)
where we used that E(u) = ||Vul|7.p, and that m = infyex,, E(v) in respec-

tively the first and last inequalities. It follows from (135) that

EW®) =m= inf E(v).
(W)=m= if E@)

13.1 A more general variational problem.

The minimization problem above has a certain structure, just as the simple
minimization problem in Theorem 1.1. Also, the only substantial difficulties in
proving Theorem 13.1 was to develop the analysis. We should therefore be able
to easily extend Theorem 13.1 to more general cases that fits the structure of
the proof. We only need to look at the proof axiomatically and see what we use
and then make assumptions that assures that all assumptions are satisfied.

So what do we use of the functional [, [Vu|?dx. We use the following:

1. In step 1 we use that |Vu|?> > —C in order to assure that m exists.
2. In Step 2 we use nothing relating to the functional.
3. In step 3 we use that E(u/) — m implies that ||Vu/|[12¢py < M.

4. In step 4 we use that the functional F is lower semi-continuous with respect
to weak convergence in W12(D).

We should therefore be able to use the same proof to show the existence of
minimizers for any functional

/D F(Vu(x))dx,

as long as
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1. F > —Cy, for some constant Cj.

2. We somehow need to assure that if [, F((Vu)dx is bounded then || Vul| Lo (p)
is. It is enough to assume that, for some constant C1,

F(Vu(x)) > [Vu()[? - C). (136)

3. We need to assure that [, F(Vu)dx is lower semi-continuous with respect
to weak convergence in W1P,

The only thing we need to investigate is under what conditions does the
lower semi-continuity hold?

We could, of course, just assume that F' is such that the energy is lower
semi-continuous. But in general, it is not meaningful to have theorems if we
cannot verify when the assumptions are satisfied. It would therefore be much
more reassuring if we could find some criteria that implies lower semi-continuity
for the functional. This is what we will do next. As so often in mathematics we
will try to understand a complicated situation by constructing an example easy
enough for us to explicitly calculate it. In non-linear analysis that usually means
construction a one dimensional example; since the power of one dimensional
calculus allows us to do most calculations explicitly in one dimension.

Example: Consider the one-dimensional minimizing problem

minimize Jr(f(z)) = /0 F(f'(z))dx (137)

in the set
K ={few"?(0,1); f(0)=0and f(1) =1}.

We need to choose our function F'(-) which we choose quite randomly to be
the function with the graph

A F("x)

2 )

Figure 2: The graph of the function F(-).
Since F'(+) > 0 we can conclude that Jg(f) > 0 for all functions f € K. But
if
iy | OifzeA
r@={ Siega (199

for some set A then the energy Jp(f'(z)) = 0 since F(0) = F(2) = 0. Thus any
function f(x) of the form (138) will be a minimizer to (137). Notice that such
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a minimizer can arbitrarily well approximate (in C°([0,1])—norm) any function
g(x) satisfying 0 < ¢’ < 2. This can be clearly seen in the following picture:

A

2(x)

f(x)

v

Figure 3: Graphic representation of how a function f(x) whose derivative
takes the values 0 and 2 approximates an arbitrary function g(x) with derivative
0<g'(x) <2

This implies that for any function g(z) € K such that 0 < ¢’(x) < 2 we can
find a sequence f/ € K such that f/ — g uniformly and J(f7(z)) = 0. But
J(g(x)) may very well be strictly positive, for instance if g(z) = x. Thus the
functional Jr(f) defined in (137) is not lower semi-continuous.?%

The question we need to ask is: Is the problem that the function F' is zero
at two different points? A simple example shows that that is not the case.
Consider for instance the one dimensional minimization problem

minimize Jo(f(x)) = /O Glf (2))dz

in the set
K ={fewW"?(0,1); f(0)=0and f(1) =1},
where the function G is given by the graph:

G(f'(x))

af’(x)

2 £ (x)

Figure 4: The graph of the function G(f'(x)) and af’'(x).

36Notice that the lower semi-continuity of Jx is not really related to the continuity of F.
We may very well, as in the example, have that F' is a continuous function but Jg is not
continuous on the space W12(D).
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If we subtract the linear function af’(z) from G(f'(x)) we will get a function
with graph looking like the one in Figure 2; we may even assume that G(f'(x)) =
F(f'(z)) + af'(x). This leads to

Jo(f!(x)) = / G(f' () dz = / F(f'(2))dz +a / f(@)da =
= Jp(f'(@)) + af(1) — af(0),

where we used an integration by parts in the last equality. Since af(1)—af(0) =
a for all f € K we can conclude that

Jo(f'(2)) = Jp(f'(z)) +a for all f € K.

And since Jp and Jg only differ by a constant we can conclude that Jg cannot
have a minimizer since Jr does not have a minimizer. O

What conclusion can we draw from this example? The reason that there a
minimizer to fol G(f'(x))dx does not exist was that we could touch the graph
of G from below, at two different points, by a linear function. That is: G
is not convex. Clearly convexity is a necessary condition for a minimizer to
exist, at least for minimization in R. Is convexity enough for us to conclude
that [, F(Vu)dx is lower semi-continuous with respect to weak convergence in
WLP? The only way to know is to investigate.

First we need to remind ourselves of what it means for a function to be
convex. In order to simplify somewhat we will assume that F' is continuously
differentiable. Then F' is convex if and only if

F(q) > F(p)+ F'(p)(q—p) for any p,q € R™.

Let us try to use the convexity condition in the variational integral

/F(Vuj(x))dxz/ (F(Vug) + F'(Vu®) (Vi — Vu?)) dx. (139)
D D

Observe that if v/ — u° in WP then
/ G(x)(Vu?! — Vu)dx — 0,
D
for any G(x) € LY(D), where ]% + % = 1. This means that if

F'(Vu®) € LY(D) (140)

then

/F(vuj)dxz/ (F(Vu0)+F'(VuO)(Vuj—Vuo))dx—>/ F(Vug)dx,
D D D

—0

which implies that fD Fdx is lower semi-continuous.
The important condition is (140). But this is clearly implied by

|F'(p)| < |p|% + Co.

We may are now ready to formulate a generalized version of Theorem 13.1.
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Theorem 13.2. Let Cy, Cy and Cy be three constants and assume that F(Vu(x))
satisfies, for some 1 < p < o0,

1. F > —C).

2.
F(Vu(z) > |Vu(z)|? — Ch. (141)

3. F is continuously differentiable and

|F'(p)| < |p|7 + Cs.

4. F' is conver
F(q) > F(p) + F'(p)(¢—p) for any p,ge R™.

Furthermore assume that D is a bounded C* domain and that f = Tw on
0D for some w € WYP(D) in the sense of traces. Then there exist a unique
manimizer to

E(v):/DF(VU(:B))d:B

in the set

Kg ={veW"(D); v=f on 0D in the sense of traces.} .

Instead of Exercises: We have now reached the main theorem of this
course. But, in this course, we are not primarily interested in the theorem.
Rather, we are interested in all the analysis we need in order to prove the
theorem. We are therefore at a good vantage point from which we can overview
the theory. Your only exercise this week is therefore to repeat the previous
lectures. Try to see how the main theorems in lecture 2-10 are used in the
proof of Theorem 13.1. Some main theorems in the course are not mentioned
in the proof of Theorem 13.1. For instance, we do not mention that absolutely
continuous functions satisfy the fundamental theorem of calculus directly in the
proof - but we use the trace theorem that uses that theorem in its proof and we
also use that Sobolev functions are differentiable on a.e. line. I would therefore
urge you to backtrack and repeat previous proofs and try to see how the entire
course is interconnected and used in Theorem 13.1. It might be just one exercise,
but it is rather substantial.

14 Lecture 14. Difference quotients and the Euler-
Lagrange equations.

In the previous section we achieved an amazing theorem. We now know that
solutions to the variational problem introduced in lecture 1 exists. But existence
does not tell us much about the solution. How does the minimizer behave? Can
we say anything about it more than it is a minimizer? Can analysis help us in
investigating the solution further?
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In this section we will say some things abut these questions. Our main
interest is however classical analysis and not the calculus of variations. We will
therefore view the material in these lectures as a way to see that the theory is
rightly conceived in the sense that it helps us to prove difficult results. When
applying analysis to some difficult problems we will also see how it works in
practice.

We begin by proving the most basic formula in the calculus of variations.

Theorem 14.1. Let u be the unique minimizer, in W%2(D), of the Dirichlet
energy (under the assumptions of Theorem 13.1)

/ |Vu(z)|?dz.
D
Then
/ Vu(z) - Vo(z)dx =0, (142)
D
for any v € WY%(D) such that v =0 on OD (in the sense of traces).

Proof: Since u is a minimizer and u + tv € W12(D) with trace f it follows
that

/\Vu(x)|2dx§/ |V (u(x) + to(x)|?dx =
D D

- /D (IVu(x)P + 260Vu(x) - Vo(x) + 2|Vo(x)) dx.

Subtracting [, |Vu(x)|?dx and dividing by [t| gives
t
0< / <2|t|Vu(x) -Vo(x) + t|Vv(x)|2> dx.
D

Sending t — 0% gives
0< :I:/ 2Vu(x) - Vo(x)dx,
D

where we get “plus” if ¢ — 01 and “minus” if ¢ — 0~. This implies (142). O

Some heuristics: Seeing (142) one becomes very tempted to do an inte-
gration by parts and conclude that®”

/ Vu(x) - Vo(x)dx = / v(x)Au(x)dx = 0, (143)
D D

for all v(x) € WY2(D) with vanishing trace. From (143) one would like to
conclude directly that Au(x) = 0. This would imply that minimizers of the
Dirichlet energy are harmonic functions. The problem with this argument is
that we do not know whether u(x) has well defined second derivatives, say
u € W22(D); and therefore we do not know that Au(x) even makes sense
or that we can make an integration by parts in (143). But deriving that any

2
3TRemember that Au(x) = div(Vu(x)) = Y1, 881;(2"). Also remember that we call a

function u harmonic if Au(x) = 0.
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minimizer of the Dirichlet energy is harmonic is such a nice result that we will
try to derive that minimizers have second derivatives.

Since (143) makes perfect sense for any function u € W12(D) we will prove
the slightly stronger result that any function satisfying (143) has second deriva-
tives. We begin by a definition.

Definition 14.1. We say that a function u € W12(D) is a weak solution to
Au(z) =0,

or that u is weakly harmonic, if for any v € W12(D) with compact support

/ Vu(x) - Vo(x)de = / v(z)Au(x)dz = 0. (144)
D D

Our aim is to prove that any weakly harmonic function is actually harmonic;
that would (in view of Theorem 14.1) imply that any minimizer of the Dirichlet
energy is harmonic. We begin with a simple “warm up” result that is not strictly
needed; but it will give us a main idea of the methodology we are going to use.

Proposition 14.1. Assume that u is weakly harmonic. Then, for any compact
set K C D,

C
IVull L2 (k) < < llullL2(BR0)) (145)
1
where § > 0 is the distance from K to 0D.

Proof: There is only one thing that we know about w; that u satisfies (144).
Therefore the only thing we can do in order to prove (145), or anything else
about u for that matter, is to choose v in a smart way.

Let us choose v = 1?(x)u(x) for some 1 € C°(D) such that (x) = 1
in K and |[Vi(x)| < %, we can for instance choose ¢ as a mollification of the
characteristic function of the set K: 1)(x) = ¢5/2 * Xk (x). Since 1) has compact
support in D it follows that it has zero trace and since u € W12(D) (by the
assumption of being a weak solution) it follows from the product rule (Theorem
9.3) that v € W12(D). We may therefore use v = ¥?(x)u(x) in the definition
of weak solution and derive that

0 :/ Vu(x) - Vv(x)dx:/ (V?|Vul? + 2uyp Ve - Vu) dx,  (146)
Br(0) BRr(0)

where we used the definition of v(x) = 9?(x)u(x) and the product rule in the
last equality.
Rearranging terms in (146) we see that

/ V2 (x)|Vul2dx = — / (2upVip - Vu) dx < (147)
Br(0)

Br(0)

1/2 1/2
2 2 2
< ( /B RIS dx> ( /B R dx> 7

where we used the Cauchy-Schwartz inequality in the last inequality.
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1/2
If we divide both sides of (147) by (IBR Q/JQ\Vu|2dX> and then square we
get

/ 2 (x)|Vul? §/ u(x)| V|2 dx.
Br(0) Br(0)

The conclusion of the proposition follows if we notice that ¢» = 1 in Bg,(0)
and V1| < 2 and therefore

[ v [ wrevar <
Bry (0) Br(0)

< / u(x)| Vo2 dx < % u(x)dx.
B (0) 0% JBr(0)

O

Next we will show that any weakly harmonic function have second derivatives

in L2. The method of proof is very similar to the method of proof in the previous

proposition. We begin with a difference quotient argument, this is a standard

argument in PDE theory and the calculus of variations. In the proof we use

the notation e; = (1,0,0,..,0),--- ,e; = (0,..,0,1,0,..) for the standard unit

vectors. We want to estimate the difference quotients w, if these

can be estimates by a quantity independent of h then the weak second derivatives
will exist by Lemma 12.2.

Lemma 14.1. Let u(x) be a weakly harmonic function in a domain D. Then for
each compact set C C D there exists a constant C' only depending on dist(C, D¢)

such that
2 2
/ V(u(x+ e;h) — u(x)) dz < C’/ u(z+ eh) — u(x) e (148)
c h D h
for any h € R satisfying |h| < dist(C, D) /2.
Proof: We know that
0= / Vu(x) - Vo(x)dx (149)
D

for any ¢ with compact support such that u + t¢ € Kg.
Now we choose ¢(x) = 1(x)?(u(x + e;h) — u(x)) for some 1 € C°(D) that
satisfies

1. 0 <9(x) <1forall x €D,
2. P(x) =1 for x €C,

(x) = 0 for all x such that dist(x,C) > M and

- W
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Notice that u(x) + t?(x)(u(x + e;h) — u(x)) = f(x) on dD since ¥)(x) = 0 on
D and u(x) = f(x) on 9D
With this choice of ¢(x) in (149) we arrive at

/ (Vu(x) V(%) (u(x + esh) — u(x))))dx —0. (150)
D

Next we notice that u(x+ he;) is a weak solution in a slightly shifted domain
with boundary values f(x+ he;). Arguing similarly as above we arrive at (with

¢(x) = 1 (x)*(u(x) — u(x + he;))
/D (Vu(x + he;) - V(i (x)? (u(x) — u(x + hei))))dx =0. (151)
If we add (150) and (151) and rearrange the terms we arrive at

0= [ (V(utox+eih) = u(x)) - ¥ (902 (ulx+ €5h) = u(x)) dx =

= [ (9602 19 ulx-+ esh) = u(ax))?)

+/ (29 (%) (u(x + e;h) — u(x)) Vi) (x) - V(u(x + €;h) — u(x))) dx
D
That is
/DWX)Q |V (u(x + e:h) — u(x))|* dx = (152)
. /D 20 (x) (w(x + e5h) — u(x))V(x) - V(u(x + eih) — u(x))dx.

In order to continue we use that for any vectors v,w € R" we have the
following inequality 2v - w < 2|v|? + 3|w|? which implies that

20(x) (u(x + e;h) — u(x))Vo(x) - V(u(x + e;h) — u(x))
= (2(u(x + e;h) — u(x))Vi(x)) - (P(x)V(u(x + e;h) — u(x))) < (153)

=V =W

< 8|V (x) P (u(x + esh) — u(x))* + %Iw(x)F |V (ulx + eih) — u(x))* .

Using (153) in (152) we can deduce that

/D BX)? [V (u(x + esh) — ulx))] dx < (154)

< 16/D |Veh(x) 2 (u(x + e;h) — u(x))?dx.

38There is a slight technical detail that should be mentioned here. Since u(x) is defined on
D it follows that u(x + he;) is defined on the set D_j;, = {x; x+ he; € D} # D. In particular,
the function u(x) + t1(x)2(u(x + e;h) — u(x)) is only defined on D_j, ND which is a strictly
smaller set than D. But since ¢(x) = 0 on D \ (D_j, N D) for |h| < dist(C,D°)/2 we may
consider the function that equals u(x) 4+ t(x)2 (u(x+e;h) —u(x)) in D_, ND and equals zero
in D\ (D_, ND) for |h| < dist(C, D¢)/2. That function is well defined and all the calculations
goes through for that function. It is not uncommon that one uses the simplified convention
that an undefined function times zero is zero - it simplifies things.
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Since ¥(x) = 1 in C we can estimate the left side of (154) according to
/ IV (u(x + eih) = u(x))[* dx < / Y(x)? [V(u(x + e;h) = u(x))[*dx  (155)
c D

and using that |[Vi| <
to

W we can estimate the right side of (154) according

16/73 |Veh(x) 2 (u(x + e;h) — u(x))?dx < (156)

256
Putting (154), (155) and (156) and dividing by h? we arrive at (148). [
Lemma 14.1 provides an integral estimate for the difference quotient of the
derivatives. But unless we can also show that the right side in (148) is uniformly
bounded in h the Lemma would not be very useful. We therefore need the
following integral version of the mean value property for the derivatives.

Lemma 14.2. Assume that u € WY2(D) and C C D is a compact set. Then
there exists a constant C depending only on the dimension such that for any
w(z+ eh) — u(z) |?

Ih| < dist(C,D*)
A

Proof: We will use the following simple version of the Cauchy-Schwartz
inequality: Let f € L*(X) and |X| denote the area of . then

\ [ reolax o JUCRS (158)

From the Fundamental Theorem of calculus, which applies on a.e. line by
Theorem 12.1, we see that on a.e. line

(157)

u(x +e;h) —u(x) 1/h Bu(x—l—sei)d
h “nty  om
Thus
2
u(x 4 e;h) — u(x) |* / 1/h ou(x + se;)
dx = - ———=ds| dx < 159
J h A — = U
h Nt
Qu(x + sei) dsdx, (160)

where we used (158), with ¥ = (0, %), in the last inequality. We may continue
to estimate (160) by using the Fubini Theorem

/ / 8ux+sez / /
f (/D 6‘;;? s 52

Putting (159), (160), (161) and (162) together gives the Lemma. O
Putting the above results together we may deduce the weak solutions have
second derivatives in L2.

Ou( XHQ " deds < (161)

dx. (162)

91



Theorem 14.2. Let u(x) be weakly harmonic. Then u(x) has weak derivatives
of second order on any compact subset C of D and there exists a constant C¢
(depending on C) such that for any i

.7

/|D2u(m)|2d:c§ cc/ lu(z)| da, (164)
C D

where the constant C¢ is independent of u.

3u(

dz, (163)

33:,

this implies that

Proof: From (148) and (157) we see that

J.

where we have used the notation Cs = {x; dist(x,C) < d} C D introduced in
Lemma 12.2 and chosen § > 0 small enough so that Cs C D.

From Lemma 12.2 and (165) we can conclude that Vu(x) is weakly differ-
entiable in x; and

2

V(u(x + eih) — u(x)) | dx, (165)

h

Ou(x)

<
dx < C oz,

Cs/2

2

2
/ v 24 e < e / Oux) | g (166)
c i oo | OTi
this proves (163).
From Proposition 14.1 we may refine (166) to
Ou(x)
/c \% ., 8xz (167)

maybe for a different constant C¢.3"
If we sum (167) over ¢ = 1,2,...,n the estimate (164) and the theorem
follows. O
We are now ready to prove that minimizers are actually solutions to Au(x) =
0.

Theorem 14.3. Assume that u is a minimizer of the energy functional as in
Theorem 13.1. Then Au(x) =0 a.e. in D.

Proof: By Theorem 14.1 we conclude that u is weakly harmonic. From
Theorem 14.2 it follows that D?*u € L?*(K) for any compact set K C D. We
may therefore make an integration by parts in the definition of weak solution

0= /D Vo(x) - Vu(x)dx = — /D v(x)Au(x)dx. (168)

We need to show that this implies that Au = 0 a.e.
In order to do that we let w = Au(x)xc(x) for some compact set C C D.
Then w is an L? function and we may consider the regularization we(x) €

1

39 At times it is important to keep track of the size of the constants C¢. In this case C¢ ~ 3T

But we will not care about such matters in this course.

92



C$°(D), by Proposition 9.1, if € > 0 is chosen e¢ < dist(C,dD). Furthermore,
also by Proposition 9.1, w. — Au(x)xc(x) in L? as e — 0F. Using w, for v in
(168) we derive that

0= —/Dwe(X)Au(x)dx. (169)

Sending € — 01 in (169) we may conclude that

0:—/C|Au(x)\2dx

for any compact set C C D. The Theorem follows. O
It is worth to remark that we use an argument that is often convenient in
the previous proof. It is worth formalizing that argument into a Lemma.

Lemma 14.3. If u € W42(D) and if
/ Vo(a) - Vu(z)dz = 0 (170)
D

for all v(z) € C(D) then u(x) is a weak solution to Au(x) = 0.

Proof: We will argue by contradiction. If u(x) is not weakly harmonic then
there exists a v € W12(D) with compact support such that

/ Vu(x) - Vu(x)dx = § # 0.
D

Arguing as in the previous proof we may define w.(x) to be a C2°(D) approxi-
mation of v, as in Theorem 9.1. Since v has compact support it will follow that
w, has compact support if € is chosen small enough. Using w. € C°(D) in the
equality (170) and sending ¢ — 0 will lead to a contradiction. O

The last theorem ties the calculus of variations to the theory of partial
differential equations. This allows us to use variational methods to analyze
solutions to partial differential equations and the other way around. We will
not dig very deep into this theory since we are primarily interested i analysis.
We will however indicate a few more results in order to show the power of the
theory we have developed. The first one uses that Sobolev spaces are much
more flexible which helps us to prove difficult results with little effort.

Proposition 14.2. [The maximum principle.] Let u be a weakly harmonic and
assume that |u(x)] < M on OD. Then |u(z)] < M in D.

Proof: From Proposition 9.4 it follows that v(x) = (u(x) — M)+t € W12(D).
We may use v(x) as a test-function in the definition of weakly harmonic and
derive that

D {u>M}ND

where we used Proposition 9.4 to conclude that Vu(x) = Vu(X)x {usaynp (%)
in the last equality.

From Theorem 12.3 we can conclude that ||v||p2 = 0, thus v(x) = (u(x) —
M)™T is zero a.e.
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We may argue similarly to show that (M — u(x))™ =0 a.e. O

Remark: One should notice that the above argument would not work if
we try to prove the existence of minimizers in the space C'(D); this since
(u(x) — M) ¢ C*(D). We gain a something by the powerful flexibility of the
Sobolev spaces.

One thing that is rather disappointing with our existence theorem for min-
imizers, Theorem 13.1. We assume that the boundary data f(x) are the trace
of some function w € W2(D). We know that

f is the trace of w € WH3(D) = f € L*(D).
But does the implication in the other direction hold? The answer is: No!
Example 1: Let the following function be defined on [—1,1]

1 ifx <0
f(”“"):{ 1 ifa <.

Then f(z) is not the trace of any function u € W%2(D) where D C R? is a
domain such that [~1,1] C D and Q7 (0) = {(=,y); |z| <1, 0 <y < 1} C D.
In order to see this we notice that if we calculate the line integral along

P, = {the path (r,0) — (r,7) = (=r,r) = (—1r,0)}

Y
(-r.0) (r,r)
y
A
X
(-1,0) (1,0)
Figure: The integration path P,.
then, for a.e. r € (0, 1) the following integral holds,
/ ey u(—r,0) — u(r,0) = =2, (171)

where d—“ denotes the derivative in the direction of the path. From Hélders

1nequa]1ty we can conclude that
5 1/2 9 1/2
dt| = (4r)'/? / —| dt
P’V‘

1/2
< s (L) (]
p, |dn P, P,
dtg/ Vul? dt. (172)
Py

du

dn

By rearranging terms and squaring we arrive at

dﬁ 2

<,
- <
r~ Jp |dn
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L2(Q (0)
whereas the left side diverges. We can conclude that u ¢ W2(Qf (0)).

Noticing that if we integrate the right side over 0 < r < 1 we get ||Vul|

The above example can be refined to the following.

Example 2: There are functions f € C([—1,1]) that are not the trace of
any function in W12(D) for any domain Q7 (0) C D.

To see this we just repeat the above argument, using that u(—r,0)—u(r,0) =
f(=r) — f(r), which leads to the corresponding analogue to (172)

/01 e [ IVutoax.

1

If, for instance, f is the following continuous function

T for 0 < x| <1
= T[In(J=D]
f(@) { 0 for x = 0,

/01 713(_7‘)2; f(r)dr:/ol mdr:oo.

After the admittedly substantial work we have done in this course we are not
able, due to Example 2, to prove that solutions exists for the following problem:

then

Au(x) =0 in D
u(x) = f(x) ondD,

where f € C(0D) and D is a C' domain. This is rather disappointing, and we
will not prove that such solutions exists either. We will however sketch as much
of the proof of such a theorem that we can do without getting into to much
theory of partial differential equations. Partly we will do this in order to discuss
what analysis is and partly because we would want to have some application of
the main theorem in the next section.

Theorem 14.4. Let D be a CLdomain and f € C(9D). Then there exists a
unique solution u € C?(D) N C(D) to the following problem:

Au(xz) =0 in D
u(x) = f(x) on ID.

Sketch of a proof with big gaps: When we wanted to ascribe a “length” to a
general measurable set S C R we approximated it by an open set U, such that
S C U. Since open sets U C R are the countable union of open sets it was easy
to assign a length (or measure) to U, taking the infimum of the measure of the
open sets U gave us the measure of S. When trying to integrate a measurable
function, f, we approximated f by simple functions whose integral we could
calculate, using a limit argument or taking the supremum gave the integral of
f. When showing that [}, f;(x)g(x)dx — [, fo(x)g(x)dx in relation to weak
convergence, f; — fo we approximated g by a dense subset of L? and then
passed to the limit (see Proposition 8.2). When we wanted to understand the
derivatives of u € W1P(D) we approximated u by C* functions and passed to
the limit (see for instance Theorem 12.1). There is a pattern to all this: in order
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to do something we cannot do we approximate it with a problem that we can
solve and then we pass to the limit.

In proving this Theorem we need to approximate f by functions for which
we can solve the Dirichlet problem, that is with functions that are traces. In
order to do that we start by noticing that we may write

N
SO =D 153/ (),

where 1); is a partition of unity with respect to the cover By, (x7) that exists in
virtue of D being a C'! domain (see Definition 12.1 for explanation of the balls
Bo,, (x7)). It is therefore enough to show that each function t;(x)f(x) can be
approximated by the trace of some w; € W12(D).

Furthermore, we may straighten the boundary in By, (x7) as in Step 1 in
the proof of Theorem 12.2. It is therefore enough to show that a continuous
function with support on a straight part of the boundary can be approximated
by the trace some a W12 function, we may therefore assume (w.l.o.g.) that
1;(x)f(x) was already defined on a straight part of the boundary say on a
part of the boundary where z, = 0. In order to approximate v;(x)f(x) we use
mollification, which is well defined on the compact straight part of the boundary,
and define g.(x) = ¢¢ * (¢, f) (x). Then g € CZ° on the boundary D and we
may extend g.(x) to a C* function in the entire domain D. Since g, € C* on
a compact set it follows that its trace is well defined and since g. is continuous
the trace agrees with the values of g. on the boundary.

By Theorem 13.1 there exists a solution wu. to the minimization problem
with boundary data g. and by Theorem 14.3 it follows that Au.(x) =0 a.e.

Also, by point 2 in Proposition 9.1 g.(x) — f(x) uniformly on 9D. Which
means that g. forms a Cauchy sequence in the sumremum norm:

Vi >0, 30, > 0s.t. €1,€2 < Iy = SUp |ge, (X) — g, (X)| < K.
x€dD

By the maximum principle, Proposition 14.2, it follows that

sup [ue, () = tie, (X)| < sup |ge, (%) = ge, (¥)[ <
D x€0D
and therefore that u, also forms a Cauchy sequence in the supremum norm.
So far this proof is rather complete, although without details. However in
order to complete the proof we would have to prove that

ue € C*(D)NC(D). (173)

One can indeed prove that (173) holds,*® but that would take us to far afield
from pure analysis so we will not prove that here.

In any case, (173) together with uniform convergence implies that u. —
u € C(D) (uniform limits of sequences of continuous functions converges to

40To be precise one can prove that u. € C(D) and that ue € C%(C) for any compact set
C C D and provide estimates on the norm ||ue||c2(cy that are independent of e. This proves
that u. is two times continuously differentiable in D. Often texts, but we will not, reserve the
notation that u € C2(D) if the second derivatives of u are bounded in the entire set D, this
does not hold in general under our assumptions.
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continuous functions). Also, each u. is a weak solution to Au = 0 and therefore
/ Vu(x) - Vo(x)dx = 0, (174)
D

for any v € C2°(D). By proposition 14.1
IVte]| 2 spt(e)) < Clltellzzpy < Clluellze oy < C (| fllzoe(on) +1) < C,

where we also used Proposition 14.2 to estimate [|u|| 1 py < C (|| f|| Loo(ap) + 1)
and we let the constant C' differ in each occurrence. Since Vu, is bounded in
L? we may find a weakly convergent sub-sequence to u such that, by (174),

/ Vu(x) - Vo(x)dx =0,
D

it follows that u is weakly harmonic and, from Theorem 14.3, that Au =0. O

Remark: You are not supposed to really understand the above proof. It
felt worthwhile to include it in order to indicate a way ahead and how analysis
is used to prove difficult theorems. It will also be our entrance point to the main
theorem in the next section.

14.1 Exercises:

1. Let g € W2(D) and assume that u(x) minimizes
[ (9u60P + 2u(a)glo)) .
D
in the set K = {u € W"%(D); u = f on 9D} where f(x) is some given
function. Show that u € W22(C) for any compact C C D.
REMARK: The same is true for g € L?(D), can you prove it?

2. Show that the function

_Jxifz>0
w@) =1 0tz <0

is not a function in W22(—1,1).

3. Use the methodology of example 2 to show that, for any 1 < p < oo,
there is a continuous functions f € C([—1,1]) that is not the trace of any
function in WP,

15 Lecture 15. Harmonic measure and Riesz
representation theorem.

IfDisa C! domain then, by Theorem 14.4, there exists a harmonic function
u € C(D) for each continuous function f € C(9D). But can we calculate the

values of u(x)? The answer is in general “no”, but we can still try to say
something about u(x).
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Given an x € D we can define a function F' : C(9D) — R according to so that
F(f) = u(x) where u is the harmonic function with boundary data f. This is a
well defined function, but as far as we know it might be terrible complicated. But
there is a very nice Theorem, The Riesz Representation Theorem, that states
that any linear and bounded function F' : C(9D) — R may be represented as a
measure. One might conclude the following Theorem.

Theorem 15.1. Let D be a C* domain and © € D. Then there exists a measure
wg defined on 0D such that if u be the solution to

Au(z) =0 in D
u(x) = f(x) on dD

and if f € C(OD) then
w@) = [ f(y)dwa(y).

aD

The Riesz Representation Theorem has many other applications and it is
considered to be a standard tool in mathematical analysis. Since classification
theorems are so important in mathematics, I want to end the course with a
classification theorem from analysis. Your reading for this lecture is:

Reading:

W. Rudin, Real and complex analysis: Pages 40-47

RECOMMENDED EXERCISES: 2.4, 2.19

H.L. Royden P.M Fitzpatrick, Real Analysis: Chapter 21.5

RECOMMENDED EXERCISES: 21.46, 21.47, 21.48

E. Stein R. Shakarchi, Real Analysis Not covered
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