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4 CONTENTS

Disclaimer:

e This content is based on various sources, mainly Principles of Mathematical
Analysis by Walter Rudin, various individual lecture notes by Andreas Seeger,
and my own notes. For my own convenience, I will not reference sources
individually throughout these notes.

e These notes are likely to contain typos, errors and imprecisions of all kinds.
Possibly lots. Some might be deliberate, some less so. Don’t ever take anything
that you read in a mathematical text for granted. Think hard about what you
are reading and try to make sense of it independently. If that fails, then it’s
time to ask somebody a question. That usually helps. If you do notice a
mistake or an inaccuracy, feel free to let me know.

e Thanks to the students of Math 522 for many useful questions and remarks
that have improved these lecture notes.

Some recommended literature for further reading:
There are many books on mathematical analysis each of which likely has a large
intersection with this course. Here are two very good ones:

e W. Rudin, Principles of Mathematical Analysis
e T. Apostol, Mathematical analysis: A modern approach to advanced calculus

For further reading on Fourier series and trigonometric polynomials, see:

e E. M. Stein, R. Shakarchi, Fourier Analysis (modern and very accessible for
beginners)

e Y. Katznelson, Introduction to Harmonic Analysis (slightly more advanced)

e A. Zygmund, Trigonometric Series (a classic that continues to be relevant
today)

We will sometimes dip into concepts from functional analysis. For instance, exposi-
tions of the Baire category theorem and its consequences are also contained in

e W. Rudin, Real and Complex Analysis (Chapter 5)
e . M. Stein, R. Shakarchi, Functional Analysis (Chapter 4)
We roughly assume knowledge of the content of Rudin’s book up to Chapter 7 up
to (excluding) equicontinuity, but some of the material in previous chapters will also
be repeated (everything related to compactness for instance).



CHAPTER 1

Review

Lecture 1 (Wednesday, Sep 4)

1. Metric spaces

DEFINITION 1.0 (Metric space). A non-empty set X equipped with a map d :
X x X —[0,00) is called a metric space if for all z,y,z € X,
(1) d(z,y) = d(y, =)
(2) d(z,z) < d(z,y) +d(y, 2)
(3) d(x,y) =0 if and only if z = y
d is called a metric.

We will use the following notations for (closed) balls in X:

(1.1) B(zo,7) ={z € X : d(z,m0) <1}, B(wo,7) ={z € X : d(w,x0) <7}

We write B(xg,r) for the closure of B(xg,r). Note that B(xg,r) C B(xg,7) C
B(x¢,7), but each of these inclusions may be proper.

Should multiple metric spaces be involved we use subscripts on the metric and balls
to indicate which metric space we mean, i.e. dx refers to the metric of X and Bx (zg, )
is a ball in the metric space X.

The most important examples of metric spaces for the purpose of this lecture are
R, C,R™, subsets thereof and C,(X), the space of bounded continuous functions on a
metric space X which will be introduced later.

DEFINITION 1.1 (Convergence). Let X be a metric space, (z,), C X a sequence
and x € X. We say that (x,), converges to z if for all £ > 0 there exists N € N such
that for all n > N it holds that d(x,,z) < e.

DEFINITION 1.2 (Continuity). Let X,Y be metric spaces. A map f: X — Y is
called continuous at x € X if for all € > 0 there exists § > 0 such that if dx(x,y) <9,
then dy (f(z), f(y)) < e. f is called continuous if it is continuous at every z € X. We
also write f € C(X,Y).

We assume familiarity with basic concepts of metric space topology except for com-
pactness: open sets, closed sets, limit points, closure, completeness, dense sets, con-
nected sets, etc. We will discuss compactness in metric spaces in detail in Section [2]

In this course we will mostly study real- or complex-valued functions on metric
spaces, i.e. f: X = Ror f: X — C. Whether functions are real- or complex-valued
is often of little consequence to the heart of the matter. For definiteness we make the
convention that functions are always complex-valued, unless specified otherwise. The
space of continuous functions will be denoted by C(X), while the space of bounded
continuous functions is denoted Cy(X).
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2. Uniform convergence

DEFINITION 1.3. A sequence (f,,), of functions on a metric space is called uniformly
convergent to a function f if for all £ > 0 there exists N € N such that for all n > N
and all x € X,

(1.2) [fulz) = f2)] <e.

Compare this to pointwise convergence. To see the difference between the two it
helps to write down the two definitions using the symbolism of predicate logic:

(1.3) Ve > 03N e NVe € XVn > N : |fu(x) — f(z)| <e.

(1.4) Ve >0Ver e XIN e NVn > N : |fu.(x) — f(z)| <e.

Formally, the difference is an interchange in the order of universal and existential
quantifiers. The first is uniform convergence, where N needs to be chosen independently
of  (uniformly in x) and the second is pointwise convergence, where N is allowed to
depend on .

In the following we collect some important facts surrounding uniform convergence
that will be used in this lecture. In case you are feeling a bit rusty on these concepts,
all of these are good exercises to try and prove directly from first principles.

Fact 1.4. A sequence (f,)n of functions on a metric space X converges uniformly
if and only if it 1s uniformly Cauchy, i.e. for every € > 0 there exists N € N such that
foralln,m > N and all x € X, |f,(z) — fr(2)] <e.

Fact 1.5. If (fn)n converges uniformly to f and each f, is bounded, then f is
bounded.

(Recall that a function f : X — C is called bounded if there exists C' > 0 such that
|f(z)| < C forall z € X.)

Fact 1.6. If (fn)n converges uniformly to f and each f, is continuous, then f is
continuous.
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Lecture 2 (Friday, Sep 6)

Fact 1.7. Let X be a metric space. The space of bounded continuous functions
Cy(X) is a complete metric space with the supremum metric

(1.5) doo(f,9) = sup |f(z) — g(z)].

(Recall that a metric space is complete if every Cauchy sequence converges.)

Fact 1.8. Let (fn)n C Cp(X) be a sequence. Then (f,), converges in Cy(X) (with
respect to d ) if and only if it converges uniformly to f for some f € Cyp(X).

FAacT 1.9 (Weierstrass M-test). Let (fn)n be a sequence of functions on a metric
space X such that there exists a sequence of non-negative real numbers (M), with

(1.6) |ful@)| < My,
for alln = 1,2,... and all x € X. Assume that >~ M, converges. Then the

series y | fn converges uniformly (that is, the sequence of partial sums (3 0, fn)m

converges uniformly).

Fact 1.10. Suppose (fn)n is a sequence of Riemann integrable functions on the
interval |a, b] which uniformly converges to some limit f on [a,b]. Then f is Riemann
integrable and

(1.7) Jim /ab fu = /ab I3

EXERCISE 1.11. Remind yourself how to prove all these facts.

Careful: Recall that if f,, — f uniformly and f, is differentiable on [a, b], then this
does not imply that f is differentiable.

EXERCISE 1.12. Find an example for this. (Hint: Try trigonometric functions.)

3. Power series

A power series is a function of the form

(1.8) flz) = Z Cpx”

where ¢, € C are some complex coefficients.
To a power series we can associate a number R € [0, co] called its radius of conver-
gence such that
o > >, cpx” converges for every |z| < R,
o > >, cpx” diverges for every |z| > R.
On the convergence boundary |z| = R, the series may converge or diverge. The number
R can be computed by the Cauchy-Hadamard formula:

(1.9) R= <limsup|cn|1/”>_1

n—o0

(with the convention that if limsup,,_,. |c,|*/™ =0, then R = cc.)
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FiGure 1. Radius of convergence

FAacT 1.13. A power series with radius of convergence R converges uniformly on
[—R+ ¢, R — €| for every 0 < ¢ < R. Consequently, power series are continuous on

(—R, R).

EXERCISE 1.14. Prove this. Why does uniform convergence not hold on (=R, R) 7
(Give an example.)

Fact 1.15. If f(x) = > cu™ has radius of convergence R, then f is differentiable
n (—R, R) and

(1.10) f(z) = chnx”’1
n=1
for |z| < R.
EXAMPLE 1.16. The exponential function is a power series defined by

(1.11) exp(z Zl'

=0
The radius of convergence is R = oc.

FacT 1.17. The exponential function is differentiable and exp’(x) = exp(z) for all
z € R.

Fact 1.18. For all x,y € R we have the functional equation
(1.12) exp(z + y) = exp(x) exp(y).

It also makes sense to speak of exp(z) for z € C since the series converges absolutely.
We also write e” instead of exp(x).

ExXAMPLE 1.19. The trigonometric functions can also be defined by power series:

o0

(1.13) cos(z) = Z (é:L;Tx%
(1.14) sin(x Z %—j—):)IQn—H

FacT 1.20. The functions sin and cos are differentiable and
(1.15) sin’(z) = cos(x), cos'(z) = —sin(z)
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The trigonometric functions are related to the exponential function via complex
numbers.

Fact 1.21 (Euler’s identity). For all x € R,

(1.16) ' = cos(z) + isin(z),
(1.17) cos(z) = %,
6ia: _ e—iac
1.18 i =
(118) sin(r) =
Fact 1.22 (Pythagorean theorem). For all x € R,
(1.19) cos(z)? + sin(x)* = 1.

Let us also recall basic properties of complex numbers at this point: For every
complex number z € C there exist a,b € R, r > 0 and ¢ € [0,27) such that

(1.20) z=a-+ib=re?
The complex conjugate of z is defined by
(1.21) Z=a—ib=re "

The absolute value of z is defined by

(1.22) 2| =Va + b2 =7
We have

(1.23) |2 = 2z.

FIGURE 2. Polar and cartesian coordinates in the complex plane
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Lecture 3 (Monday, Sep 9)

We finish the review section with a simple, but powerful theorem on the continuity
of power series on the convergence boundary.

THEOREM 1.23 (Abel). Let f(z) = Y 7 cax™ be a power series with radius of
convergence R = 1. Assume that Y, ¢, converges. Then

o0

(1.24) 11;{1_ flx)=">» c,.
n=0

(In particular, the limit exists.)
The key idea for the proof is Abel summation, also referred to as summation by

parts. The precise formula can be derived simply by reordering terms (we say that
a_; =0):

N
1 25 Z — Qp— 1 = (lobo + a1b1 — a0b1 + a/2b2 — a1b2 +--F CLNbN - CLN_le
n=0
(1.26)
N-1
= ag(bop—b1) +ai(by —b2) +--- +an_1(by_1 —by) +anbn = anby + Z an(bn, — bpt1)
n=>0

PRrROOF. To apply summation by parts we set s, = > ;_, ¢k, s—1 = 0. Then

N N-1
(1.27) cha: = Z — 5y_1)2" = sya™ + (1 — ) Z Sp”
n=0 n=0
Let 0 < x < 1. Then
(1.28) flx)=(1—x) Z Spx”
n=0

Let s = )", c,. By assumption, s, — s. Let € > 0 and choose N € N such that
(1.29) lsp, — 8| < ¢

for all n > N. Then,

(1.30) ) = s = (1= 2) 3 (0 =

n=0

because (1 —xz) Y >~ 2" = 1. Now we use the triangle inequality and split the sum at
n = N:

N 00 e
—
(1.31) < (1—x)2|3n—s|x"+(1—x) Z |sn — s| 2"
n=0 n=N-+1

(1.32) <(1=2)) |sn—sla" +e
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By making x sufficiently close to 1 we can achieve that

(1.33) (1—x)Z|sn—s|x" <e.

This concludes the proof. O
Abel’s theorem provides a tool to evaluate convergent series.

ExXAMPLE 1.24. Consider the power series

(1.34) fla)y=>" 2(;—2"1:5%“.

The radius of convergence is R = 1. This is the Taylor series at x = 0 of the function
arctan.

EXERCISE 1.25. (a) Prove that f(x) really is the Taylor series at x = 0 of arctan.
(b) Prove using Taylor’s theorem that arctan(z) is represented by its Taylor series at
x =0 for every |z| < 1, i.e. that f(x) = arctan(z) for |z| < 1.

(=

)
ne0 31 converges. Thus, Abel’s

It follows from the alternating series test that > -
theorem implies that

o0 _1 n
(1.35) HZ:O Q(n +) 7= xlg{a_ arctan(x) = arctan(l) = %

This is also known as Leibniz’ formula.

4. Further exercises

EXERCISE 1.26. Prove or disprove convergence for each of the following series (a
and b are real parameters and convergence may depend on their values).

i PRI ii N og n) el iii N el/n — ntl
<>n§:;na(10g<n)),, ();(lg ) ( );( )
AN i -t N 1 ' —e 2 vi N o
(iv) ; cos(mn) sin(mn™") (v) ; ((1 + n) ) ( ); n(n1/n)100
(vii) ; 9—(log(n))* (viii nz_:l (22: kz,) ; n2(1 — cos(n))

EXERCISE 1.27. Prove or disprove convergence for each of the following sequences
and in case of convergence, determine the limit:
(i) ay, \/n4 + cos(n?) — n?
(i) a, = n? —I— in—Vnt+n3
(iii) an Zk —n k
(iv) ap, =n Zk:O nzikz
(V) ao =1, ani1 =% + —n
(

n k:2—1
vi) ay k=2 k2
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EXERCISE 1.28. For which x € R do the following series converge? On which sets
do these series converge uniformly?

(1.36) 1)) nPa" (1)) @BV -1t (i) ) tan(n?)e™
(1.37) 3 % 3 (vi ZZ "tan(|z] 4+ 1/n)

EXERCISE 1.29. (i) Give an example of a sequence (f,), of continuously differen-
tiable functions defined on R, uniformly convergent on R such that the limit lim,,_,, f/ ()
does not exist for any value of z € R.

(ii) Give an example of a sequence ( f,,),, of continuously differentiable functions defined
on R, uniformly convergent on R to some function f such that f is not differentiable.
(iii) Give an example of a sequence (f,), of continuous bounded functions on R that
converges pointwise to some function f such that f is unbounded and not continuous.

(=)™

EXERCISE 1.30. Determine the value of the series y - PTCSIE

EXERCISE 1.31. For a positive real number x define

[e.e]

(1.38) f@) =3 e

—~n(n+1)+z

(i) Show that f : (0,00) — (0,00) is a well-defined and continuous function.
(ii) Prove that there exists a unique o € (0, 00) such that f(z) = 2.
(iii) Determine the value of .

EXERCISE 1.32. Let f : R — R be a smooth function (i.e. derivatives of all orders
exist). Assume that there exist A > 0, R > 0 such that

(1.39) |f™(x)] < A™n!
for |x| < R. Show that there exists r > 0 such that for every |z| < r we have that

> f(n)
(1.40) fla)y=>" J7A0)

(That is, prove that the series on the right hand side converges and that the limit is
f(@).)



CHAPTER 2

Compactness in metric spaces

The goal in this section is to study the general theory of compactness in metric
spaces. From Analysis I, you might already be familiar with compactness in R. By
the Heine-Borel theorem, a subset of R™ is compact if and only if it is bounded and
closed. We will see that this no longer holds in general metric spaces. We will also
study in detail compact subsets of the space of continuous functions C(K') where K is
a compact metric space (Arzela-Ascoli theorem). Let (X, d) be a metric space. We first
review some basic definitions.

DEFINITION 2.1. A collection (G})ier (I is an arbitrary index set) of open sets
G; C X is called an open cover of X it X C J,; Gi.

(Clarification of notation: A C B means for us that A is a subset of B, not neces-
sarily a proper subset. That is, we also allow A = B. We will write A C B to refer to
proper subsets.)

DEFINITION 2.2. X is compact if every open cover of X contains a finite subcover.
That is, if for every open cover (G;);c; there exists m € N and iy, ..., 4, € I such that
X C Ugnzl G,. This is also called the Heine-Borel property.

DEFINITION 2.3. A subset A C X is called compact if (A,d|axa) is a compact
metric space. Here d|4x 4 denotes the restriction of d to A x A.

13
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Lecture 4 (Wednesday, Sep 11)

Review of relative topology. If we have a metric space X and a subset A C X,
then A as a metric space with the metric d|4x4 comes with its own open sets: a set
U C A is open in A if and only if for every x € U there exists ¢ > 0 such that
Bu(z,e) = {y € A : d(z,y) < e} C U. Aset U C A that is open in A is not
necessarily open in X. However, the open sets in A can be characterized by the open
sets in X: a set U C A is open in A if and only if there exists V' C X open (in X) such
that U =V N A (see Chapter 2 in Rudin’s book).

EXAMPLE 2.4. Let X =R, A=[0,1]. Then U = [0,35) C A C X is open in 4, but
not open in R. However, there exists V' C R open such that U = V N A: for example,
V=(-1,3)

THEOREM 2.5 (Heine-Borel). A subset A C R is compact if and only if A is closed
and bounded.

This theorem also holds for subsets of R™ but not for subsets of general metric
spaces. We will later identify this as a special case of a more general theorem.

DEFINITION 2.6. A subset A C X is called relatively compact or precompact if the
closure A C X is compact.

EXAMPLES 2.7. e If X is finite, then it is compact.
e [a,b] C R is compact. [a,b), (a,b) C R are relatively compact.
o {reR™: > " |z;]* =1} C R" is compact.
e The set of orthogonal n x n matrices with real entries O(n, R) is compact as a
subset of R™.
e For general X, the closed ball

(2.1) B(xg,r)={r € X : d(w,20) <r} C X
is not necessarily compact (examples later).

As a warm-up in dealing with the definition of compactness let us prove the follow-
ing.

FAcT 2.8. A closed subset of a compact metric space is compact.

PROOF. Let (G;);cr be an open cover of a closed subset A C X. That is, G; C A

is open with respect to A. Then G; = U; N A for some open U; C X (see Theorem 2.30
in Rudin’s book). Note that X\ A is open. Thus,

(2.2) {U; - i e I} U{X\A}
is an open cover of X, which by compactness has a finite subcover {U;, : k =
L...,M}U{X\A}. Then {G;, : k=1,..., M} is an open cover of A. O

EXERCISE 2.9. Let X be a compact metric space. Prove that there exists a count-
able, dense set £ C X (recall that £ C X is called dense if £ = X).

1. Compactness and continuity

We will now prove three key theorems that relate compactness to continuity. In
Analysis I you might have seen versions of these on R or R™. The proofs are not very
interesting, but can serve as instructive examples of how to prove statements involving
the Heine-Borel property.
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THEOREM 2.10. Let XY be metric spaces and assume that X is compact. If f :
X — Y s continuous, then it is uniformly continuous.

PRrROOF. Let ¢ > 0. We need to demonstrate the existence of a number § > 0
such that for all z,y € X we have that dx(z,y) < ¢ implies dy (f(z), f(y)) < e. By
continuity, for every x € X there exists a number 6, > 0 such that for all y € X,
dx(z,y) < 6, implies dy (f(x), f(y)) < e/2. Let

(2.3) B, = B(2,0,/2) ={y € X : dx(x,y) < d,/2}.

Then (B,).cx is an open cover of X. By compactness, there exists a finite subcover by
B,,...,B,;, . Now we set

(2.4) 6 = tmin(d,,,...,0,,).

We claim that this § does the job. Indeed, let z,y € X satisfy dx(z,y) < d. There
exists i € {1,...,m} such that z € B,,. Then

FIGURE 1. The balls B,,, B(z;,d.,), B(z,0).

Thus, by definition of é,,,

(2.6)  dy(f(2), [(y)) < dy(f(2), [(2)) +dy (f(2:), [(y)) <e/2+ /2 =¢.
O

THEOREM 2.11. Let XY be metric spaces and assume that X is compact. If f :
X =Y is continuous, then f(X) CY is compact.

Note that for A C X we have A C f~1(f(A)) and for B C Y we have f(f~1(B)) C
B, but equality need not hold in either case.

PROOF. Let (V;);e; be an open cover of f(X). Since f is continuous, the sets
Ui = f~1(V;) C X are open. We have f(X) C |J,.; Vi. So,

(2.7) Xty edrivn =y

Thus (U;)ier is an open cover of X and by compactness there exists a finite subcover

{Uip ceey Uim}~ That iS,

(2.8) xclJu,
k=1
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Consequently,

m

k=1
Thus {V;,,..., Vi, } is an open cover of f(X).
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Lecture 5 (Friday, Sep 13)

THEOREM 2.12. Let X be a compact metric space and f : X — R a continuous
function. Then there exists xg € X such that f(xo) = sup,ex f(x).

By passing from f to —f we see that the theorem also holds with sup replaced by
inf.

PROOF. By Theorem [2.11] f(X) C R is compact. By the Heine-Borel Theorem
it is therefore closed and bounded. By completeness of the real numbers, f(X) has a

finite supremum sup f(X) and since f(X) is closed we have sup f(X) € f(X), so there
exists xp € X such that f(xg) =sup f(X) = sup,cx f(2). O

COROLLARY 2.13. Let X be a compact metric space. Then every continuous func-
tion on X is bounded: C(X) = Cy(X).

For a converse of this statement, see Exercise below.

PROOF. Let f € C(X). Then |f| : X — [0,00) is also continuous. By Theorem
there exists o € X such that |f(zo)| = sup,ex |f(z)]. Set C' = |f(x)|. Then
|f(z)] < C for all z € X, so f is bounded. O

2. Sequential compactness and total boundedness

DEFINITION 2.14. A metric space X is sequentially compact if every sequence in X
has a convergent subsequence. This is also called the Bolzano-Weierstrass property.

Let us recall the Bolzano-Weierstrass theorem which you might have seen in Analysis

THEOREM 2.15 (Bolzano-Weierstrass). Every bounded sequence in R has a conver-
gent subsequence.

DEFINITION 2.16. A metric space X is bounded if it is contained in a single fixed
ball, i.e. if there exist zp € X and r > 0 such that X C B(xg,r).

DEFINITION 2.17. A metric space X is totally bounded if for every £ > 0 there exist
finitely many balls of radius ¢ that cover X.

Similarly, we define these terms for subsets A C X by considering (A, d|ax4) as its
own metric space.
Note that

(2.10) X totally bounded = X bounded.

The converse is generally false. However, for A C R™ we have that A is totally bounded

if and only if A is bounded.

THEOREM 2.18. Let X be a metric space. The following are equivalent:
(1) X is compact
(2) X is sequentially compact
(3) X is totally bounded and complete

COROLLARY 2.19. (1) (Heine-Borel Theorem) A subset A C R™ is compact if
and only if it is bounded and closed.

(2) (Bolzano-Weierstrass Theorem) A subset A C R"™ is sequentially compact if
and only if it is bounded and closed.
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PROOF OF COROLLARY [2.19. A subset A C R™ is closed if and only if A is com-
plete as a metric space (this is because R" is complete). Also, A C R" is bounded if
and only if it is totally bounded. Therefore, both claims follow from Theorem [2.18 [

EXAMPLE 2.20. Let > be the space of bounded sequences (a,), C C with d(a,b) =
SUDpen |an — by| (that is, £ = Cu(N)). We claim that the closed unit ball around
0=(0,0,...),

(2.11) B(0,1) ={a € l* : |a,| <1VYn € N}

is bounded and closed, but not compact. Indeed, let e® € ¢ be the sequence with
(k) _ Oa k # n,

(2.12) ey = { 1 k=n

Then, e® € B(0,1) forall k = 1,2,... but (e®), C B(0,1) does not have a convergent
subsequence, because d(e®, e} =1 for all k # j and therefore no subsequence can
be Cauchy. Thus B(0,1) is not sequentially compact and by Theorem it is not
compact.

EXAMPLE 2.21. Let ¢! be the space of complex sequences (a,), C C such that
>, lan] < 0o. We define a metric on ¢* by

(2.13) d(a,b) =Y |an — byl

EXERCISE 2.22. Show that the closed and bounded set B(0,1) € ¢! is not compact.
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Lecture 6 (Monday, Sep 16)

PRrROOF OF THEOREM [2.18. X compact = X sequentially compact: Suppose that
X is compact, but not sequentially compact. Then there exists a sequence (x,), C X
without a convergent subsequence. Let A = {z,, : n € N} C X. Note that A must
be an infinite set (otherwise (z,), has a constant subsequence). Since A has no limit
points, we have that for every z,, there is an open ball B, such that B, N A = {z,}.
Also, A is a closed set, so X\ A is open. Thus, {B,, : n € N}U{X\A} is an open cover
of X. By compactness of X, it has a finite subcover, but that is a contradiction since
A is an infinite set.

@99 @

By

FIGURE 2.

X sequentially compact = X totally bounded and complete: Suppose X is sequen-
tially compact. Then it is complete, because every Cauchy sequence that has a conver-
gent subsequence must converge (prove this!). Suppose that X is not totally bounded.
Then there exists € > 0 such that X cannot be covered by finitely many e-balls.
Claim: There exists a sequence py,ps, ... in X such that d(p;,p;) > € for all i # j.
Proof of claim. Pick p; arbitrarily and then proceed inductively: say that we have
constructed py,...,p, already. Then there exists p,.1 such that d(p;, pni+1) > € for all
i =1,...,n since otherwise we would have | J;_, B(p;,e) D X. O
Now it remains to observe that the sequence (p,), has no convergent subsequence (no
subsequence can be Cauchy). Contradiction! Thus, X is totally bounded.
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Lecture 7 (Wednesday, Sep 18)

X totally bounded and complete = X sequentially compact: Assume that X is to-
tally bounded and complete. Let (z,), C X be a sequence. We will construct a conver-
gent subsequence. First we cover X by finitely many 1-balls. At least one of them, call
it By, must contain infinitely many of the z,, (that is, z,, € By for infinitely many n), so

there is a subsequence (xﬁf)))n C By. Next, cover X by finitely many %-balls. There is

at least one, By, that contains infinitely many of the a:ﬁ?). Thus there is a subsequence

(2'"),, € By. Inductively, we obtain subsequences (z{), D (z5))n O ... of (z,)n such

that (x%k))n is contained in a ball of radius 27%. Now let a, = z”. Then (an)n is a
subsequence of ().

Claim: (a,), is a Cauchy sequence.

Proof of claim. Let € > 0 and N large enough so that 27¥+! < . Then for m > n > N

we have
(2.14) A, an) <2-27" <27V < ¢

because a,, a,, € B, and B, is a ball of radius 27". [
Since X is complete, the Cauchy sequence (a,,), converges.

X sequentially compact = X compact: Assume that X is sequentially compact.
Let (G;)ier be an open cover of X.
Claim: There exists ¢ > 0 such that every ball of radius ¢ is contained in one of the
G;.
Proof of claim. Suppose not. Then for every n € N there is a ball B,, of radius %
that is not contained in any of the G;. Let p, be the center of B,. By sequential
compactness, the sequence (p,), has a convergent subsequence (p,, )r with some limit
p € X. Let ¢y € I be such that p € G;,. Since G}, is open there exists ¢ > 0 such that
B(p,0) C Gj,. Let k be large enough such that d(p,,,p) < §/2 and % < /2. Then
B,, C B(p,9) because if z € B,,, then

(2.15) d(p, ) < d(p, pn,) + d(pn,,x) < 3/2+6/2=0.
Thus, B,, C B(p,d) C G-

FIGURE 3.

This is a contradiction, because we assumed that the B, are not contained in any
of the G;. O
Now let € > 0 be such that every e-ball is contained in one of the G;. We have already
proven earlier that X is totally bounded if it is sequentially compact. Thus there exist
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P1, - - ., oy such that the balls B(p;,e) cover X. But each B(pj;,¢) is contained in a Gj,
say in G, so we have found a finite subcover:

M M

(2.16) X c|JBne) c G,

J=1 J=1

COROLLARY 2.23. Compact subsets of metric spaces are bounded and closed.

COROLLARY 2.24. Let X be a complete metric space and A C X. Then A is totally
bounded if and only if it is relatively compact.

EXERCISE 2.25. Prove this.



22 2. COMPACTNESS IN METRIC SPACES

Lecture 8 (Friday, Sep 20)

3. Equicontinuity and the Arzela-Ascoli theorem

Let (K,d) be a compact metric space. By Corollary [2.13] continuous functions on
K are automatically bounded. Thus, C(K) = Cy(K) is a complete metric space with
the supremum metric

(2.17) dos(f,9) = sup | f(z) — g(x)]

zeK

(see Fact |1.7)). Convergence with respect to do, is uniform convergence (see Fact |1.8]).
In this section we ask ourselves when a subset 7 C C'(K) is compact.

EXAMPLE 2.26. Let F = {f, : n € N} € C([0,1]), where
(2.18) folz) =2", z€]0,1].

F is not compact, because no subsequence of (f,), converges. This is because the
pointwise limit

219 ro={ 0 ey
is not continuous, i.e. not in C([0, 1]).
The key concept that characterizes compactness in C'(K) is equicontinuity.

DEFINITION 2.27 (Equicontinuity). A subset F C C(K) is called equicontinuous if
for every € > 0 there exists § > 0 such that |f(z) — f(y)| < e forall f € F, z,y € K
with d(z,y) < 0.

DEFINITION 2.28. F C C(K) is called uniformly bounded if there exists C' > 0 such
that |f(x)] < C for all x € K and f € F.
F C C(K) is called pointwise bounded if for all x € K there exists C' = C(z) > 0 such
that |f(z)] < C for all f € F.

Note that F C C(K) is uniformly bounded if and only if it is bounded (as a metric
space, see Definition [2.16)). We have

(2.20) F uniformly bounded = F pointwise bounded.

The converse is false in general.

Fact 2.29. If (fn)n C C(K) is uniformly convergent (on K ), then {f, : n € N} is
equICONLINUOUS.

PRrROOF. Let £ > 0. By uniform convergence there exists N € N such that

(2.21) Sup | fo(w) — fv(2)| < £/3

Te
for n > N. By uniform continuity (using Theorem [2.10)) there exists 6 > 0 such that
(2.22) [ fe(x) — fr(y)| < e/3

for all z,y € K with d(z,y) < d and all k =1,..., N. Thus, for n > N and z,y € K

with d(x,y) < 6 we have

(2.23) [fulz) = faW)] < [fulz) = fn(@)|[+] (@) = fn @)+ fn(y) — fuly)| < 3-¢/3 =€
O
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Fact 2.30. If F C C(K) is pointwise bounded and equicontinuous, then it is uni-
formly bounded.

PROOF. Choose § > 0 such that

(2.24) [f(x) = fly)] <1

for all d(z,y) < 9, f € F. Since K is totally bounded (by Theorem [2.18]) there exist
P1s--.,Pm € K such that the balls B(p;,0) cover K. By pointwise boundedness, for
every x € K there exists C'(x) such that |f(z)| < C(z) for all f € F. Set

(2.25) C :=max{C(p1),...,C(pm)}-

Then for f € F and z € K,

(2.26) [f(@)] < |f(p)] +f(z) = flp)l £ C +1,

where j is chosen such that x € B(p;, ). O

THEOREM 2.31 (Arzela-Ascoli). Let K be a compact metric space. Then F C C(K)
18 relatively compact if and only if it is pointwise bounded and equicontinuous.
COROLLARY 2.32. Let F C C([a,b]) be such that
(i) F is bounded (i.e. uniformly bounded),
(ii) every f € F is continuously differentiable and
(2.27) F=A{f:fer}
15 bounded.

Then F s relatively compact.
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Lecture 9 (Monday, Sep 23)

EXAMPLE 2.33. Let F = {z +— > ca™ : |c,| <1} € O([—3,3]). The set F is
bounded, because

(2.28) ’ i | < i 9 — 9.
n=0 n=0

for all sequences (¢,), with |c,| < 1 and for all z € [—-1/2,1/2]. Similarly,
(2.29) F = {chn:c”’l s en] < 1}
n=1

is also bounded. Thus, F C C([—3, 1]) is relatively compact. However, note that the 7
interpreted as a subset of C(]0,1]) (with the understanding that convergence at x = 1
is also assumed) is not relatively compact (it contains the set in Example [2.26]).

ExXaMPLE 2.34. The set
(2.30) F = {sin(wnw) in € Z} c C([0,1])

is bounded, but not relatively compact. Indeed, suppose it is. Then by Arzela-Ascoli
it is equicontinuous, so there exists § > 0 such that for all n € N and for all z,y € [0, 1]
with |x — y| < § we have |sin(mnz) — sin(mny)| < 1/2. Set x = 0 and y = 1/(2n) for
n > 61/2. Then |sin(mnz) — sin(mny)| = 1. Contradiction!

PROOF OF THEOREM [2.31] <=: Without loss of generality assume that F is
closed. Assume that F C C(K) is pointwise bounded and equicontinuous. By Fact
it follows that F is uniformly bounded. By Exercise [2.9] there exists a countable,
dense set £ C K. Let (f,), C F be a sequence.

Claim: There exists a subsequence ( f,, )x such that (f,, (p))r converges for all p € E.
Proof of claim. This is again a diagonal subsequence argument. Let F = {p1,ps,... }.
By the Bolzano-Weierstrass theorem (see Corollary or Theorem we have
the following inductive claim: for all 7 € N there is a subsequence ( fngﬂj))k such that
( fnlij)<p£)>k converges for all 1 < ¢ < j. Indeed, for ;7 = 1 this is a direct consequence
of Bolzano-Weierstrass because (f,,(p1))» is just a bounded sequence of complex num-
bers. Assume we proved the claim up to some j > 1. Then by one more application of
Bolzano-Weierstrass, there is a subsequence ( fnffrl)) k of ( fn§j>) , (and therefore a subse-

quence of (fy)n) such that (f ¢+ (pji1))s converges. Now we set ny, = nl(f) and observe
k

that (f,,(p;))r converges for all j. O
Let us set gx = f,, to simplify notation. We show that (gx)r converges uniformly on
K. Let € > 0. By equicontinuity there exists § > 0 such that

(2.31) |96(%) — gu(y)| <e/3

for all z,y € K with d(z,y) < § and all £ € N. Since K is compact and F is dense,
there exist p1,...,p,n € E with

(2.32) K C B(p1,6)U---U B(pm,9).
Since (gx(p;))r converges, there exists N; € N such that
(2.33) |96(pj) — 9e(p;)| < /3
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for all k,¢ > Nj. Set

(2.34) N =max{Ny,..., Ny}
Then,
(2.35) |9k(p;) — 9e(pj)| < /3

for all kK, > N and all j =1,...,m. Let x € K. By ([2.32) there exists j € {1,...,m}
such that x € B(p;,0). Then from (2.31)) and (2.33]) we have
(2.36)  [gr(2) — ge(2)] < [gr(2) — gr(p)] + 198(ps) — 9e(Ps)] + 9e(p;) — ge(2)| < €.

Thus (gi)x converges uniformly and therefore converges to a limit in F. By Theo-
rem [2.18] this shows that F is relatively compact.

—: Assume that F is relatively compact. Then it is bounded. Say that F is
not equicontinuous. Then there exists ¢ > 0 and a sequence (f,), C F and points
(Zn)ns (Yn)n C K with d(x,,y,) < % such that

(2'37) |fn(xn) - fn(yn)’ > €.

By (relative) compactness, (f,), has a uniformly convergent subsequence which we will
also call (f,), for simplicity. Then f, converges to some limit f € F C C(K). By
uniform convergence, there exists N € N such that

(2.38) [fu(z) — f(z)] <&/3

for all n > N and € K. By uniform continuity of f (using Theorem [2.10)) there exists
0 > 0 such that

(2.39) [f(z) = fly)] <e/3

for all z,y € K with d(z,y) < 0. Let n > max{N,d'}. Then by (2.38)) and (2.39) we
have

This contradicts . [l

Lecture 10 (Wednesday, Sep 25)

PROOF OF COROLLARY [2.32] Using the mean value theorem we see that for all
z,y € |a, b] there exists £ € [a, b] such that

(2.41) f) = fly) = ()@ —y).
But since F’ is bounded there exists C' > 0 such that
(2.42) 1fI<C

for all f € F,¢ € [a,b]. Thus,

(2.43) |f(z) = f(z)] < Clz -y

for all z,y € [a,b] and all f € F. This implies equicontinuity: for e > 0 we set § = C~'e.
Then for z,y € [a,b] with |z — y| < 0 we have

(242 7(r) — F(w)| < Clu—yl < Co ==
Therefore the claim follows from Theorem 2.311 O
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ExAMPLE 2.35. Condition (i) from Corollary is necessary, because relatively
compact sets are bounded. Condition (ii) however is not necessary. Consider for ex-
ample F = {f, : n =1,2,...} C C([0,1]) with f,(z) = sin(nz)/y/n. The set F is
bounded, but F’ is unbounded. But the sequence (f,), is uniformly convergent, so by
Fact F is equicontinuous and hence relatively compact.

4. Further exercises

EXERCISE 2.36. Let (X, d) be a metric space and A C X a subset.
(i) Show that A is totally bounded if and only if A is totally bounded.
(ii) Assume that X is complete. Show that A is totally bounded if and only if A is
relatively compact. Which direction is still always true if X is not complete?

EXERCISE 2.37. Let ¢! denote space of all sequences (a,), of complex numbers such
that Y >° | |a,| < 0o, equipped with the metric d(a,b) = > 7 | |a, — by|.
(i) Prove that

(2.45) A={ael" > | <1}
n=1

is bounded and closed, but not compact.
(i) Let b € ¢' with b, > 0 for all n € N. Show that

(2.46) B={acl :la,] <b,¥necN}
is compact.

EXERCISE 2.38. Recall that £*° is the metric space of bounded sequences of complex
numbers equipped with the supremum metric d(a,b) = sup, ¢y |an — bs|. Let s € £>° be
a sequence of non—negative real numbers that converges to zero. Let

(2.47) A={a€l> :]a,| <spforalln}.
Prove that A C /> is compact.

EXERCISE 2.39. For each of the following subsets of C([0,1]) prove or disprove
compactness:

(i) Ay = {f € C([0,1]) : maxyep |f ()] < 1},
(ii)) Ag = A; N {p : p polynomial of degree < d} (where d € N is given)
(iii) A3 = Ay N {f : fis a power series with infinite radius of convergence}

EXERCISE 2.40. Let F C C([a,b]) be a bounded set. Assume that there exists a
function w : [0, 00) — [0, 00) such that

(2.48) lim w(t) =w(0) =0.

t—0+
and for all z,y € [a,b], f € F,

(2.49) [f (@) = f(y)] < w(lz —yl).
Show that F C C([a,b]) is relatively compact.

EXERCISE 2.41. For 1 < p < oo we denote by (7 the space of sequences (a,), of
complex numbers such that Y > | |a,|” < co. Define a metric on ¢ by

1/p
(2.50) d(a,b) = (Z |a, — bn|p> .

neN
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The purpose of this exercise is to prove a theorem of Fréchet that characterizes com-
pactness in P. Let F C (P.

(i) Assume that F is bounded and equisummable in the following sense: for all ¢ > 0
there exists N € N such that

(2.51) Z la,|P < e for alla € F.
n=N
Then show that F is totally bounded.
(ii) Conversely, assume that F is totally bounded. Then show that it is equisummable

in the above sense.
Hint: Mimick the proof of Arzela-Ascoli.

EXERCISE 2.42. Let C*([a, b]) denote the space of k-times continuously differentiable
functions on [a, b] endowed with the metric
k

(2.52) d(f,9) =) sup |f9(z) - gV(x)].

=0 z€[a,b]
Let 0 < ¢ < k be integers and consider the canonical embedding map
(2.53) v C*([a, b)) — C%([a,b]) with «(f) = f.

Prove that if B C C*([a,b]) is bounded, then the image «(B) = {u(f) : f € B} C
C*([a, b]) is relatively compact. Hint: Use the Arzela-Ascoli theorem.

EXERCISE 2.43. Let X be a metric space. Assume that for every continuous function
f X — C there exists a constant C'y > 0 such that |f(z)| < Cy for all z € X. Show
that X is compact. Hint: Assume that X is not sequentially compact and construct
an unbounded continuous function on X.

EXERCISE 2.44. Consider F = {fy : N € N} C C([0,1]) with

(2.54) fn(z) = Z b~ sin(b"z),

where 0 < a < 1 and b > 1 are fixed.

(a) Show that F is relatively compact in C([0, 1]).

(b) Show that F’ is not a bounded subset of C([0,1]).

(c) Show that there exists ¢ > 0 such that for all z,y € R and N € N,
(

2.55) |fn (@) = fa(y)] < cle —y|*

EXERCISE 2.45. Suppose (X, d) is a metric space with a countable dense subset, i.e.
aset A= {x1,2,...} C X with A = X. Let > denote the metric space of bounded
sequences a = (a,), of real numbers with metric dw(a,b) = sup,cy |an — b,|. Show
that there exists a map ¢ : X — ¢ with d(¢(x),(y)) = d(z,y) for every x,y € X (in
other words, X can be isometrically embedded into ¢°°).






CHAPTER 3

Approximation theory

In this section we want to study different ways to approximate continuous functions.
Let X be a normed vector space of functions (say, continuous functions on [0, 1])
and A C X some subspace of it (say, polynomials). Let f € X be arbitrary. Our
goal is to ‘approximate’ the function f by functions g in A. We measure the quality of
approximation by the error in norm, i.e. ||f — g||.
The most basic question in this context is:

Can we make || f — g|| arbitrarily small?

More precisely, we are asking if A is dense in X. Recall that A C X is called dense if
A = X. That is, if for every f € X and every € > 0 there exists a ¢ € A such that
If =gl <e

1. Polynomial approximation

THEOREM 3.1 (Weierstrass). For every continuous function f on |a,b] there exists
a sequence of polynomials that converges uniformly to f.

In other words, the theorem says that the set A = {p : p polynomial} is dense in
C([a, b]).

There are many proofs of this theorem in the literature. We present a proof using
Bernstein polynomials. Without loss of generality we consider only the interval [a, b] =
[0,1] (why are we allowed to do that?).

29
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Lecture 11 (Friday, Sep 27)

Let f be continuous on [0, 1]. Define for n = 1,2, .

(3.1) Zf( )( )t’“ 1— )

B, f is a polynomial of degree n. We will show that B,,f — f uniformly on [0, 1]. By
the binomial theorem,

(3.2) 1:(t+1—t)”:k2;(k>t (1—1t)"
Thus,
(3.3) Buf(t) = £(0) = S (k) ~ F) () )1 - o

Let € > 0. By uniform continuity of f we choose ¢ > 0 be such that |f(t) — f(s)] < e/2
for all ¢t,s € [0,1] with |t — s| < §. Now we write the sum on the right hand side of
(3.3) as I+ II, where

34 1= 3 (s - s} ) - o
L

(3.5) 1= Z (f(k/n) = f(1)) (Z)tk(l —pynh
\%—_t|726

We estimate I and II separately. For I we have from uniform continuity that

(3.6) 1] < g/zz( )tk (1—t)"*=¢/2.
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Lecture 12 (Monday, Sep 30)

31

To estimate II we first compute the Bernstein polynomials for the monomials 1, ¢, t2.

LEMMA 3.2. Let g,,(t) =t™. Then

(3.7) Bngo(t) =1
(3.8) Bagi(t) =t
(3.9) Bhga(t) =t + s forn > 2
Proor. We have
(3.10) Bhgo(t) = Z <Z) Q- P =t +1-t)" =1
k=0

by the binomial theorem. Next,

(3.11) Bgi(t) = zn: % (Z) (1 — )t = Y (Z: Dtk(l )k

k=0

To compute BngQ we use that

(3.12) () (”‘1)=”T_1H(Zii *%(Zj)
=) )

Thus,

k—2

(313)  Bugalt) = "— Ly (n B 2)2&""(1 L % Y (Z - 1)#(1 —)nk

k= k=1
-1 1 t— ¢
S N :
n n n
As a consequence, we obtain the following:
LEMMA 3.3. For allt € [0,1],
_ n 1
3.14 E_p2 ) (-t < =
(3.14) S - o7 ) o<
k=0
PRrROOF. From the previous lemma,
= n
315 S 02 (1) 0 07 = B = 2B (1) + £ Bl
k=0
t— ¢ — ¢
=Py 7 =
n n

Since t € [0,1] we have 0 <t — > =t(1—1t) < 1.
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Now we are ready to estimate II. First note that f is bounded, so there exists ¢ > 0
such that |f(z)| < ¢ for all z € [0,1]. Choose N € N such that 2¢6 2N~ < ¢/2. Then
foralln > N,

(3.16) 11 < 2¢ zn: (Z)tk( — )R < 20672 Z ()tk(l—t)

k=0,
& _i>s
n

<2e6 2Nt <¢e/2.

In the second inequality we have used that 6—2|£ —¢|> < 1. Thusif n > N and ¢ € [0, 1],
then

(3.17) Bof(t) — f(8)] < |1+ |11] < /2 +¢/2 =«

This concludes the proof of Weierstrass’ theorem.

2. Orthonormal systems

In the previous section we studied approximation of continuous functions in the
supremum norm, || fllec = Sup,eoy [f(7)]. In this section we turn our attention to
another important norm, the L? norm.

DEFINITION 3.4. For two piecewise continuous functions f, g on an interval [a, b] we
define their inner product by

(3.18) wmz/fmﬂmm

If (f,g) = 0 we say that f and g are orthogonal. We define the L?-norm of f by

(319) ik = ([ rar)

If [|fll2 = 1 then we say that f is L?-normalized.

1/2

Note: Some comments are in order regarding the term ’piecewise continuous’. For
our purposes we call a function f, defined on an interval [a, b], piecewise continuous if
lim, ., f(x) exists at every point zq and is different from f(x() at at most finitely many
points. We denote this class of functions by pc(|a, b]). Piecewise continuous functions
are Riemann integrable.

The inner product has the following properties (for functions f, g,h and A € C):

e Sesquilinearity:

(3.20) (f + g, h) = (f, h) + Mg, h),
(3.21) (h, f+Ag) = (R, f) + Ah, g).
e Antisymmetry: (f,g) = ( f)
e Positivity: (f, f) > 0 (and > 0 unless f is zero except at possibly finitely many
points)

THEOREM 3.5 (Cauchy-Schwarz inequality). For two piecewise continuous functions
f, g we have

(3.22) [(Fo )l < (1 fll2llgll2-
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PRrOOF. For nonnegative real numbers z and y we have the elementary inequality

22 P
3.23 < 4 L
(3.23) Ty < o5+
Thus we have

(3.24)
(£, 9)| S/ |f(z)g(z)|dz < %/ If(w)IQdfv+%/ () Pdz. = 3(f, ) + 3(g,9)-

Now we note that for every A > 0, replacing f by Af and g by A~'¢g does not change
the left hand side of this inequality. Thus we have for every A > 0 that

(3.25) (o 9)] < 2Af, f) + 55 (9, 9).
(9,9)

Now we choose \ so that this inequality is as strong as possible: \? = Tn (we may

assume that (f, f) # 0 because otherwise there is nothing to show). Then

(3.26) [(Fo ol < VA V9 9)

Note that one can arrive at this definition of A\ in a systematic way: treat the right
hand side of (3.25) as a function of A\ and minimize it using calculus. O

COROLLARY 3.6 (Minkowski’s inequality). For two functions f,g € pc(|a, b)),

(3.27) LF +gllz < 1712 + llgll2-

PROOF. We may assume ||f + g||2 # 0 because otherwise there is nothing to prove.
Then

b b b
(3.28) ||f+g||§=/ |f+g|2§/ |f+g||f|+/ F+gllg
(3.20) <1 + gllall flla + 1 + gllzllgllz = 1F + gll21F 112 + lglla)-
Dividing by ||f + gll2 we obtain Lf + g2 < [lflls = gl 0

This is the triangle inequality for || - ||2. This makes d(f, g) = || f — g||2 a metric on
say, the set of continuous functions. Unfortunately, the resulting metric space is not
complete. (Its completion is a space called L?([a,b]), see Exercise [3.70})
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Lecture 13 (Wednesday, October 2)

DEFINITION 3.7. A sequence (¢,), of piecewise continuous functions on [a,b] is
called an orthonormal system on [a,b] if

(3.30) (D, Pm) :/ Ou (@) (x)d = { (1) iz i .

(The index n may run over the natural numbers, or the integers, a finite set of
integers, or more generally any countable set. We will write ) to denote a sum over
all the indices. In proofs we will always adopt the interpretation that the index n runs
over 1,2,3,.... This is no loss of generality.)

Notation: For a set A we denote by 14 the characteristic function of A. This is the
function such that 14(z) =1 when 2 € A and 14(x) = 0 when z ¢ A.

ExAMPLE 3.8 (Disjoint support). Let ¢, (x) = 1, ,41) and N € N. Then (¢,,)n—o
is an orthonormal system on [0, N].

EXAMPLES 3.9 (Trigonometric functions). The following are orthonormal systems
on [0, 1]:
1. ¢n(x> — 627rinx
2. ¢n(x) = V/2cos(2mnx)
3. ¢n(x) = V/2sin(2mnz)

EXERCISE 3.10 (Rademacher functions). For n = 0,1,... and z € [0, 1] we define
rn(x) = sgn(sin(2"7x)). Show that (r,), is an orthonormal system on [0, 1].
Let (¢,), be an orthonormal system and let f be a finite linear combination of the
functions (¢,,),. Say,
N
(3:31) @)= catnla).
n=1

Then there is an easy way to compute the coefficients ¢,,:

b
(3.32) = {£.00) = [ Fa)pa@ds
To prove this we multiply (3.31] - ) by ¢(z) and integrate over x:
b N
(333) / f(l‘) dI = ch/ an Qbm )dx = ch<¢n7 ¢m> -
a n=1

Notice that the formula ¢, = (f, ¢,) still makes sense if f is not of the form ([3.31]).

THEOREM 3.11. Let (¢n,)n be an orthonormal system on [a,b]. Let f be a piecewise
continuous function. Consider

N
(3.34) =Y (i dn) (e
n=1
Denote the linear span of the functions (¢n)n=1,..n by Xn. Then
(3.35) 1f = snll2 < [If = gll2

holds for all g € X with equality if and only if g = sn.
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In other words, the theorem says that among all functions of the form 22;1 Cnn(T),
the function sy defined by the coefficients ¢, = (f, ¢,) is the best “L?-approximation”
to f in the sense that holds.

This can be interpreted geometrically: the function sy is the orthogonal projection
of f onto the subspace Xy. As in Euclidean space, the orthogonal projection is char-
acterized by being the point in X that is closest to f and it is uniquely determined
by this property (see Figure [1)).

1
Xy
o f
S
S
s
/ I
/ |
/ |
// !
IF =gl LIl swlle
)/ I
/ |
/ I
// !
|
// o XN
> 'y
9 SN

FIGURE 1. sy is the orthogonal projection of f onto Xy.
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Lecture 14 (Friday, October 4)

THEOREM 3.12 (Bessel’s inequality). If (¢n)n is an orthonormal system on |a, b
and f a piecewise continuous function on [a,b] then

(3.36) 1o < £

COROLLARY 3.13 (Riemann-Lebesgue lemma). Let (¢y,)n—12.. be an orthonormal
system and f a piecewise continuous function. Then

(3.37) T (£.6,) = 0.

This follows because the series Y > | [(f, ¢,)|* converges as a consequence of Bessel’s
inequality.

DEFINITION 3.14. An orthonormal system (¢, ), is called complete if

(3.39) ST 6l = 1513

for all f.

THEOREM 3.15. Let (¢,)n be an orthonormal system on [a,b]. Let (sy)y be as
in Theorem [3.11, Then (¢y,), is complete if and only if (sn)n converges to f in the
L?*-norm (that is, limy_,o || f — sn|l2 = 0) for every piecewise continuous f on [a,b).

We will later see that the orthonormal system ¢,(x) = e*™* (n € Z) on [0,1] is
complete.

PROOF OF THEOREM [B.11] Let g € Xy and write

(3.39) 9(x) =Y buon ()

Let us also write

(340) Cp = <f7 ¢n>
We have

(3.41) (f,9) = bulf.dn) = Z

Using that (¢,), is orthonormal we get

(3.42) (9:9) = (D buous D b ) = D D bub{n, ) = Z b2,
Thus,

N L N N
(3.41) D =S b= S £ S b
n=1 n=1 n=1
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(3.45) = <faf>_Z|Cn‘2+Z‘bn_cn’2
We have ) :
(3.46) (f —sn, f— SN) = (f, f) = (f,sn) = (sn, f) + <SN78N>

=(f. f) _QZ|Cn|2+Z|0n|2 Z|Cn|2

Thus we have shown

N
(3.47) (f=g.f—g) = {(f—snf—sn)+ D |b— ol

n=1
which implies the claim since 22;1 by, — ¢u]? > 0 with equality if and only if b, = ¢,
forallm=1,..., N. O

PrRoOOF OF THEOREM [3.12] From the calculation in ([3.46]),
(348) Z’Cn|2 _SNa _SN> > 07

SO Zf:]:l lea]? < |If||3 for all N. Letting N — oo this proves the claim (in particular,
the series > | |¢,|* converges). O

PROOF OF THEOREM [3.15] From (3.46]),
N

(3.49) 1f = swll3 = (F, ) = D1 on)l

n=1

This converges to 0 as N — oo if and only if (¢,), is complete. O
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Lecture 15 (Monday, October 7)

3. The Haar system
In this section we discuss an important example of an orthonormal system on [0, 1].

DEFINITION 3.16 (Dyadic intervals). For non-negative integers j, k with 0 < j < 2*
we define

(3.50) Ly =[27%5,27%( + 1)) C [0,1].

The interval I ; is called a dyadic interval and k is called its generation. We denote
by Dy the set of all dyadic intervals of generation £ and by D = UkZO Dy, the set of all
dyadic intervals on [0, 1].

DEFINITION 3.17. Each dyadic interval I € D with |I| = 27% can be split in the
middle into its left child and right child, which are again dyadic intervals that we denote
by I, and I, respectively.

EXAMPLE 3.18. The interval I = [%, %4— }1) is a dyadic interval and its left and right
children are given by I, = [%, % + %) and [, = [% + %7 % + %)

0 1
Py
Dy | | |
D; | | | | |
D= Ukzo Dy,
%/_/ %/_/
O IZ Ir 1
~—
1

F1GURE 2. Dyadic intervals.

LEMMA 3.19. (1) Two dyadic intervals are either disjoint or contained in each
other. That is, for every I, J € D at least one of the following is true: INJ = ()
orl CJorJcCl.
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(2) For every k > 0 the dyadic intervals of generation k are a partition of [0,1).
That is,

(3.51) 0.1)=JI
I1€Dy,
EXERCISE 3.20. Prove this lemma.
EXERCISE 3.21. Let J C [0, 1] be any interval. Show that there exists I € D such

that |I| < |J| and 3] D J. (Here 3I denotes the interval with three times the length of
I and the same center as [.)

DEFINITION 3.22. For each I € D we define the Haar function associated with it
by

(3.52) vr=172(1;, — 14,
The countable set of functions given by
(3.53) H={1pytU{yr : I € D}

is called the Haar system on [0, 1].

EXAMPLE 3.23. The Haar function associated with the dyadic interval I = [0, %) is
given by

(3.54) Yo = V2 (1) = 1i21))
|[|—1/2
+
Iy I,

F1GURE 3. A Haar function ;.

LEMMA 3.24. The Haar system on [0, 1] is an orthonormal system.

PROOF. Let f € H. If f =1y then [|f]|2 = (fol 12)1/2 = 1. Otherwise, f = 1; for
some I € D. Then by (3.52) and since I, and I, are disjoint,

1 1 1
(3.55) W@ZAWﬁﬂWWAhﬁAlm=L

Next let f,g € H with f # g. Suppose that one of f, g equals 1jg}, say f = 1j91. Then
g =y for some J € D and thus

(3.56) @mafwzo
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It remains to treat the case that f = ¢y and g = ¢; for I,J € D with I # J. By
Lemma [3.19| (i), I and J are either disjoint or contained in each other. If I and J are
disjoint, then (7,1 ;) = 0. Otherwise they are contained in each other, say I C J.
Then 1) is constant on the set where ¢ is different from zero. Thus,

1
3.57 ) = py=HI7" [ (1, —15) =0.
(3.57) (b s) = [ wr-s =411 /0(1 )
O
Let us write
(3.58) Do,= |J s
0<k<n

to denote the set of dyadic intervals of generation less than n. We want to study how
continuous functions can be approximated by linear combinations of Haar functions.
Let f € C([0,1]). Motivated by Theorem [3.11] we define for every positive integer n,
the orthogonal projection

(3.59) E.f= Y (f,vn)r.

IGD<7L

DEFINITION 3.25. For a function f on [0,1] and an interval I C [0,1] we write
(f)r = I|7" [, f to denote the average or the mean of f on I.

THEOREM 3.26. Let fol f=0. Then, for every I € D,,

(3.60) E.f(z)=(f)1 ifzel

In other words,

(3.61) E.f=) (il
I€D,

THEOREM 3.27. Suppose that fol f=0and f € C([0,1]). Then
(3.62) E.f — f wuniformly on[0,1] as n — oo.
Remark. If f € C([0,1]) does not have mean zero then E, f converges to f — (f)[.1]-

COROLLARY 3.28. The Haar system is complete in the sense of Definition |3.1/].
For every f € C([0,1]) we have

(3.63) 1£13 = (Al + D 1{f.vn)*

1eD

EXERCISE 3.29. By using Theorem [3.27] prove Corollary [3.28]

PROOF OF THEOREM [3.26] Fix n > 0 and write ¢ = E,,f. We prove something
seemingly stronger.
Claim. For every dyadic interval I € D,,, we have (f); = (g);.
This implies the statement in the theorem because E,, f is constant on dyadic intervals
of generation n.
To prove the claim we perform an induction on I € D,,. To begin with, the claim holds
for I = [0, 1) because fol f =0. Now suppose that it is true for some interval I € D_,,.
It suffices to show that it also holds for I, and I, i.e. that

(3.64) (Hr,={g)r and (f)1, =(9)r.-
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Since the Haar system is orthonormal and I € D_,,,
(365) (97¢I>: Z <f7wJ><wJ7wI>:<f7wI>-
JED<p,

Compute

(3.66) /Ief—/hfz 1172 [ oy = 1124

and by the same reasoning,

(3.67) /&g‘ /]rg: 1142g, ).

Combining the last three displays we get

59 /I[f—/hf=/]£9—/,ﬂ-

By the inductive hypothesis we know that ( 9)1, SO

(3.69) /sz + /1 /,eg +/1T

Adding the previous two displays gives (f);, = (g);, and subtracting them gives (f);, =

T

(g)1,. This concludes the proof. O

PROOF OF THEOREM [3.27]. Let ¢ > 0. By uniform continuity of f on [0, 1] (which
follows from Theorem we may choose ¢ > 0 such that |f(t) — f(s)| < € whenever
t,s € [0,1] are such that |t — s| < J. Let N € N be large enough so that 27 < ¢ and
n> N. Let t € [0,1] and I € D, such that ¢ € I. Then by Theorem [3.26]

(3.70)  [Buf() — FO] = [ — F@)] < |1 / F(s) — F()lds < e.
O]

Remark. This result goes back to A. Haar’s 1910 article Zur Theorie der orthogo-
nalen Funktionensysteme in Math. Ann. 69 (1910), no. 3, p. 331-371. The functions
(E,.f), are also called dyadic martingale averages of f and have wide applications in
modern analysis and probability theory.

EXERCISE 3.30. Recall the functions r,(z) = sgn(sin(2"7z)) from Exercise [3.10]
(i) Show that every r, for n > 1 can be written as a finite linear combination of Haar
functions and determine the coefficients of this linear combination.
(ii) Show that the orthonormal system on [0, 1] given by (), is not complete.

EXERCISE 3.31. Define

(371> Anf = En+1f - Enfa Sf = (Z |Anf’2)1/2

n>1

(i) Assume that [, f = 0. Prove that [|Sf2 = || fl2.
(ii) Show that for every m € N there exists a finite linear combination of Haar functions
fm such that sup,¢ | fm(z)] <1 and SUD (o, 1] |S frm ()| > m.
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Lecture 16 (Wednesday, October 9)

4. Trigonometric polynomials
In the following we will only be concerned with the trigonometric system on [0, 1]:
(3.72) Gn (1) = 2™ (n € Z)

DEFINITION 3.32. A trigonometric polynomial is a function of the form

(3.73) fl@) =) ™™ (z€R),

where N € N and ¢, € C. If ¢y or c¢_y is non-zero, then N is called the degree of f.

From Euler’s identity (see Fact [1.21)) we see that every trigonometric polynomial
can also be written in the alternate form

N

(3.74) f(z) =ap+ Z(an cos(2mnz) + by, sin(27wnx)).

n=1

EXERCISE 3.33. Work out how the coefficients a,,, b, in (3.74]) are related to the ¢,
in (3.73).

Every trigonometric polynomial is I-periodic:
(3.75) f(x) = f(z+1)
for all z € R.

FACT 3.34. (e*™"),cz forms an orthonormal system on [0,1]. In particular,

(i) for alln € Z,

1 .
2minx _ 07 an 7é 07
(3.76) /0 e dy = { 1 ifn =0,

(ii) if f(x) = SN\ .€®™ s a trigonometric polynomial, then

(3.77) o = / ety
0

One goal in this section is to show that this orthonormal system is in fact complete.

We denote by pc the space of piecewise continuous, 1-periodic functions f : R —
C (let us call a 1-periodic function piecewise continuous, if its restriction to [0, 1] is
piecewise continuous in the sense defined in the beginning of this section).

DEFINITION 3.35. For a 1-periodic function f € pc and n € Z we define the nth
Fourier coefficient by

(3.78) Fn) = /0 F(t)e=2mintay.
The series
(3.79) " fn)ermine

is called the Fourier series of f.
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The question of when the Fourier series of a function f converges and in what sense
it represents the function f is a very subtle issue and we will only scratch the surface
in this lecture.

DEFINITION 3.36. For a 1-periodic function f € pc we define the partial sums
(3.80) Snf(x Z Fln)e*mne.

Remark. Note that since (¢,), is an orthonormal system, Sy f is exactly the or-
thogonal projection of f onto the space of trigonometric polynomials of degree < N.
In particular, Theorem tells us that

(3.81) 1f = Snfllz < [If — gll2

holds for all trigonometric polynomials g of degree < N. That is, Sy f is the best

approximation to f in the L?-norm among all trigonometric polynomials of degree
<N.

DEFINITION 3.37 (Convolution). For two 1-periodic functions f,g € pc we define
their convolution by

(3.82) f*gx / f®)g(x —t)d
Note that if f, g € pc then f *x g € pc.

ExXAMPLE 3.38. Suppose f is a given l-periodic function and ¢ is a 1-periodic
function, non-negative and fol g = 1. Then (f * g)(x) can be viewed as a weighted
average of f around x with weight profile g. For instance, if g = 2N1_y,n,1/n], then
(f % g)(x) is the average value of f in the interval [x — 1/N,x + 1/N].

Fact 3.39. For 1-periodic functions f,g € pc,

(3.83) fxg=gxf.
PRrROOF. For z € [0, 1],
(3.84)
fxg(z /f (x—t)dt = / flz—t)g(t)dt = /f:,l:t dt+/f:tt
1 T
385 = [ - Dgle- e+ / Fle — )g(t)dt = g+ f(),
T 0
where in the last step we used that f(x — (t — 1)) = f(z — t) and g(t — 1) = g(t) by
periodicity. O

It turns out that the partial sum Sy f can be written in terms of a convolution:

(386 SNf Z / f 727rmtdte27rmx / f 2m’n(m7t) dt = f %Dy (JI)
where

(3.87) Dy(z) = ) €™
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The sequence of functions (Dy)y is called Dirichlet kernel. The Dirichlet kernel can
be written more explicitly.

Fact 3.40. We have

(3.88) Dav(z) = sin(2m(N + 3)z)

sin(mx)
PROOF.
N v 2N N e2mi(2N+1)z _
o 2mine __ _—2miNx 2mine _ _—2wiNx
(3.89) Dy(z) = Z e =e Ze =e T
n=—N n=0

. 1 . 1
627”(N+§) — e_2m(N+§)m . Sin(QW(N + %)ZL’)

erit — e~ miT B sin(mx)

(3.90) —~
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Lecture 17 (Friday, October 11)

We would like to approximate continuous functions by trigonometric polynomials.
If f is only continuous it may happen that Sy f(z) does not converge. However, instead
of Sy f we may also consider their arithmetic means. We define the Fejér kernel by
. N
3.91 K = — D, (x).
(391) ¥(0) = 5y 22 Dalo)

Fact 3.41. We have
(3.92) Kn(x) =

1 1 —cos(2n(N +1)z) 1 <sin(7r(N + 1)x)>2
2(N +1) sin(mz)? T N+1
PROOF. Using that 2sin(z) sin(y) = cos(z — y) — cos(x + y),

sin(mx)

(3.93)
D () = sin(2m(N + 1)z) _ 2sin(mx) sin(27 (N + ) ~ cos(2rNx) — cos(2m(N + 1)x)
N sin(mz) B 2sin(mz)? B 2sin(mz)? '

Thus,
(3.94)

N

1 1 —cos(2m(N + 1)z)
D = — (2 — 2 1

% () Ssin(ra)? Z cos(2mnz) — cos(2m(n + 1)) = Y sin(nz)?

The claim now follows frorn the formula 1 — cos(2x) = 2sin(x)?. O

As a consequence of this explicit formula we see that K (x) > 0 for all z € R which
is not at all obvious from the initial definition. We define

(3.95) onf(z) = f* Ky(x).
THEOREM 3.42 (Fejér). For every l-periodic continuous function f,
(3.96) onf = f

uniformly on R as N — oo.

COROLLARY 3.43. Every 1-periodic continuous function can be uniformly approxi-
mated by trigonometric polynomials.

Remark. There is nothlng special about the period 1 here. By considering the or-
thonormal system (L~ 127 m@) ., we obtain a similar result for L-periodic functions.

This follows from Fejér’s theorem because oy f is a trigonometric polynomial:

(3.97)
1 _1 kY 2mik(z—1) - omikt 3, 2mik

_ mik(x—t —2mikt ik
onf@) = [ HO5 D23 et = 1S Z / Fye e
(3.98)

1 N n N N N

_ 7 omikx 27rikx _ k| \ 7 2mikax
=N 2 fhe N+1ZZ = > (1= &5 ke,

n=0 k=—n k=—N n=| k=—N

We will now derive Fejér’'s Theorem as a consequence of a more general principle.
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DEFINITION 3.44 (Approximation of unity). A sequence of 1-periodic continuous
functions (k,),, is called approximation of unity if for all 1-periodic continuous functions
f we have that f * k, converges uniformly to f on R. That is,

(3.99) sgﬂg |f *x kp(x) — f(z)] =0
as n — oo.

Remark. There is no unity for the convolution of functions. More precisely, there
exists no continuous function k such that kx f = f for all continuous, 1-periodic f (this
is the content of Exercise . An approximation of unity is a sequence (k,), that
approximates unity:

(3.100) lim k, x f=f
n—oo
for every continuous, 1-periodic f.
THEOREM 3.45. Let (k,), be a sequence of 1-periodic continuous functions such
that
(1) kn(z) >0
2) 2 kn(t)dt = 1.

—1/2 vn
(3) For all1/2 > 6 > 0 we have

(3.101) / ")t 1

6
as n — Q.

Then (k) is an approzimation of unity.

FIGURE 4. Approximation of unity

Assumption (3) is a precise way to express the idea that the “mass” of k, con-
centrates near the origin. Keeping in mind Assumption (2), Assumption (3) can be
rewritten equivalently as:

(3.102) /1 ko (£)dt — 0

2[t|=6
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ProoOF. Let f be 1-periodic and continuous. By continuity, f is bounded and
uniformly continuous on [—1/2,1/2]. By periodicity, f is also bounded and uniformly
continuous on all of R. Let £ > 0. By uniform continuity there exists ¢ > 0 such that

(3.103) [f(z—1t) = f(z)] <e/2
for all |t| < 6, x € R. Using Assumption (2),

1/2
(3.104) F (@) — fla) = /_1/2(f(x C ) = @) k() = A+ B,
where
(3.105) A= / (Flx — 1) — f@)hn(t)dt, B = /1 (F(z — 1) — F(2))hn ().
[t|<é 5>[t[>6
By and Assumption (2),
(3.106) A< S /N balt)dt < 5

Since f is bounded there exists C' > 0 such that |[f(z)| < C for all x € R. for all
0<d< % Let N be large enough so that for all n > N,

€

(3.107) /1>|t>5 k, (t)dt < el
Thus, if n > N,
(3.108) B| < 20/ kn(£)dt < .

Loptze 2
This implies
(3.109) |f *kn(x) — f(z)]| <e/2+¢/2<¢
for n > N and z € R. O

COROLLARY 3.46. The Fejér kernel (Kn)n is an approzimation of unity.

PrROOF. We verify the assumptions of Theorem [3.45] From (3.92) we see that
Ky > 0. Also,
N

1/2 ' 1
3.110 Ky (t) / MMt = ——— N 1=1.
Now we verify the last property. Let % > ¢ >0 and |z| > 4. By (3.92),

1 1

3.111 K <
( ) n(@) < N + 1sin(7d)?
Thus,
(3.112) / Kn(t)dt < —— 1
which converges to 0 as N — oo. 0

Therefore we have proven Fejér’s theorem. Note that although the Dirichlet kernel
also satisfies Assumptions (2) and (3), it is not an approximation of unity. In other
words, if f is continuous then it is not necessarily true that Syf — f uniformly.
However, we can use Fejér’s theorem to show that Sy f — f in the L?-norm.
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THEOREM 3.47. Let f be a 1-periodic and continuous function. Then
(3.113) lim ||[Sxf — fll2=0.
N—oo

PrOOF. Let ¢ > 0. By Fejér’s theorem there exists a trigonometric polynomial p
such that |f(z) — p(z)| < e/2 for all z € R. Then

1 ) 1/2

(3.114) I£ = vl = ([ 1) = p(o)Pds) " < /2.
0

Let N be the degree of p. Then Syp = p by Fact |3.34] Thus,
(3.115) Snf—f=Snf—Snp+Sxp—f=5n(f-p) +p—T
By Minkowski’s inequality,
(3.116) 1Snf = fll2 < IS8 (f = p)ll2 + [lp = Fl2
Bessel’s inequality (Theorem [3.12)) says that ||Sy f||2 < ||f]|2- Therefore,
(3.117) [Svf—=Fflla<2)f —pl2<e

In view of Theorem this means that the trigonometric system is complete.
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Lecture 18 (Monday, October 14)

COROLLARY 3.48 (Parseval’s theorem). If f, g are 1-periodic, continuous functions,
then

(3.118) (f.9) =Y J(n)a(n)

n=—oo

In particular,

(3.119) 2= [F(m)P

n=—oo

Proor. We have

N
(3.120) (S f.9) Z Fn)(em gy = Y F(n)gn).
n=—N
But (Sxf,9) = (f,g) as N — oo because
(3.121) [(Snfog) = {9 = [Snf = [, )| < 15w f = fllllgll2 = O
as N — oo. Here we have used the Cauchy-Schwarz inequality and the previous theo-
rem. Equation (3.119) follows from putting f = g. 0

Remark. Theorems and Corollary also hold for piecewise continuous and
1-periodic functions.

EXERCISE 3.49. (i) Let f be the 1-periodic function such that f(z) = x for x € [0,1).

Compute the Fourier coefficient J?(n) for every n € Z and use Parseval’s theorem to

derive the formula
oo

1 2
(3.122) > =

n=1
(ii) Using Parseval’s theorem for a suitable 1-periodic function, determine the value of
0o 1
Zn:l F'
While the Fourier series of a continuous function does not necessarily converge point-
wise, we can obtain pointwise convergence easily if we impose additional conditions.

THEOREM 3.50. Let f be a 1-periodic continuous function and let v € R. Assume
that f is differentiable at x. Then Sy f(z) — f(x) as N — oo.

PROOF. By definition,

(3123) SNf / f T —1 DN )
Also,

(3.124) / 1 Dy (t)dt = Z / 1 eFmimtdt = 1.
Thus from Fact [3.40] B
(3.125) S /() — f(z) = / (f(x — 1) — () Dy(t)dt
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(3.126) = /19(15) sin(2m (N + $)t)dt,
where

_ J@—1t)— fx)
(3.127) g(t) = Sn (D) .

Differentiability of f at x implies that g is continuous at 0. Indeed,

f@—t)—fl=)  fla—t)—flx) ok
(3.128) sin(mt) B t sin(7t) = I )7T

ast — 0.

EXERCISE 3.51. Show that ¢,(z) = v2sin(27(n + 1)z) with n = 1,2,... defines
an orthonormal system on [0, 1].

With this exercise, the claim follows from (3.126]) and the Riemann-Lebesgue lemma

(Corollary [3.13)). O

EXERCISE 3.52. Show that there exists a constant ¢ > 0 such that
1
(3.129) / |Dy(x)|dz > clog(2+ N)
0

holds for all N =0,1,....

EXERCISE 3.53. (i) Let (ag)x be a sequence of complex numbers with limit L. Prove
that

.ap+-ota
lim —— " — [,
n— o0 n
Given the sequence ay, form the partial sums s, =Y ;_, a; and let
Sty
NETN

oy is called the Nth Cesaro mean of the sequence s, or the Nth Cesaro sum of the
series » ;- ay. If oy converges to a limit S we say that the series ) - aj is Cesaro
summable to S.

(ii) Prove that if ), | a; is summable to S (i.e. by definition converges with sum )
then Y 7 | a is Cesaro summable to S.

(iii) Prove that the sum > ,2,(—1)¥"! does not converge but is Cesaro summable to
some limit S and determine S.
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Lecture 19 (Wednesday, October 16)

5. The Stone-Welierstrass Theorem

We have seen two different classes of continuous functions that are rich enough
to enable uniform approximation of arbitrary continuous functions: polynomials and
trigonometric polynomials. In other words, we have shown that polynomials are dense
in C([a,b]) and trigonometric polynomials are dense in C'(R/Z) (space of continuous
and 1l-periodic functions). The Stone-Weierstrass theorem gives a sufficient criterion
for a subset of C'(K) to be dense (where K is a compact metric space). Both, Fejér’s
and Weierstrass’ theorems are consequences of this more general theorem.

THEOREM 3.54 (Stone-Weierstrass). Let K be a compact metric space and A C
C(K). Assume that A satisfies the following conditions:
(1) A is a self-adjoint algebra: for f,g € A, c € C,

(3.130) fH+geAf-geAc-feA feA

(2) A separates points: for all v,y € K with x # y there exists f € A such that

f(x) # f(y).
(3) A vanishes nowhere: for all © € K there exists f € A such that f(z) # 0.

Then A is dense in C(K) (that is, A= C(K)).
EXERCISE 3.55. Let K be a compact metric space. Show that if a subset A C C(K)

does not separate points or does not vanish nowhere, then A is not dense.

EXERCISE 3.56. Let A C C(][1,2]) be the set of all polynomials of the form p(z) =
S oo ckx®* ! where ¢, € C and n a non-negative integer. Show that A is dense, but
not an algebra.

Before we begin the proof of the Stone-Weierstrass theorem we first need some
preliminary lemmas.

LEMMA 3.57. For every a > 0 there exists a sequence of polynomials (p,), with real
coefficients such that p,(0) =0 for all n and sup,e(_, 4 [Pu(r) — [2]| = 0 as n — occ.

PrROOF. From Weierstrass’ theorem we get that there exists a sequence of poly-
nomials ¢, that converges uniformly to f(z) = |z| on [—a,a]. Now set p,(z) =
qn(x) — ¢ (0). O

EXERCISE 3.58. Work out an explicit sequence of polynomials (p,), that converges
uniformly to x — |z| on [—1,1].

Let A C C(K) satisfy conditions (1),(2),(3). Observe that then also A satisfies (1),
(2), (3).

We may assume without loss of generality that we are dealing with real-valued
functions (otherwise split functions into real and imaginary parts f = g + ¢h and go
through the proof for both parts).

LEMMA 3.59. If f € A, then |f] € A.

PROOF. Let € > 0 and @ = max,ex | f(z)|. By Lemma there exist ¢1,...,¢, €
R such that

(3.131) 1> ey =yl <.
=1
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for all y € [—a, a]. By Condition (1) we have that

(3.132) g=> af €A

i=1
Then |g(x) — |f(2)]| < e for all x € K. Thus, |f| can be uniformly approximated by
functions in A. But A is closed, so |f| € A. O

_ LEmMA 3.60. If f1,...,fm € A, then min(fi,..., fn) € A and max(fy,..., fm) €
A.

PROOF. It suffices to show the claim for m = 2 (the general case then follows by
induction). Let f, g € A. We have

. + - + -~
Thus, Condition (1) and Lemma imply that min(f, g), max(f,g) € A. O

LEMMA 3.61. For every xo,x1 € K, xg # x1 and co,c1 € R there exists f € A such
that f(x;) = ¢; fori=0,1.

In other words, any two points in K x R that could lie on the graph of a function
in A do lie on the graph of a function in A.

PROOF. By Conditions (2) and (3) there exist g, ho, b1 € A such that g(zo) # g(z1)
and h;(x;) # 0 for 1 =0,1. Set

(3.134) ui(z) = g(x)hi(x) — g(@1-:)hi(z).
Then u;(z1—;) = 0 and u;(x;) # 0 for i = 0, 1. Set
_ coug(w) | crui(x)
(3.135) f(z) = o (o) ENE
Then f(x9) = co and f(z;) = ¢; and f € A by Condition (1). O

This lemma can be seen as a baby version of the full theorem: the statement ex-
tends to finitely many points. So we can use it to find a function in A that matches
a given function f in any given collection of finitely many points (see Exercise .
Thus, if K was finite, we would already be done. If K is not finite, we need to exploit
compactness. Let us now get to the details.
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Lecture 20 (Friday, October 18)

Fix f € C(K) and let € > 0.

Claim: For every # € K there exists g, € A such that g,(z) = f(z) and
gz(t) > f(t) —efort € K.

Proof of Claim. Let y € K. By Lemma there exists h, € A such that
hy(z) = f(x) and h,(y) = f(y). By continuity of h, there exists an open ball B,
around y such that |h,(t) — f(t)| < e for all t € B,. In particular,

(3.136) hy(t) > f(t) —

Observe that (B,),ck is an open cover of K. Since K is compact, we can find a finite
subcover by By,,..., B, . Set

(3.137) Gy = max(hy,, ..., hy ).

By Lemma [3.60, g, € A. O
By continuity of g, there exists an open ball U, such that

(3.138) 0at) — F)] <&

for t € U,. In particular,

(3.139) g:(t) < f(t)+¢

(Us)zek is an open cover of K which has a finite subcover by U,,,...,U,,. Then let
(3.140) h = min(ge,, - -, ga,)-

By Lemma we have h € A. Also,

(3.141) flt)—e<h(t) < f(t)+¢

for all t € K. That is,

(3.142) |[f(t) —h(t)] <e

for all t € K. This proves that f € A.

6. Further exercises

EXERCISE 3.62. Show that there exists no continuous 1-periodic function g such
that f % g = f holds for all continuous 1-periodic functions f.
Hint: Use the Riemann-Lebesgue lemma.

EXERCISE 3.63. Give an alternative proof of Weierstrass’ theorem by using Fejér’s
theorem and then approximating the resulting trigonometric polynomials by truncated
Taylor expansions.

EXERCISE 3.64. Find a sequence of continuous functions (f,), on [0, 1] and a con-
tinuous function f on [0, 1] such that ||f, — f]l2 — 0, but f,(z) does not converge to
f(z) for any x € [0,1].

EXERCISE 3.65 (Weighted L? norms). Fix a function w € C([a,b]) that is non-
negative and does not vanish identically. Let us define another inner product by

(3.143) (f, ) 2w / f(x (z)dx
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and a corresponding norm || f{|z2@wy = (f, f)i/f(w). Similarly, we say that (¢,), is an
orthonormal system by asking that (¢, ¢m)r2() is 1 if n = m and 0 otherwise. Verify
that all theorems in Sectioncontinue to hold when (-, ), ||-||2 are replaced by (-, ) 2(),
| - [|z2(w), respectively.

EXERCISE 3.66. Let w € C(]0, 1]) be such that w(z) > 0 for all x € [0, 1] and w # 0.
Prove that there exists a sequence of real-valued polynomials (p,), such that p, is of
degree n and

1, ifn=m,

1
(3.144) /0 ()P (2)w(x)de = { 0. ifn£m
for all non-negative integers n, m.

EXERCISE 3.67 (Chebyshev polynomials). Define a sequence of polynomials (7},),
by To(x) = 1, Ty(z) = x and the recurrence relation T, (x) = 22T,,_1(x) — T,,_o(z) for
n > 2.

(i) Show that T,,(z) = cos(nt) if x = cos(t).
Hint: Use that 2 cos(a) cos(b) = cos(a + b) + cos(a — b) for all a,b € C.
(ii) Compute

1
dz

3.145 T () (r) ——

(3.145) | Tt

for all non-negative integers n, m.

(iii) Prove that |T,,(z)| <1 for = € [—1, 1] and determine when there is equality.

EXERCISE 3.68. Let d be a positive integer and f € C([a,b]). Denote by P, the set
of polynomials with real coefficients of degree < d. Prove that there exists a polynomial

p. € Py such that |f — p,|loo = infyer, | — plle
Hint: Find a way to apply Theorem [2.12]

EXERCISE 3.69. Let f be smooth on [0, 1] (that is, arbitrarily often differentiable).
(i) Let p be a polynomial such that |f'(z) — p(z)| < € for all x € [0,1]. Construct a
polynomial ¢ such that |f(z) — q(x)| < e for all x € [0,1].
(ii) Prove that there exists a sequence of polynomials (p,), such that (p%k))n converges
uniformly on [0, 1] to f*) for all k =0,1,2,....

EXERCISE 3.70 (The space L?). Let (X,d) be a metric space. Recall that the
completion X of X is defined as follows: for two Cauchy sequences (a,)n, (by), in X
we say that (a,), ~ (bp)n if lim, o d(ay,b,) = 0. Then ~ is an equivalence relation on
the space of Cauchy sequences and we define X as the set of equivalence classes. We
identify X with a subset of X by identifying € X with the equivalence class of the
constant sequence (z,z,...). We make X a metric space by defining

(3.146) d(a,b) = lim d(ay,b,),
n—oo

where (ay)n, (bn)n are representatives of a,b € X, respectively. Then X is a complete
metric space. Let us denote by LZ(a,b) the metric space of continuous functions on

[a, b] equipped with the metric d(f,g) = ||f — gl2, where || f]|2 = (fab |f>)Y/2. Define

(3.147) L*(a,b) = L%(a,b).
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(i) Define an inner product on L?(a,b) by

(3.148) (f,9) = lim [ fo(2)gn(z)dz,

n—oo

for f,g € L*(a,b) with (f,)n, (gn)n being representatives of f, g, respectively. Show
that this is well-defined: that is, show that the limit on the right hand side exists and
is independent of the representatives (f,,)n, (gn)n and that (-,-) is an inner product.
Hint: Use the Cauchy-Schwarz inequality on L?(a,b).

For f € L?(a,b) we define | f|o = (f, /)% Let (¢n)n=12.. be an orthonormal
system in L?(a,b) (that is, (¢, ¢pm) = 0 if n # m and = 1 if n = m).

(ii) Prove Bessel’s inequality: for every f € L?(a,b) it holds that
(3.149) S Lol < IIF113
n=1
Hint: Use the same proof as seen for L?(a,b) in the lecture!

(ili) Let (¢,)n C C be a sequence of complex numbers and let

N
(3.150) fn = cathn € L*(a,b).

n=1
Show that (fy)x converges in L?(a,b) if and only if
(3.151) D Jenl? < oo

n=1

EXERCISE 3.71. Let f be the 1-periodic function such that f(z) = |z| for z €
[—1/2,1/2]. Determine explicitly a sequence of trigonometric polynomials (py)y such
that py — f uniformly as N — oo.

EXERCISE 3 72. Let f g be continuous, 1-periodic functions.
(i) Show that f x g( )= f(n)ﬁ(nA)
(ii) Show that f - g( ) =D ez f(n—m)g(m). R ~
(iii) If f is continuously differentiable, prove that f/(n) = 2winf(n).
(iv) Let y € R and set f,(x) = f(z +y). Show that ﬁ(n) = 62””yf(n).
(v) Let m € Z, m # 0 and set f,,(x) = f(mzx). Show that f,\n(n) equals ]?(%) if m
divides n and zero otherwise.

L1 — 22)"] for n =

EXERCISE 3.73 (Legendre polynomials). Define p,(z) = +

0,1,... and
1

(3.152) ou(e) = pula) - [ patear) ™

1
Show that (¢, )n=01,.. is a complete orthonormal system on [—1, 1].

EXERCISE 3.74. Let f be 1-periodic and k times continuously differentiable. Prove
that there exists a constant ¢ > 0 such that

(3.153) 1f(n)| < c|n|™ for alln € Z.
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Hint: What can you say about the Fourier coefficients of f*) ?

EXERCISE 3.75. Let f be 1-periodic and continuous.
(i) Suppose that f(n) = —f(—n) > 0 holds for all n > 0. Prove that

(3.154) i @

(ii) Show that there does not exist a 1-periodic continuous function f such that

7o\ _ sgn(n)
1 = for all |n| > 2.
(3.155) f(n) og [n or all |n| >

Here sgn(n) = 1if n > 0 and sgn(n) = -1 if n < 0.

EXERCISE 3.76. Suppose that f is a 1-periodic function such that there exists ¢ > 0
and a € (0,1] such that

(3.156) [f(x) = f(y)| < clw =yl

holds for all z, y € R. Show that the sequence of partial sums Sy f(z) = 320 Fn)e2mine
converges uniformly to f as N — oc.

EXERCISE 3.77. Let f € C([0,1]) and A C C(][0, 1]) dense. Suppose that

(3.157) / flx

for all @ € A. Show that f = 0.
Hint: Show that [ |f(z)|*dz = 0.

EXERCISE 3.78. Let f € C([—1,1]) and a € [—1,1]. Show that for every ¢ > 0 there
exists a polynomial p such that p(a ) f(a) and ]f(a:) —p(x)| < e for all z € [-1,1].

EXERCISE 3.79. Prove that
(3.158) = Z nsin(n

EXERCISE 3.80. Suppose f € C([1,00)) and lim, o f(x) = a. Show that f can
be uniformly approximated on [1,00) by functions of the form g(z) = p(1/z), where p
is a polynomial.

EXERCISE 3.81 (Stone-Weierstrass for finite sets). Let K be a finite set and A
a family of functions on K that is an algebra (i.e. closed under taking finite linear
combinations and products), separates points and vanishes nowhere. Give a purely
algebraic proof that A must then already contain every function on K. (That means
your proof is not allowed to use the concept of an inequality. In particular, you are not
allowed to use any facts about metric spaces such as the Stone-Weierstrass theorem.)
Hint: Take a close look at the proof of Stone-Weierstrass.

EXERCISE 3.82 (Uniform approximation by neural networks). Let o(t) = e’ for
t € R. Fixn € N and let K C R"” be a compact set. As usual, let C'(K) denote the
space of real-valued continuous functions on K. Define a class of functions N' C C(K)
by saying that p € NV iff there exist m € N, W € R™*" v, b € R™ such that
(3.159) p(z) = Za((Wx)l + b;)v; for all z € K.

=1
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Prove that AV is dense in C'(K).

Remark. This is a special case of a well-known result of G. Cybenko, Approzimation by
Superpositions of a Sigmoidal Function in Math. Control Signals Systems (1989). As a
real-world motivation for this problem, note that a function ;1 € A can be interpreted as
a neural network with a single hidden layer, see Figure[5 Consequently, in this problem
you are asked to show that every continuous function can be uniformly approximated
by neural networks of this form.

FIGURE 5. Visualization of 4 when n = 3 and m = 6.

EXERCISE 3.83. Let f be a continuous function on [0, 1] and N a positive integer.
Define z = % for k=0,...,N. Define

N N
(3.160) Ly() = flo) I] ;__Z]
j=0 j=07k "

(i) Show that f(xy) = Ly(z) forall k =0,..., N and that Ly is the unique polynomial
of degree < N with this property.

(ii) Suppose f € C¥*1([0,1]). Show that for every = € [0, 1] there exists & € [0, 1] such
that

N

FIE)

(3.161) f(x) = Ly(z) = R
" k=0

(x — ).

(iii) Show that Ly does not necessarily converge to f uniformly on [0,1]. (Find a
counterexample.)

(iv) Suppose f is given by a power series with infinite convergence radius. Does Ly
necessarily converge to f uniformly on [0, 1] 7

Remark. The polynomials Ly are also known as Lagrange interpolation polynomaials.






CHAPTER 4

Linear operators and derivatives

Lecture 21 (Monday, October 21)

Let K denote either one of the fields R or C. Let X be a vector space over K.

DEFINITION 4.1. A map || - | : X — [0,00) is called a norm if for all z,y € X and
e K,
(4.1) Azl = (AL Nlzll, flz +yll < el + [lyll, [zl =0 & 2= 0.

A K-vector space equipped with a norm is called a normed vector space. On every
normed vector space we have a natural metric space structure defined by

(4.2) d(z,y) = [lz —yll
A complete normed vector space is called Banach space.

EXAMPLES 4.2. e R” with the Euclidean norm is a Banach space.
e R™ with the norm |[z|| = sup,_, _, |z;| is also a Banach space.
e If K is a compact metric space, then C'(K) is a Banach space with the supre-

mum norm || fllec = supeg | f(2)]-
e The space of continuous functions on [0, 1] equipped with the L2-norm || f]|o =

(fol | f(z)|?dz)'/? is a normed vector space, but not a Banach space (why?).

EXAMPLE 4.3. The set of bounded sequences (a, ),en of complex numbers equipped
with the £°°-norm,

(4.3) lalloc = sup fa,|

is a Banach space. As a metric space, > conincides with C,(N).

EXERCISE 4.4.
Define (' = {(ay)nen C C : D27 |a,| < 0o}. We equip ¢! with the norm defined by

(4.4) lalls = lanl.
n=1

Prove that this defines a Banach space.

EXERCISE 4.5. Define /> = {(a,)neny € C : .07 |a,|* < co}. We equip £? with
the norm defined by

(4.5) lallz = (Y Jaa?)"".

Prove that this is really a norm and that ¢? is complete.

59
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Let X,Y be normed vector spaces. Recall that a map T': X — Y is called linear if
(4.6) T(x+y) =Tx+ Ty

for every x,y € X, A € K. We adopt the convention that whenever 7" is a linear map we
write Tz instead of T'(x) (unless brackets are necessary because of operator precedence).

DEFINITION 4.6. A linear map T : X — Y is called bounded if there exists C' > 0
such that ||[Tz|y < C||z|x for all z € X.

Linear maps between normed vector spaces are also referred to as linear operators.

LEMMA 4.7. Let T : X — Y be a linear map. The following are equivalent:

(i) T is bounded

(ii) T is continuous
(iii) T is continuous at 0
(iv) sup =1 [[T]ly < o0

PROOF. (i) = (ii): By assumption and linearity, for z,y € X,
(4.7) [Tz —Tylly = T (z = y)lly < Clle—yllx.

This implies continuity.

(ii) = (iii): There is nothing to prove.

(iii) = (iv): By continuity at 0 there exists § > 0 such that for x € X with ||z||x < 0
we have ||Tz|ly < 1. Let x € X with ||z||x = 1. Then |[0z|x = J, so

(4.8) 1T () [ly <1

By linearity of 7', |Tz|y < 6~". Thus, sup,,—; [Tzlly <" < oo,
(iv) = (i): Let x € X with o # 0. Let C' = supy .1 [|Tz||y < oo. Then

x
(49) el =
[l ]l 1x
Thus,
(4.10) HT(L)H <.
(Bl
By linearity of T this implies
(4.11) [ Tz|ly < Cflz|x.

O

DEFINITION 4.8. By L(X,Y) we denote the space of bounded linear maps 7' : X —
Y. For every T € L(X,Y) we define its operator norm by

T
(4.12) 1Ty = sup L2
a0 %] x

We also denote || T||op by [|7']| x—y-
One should think of ||7']|op as the best (i.e. smallest) constant C' > 0 for which
(4.13) I Txly < Cllz]lx
holds. We have by definition that
(4.14) 1Tzl < I Tlopll]lx
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Observe that by linearity of 7" and homogeneity of the norm,
(4.15) [T[lop = sup [|Tz|y = sup [|T[y.

x| x=1 | x <1
EXERCISE 4.9. Show that L(X,Y’) endowed with the operator norm forms a normed
vector space (i.e. show that || - ||op is @ norm).

EXAMPLE 4.10. Let A € R™™ be a real n x m matrix. We view A as a linear
map R™ — R™ for z € R™, A(z) = A-x € R". Let us equip R” and R™ with the
corresponding || - || norms. Consider the operator norm [|Af|oe 00 = SUP|jy .1 [[A7 o0
with respect to these normed spaces:

m

wx |30 Auay] < (max S 1Ay el

(4.16) |Az][c = m
i=1,...,n = =

This implies [|Al|cso < max;—i ., Z;”Zl |A;;]. On the other hand, for given i =

1,...,n we choose x € R™ with T; = |Az]|/A” if Aij 7& 0 and T; = 0 if Aij = 0. Then

|70 <1 and

(4.17) [Allsoso0 = 1Az]loo = > Ayl
j=1

Since ¢ was arbitrary, we get ||A|lcomoo > Max;—1__p Z;”:l |A;;|. Altogether we proved

(4.18) [Alloo—so0 = iirf??fnzl [Aijl-
]:

EXERCISE 4.11. Let A € R™™. For z € R" we define ||z|; = > ., |2l
(i) Determine the value of [|A[[11 = supy,), -1 [[Az[|s (that is, find a formula for [|Al}1,
involving only finitely many computations in terms of the entries of A).
(ii) Do the same for [|Al[100 = sup,, 1 [|A2]|oo and [[Alco—1 = supy, =1 [[Az|1.

EXERCISE 4.12. Let A € R™". Define ||z|s = X, |2:/*)? (Euclidean norm)
and [|All252 = supj,—; [[Az[]2. Observe that AA™ is a symmetric n X n matrix and

hence has only non-negative eigenvalues. Denote the largest eigenvalue of AAT by p.
Prove that || Al|o—2 = y/p. Hint: First consider the case that A is symmetric. Use that
symmetric matrices are orthogonally diagonalizable.
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Lecture 22 (Wednesday, October 23)

1. Equivalence of norms

DEFINITION 4.13. Two norms ||+||, and ||- ||, on a vector space X are called equivalent
if there exist constants ¢, C' > 0 such that

(4.19) cllzlla < flzfly < Cllzfla
for all z € X.

EXERCISE 4.14. Prove that equivalent norms generate the same topologies: if || - ||,
and || - ||, are equivalent then a set U C X is open with respect to || - ||, if and only if
it is open with respect to || - ||p-

EXERCISE 4.15. Show that equivalence of norms forms an equivalence relation on
the space of norms. That is, if we write ny ~ ny to denote that two norms n,,n, are
equivalent, then prove that ny ~ ny (reflexivity), ny ~ ny = ng ~ n; (symmetry) and
ny ~ Ng, Ny ~ N3 = Ny ~ ng (transitivity).

THEOREM 4.16. Let X be a finite-dimensional K-vector space. Then all norms on
X are equivalent.

PRrROOF. Let {by,...,b,} be a basis. Then for every x € X we can write x =
>, a;b; with uniquely determined coefficients x; € K. Then ||z||. = max; |z;| defines
anorm on X. Let ||-|| be any norm on X. Since equivalence of norms is an equivalence
relation, it suffices to show that || - ||, and || - || are equivalent. We have

n n
(1.20) ol < D2 lllbl < Cma o) S ol = el
i=1 i=1
where C'= 3" | ||bi|| € (0,00). Now define
(4.21) S={reX : ||z|.=1}
We claim that this is a compact set with respect to || - ||«. Indeed, define the canonical
isomorphism ¢ : K" — X, (z1,...,2,) — >, x;b;. This is a continuous map (where

we equip K" with the Euclidean metric, say) and S = ¢(K), where K = {z € K" :
max; |z;| = 1} is compact by the Heine-Borel Theorem (see Corollary 2.19). Thus S is
compact by Theorem [2.11].

Next note that the function x +— ||z|| is continuous with respect to the || - ||« norm. This
is because by the triangle inequality and ,

(4.22) [zl = lylll < [l =yl < Cllz =yl

Thus by Theorem [2.12} = — ||x|| attains its infimum on the compact set S and therefore
there exists ¢ > 0 such that

(4.23) Iyl = ¢

for all y € S. For x € X, x # 0 we have ﬁ € S and thus by homogeneity of norms,
using (4.23) with y = T, gives

(4.24) ]| = el

Thus we proved that || - || and || - ||, are equivalent norms. O
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In contrast, two given norms on an infinite-dimensional vector space are generally
not equivalent. For example, the supremum norm and the L?*-norm on C([0, 1]) are not
equivalent (as a consequence of Exercise |3.64)).

COROLLARY 4.17. If X 1is finite-dimensional then every linear map T : X — 'Y 1is
bounded.

PROOF. Let {z1,...,2,} C X be a basis. Then for x = >"""  ¢;x; with ¢; € K,
n
(4.25) ITx]ly < leil|Tally < C max |,
P i=1,...,n
where C'=>"" | ||Tz;|ly. By equivalence of norms we may assume that max; |¢;| is the
norm on X. O
This is not true if X is infinite-dimensional.

ExAMPLE 4.18. Let X be the set of sequences of complex numbers (a,),en such
that sup,,cyn|a,| < co and let Y be the space of bounded complex sequences. Then
X C Y. Equip both spaces with the norm ||a|| = sup,ey|an|- The map T': X — Y,
(Ta),, = na, is not bounded: let e =1if k =n and ) = 0if k # n. Then e® € X
and Te® = ke and ||e®| = 1. So

(4.26) |Te® || = &
for every k € N and therefore sup |, [|Tz|| = oo.

EXERCISE 4.19. Let X be the set of continuously differentiable functions on [0, 1]
and let Y = C([0,1]). We consider X and Y as normed vector spaces with the norm
| f]l = supepp) |f(z)]. Define a linear map 7' : X — Y by T'f = f’. Show that T' is
not bounded.
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Optional topic (not relevant for exams)

2. Dual spaces™

THEOREM 4.20. Let X be a normed vector space and Y a Banach space. Then
L(X,Y) is a Banach space (with the operator norm).

PRrROOF. Let (7)), C L(X,Y) be a Cauchy sequence. Then for every z € X,
(Tx), C Y is Cauchy and by completeness of Y it therefore converges to some limit
which we call Txz. This defines a linear operator T : X — Y. We claim that T is

bounded. Since (7},), is a Cauchy sequence, it is a bounded sequence. Thus there
exists M > 0 such that ||T,,||o, < M for all n € N. We have for z € X,

(4.27) [Tzlly <|[T2 = Toxlly + | Thzlly < |ITw = Toxlly + M|lz|x.

Letting n — oo we get [|[Tz|y < M|z|x. So T is bounded with ||T|l,, < M. It
remains to show that 7,, — 7 in L(X,Y’). That is, for all £ > 0 we need to find N € N
such that

(4.28) |Tx — Tz|ly <el|z|x

for all n > N and = € X. Since (T},), is a Cauchy sequence, there exists N € N such
that

(4.29) [Thx — Tnz|ly < §llzllx

for all n,m > N and x € X. Fix x € X. Then there exists m, > N such that
(4.30) [T, — Tlly < 5llzlx.

Then if n > N and z € X,

(4.31) [Thz = Tzlly <||Thx =T, lly + | To,x — Tzlly < ellzlx.

O

DEFINITION 4.21. Let X be a normed vector space. Elements of L(X,K) are called
bounded linear functionals. L(X,K) is called the dual space of X and denoted X'.

COROLLARY 4.22. Dual spaces of normed vector spaces are Banach spaces.

PRrOOF. This follows from Theorem because K (which is R or C) is complete.
U

THEOREM 4.23. If X is finite-dimensional, then X' is isomorphic to X.

PRrROOF. Let {zy,...,2,} C X be a basis. Then we can define a corresponding dual
basis of X' as follows: let f; € X', ¢ € {1,...,n} be the linear map given by f;(z;) =1
and fi(z;) = 0 for j # i. Then we claim that {fi,..., f,,} is a basis of X’. Indeed, let
f € X'. For x € X we can write x = > | ¢;x; with uniquely determined ¢; € K. Then
by linearity,

(4.32) fla) =Y eif(x) =Y f)fi(z),

i=1 i=1
because f;(z) = ¢;. Thus, the linear span of {fi,..., f,} is X’. On the other hand,
suppose

(4.33) zn: bifi =0
i=1
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for some coefficients (b;);=1,.., C K. Then forevery j € {1,...,n}, b; => " bifi(z;) =
0. Thus, {f1,..., fn} is linearly independent. Thus, X’ and X are isomorphic since
they have the same dimension. We can define an isomorphism ¢ : X — X’ by z; — f;

fori=1,...,n. O

Optional topic (not relevant for exams)

3. Sequential (? spaces*

DEFINITION 4.24. Let 1 < p < oo. Then we define /7 as the set of all sequences
(23)n=1,2... C Csuch that Y~ |z,|” < co. The ’-norm is defined as

(434 fally = (3 kenl?) ™.

n=1
If p € [1,00] then the number p’ € [1, 00] such that % - z% = 1 is called the Hélder dual
exponent of p.

Our first goal is to show that ||-||, really is a norm. To do that we need the following
generalization of the Cauchy-Schwarz inequality.

THEOREM 4.25 (Hélder’s inequality). Let p € [1,00] and x € P,y € *'. Then

(4.35) ‘ i TnYn
n=1

< [lzllpllylle

LEMMA 4.26 (Young’s inequality). Fora,b > 0 and p € (1,00) we have the elemen-
tary inequality

/

PP
(4.36) ab< T4
p p
PROOF. Recall that log is a concave function. Thus, for u,v > 0 and t € [0, 1],
(4.37) tlog(u) 4+ (1 —t)log(v) < log(tu + (1 — t)v).
The left hand side equals log(ufv'~). Now let u = aP, v = b, t = %. Then the claim
follows from applying the exponential function on both sides of the inequality. O

PROOF OF HOLDER’S INEQUALITY. If p € {1, 00}, the inequality is trivial. So we
assume p € (1,00). By Young’s inequality,

0 1 1 & ,
(4.38) Syl < ];ZIxnI“r ];Zh/nlp.
n=1 n=1 n=1

Let A > 0. Replacing z,, by Az, and y, by A1y, we obtain

[e.9] o0

P h N , ,
(4.39) D el € 23 feal + S 3l = WAL A,
n=1

/
n=1 n=1 P

where A = %||x||§ and B = I%||y||§: Without loss of generality we may assume that
A # 0. We choose A such that this inequality is strongest. This turns out to be when

_1

A= (T;—f)ﬂp’. Plugging this into (4.39) implies the claim. OJ
THEOREM 4.27 (Minkowski’s inequality). Let p € [1,00]. For z,y € (7,
(4.40) [z +yllp < [l + llyllp-
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PRrROOF. If p € {1,000} the inequality is trivial. Thus we assume p € (1,00). If
|z + y||, = 0, the inequality is also trivial, so we can assume ||z + y||, > 0. Now we
write

(4.41) | + y||§ < Z |0 + yalP T + Z [yl |0 + Y
n=1 n=1
Using Holder’s inequality on both sums we obtain that this is

1

-1 —
(4.42) < Nelllle + wlgh sy + lullolle + yll

We have p/(p — 1) = p%l(p — 1) = p, so we have proved that

(4.43) Iz + iy = (s + lyllo) =+l
Dividing by || +y|[5~" gives the claim. O
We conclude that || - ||, is a norm and 7 a normed vector space.

THEOREM 4.28. Let p € (1,00). The dual space (P) is isometrically isomorphic to
o

PRrROOF. By e, we denote the sequence which is 1 at position k£ and 0 everywhere
else.

Then we define a map ¢ : (¢?) — ¢ by ¢(v) = (v(ex))r. Clearly, this is a linear
map. First we need to show that ¢(v) € ¥ Let v € (?)'. For each n we define
z(™ € (P by

(4.44) 2 = - ik <, v(er) #0,
0 otherwise.

We have on the one hand

(4.45) (™) =" fo(ex)]”.

And on the other hand

n

(4.46) 0@ )] < ezl = ollop( D o(er) )
k=1

Here we have used that p(p’ — 1) = p(-£= — 1) = & = p/. Combining these two we get

p—1 p—1

1/p

1
7

(447 (S toe@l)” < ol

Letting n — oo this implies that
> p/ 1/p,

(4.48) lo@lly = (DIl )™ < oo
n=1

so ¢(v) € 7. The calculation also shows that ¢ is bounded. It is easy to check that
¢ is injective. We show that it is surjective: let 2 € €. Then define v € (¢7) by
v(y) = > 07 Tpyn. By Holder’s inequality, v is well-defined. We have v(ey) = x, so
¢(v) = x. Thus ¢ is an isomorphism. It remains to show that ¢ is an isometry. We
have already seen that

(4.49) Il < [lvllop
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We leave it to the reader to verify the other inequality. O
Remark. Tt can be shown similarly that (¢!) = ¢>°. However, the dual of > is not ¢!.
COROLLARY 4.29. (P is a Banach space for all p € (1,00).
Remark. ¢* and (> are also Banach spaces as we saw in Example and Exercise
EXERCISE 4.30. Show that /# C ¢7if 1 <p < q < 0.
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Lecture 23 (Friday, October 25)

4. Derivatives

Recall that a function f on an interval (a,b) is called differentiable at = € (a,b) if
w exists. In other words, if there exists a number 7" € R such that

h) — f(z) —Th
(4.50) lim |f(z+h) ‘h‘f(af) | _

limy,

0.

In that case we denote that real number 7" by f’(x). A real number can be understood
as a linear map R — R:

(4.51) R— L(R,R), T — (x — T - x)

That is, the linear map associated with a real number 7" is given by multiplication with
T. Interpreting the derivative at a given point as a linear map, we can formulate the
definition in the general setting of normed vector spaces.

DEFINITION 4.31. Let X,Y be normed vector spaces and U C X open. A map
F:U —Y is called Fréchet differentiable (we also say differentiable) at z € U if there
exists T' € L(X,Y) such that
. ||IF(x+h) — F(x) — Thlly

(4.52) lim

= 0.
h—0 (s

In that case we call T the (Fréchet) derivative of F at z and write T = DF(x) or
T = DF|,. F is called (Fréchet) differentiable if it is differentiable at every point
x € U. When X = R" we also use the following terminology: F'is totally differentiable
and DF(x) is the total derivative of I at .

Before we move on we need to verify that DF(x) is well-defined. That is, that T is
uniquely determined by F' and x. Suppose T, T € L(X,Y') both satisfy (4.52). Then

(4.53) | Th—=Th|y < ||F(z +h) = F(z) = Thlly + | F(x + h) — F(z) — Thlly
Thus, by ,

Th—Th
(4.54) ITh=Thly o asn 0
[1h]x
In other words, for all € > 0 there exists o > 0 such that
(4.55) ITh = Thlly < <||hllx

if ||h||x < 0. By homogeneity of norms we argue that the inequality (4.55) must hold

for all h € X: let h € X, h # 0 be arbitrary. Then let hy = d W By homogeneity of

norms we have [|hg||x = 0. Thus,
(456) ||Th0 - fho”y S 6”h0||X = &d.

Multiplying both sides by 6 ~!||||x and using homogeneity of norms and linearity of T,
we obtain

(4.57) ITh — Thlly <e|h|x

for all h € X (it is trivial for & = 0). Since £ > 0 was arbitrary (and is independent of
h), this implies ||Th — Thl|ly =0, so Th = Th for all h. Thus T'=T.
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Reminder: Big-O and little-o notation. Let f,g be maps between normed
vector spaces X,Y, Z: f:U —Y,g:U — Z, U C X open neighborhood of 0.

e Big-O: We write

(4.58) f(h)=0(g(h)) ash—0
to mean
: 1f ()]
(4.59) lim sup < 00.
o |lg(h)l
This is equivalent to saying that there exists a C' > 0 and ¢ > 0 such that
(4.60) If (R < Cllg(h)]]

for all h with 0 < ||h]| < 9.
o Little-o: Write

(4.61) f(h) =o0(g(h)) ash—0
to mean
VOl
(4.62) 5 gl ~
Comments.

e O and o are not functions and (4.58)), (4.61) are not equations!

e This is an abuse of the inequality sign: it would be more accurate to define
O(g) as the class of functions that satisfy ([£.60)), say to write f € O(g).

e Omne can think of (say) O(g) as a placeholder for a function which may change
at every occurrence of the symbol O(g) but always satisfies the respective
condition that it is dominated by a constant times ||g(h)|| if ||k|| is small.

e For brevity, we may sometimes not write out the phrase "as h — 0”.

e There is nothing special about letting h tend to 0 in this definition. We can also
define o(g), O(g) with respect to another limit, for instance, say, as ||| — oo.

e If f(h) =o0(g(h)), then f(h) = O(g(h)), but generally not vice versa.

o If f(h) = O(||h||*), then f(h) = o(||h]|*~%) for every & > 0.

e f(h) =o(1) is equivalent to saying that f(h) — 0 as h — 0.
We can use little-o notation to restate the definition of derivatives in an equivalent
way: F'is Fréchet differentiable at z if and only if there exists T € L(X,Y") such that

(4.63) F(x+h)=F(zx)+Th+o(||h|]) (ash —0).

The derivative map 7' = DF|, provides a linear approximation to F'(x + h) when
||| is small. Thus, in the same way as in the one-dimensional setting, the derivative
is a way to describe how the values of F' change around a fixed point z.
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Lecture 24 (Monday, October 28)

EXAMPLE 4.32. Let F' : R? — R be given by F(z1,25) = 1 cos(z3). We claim
that F is totally differentiable at every x = (z1,79) € R?. Indeed, let * € R? and
h = (hl,hg) S RQ\{O} Then

(4.64) F(x 4 h) = (x1 + hy) cos(xa + he) = x1 cos(za + ha) + hy cos(za + ho)
From Taylor’s theorem we have that

(4.65) cos(t + g) = cos(t) — sin(t)e + O(e?) ase — 0

Thus,

(4.66)

F(x 4 h) = x1 cos(xy) — o1 sin(xa)hy + O(||h]|?) + hi cos(xa) — hy sin(za)he + O(||R]|?)
(4.67) F(z +h) — F(z) = hy cos(w3) — a1 sin(z2)hy + O(||2||?)

This implies

(4.68) F(x+h) = F(z)+Th+o(||h|]),

where we have set T'h = hy cos(xs) — x; sin(xy)hy (this is a linear map R? — R). So we
have proven that F' is differentiable at x and

(4.69) DF|,h = hy cos(xg) — x1 sin(xz)hs.

EXAMPLE 4.33. Let F' : C([0,1]) — C([0,1]) be given by F(f = [ f(
Then F is Fréchet differentiable at every f € C([0,1]). Indeed, we Compute
(4.70)

F(f+h)(x)=F(f)(x) = /(f )+h(t))2dt— /f dt—Q/f dt+/ h(t)2dt

Set T'(h =2 fo t)dt. This is a bounded linear map:
(@.71) Tl <2 [ oM < i
where C' = 2 fol |f(t)|dt. We have
(4.72) F(f+h)(x)— F(f)(z) = T(h)(x) = / h(t)?dt.
0

Thus
(4.73) IF(F+B) = F() = Thl < sup | [ (o2

z€0,1] 1 Jo

1
(174) < [ IhoPar < sup [h)P =
0 z€[0,1]

This implies

(4.75) I1E(f +h) = F(f) = Thlloo < [[Allec =0

HhHoo
as h — 0. Thus F is Fréchet differentiable at f and DF|;(h) =2 [; f(
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We go on to discuss some of the familiar properties of derivatives. It follows directly
from the definition that DF|, is linear in F'. That is, if F : U — Y,G : U — Y are
differentiable at x € U and A € R, then the function F + AG : U — Y defined by
(F+ \G)(x) = F(x) + AG(x) is differentiable at x and D(F + \G)|, = DF|, + ADG|,.

THEOREM 4.34 (Chain rule). Let X, X5, X3 be normed vector spaces and Uy C
X1,Us C Xy open. Let x € Uy and g : Uy — Xo, f: Uy — X3 such that g is Fréchet
differentiable at x, g(Uy) C Uy and f is Fréchet differentiable at g(x). Then the function
fog:U — X3 defined by (f o g)(x) = f(g(x)) is Fréchet differentiable at x and

(4.76) D(f o g)loh = Dfly@)Dglzh
for all h € X;.
PROOF. Let z,z + h € U;. We write
(4.77) flg(@+n)) = f(g(z)) = D flg@ Dglzh

4.78) = f(g(x) + k) = f(9(2)) = Dflg)k + Dflg)(9(x + h) = g(x) = Dgl.h),

where k = g(x 4+ h) — g(x). Using the triangle inequality and that D f|y) is a bounded
linear map we obtain

(4.79) 1/ (g(z + h)) = f9(x)) = Dflgw) Dglzhllx

(4.80) < [[f(g(z)+k)—f(9(x)) =D flowkllxs+ 1D flg@llopllg(z+h) = g(x) = Dgl.h| x,
We have

(4.81) 1Ellx, = llg(z + h) = g(@)lx, < [[Dglallopllnllx, + oll[h]x,)-
Dividing by ||h||x, on both sides, (4.80) implies
(4.82)

1 k flglx)+ k) — flg(x)) — Df|yk
Ao+ )~ 9() - Dy Dalebllx, < Nle IOV E R = o) = Dokl
H ||X1 || ||X1 || ||X2
(as h — 0). By (4.81),

k
(4.83) Ikl [1Dglallop + 1
[172]] x,

if ||h]|x, is small enough. In particular, & — 0 as h — 0. Since f is differentiable at
g(x) we have that

1/ (g(x) + k) — fg(x)) = Dflgkllx,
15l x5
converges to 0 as h — 0 (since then k — 0). O

(4.84)

THEOREM 4.35 (Product rule). Let X be a normed vector space, U C X open and
assume that F, G : U — R are differentiable at x € U. Then the function F-G : U — R,
(F-G)(x) = F(z)G(x) is also differentiable at x and

(4.85) D(F-G)|, = F(z)-DG|, +G(z)-DF|, .

EXERCISE 4.36. Prove this.
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Lecture 25 (Friday, November 1)

DEFINITION 4.37. Let X,Y be normed vector spaces, U C X open, F' : U — Y.
Let v € X with v # 0. If the limit

(4.86) }L%F(x+h1;)—F(x)

cY  (heK\{0})

exists, then it is called the directional derivative (or Gateaur derivative) of F at x in
direction v and denoted D, F|,.

THEOREM 4.38. Let X,Y be normed vector spaces, U C X open and F : U —Y
Fréchet differentiable at x € U. Then for every v € X, v # 0, the directional derivative
D,F|, exists and

(4.87) D,F|, = DF|,v.

PROOF. By definition
(4.88) F(z + hv) — F(x) — DF|,(hv) = o(h) as h — 0.
Therefore,

F(z + hv) — F(x)
h
In other words, the limit as h — 0 exists and equals DF|,v. O

(4.89) = DF|,v+0o(1) ash —0.

ExXAMPLE 4.39. Consider F : R? — R, F(z) = 2% + 23 (where z = (z1,15) € R?).
Let e; = (1,0), es = (0,1). Then the directional derivatives D, F|, and D,,F|, exist
at every point x € R? and

(490) D61F|x = 21‘1, D32F|g¢ = 2[E2.

Also, DF|, exists at every = and we can compute it using D., F'|, and D, F|,: let
v € R? and write v = vie; + voes Where vy, v, € R. Then

(4.91) DF|,v = v DF|.e; + voDF | e5
By Theorem this equals
(492) U1D61F|$ + U2D32F|$ = 21’11)1 + 21721)2.

Remark. The converse of Theorem [4.38] is not true!

EXAMPLE 4.40. Let F': R? — R be defined by F'(z) = T # 0 and F'(0) = 0.

m%Jr:v%
Then all directional derivatives D, F|y for v # 0 exist: for v = (vq, v2),

3

v
4.93 F(hv) — F(0) = h———
(19 () = F(0) = hg'h.
so D,Fl|o = % But F' is not totally differentiable at 0, otherwise we would have by
linearity of the total derivative,
(494) DUF|0 = DF‘O’U = fUlDelFIO =+ "UQDeQF‘O = V1,

which is false.
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5. Further exercises

1/p
EXERCISE 4.41. Let x € R". Define |z|, = <Z?:1 |xi|p> for 0 < p < oo and

(1) Show that lim, , ||z, = [|Z]cc-
(ii) Show that lim, .o ||z, exists and determine its value (we also allow co as a limit).

EXERCISE 4.42. Let C(R) be the set of continuous functions on R. Let w(t) = 135
for t > 0. Define

(4.95) A(f.9) =2 2 w( sup 1 (x) —g(2).

(i) Show that d is a well-defined metric.
(ii) Show that C'(R) is complete with this metric.
(iii) Show that there exists no norm || - || on C(R) such that d(f,g) = || f — 9|l

EXERCISE 4.43. Consider the space ¢! of absolutely summable sequences of complex
numbers. Let p,q € [1,00] with p # ¢. Then || - ||, and || - ||, are norms on ¢' (recall
that all, = (552, [aa?)/? for p € [1,00) and [lalloc = sup,cy|aa]). Show that |-,
and || - ||, are not equivalent.

EXERCISE 4.44. Let X be the space of continuous functions on [0, 1] equipped with
the norm || f|| = fol |f(t)|dt. Define a linear map 7" : X — X by

(4.96) Tfx) = / )t
0
Show that T" is well-defined and bounded and determine the value of ||7']|op-

EXERCISE 4.45. Let X, Y be normed vector spaces and F': X — Y a map.
(i) Show that F' is continuous if it is Fréchet differentiable.
(ii) Prove that F'is Fréchet differentiable if it is linear and bounded.

EXERCISE 4.46. Let X = C([0,1]) be the Banach space of continuous functions on
[0, 1] (with the supremum norm) and define a map F : X — X by
(4.97) F(f)(s) :/ cos(f(t)?)dt, s € [0,1].
0

(1) Show that F is Fréchet differentiable and compute the Fréchet derivative DF |, for
each f € X.
(ii) Show that F.X = {F(f) : f € X} C X is relatively compact.

EXERCISE 4.47. Let R™™ denote the space of real n x n matrices equipped with
the matrix norm || Al = sup,_; [|Az||. Define

(4.98) F:R™™ — R™" A A%
Show that F is totally differentiable and compute DF | 4.






CHAPTER 5

Differential calculus in R"

Lecture 26 (Monday, November 4)

In this section we study the differential calculus of maps f : U — R™, U C R" open.
In this setting we refer to the Fréchet derivative as total derivative. Whenever we
speak of functions in this section, we mean real-valued functions.

DEFINITION 5.1. By e, we denote the kth unit vector in R™. Then the directional

derivative in the direction ey is called kth partial derivative and denoted by O f(z) or
Op, f(x) (if it exists).

If f is totally differentiable at a point = = (x1,...,x,) € U, then we can compute
its total derivative in terms of the partial derivatives by using (4.87)):

By definition, Df|, is a linear map R™ — R™. It is therefore given by multiplication
with a real m x n matrix. We will denote this matrix also by Df|, and call it the
Jacobian matriz of f at x. From (4.87) we conclude that the jth column vector of this
matrix is given by 0;f(z) € R™. Therefore the Jacobian matrix is given by

Ofilz) -+ Onfi(z)
(5.2) Dfle = (0 fi(2))i; = : : € R™™,
where f(x) = (fi(x),..., fm(x)) € R™. If m =1, then the gradient of f at x is defined
a

O1f(z)
(5.3) Vf(z)=Df|l = : e R™
Onf ()
(Note that n x 1 matrices are identified with vectors in R™: R"*! = R".)

EXAMPLE 5.2. Let F': R® — R? be defined by F(z) = (7122 sin(x3), 23 —e®'). Then
F is totally differentiable and the Jacobian is given by

[ xgsin(xs) xpsin(zrs) 129 cos(zs)
(5.4) DF|, = ( ) i, . .

Recall that a set A C R" is called convez if tz + (1 — t)y € A for every z,y € A,
t € 10,1].

Here MT € R"*™ denotes the transpose of the matrix M € R™*",

75
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THEOREM 5.3 (Mean value theorem). Let U C R™ be open and convex. Suppose
that f : U — R s totally differentiable on U. Then, for every x,y € U, there exists
& € U such that

(5.5) f(@) = fy) = Dfle(z —y)
and there ezists t € [0, 1] such that £ =tx + (1 —t)y.

The idea of the proof is to apply the one-dimensional mean value theorem to the
function restricted to the line passing through z and y.

PROOF. If x = y there is nothing to show. Let z # y. Define g : [0,1] — R by
(t) = f(tx + (1 — t)y). The function ¢ is continuous on [0, 1] and differentiable on
0,1). By the one-dimensional mean value theorem there exists to € [0, 1] such that
(1) — g(0) = ¢'(to). By the chain rule,

5.6) 9 (to) = D fliw+ 1o (x = y)-

o D«

—~

OJ

COROLLARY 5.4. Under the assumptions of the previous theorem: if Df|, = 0 for
all x € U, then f is constant.

EXERCISE 5.5. Show that the conclusion of the corollary also holds under the weaker
assumption that U is open and connected (rather than convex). Hint: Consider over-
lapping open balls along a continuous path connecting two given points in U.

DEFINITION 5.6. A map f : U — R™, U C R" open, is called continuously dif-
ferentiable (on U) if it is totally differentiable on U and the map U — L(R",R™),
x +— Df|, is continuous. We denote the collection of continuously differentiable maps
by CY(U,R™). If m = 1 we also write C'(U,R) = C'(U).

Remark. For f: U — R, continuity of the map U — R", x +— V f(z) is equivalent to
continuity of the map U — L(R™,R), x — Df|,.

THEOREM 5.7. Let U C R"™ be open. Let f : U — R. Then f € CY(U) if and
only if 0;f(x) exists for every j € {1,...,n} and x — 0;f(x) is continuous on U for
je{l,...,n}.

Remark. Without additional assumptions (such as continuity of z +— 0, f(x)), existence
of partial derivatives does not imply total differentiability.

EXERCISE 5.8. Let F': R* — R be defined by F(z) = 512 if 2 # 0 and F(0) = 0.
1 2
(i) Show that the partial derivatives ) F(x), . F(x) exist for every z € R?.
(ii) Show that F' is not continuous at (0,0).

(iii) Determine at which points F' is totally differentiable.

PROOF. Let f € CY(U). Then 9;f(z) exists by Theorem and =z — 0;f(z)
is continuous because it can be written as the composition of the continuous maps
r— Vf(z)and m; : R" = R,z — z;: 0;f(x) = (m; 0 Vf)(x).

Conversely, assume that 0; f(x) exists for every x € U, j € {1,...,n} and x — 0, f(z) is
continuous. Let z € U. Write h = 77 | hje; and define v), = 2521 hjej for 1 <k <mn
and vy = 0. Then, if ||h]| is small enough so that = + h € U, then

(5.7)

flath)=f(x) = fzton) = f(@4vn )+ f(@+vn) = f(24vno)+ -+ f (2+v1) = f(@4v0)
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(5.8) = Z flx +vj) — f(z+v;_1)).

By the one-dimensional mean value theorem there exists t; € [0, 1] such that

(5.9) flztv)—f(rt+via) = frtviathie;) = fetvia) = 0, f(w+vj1+thie;)h;.
By continuity of 0; f, for every € > 0 exists > 0 such that

(5.10) 10;f(y) —0;f(z)] <e/n forallj=1,...,n,

whenever y € U is such that || —y|| < §. We may choose ¢ small enough so that
x+h € U whenever ||h|| < 6. Then, if ||| < § (then also ||v;]| <6, ||vj_1+t;hje;]] < 9)
we get

(5.11) |f(x+h) - Z hidsf (@) < 3 |fla+v) = F @+ vj1) = hidi (@)
j=1
(5.12) = 1105 f (x4 vj1 + tihje;) = 0, f () < ) |hj|% < el|n]].
i=1 =1
Therefore, f(x + h) — f(x) — Df|.h = o(h), where
(5.13) Dfl|:h = z": h;0;f ()
j=1

so f is differentiable at x. Also, z — V f(z) is continuous, because the 0, f are contin-
uous. 0

To conclude this introductory section, we discuss some variants of the mean value
theorem that will be useful later.

THEOREM 5.9 (Mean value theorem, integral version). Let U C R™ be open and
convex and f € CY(U). Then for every z,y € U,

(5.14) F@) = 10) = [ Dflessocnnla =it

PRrROOF. Let g(t) = f(tx + (1 — t)y). By the fundamental theorem of calculus and
the chain rule,

(515 f@)— f(y) = g(1) — g(0) = / §(s)ds = / Df st oy — y)dt
]

THEOREM 5.10 (Mean value theorem, vector-valued case). Let U C R™ be open and
conver and F € CY(U,R™). Then for every x,y € U there exists 6 € [0,1] such that

(5.16) 1E(z) = FW)ll < [[DFlellopllz = yll,
where § = 0z 4+ (1 —0)y.
PRrROOF. Write F' = (F1,..., F,). Then by Theorem

(5.17) Fie) = ) = [ DEluaonyle =it
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This implies

1
(5.18) F(a) = F) = | DFlucionyle = it
0
By the triangle inequality, we have
1
(5.19) I1F@) = PO < [ IDFlusamaylndlle =1

The map [0,1] = R, ¢ = || DF |1zt (1—t)y|lop is continuous (because F is C') and therefore
assumes its supremum at some point 6 € [0,1]. Define £ = 6z + (1 — 0)y. Then

(5.20) 1F(z) = F(y)ll < [IDFlellopllz — yl|.
O

Remark. If m > 2 and F : U — R™ is C! and x,y € U, then it is not necessarily true
that there exists & € U such that

(5.21) F(x) = F(y) = DFl¢(x — y).

EXERCISE 5.11. Find a C! map F : R — R? and points x,y € R such that there
does not exist £ € R such that F(x) — F(y) = DF|¢(z — y).
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Lecture 27 (Wednesday, November 6)

1. The contraction principle

The contraction principle is a powerful tool in analysis. It is most naturally described
in the setting of metric spaces.

DEFINITION 5.12. Let (X,d) be a metric space. A map ¢ : X — X is called a
contraction (of X)) if there exists a constant ¢ € (0, 1) such that

holds for all x,y € X.
Remark. Contractions are continuous.

ExaAMPLE 5.13. Let U C R”™ be open and convex and F' : U — U a differentiable
map. If there exists ¢ € (0,1) such that |DF|;|lop < ¢ for all z € U, then F is
a contraction of U. Indeed, by the mean value theorem (Theorem , for every
x,y € U there exists £ € U such that

(5.23) 1E(x) = E@)]| < [[DFellopllz = yll < cllz =yl

THEOREM 5.14 (Banach fixed point theorem). Let X be a complete metric space
and ¢ : X — X a contraction. Then there ezists a unique x, € X such that p(z.) = ..

Remark. A point x € X such that ¢(x) = x is called a fized point of .
PRrOOF. Uniqueness: Suppose xg, 1 € X are fixed points of . Then
(5.24) 0 < d(zo, 21) = d(p(20), (1)) < - d(xg, 1),

which implies d(x¢,x;) = 0, since ¢ € (0,1). Thus zy = z;.
Existence: Pick zy € X arbitrarily and define a sequence (z,,),>¢ recursively by

(525) Tn+1 = Qp(xn)
We claim that (z,), is a Cauchy sequence. Indeed, by induction we see that
(526> d(xn—l-la In) S Cd(flfn, xn—l) S C2d<In—17 xn—2) S e S Cnd<x17 .%'0).

Thus, for n < m we can use the triangle inequality to obtain

(527> d<Im7 In) S d(xma xm—l) + d<xm—17 Im—2) +-+ d(xn+17 xn)
m—1 m—1 (%S) d(l’ z )
(5.28) = Z d(zig1, ;) < Z cd(xy,x0) < d(xy,z0) ZCZ = c”%

Thus, d(z,,, z,) converges to 0 as m > n — oo. This shows that (z,), is a Cauchy
sequence. By completeness of X, it must converge to a limit which we call x, € X. By
continuity of ¢,
(5.29) o(xy) = p(lim z,) = lim ¢(x,) = lim x,11 = x..

n—0o0

n—oo n—oo
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Remarks. 1. The theorem is false if we drop the assumption that X is complete: the
map f:(0,1) = (0,1) defined by f(x) = x/2 is a contraction, but has no fixed point.
2. The proof not only demonstrates the existence of the fixed point z,, but also gives
an algorithm to compute it via successive applications of the map ¢. We can say
something about how quickly the algorithm converges: the sequence (z,), defined in
the proof satisfies the inequality

n

(5.30) d(Ty, x4) < 1C

d(.r(), Il),

so speed of convergence depends only on the parameter ¢ € (0,1) and the quality of
the initial guess zy € X.

3. The contraction principle can be used to solve equations. For example, say we want
to solve F(xz) = 0 (F is some function). Then we can set G(x) = F(z) + . Then
F(z) =0 if and only if z is a fixed point of G.

EXAMPLE 5.15. Let A € R™™ be an invertible n x n matrix and b € R". Say we
want to solve the linear system

(5.31) Az =b

for x. Of course, + = A~'b. However, A~! is expensive to compute if n is large, so
other methods are desirable for solving linear equations. Let

(5.32) F(z)= XAz —b) +x

for some constant A # 0 that we may choose freely. Then Ax = b if and only if z is a
fixed point of F'. Moreover,

(5.33) [[F(2) = F(y)ll = [MA(z —y) +2 =yl = [[AA+ D) (z = y)|| < [AA+T[[opllz—y]-

Suppose that A happens to be such that [[AA + I||o, < 1. Then F : R” — R" is a
contraction, so we can compute the solution to the equation by the iteration x,.; =
F(x,).

2. Inverse function theorem and implicit function theorem

In this section we will see how the contraction principle can be applied to find (local)
inverses of maps between open sets in R, in other words to solve equations of the form

flz)=y.

DEFINITION 5.16. Let & C R™ be open. We say that a map f : £ — R" is locally
invertible at a € E if there exist open sets U,V C R" such that U C F,a € U, f(a) € V
and a function g : V' — U such that g(f(z)) = 2 for all x € U and f(g(y)) = y for all
y € V. In that case we call g a local inverse of f (at a) and denote it by f|; (this is
consistent with usual notation of inverse functions, because the restriction f|y of f to
U is an invertible map U — V).

THEOREM 5.17 (Inverse function theorem). Let E C R™ be open, f € C'(E,R")
and a € E. Assume that Df|, is invertible. Then f is locally invertible at a in some

open neighborhood U C E of a and f|;' € CY(f(U),U) with
(5.34) D(fl5) @ = (Dfla) ™"
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Lecture 28 (Friday, November 8)

Proor. We want to apply the contraction principle. For fixed y € R", consider the
map

(5.35) py(z) =2+ Df|;'(y = f(2)) (¢ €E)
Then f(z) =y if and only if x is a fixed point of ¢,. Calculate
(5.36) Dgyls =1 —Df|;'Dfls = Df|; (D fla — Dfla)-

Let A = |[|[Df|;|lop- By continuity of Df at a, there exists an open ball U C FE such
that

1
(5.37) IDfla — Dflallop < X forx e U.
Then for z, 2’ € U
(5.38) loy(z) = @y (@) < | Dpylellopllz — 2|
_ 1
(5.39) <D loplIPSla = Dflellopllz = 2'll < Sllz — 2]

Note that this doesn’t show that ¢, is a contraction, because ¢,(U) may not be con-
tained in U. However, it does show that ¢, has at most one fixed point (by the same
argument used to show uniqueness in the Banach fixed point theorem). This already
implies that f is injective on U: for every y € R™ we have f(z) = y for at most one
rxeU. Let V= f(U). Then f|y : U — V is a bijection and has an inverse g : V' — U.
Claim. V is open.

PrROOF OF cLAIM. Let yo € V. We need to show that there exists an open ball
around 7o that is contained in V. Since V = f(U) there exists o € U such that
f(zo) = yo. Let r > 0 be small enough so that B,(xz¢) C U (possible because U is
open). Let € > 0 and y € B.(yo). We will demonstrate that if € > 0 is small enough,
then ¢, maps B, (zo) into itself. First note

(5.40) ey (o) = zoll = I DfI " (y — wo) | < Ae.
Hence, choosing ¢ < o5, we get for x € m that

(5.41) oy () = oll < lloy(x) = @y(o)ll + llpy (o) — 2ol
(5.42) <tz —woll+5<5+5=r

Thus ¢, (z) € B,(x). This proves ¢,(B,(x0)) C B,(x), s0 ¢, is a contraction of B, ().
By the Banach fixed point theorem, ¢, must have a unique fixed point = € B,(x(). So
by definition of ¢, we have f(x) =y, soy € f(U) = V. Therefore we have shown that
B.(yo) C V,s0 V is open. O

It remains to show that g € C'(V,U) and Dg|s,) = Df|,'. We use the following
lemma.

LEMMA 5.18. Let A, B € R™"™ such that A is invertible and
(5.43) 1B — Al -[|A7Y) < 1.

Then B is invertible. (Here || - || denotes the matriz norm, which is just the operator
norm: || Al = supy . [[Az].)
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In other words, if a matrix A is invertible and B is a “small” perturbation of A
(“small” in the sense that ([5.43)) holds), then B is also invertible.

ProoOF. It suffices to show that B is injective. Let © # 0. Then we need to show
Bx # 0. Indeed,

(5.44) x| = [|A7 Az ]| < AT - [ Az < [IATHI(I(A = B)x| + [|B=])
(5.45) < AT 1B = All - Izl + A7 | Bz,
which implies ||A7Y||||Bz| > (1 — [|[A7Y] - | B — A]|)||=]| > 0, so Bz # 0. O
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Lecture 29 (Monday, November 11)

Let y € V. We show that ¢ is totally differentiable at y. There exists x € U such
that f(x) =y and from the above,

(5.46) IDf1 D fle = Dflall < 3.

By the lemma, Df|, is invertible. Let k be such that y + k € V. Then there exists h
such that y + k = f(z + h). We have

(5.47) Ihll < [k = Df|; kIl + [Df| k] and

(5.48) h=Dfl;'k=h+ DfI;'(f(x) = f(z+ ) = y(x + h) = ¢, (),

so [|h — Df|; k|| < 4[|k Therefore, ||A]| < 2X||k|| — 0 as ||k|| — 0. Now we compute
(5.49) gy +k) —gly) = Dfl; k=2 +h—a—Df[;'k

(5.50) =h=Df; (f(z+h) = f(2)) = =DfI;"(f(x +h) = f(z) = Df|sh) and so

1 h) — — Df|.h] ||h
650 il + ) - o() = D] < g R = = I
(5.52) < ipgoy e th) = J@) = DIkl gk o

7]
Therefore g is differentiable at y with Dg|, = Df[,*.
It remains to show that Dg is continuous. To show this we need another lemma.

LEMMA 5.19. Let GL(n) denote the space of real invertible n x n matrices (equipped
with some norm). The map GL(n) — GL(n) defined by A~ A~ is continuous.

This lemma follows because the entries of A~! are rational functions with non-
vanishing denominator in terms of the entries of A (by Cramer’s rule).

Since Dg|, = Df|;! and compositions of continuous maps are continuous (Df is
continuous by assumption), we have that Dg must be continuous, so g € C*(V,U). 0O

EXERCISE 5.20. Let f € C*(FE,R") and assume that D f|, is invertible for all z € E.
Prove that f(U) is open for every open set U C E.

Remark. If f is locally invertible at every point, it is not necessarily (globally) invertible
(that is, bijective).

EXAMPLE 5.21. Let f : R* — R? be given by f(z) = (e®sin(z), €2 cos(z1)). Then
(5.53) Df|. = ( e* cos(r1) €™ sin(zy) )

—e™sin(xy) €2 cos(zq)
Thus det Df|, = e**2(cos(z;1)? + sin(x1)?) = €**2 # 0, so by Theorem [5.17, f is locally
invertible at every point z € R2?. f is not bijective: it is not injective because, for
instance, f(0,0) = f(2m,0).
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Lecture 30 (Wednesday, November 13)

We will now use the inverse function theorem to prove a significant generalization
concerning equations of the form f(z,y) = 0, where y is given and we want to solve for
r. Let E C R" x R™ open, f: E — R" differentiable at p = (a,b) € R" x R™. Then
Df|, is a n x (n+ m) matrix:

a1fl|p 8nfl|p an—',—1fl|p a'n—‘,—mf1|p

(5.54)  Dfl, = e R (ntm)

a1fn’p anfn’p an+1fn’p anerfn‘p

We denote the left n x n submatrix by D, f|, and the right n x m submatrix by D, f|,.
Note that D, f|wys) is the Jacobian matrix of the differentiable map z — f(z,0) at
r =a (bis fixed).

THEOREM 5.22 (Implicit function theorem). Let f € CY(E,R"), (a,b) € E C
R™ x R™ with f(a,b) = 0. Assume that Dy f|qp € R™*™ is invertible. Then there exist
open sets U C E and W C R™ with (a,b) € U, b € W such that for every y € W there
exists a unique x such that (z,y) € U and f(z,y) = 0. Write x = g(y). Then W can be
chosen such that g € C*(W,R"™), g(b) = a, (g(y),y) € U and f(g(y),y) =0 fory € W.

Moreover,
(5.55) Dgly = =Du 15, Dy flian)-

(Note that this equation makes sense, because Dgl, € R"*™, D:rf’(_a:b) e R™™ Dy flap €
]Rnxm_)

Remark. The equation ([5.55)) can be obtained from differentiating the equation
(5.56) fl9(y),y) =0

with respect to y using the chain rule (this is called implicit differentiation).

PROOF. Define F(z,y) = (f(z,y),y) for (z,y) € E. Then F € C*(E,R™ x R™).
We would like to apply the inverse function theorem to F'. For h € R" k € R™ with
(a+h,b+k)eE,

(5.57)
F(a4+h,b+k)—F(a,b) = (f(a+h,b+k)— f(a,b),k) = (Df|w@p(h, k) +o(||(h, k)|), k)

(5.58) = (Dflas(h, k), k) + o([l(h, K)]])

and thus DF |, (h, k) = (Df|ap (b, k), k). We claim that DF|,; € RMtmxmim) g
invertible. It suffices to show that DF|.y) is injective. Let DF|p) (h, k) = 0. Then
k = 0 and Df|wup(h,0) = 0. Thus, D,f|@ush = 0, so h = 0 because D, f|qp) is
injective.

By the inverse function theorem there exist open sets U, V' C R"*" with (a,b) € U,
(0,0) € V such that F|y : U — V is bijective. Let W = {y € R™ : (0,y) e V}. W
is open because V' is open. Then, if y € W, there exists a unique (z,y) € U such that
F(z,y) = (0,y), so f(z,y) = 0. Define g(y) = x. We need to show that g € C*(W,R"™).
We have F(g(y),y) = (0,y). Let G = F|;' : V. — U. Then G(0,y) = (9(y),y), so g is
C" because G is C*. Set ¢(y) = (g(y),y). Then Dg¢|, = (Dgl,,I). Also, f(é(y)) = 0.
By the chain rule,

(5.59) 0 = Dflow)Doly = DuflowyDgly + Dy flow),
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so Dgl, = —Dxf];(ly)Dyf\Qz,(y). Setting y = b we obtain

(5.60) Dgly = =Da fligy Dy fl(as)-
O

ExAMPLE 5.23. While we used the inverse function theorem in the proof of the
implicit function theorem, the inverse function theorem is also a consequence of the
implicit function theorem. Say F C R", f € C'(F,R") and a € FE such that Df], is
invertible.

Define F' : ExR" — R" by F(x,y) = f(x) —y and set b = f(a). Then F(a,b) = 0.
Also, D, F |4 = D f|q is invertible, so by the implicit function theorem there exist open
sets Q C E xR, W C R", f(a) € W and g € C'(W,R") with g(b) = a, (9(y),y) € Q
for y € W and

(5.61) F(g(y),y) =0 and Dg|sa = Df|,".

But F(g(y),y) = 0 is equivalent to f(g(y)) = y. Define U = g(W) = {g(y) : y € W}.
Then a € U since g(f(a)) = g(b) =a and b € W.

Also U C FE since if x € U, then z = ¢(y) for y € W, so (z,y) € Q C E x R™.
Similarly, we see that U is open because (2 is open. Let z € U. Then there exists y € W
such that = = g(y). Also, f(x) = f(g(y)) = y and therefore g(f(z)) = g(y) = z. Thus
flv is invertible and f|;' = g.

EXAMPLE 5.24. Let f : R? x R? — R? be given by

2
_ iy + w2 cos(y2) — Vs 2 3
(562> f('ray) - < e %2 4 Sil’l(yl) + T1Y2Y3 — 1 — Sll’l(].) ) (LU €eR Y€ R )
Then
221y;  cos(yo) x? —rysin(yz) -1
5.63 D = i
( ) f@y) < Yoys —e " cos(y1) 11Y3 1Y2

Set a = (1,0), b= (1,0,1). Then f(a,b) =0 and

2 1
(564) Da:f|(a7b) = ( 0 —1 ) )
then det D, f|(ap = =2 # 0, 50 Dy f|(ap) is invertible. We have
1 0 —1
(5.65) Dyl = ( o) 1 ) .

Thus there exists U C R? x R? open, (a,b) €e U, W CR3 b e W, g € C*(W,R?) such
that

(5.66) flg(y),y) =0 fory e W and

B —1—cos(l) -1 1
(5.67) Dgl, = —Dxf|(a%b)Dyf|(a,b) - % ( 2(;05(1)( ) 2 0 ) )
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3. Ordinary differential equations

In this section we study initial value problems of the form

(5.69 {o )

where £ C R x R is open, (ty,y0) € FE and F € C(F) are given. We say that a
differentiable function y : I — R defined on some open interval I C R that includes
the point ty € I is a solution to the initial value problem if (¢,y(t)) € E for all t € I
and y(tg) = yo and y'(t) = F(t,y(t)) for all t € E. The equation y'(t) = F(t,y(t)) is
a first order ordinary differential equation. We also write this differential equation in
short form as

(5.69) y = F(t,y).

Geometric interpretation. At each point (¢,y) € E imagine a small line segment
with slope F(t,y). We are looking for a function such that its graph has the slope
F(t,y) at each point (¢,y) on the graph of the function.

Y
Rl S N N N T T T = = SN N VN VN N -
- SN N VNN N s - S = S N NN NN S -
s = SN NN SN =y /2 = SN NN SN = -
/e = NN N =~ 77 /S e = NN N =
4 s e~~~ - s 7 7 /1 Ve~~~ - s v
/= = =~ 7 7 7 /! s = = = s 7 7/
AR AR R A A | 1 1 ===
= == 7 7 7 VAR AR A 7 7/
/S e =S = - s 7 7/ /4 =~ = - 7 7/
/e~ SN SN ~=~ 2y R R
t
- S~ N N NN NS - s o= S N NN N N S -
L T Y VN N N N N T N N N N N
T A N U U T A T T N U O T
A T N U U U U i T T W W U U Y
T A N U U T A T T N U O T
Rl S N N N T T T = = SN N VN VN N -
L N N U N S = S N NV N N N s -
s = SN N NN =~y /2 = SN NN SN = o
/e = NN N =~ 77 /S e = NN N =
PR B T s 7 7 4 S S S =~ - 7 7/

FIGURE 1. Visualization of F'(t,y).

EXAMPLE 5.25. Consider the equation ¢ = ¥. The solutions of this equation are
of the form y(t) = ¢t for ¢ € R.

EXAMPLE 5.26. Sometimes we can solve initial value problems by computing an
explicit expression for y. Recall for instance that solving differential equations of the
form ' = f(t)g(y) is easy (by separation of variables). Consider for instance

y(t) =5
(5.70) { y(to) = o

for (tg,y0) € (0,00) x (0,00). Then y(t) = \/t? + y2 — t3. Note that if y2 — 3 > 0,
then y is defined on I = (0,00). But if y2 — 2 < 0, then y is only defined on [ =

(vtg_ygaoo)9to-
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In general, however it is not easy to find a solution. It may also happen that the
solution is not expressible in terms of elementary functions. Try for instance, to solve
the initial value problem

(5.71) { z'((f)) :g%’(” “sin(t + y(t),
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Lecture 31 (Friday, November 15)

THEOREM 5.27 (Picard-Lindelof). Let E C R xR be open, (to,y0) € E, F € C(E).
Let a > 0 and b > 0 be small enough such that

(5.72) R={(t,y) eR*: |t —to| < a,|ly —yo| < b} C E.
Let M = sup, e |F(t,y)| < 0o. Assume that there exists c € (0,00) such that
(5.73) [F'(t,y) — F(t,u)| < cly —ul

for all (t,y), (t,u) € R. Define a, = min(a,b/M) and let I = [ty — as,to + a.|. Then
there exists a unique solution y : I — R to the initial value problem

(5.74) { Z’((ti); go(f,y(t)),

FIGURE 2. Visualization of F(t,y).

Remarks. 1. If F satisfies condition , we also say that F'is Lipschitz continuous
in the second variable.

2. The condition follows if F'is differentiable in the second variable and |9, F(t,y)| <
c for every (t,y) € R (by the mean value theorem).

3. By the fundamental theorem of calculus, the initial value problem is equivalent
to the integral equation

(5.75) y(t) = yo + / Fs,y(s))ds.

to

COROLLARY 5.28. Let E C R xR open, (to,y0) € E, F € C'(E). Then there exists
an interval I C R and a unique differentiable function y : I — R such that (t,y(t)) € E
for allt € I and y solves ((5.74)).

This is true because ([5.73)) follows from the mean value theorem and continuity of
the second derivative 9, F'.
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PROOF OF THEOREM [5.27] Let J = [yo — b, yo + b]. It suffices to show that there
exists a unique continuous function y : I — J such that

(5.76) y(t) = o + / F(s.y(s))ds

to

(that is, y is a solution of the integral equation). Let
(5.77) Y={y:I—J: ycontinuous on /}.
For every y € Y, t — F(t,y(t)) is a well-defined continuous function on I. Define

(5.78) Ty(t) = yo + /t F(s,y(s))ds.

to

Claim. TY C ).

PROOF OF CLAIM. Let y € ). Then Ty is a continuous function on I. It remains
to show that T'y(t) € J for all t € I. Recalling that |F(t,y)| < M for all (t,y) € R we
obtain:

t
(5.79) Ty(t) — yo| < / |F(s,y(s))|ds < [to — t|M < Ma, <,
to

where we used that a, = min(a,b/M) < b/M. O

To apply the contraction principle we need to equip ) with a metric such that
T :Y — )Y is a contraction and ) is complete. We could be tempted to try the
usual supremum metric do (g1, g2) = supye; [g1(t) — g2(t)|. Then Y C C(I) is closed, so
(V,dy) is a complete metric space. However, T' will not necessarily be a contractio
with respect to do,. Instead, we define the metric

(5.80) di(g1,92) = iuP e 2elt=00l gy (8) — ga(t)].
c

Then d, (g1, g2) < doo(91, g2) < €*d,(g1,g2). In other words, d, and d, are equivalent
metrics. This implies that (), d,) is still complete.
Claim. T : )Y — ) is a contraction with respect to d,.

PROOF OF cLAIM. For g1,90 € Y, t € I we have by (5.73)),

t
(5.8) T0i(6) = Toa(t)| = | [ (F(s.1(5) = Fls.a())ds
to
¢
(58 <c [ 10 - aals)lds.
to
Let us assume that ¢ € [to, tp + a.]. Then
¢ ¢
(5.83) Tg1(t) — T'ga(t)] < 0/ |g91(s) — ga(s)]ds < C/ >0 d, (g1, go)ds
to to
1
(584) = Cd*(glng)Q_c(GQC(t_tO) - 1) S %d*(gl’92)620|t—t0|
Similarly, for ¢ € [ty — a., to] we also have
(5.85) Ty (t) — Tga(t)] < 3du(g1, go)e* "0,

2For the supremum metric to give rise to a contraction we would need to make the interval I
smaller.
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Thus,
(5.86) el T g (t) — Tga(1)] < 391, 92)
holds for all t € I, so d.(T'g1,Tgs) < %d*(gl,gg). O

By the Banach fixed point theorem, there exists a unique y € ) such that Ty = y,
i.e. a unique solution to the initial value problem ([5.74]). O

Remarks. 1. The proof is constructive. That is, it tells us how to compute the solution.
This is because the proof of the Banach fixed point theorem is constructive. Indeed,
construct a sequence (Y, )n>0 C Y by yo(t) = yo and

t
(5.87) un(t) = y0+/ F(s,yn(s))ds forn—1,2,...

to
Then (y,)n>0 converges uniformly on I to the solution y. This method is called Picard
iteration.
2. Note that the length of the existence interval I does not depend on the size of the
constant ¢ in ([5.73]).

ExAMPLE 5.29. Consider the initial value problem

_ etsin(t+y(t)
(5.88) v ="=m
' y(1) = 5.
Let F(t,y) = % We need to choose a rectangle R around the point (1,5) where

we have control over |F(t,y)| and |0,F(t,y)|. Thus we need to stay away from the set
of (t,y) such that ty — 1 = 0. Say,

(5.59) R={(tw) < t—1] <L |y—5 <1}
Then for (t,y) € R:

(5.90) ty—1>(1-3)56-1)—-1=1.
Also, |e!sin(t + y)| < 32, Setting M = €*2, we obtain

(5.91) |F(t,y)| < M for all (t,y) € R.
Compute

_elcos(t+y) tet sin(t + )

(5.92) O, F(t,y) -1 (ty —1)2

For (t,y) € R we estimate

e' cos(t + ) e sin(t + )
5.93 0,F(t.y)| < —‘ —‘ ,
where we have set ¢ = €%? + 2¢%2 Then the number a, from Theorem is
a. = min(a,b/M) = min(,1/e*?) = e732 So the theorem yields the existence

and uniqueness of a solution the the initial value problem ([5.88]) in the interval I =
[1—e3/2 14+e7%/2]. We can also compute that solution by Picard iteration: let yo(t) = 5
and

(5.94) yn(t) = 5+ /1 a Ssizijg"_ll(s»ds.

The sequence (y,), converges uniformly on I to the solution y.
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ExXAMPLE 5.30. Sometimes one can extend solutions beyond the interval obtained
from the Picard-Lindelof theorem. Consider the initial value problem

y'(t) = cos(y(t)? — 2t%)
5.95
(5.95) { y(0) =1
We claim that there exists a unique solution y : R — R. To prove this it suffices to

demonstrate the existence of a unique solution on the interval [—L, L] for every L > 0.
To do this we invoke the Picard-Lindelof theorem. Set

(5.96) R={(t,y) eR* : [t| < L,Jy—1] <L}
Let F(t,y) = cos(y®> — 2t3). Then
(5.97) |F(t,y)| <1 forall (t,y) € R

We have 9, F(t,y) = —2ysin(y* —2t%), so |0, F (t,y)| < 2|y| < 2(L+1) for all (¢,y) € R.
Then by Theorem there exists a unique solution to (5.95) on [ = [—L, L].

ExAMPLE 5.31. If the Lipschitz condition ([5.73)) fails, then the initial value problem
may have more than one solution. Consider

(5.98) { z(%f)) :(l)@{(ﬂ!”?,

The function y ~ |y|'/? is not Lipschitz continuous in any neighborhood of 0: for

y > 0 its derivative %y‘l/ 2 is unbounded as y — 0. The function y;(¢) = 0 solves the

initial value problem (5.98)). The function

[ t?2/4, it >0,
(5.99) valt) = { 0, ift<o0

also does.
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Lecture 32 (Monday, November 18)

Existence of a solution still holds without the assumption (5.73]). We will prove this
as a consequence of the Arzela-Ascoli theorem.

THEOREM 5.32 (Peano existence theorem). Let E C R X R open, (to,y0) € E,
FeC(E),

(5.100) R=A{(t,y) : [t —to] <a, |y —y| <b} CE.

Let M = sup, e | F(t,y)| < 0o. Define a. = min(a,b/M) and let I = [to — a., to+a.].
Then there exists a solution y : [ — R to the initial value problem

(5.101) { y'(t) = F(t,y(t)),

y(to) = Yo

COROLLARY 5.33. Let E C R x R open, (ty,yo) € E, F € C(E). Then there exists
an interval I C R and a differentiable function y : I — R such that (t,y(t)) € E for all
t €I andy solves (5.74).

PRrOOF. It suffices to produce a solution to the integral equation

t
(5.102) y(t) = yo +/ F(s,y(s))ds.
to
To avoid some technicalities we will only present the proof under the additional as-
sumption that

(5.103) |F(ty)| <M

holds for |t — tg| < a and all y € R. Then we may choose b arbitrarily large and thus
a, = a. We also restrict our attention to the interval [ty,to + a], which we denote by I.
The construction is similar on the other half, [tg—a, to]. Let P be a partition of [to, ty+al:
P = {to <thh < - <ty=ty+ CL} of [to,to + CL]. We let AP = maxoSkSN_l(tkH — tk)
denote the fineness of P. We try to build an approximate solution given as a piecewise
linear function. The function yp : [to,to + a] — R shall be defined as follows: let
yp(to) = yo and for ¢ € (tx, tx+1] we define yp(t) recursively by

(5.104) yp(t) = yp(te) + F(tr, yp(te) ) (t — ti).
Claim 1. For t,t' € [to, 1o + a],
(5.105) lyp(t) —yp(t)] < Mt — 1.

PROOF OF CLAIM. In this proof we will write yp as y for brevity. Say t’ € [tg, tri1],t €

[te,teet], k < €. If k = £, then by (5.103),

(5.106) ly(t) —y () = [F(ts, y(te))(t = )] < Mt —'].
If £ < ¢, then
-1
(5.107) ly(t) —y()] = () — y(t) + > Wltje) — y(t;) + ylter) — y(t)|
j=k+1
(5.108) <ly(t) —y(t)| + i y(tje1) —y(E)] + y(ters) — y(@)]

j=k+1
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/—1
(5.109) SM(t—te)+ Y Mti —t;) + Mty —t) = M(t —t).
j=k+1
0

Define gp(t) = F(tg,yp(ty)) for t € (t,tg1]. Then gp is a step function and
yp(t) = gp(t) for t € (tx, tys1)-

Let £ > 0. F' is uniformly continuous on R, because R is compact (Theorem [2.10]).
Thus there exists § = §(¢) > 0 such that
(5110) |F<t7y) - F(tlvy/)’ <e€
for all (¢,y), (',y') € R with ||(t,y) — (', y)|| < 1000.

Claim 2. Suppose that AP < §(¢) min(1, M~'). Then we have for all ¢ € [to, o + a]
that

(5.111)  yp(t) = yo +/ gr(s)ds and |gp(s) — F(s,yp(s))| <ceif s € (ty_1,tx).

to

ProoOF oF crLAIM. We will write y instead of yp and g instead of gp in this proof.
First we have for t = ¢;:

k
(5.112) y(th) — Yo = y(ty) — ylto) = Zy(tj) —y(tj1)
G113 = Pl — ) =3 [ gl = [ atsas
Similarly, for ¢t € (ty, txs1):
(5.114) y@—mszmmew¢m=[g@w

Thus,
t

5115) v =yt + [ gtids =+ [ gs+ [ gras=w+ [ ols)as

tr to 12 to

173

Let s € (tkfl,tk). Then

(5.116) 19(s) = F(s,y(s)] = |F(tr-1,y(te—1)) — F(s,y(s))]-

We have

(5.117) ly(tp—1) —y(s)| < Mtg_1 —s| < M(tp —tr—1) < M- AP < 6.
A]SO, |tk_1 — S| S tk - tk—l S AP S 0. Thus,

(5.118) [(tk—1, y(tr-1)) — (s,y(s))[| < 1000.

By (5110).

(5.119) 19(5) — F(s,y(3)] = |F (b, y(tsr)) — F(s,y(s))] < e.
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Claim 3. Suppose that AP < 6(¢) min(1, M~1). Then it holds for all t € [to,ty + a]
that

(5.120) lyp(t) — (o +/ F(s,yp(s))ds)| < ea.

to

ProoOF oF crLAIM. By Claim 2, the left hand side equals

/ 1gp(s) — F (s, yp(s))ds.

Claim 2 implies that this is no larger than e(t — t() < €a. O

(5.121) ‘/ gp(s (s,yp(s)))ds

Claim 3 says that yp is almost a solution if the partition P is sufficiently fine. In
the final step we use a compactness argument to obtain an honest solution.

Claim 4. The set F = {yp : P partition} C C([to, to + a]) is relatively compact.

Proor or crLAiM. By Claim 1,

(5.122) lyp(t) — yp(t')] < M|t — '],

This implies that F is equicontinuous. It is also bounded:

(5.123)  lyp(t)] < lyp(to)| + lyp(t) — yp(to)| < lyo] + Mt — to] < || + Ma.

Thus the claim follows from the Arzela-Ascoli theorem (Theorem [2.31)). O

For n € N, choose a partition P, with AP, < §(1/n) min(1, M~'). By compactness
of F, the sequence (yp, ), C F C F has a convergent subsequence that converges to
some limit y € C([to,to + a]). It remains to show that y is a solution to the integral
equation (5.102)). Let us denote that subsequence by (y,),. By (uniform) continuity of
F, we have that F'(s,y,(s)) = F(s,y(s)) uniformly in s € [to,t] as n — oo. Thus,

(5.124) /t F(s,yn(s))ds — /t F(s,y(s))ds asn — oo.
t t
On the other hand, gy Claim 3 we get 0
(5.125) [y (t) — (yo + /tt F(s,yn(s))ds)| < % — 0 asn — oo.
0
Therefore, y solves the integral equation (5.102]). 0

The theory for ordinary differential equations that we have developed turns out to
be far more general.
Systems of first-order ordinary differential equations. The proofs of the Picard-Lindelof
theorem and the Peano existence theorem can easily be extended to apply to systems
of differential equations:

(5.126) { z’((ti))zz Igo(t,y(t)%

for F': E— R™ E CR xR™ open, (ty,yo) € E.
Higher-order differential equations. Let d > 1 and consider the d-th order ordinary
differential equation given by

(5.127) y () = F(t,yt),y' ), ...,y V()



3. ORDINARY DIFFERENTIAL EQUATIONS 95

for some F : E — R, E C R x R? open. We can transform this equation into a system
of d first-order equations: if Y = (Y7,...,Yy) solves the system
Yi(t) = Ya(t)
Y3(t) = Ys(t)
(5.128) :
Vi () = Ya(t)
Yi(t) = F(t,Y(1))

then Y, is a solution to ([5.127)).
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Lecture 33 (Wednesday, November 20)

4. Higher order derivatives and Taylor’s theorem

DEFINITION 5.34. Let U C R™ be open and f : U — R. We define the partial
derivatives of second order as

(5.129) Oijf = Opia; f = 00, (O, f) forid,je{l,...,n}
(if Op, f, O, (Op, f) exist). If 0; f and 0;; f exist and are continuous for all 4,5 € {1,...,n},
then we say that f € C*(U).

THEOREM 5.35 (Schwarz). Let U C R"™ open, f : U — R such that 0., f,0.,f,
Op,e; [ exist at every point in U and Op,q, f is continuous at some point xo € U. Then
O,a, f (20) exists and

(5130) axjmlf(xo) = azlzj f(l’())

Proor. Without loss of generality assume that n =2, 7 =1, 7 = 2. Let f be as
in the theorem and xy = (a,b) € U and (h, k) € R*\{0} such that (a + h,b + k) are
contained in an open ball around xq that is contained in U. We want to show that do; f
exists, so we need to study the expression

(5.131) O fla,b+ k) — 0 f(a,b).
This leads us to consider the quantity
(5.132) A(a,b,h, k) = (f(a+h,b+ k) — fla,b+ k) — (f(a+ h,b) — f(a,b)).

Define g(y) = f(a+ h,y) — f(a,y). Since Osf exists at every point in U, the mean
value theorem implies that there exists n = 7, contained in the closed interval with
endpoints b and b + k such that

(5'133) A(CL, b, h, k) = g(b + k) - g(b) = gl(ﬁ)k = k(82f(a + I, 77) - 82f(a7 77))

Since Oy f exists at every point in U, another application of the mean value theorem
yields

(5.134) Ala, b, h, k) = hkdaf(€,n),

where & = &, is in the closed interval with endpoints a and a + h.
Let € > 0. Since 05 f is continuous at (a,b),

(5.135) |O12f(a,b) — Oiaf (z,y)| < ¢

whenever ||(a,b) — (x,y)|| is small enough. Thus, for small enough h and k we have
A(a,b,h, k

(5.136) |012.f(a,b) — %I <e

Letting h — 0 and using that 0 f exists at every point this inequality implies
_81f(a7b+k)_81f(aab) <e

2 <
In other words, 0 f(a,b) exists and equals 02 f(a, b). O

(5.137) Oi2f(a,b)

This is not true without the assumption that 0., f is continuous at x.
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EXERCISE 5.36. Define f : R> — R by
2 2
Yo, if (v,y) # (0,0),
5.138 = Tty
0135 e ={ g e
Show that 8,0, f and 9,0, f exist at every point in R?, but that 9,0, (0, 0) # 9,0, f(0,0).
COROLLARY 5.37. If f € C*(U), then Op,a, [ = Op,u,f for everyi,j € {1,...,n}.

DEFINITION 5.38. Let U C R™ be an open set and f : U — R. Let k£ € N. If all
partial derivatives of f up to order k exist, i.e. for all j € {1,...,k} and iy,...,i; €
{1,...,n}, the 9;, --- 9;, f exist, and are continuous, then we write f € C*(E) and say
that f is k times continuously differentiable.

COROLLARY 5.39. If f € C*(U) and 7 : {1,...,k} — {1,...,k} is a bijection, then
(5.139) Op = O f =05y O, f
foralliy, ... i, €{1,...,n}.
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Lecture 34 (Friday, November 22)

Multiindex notation. In order to make formulas involving higher order derivatives
shorter and more readable, we introduce multiindex notation. A multiindex of order k
is a vector a = (a,..., o) € NJ = {0,1,2,...}" such that > "  «o; = k. We write
la| =>"" | ;. For every multiindex a we introduce the notation

(5.140) o f = oo .
where 09 is short for 0,, - - - 0,, (a; times). For x = (z1,...,z,) € R" we also write
(5.141) =it apn

and{a! = oq}{- -+ ay!. Moreover, for o, 8 € Njj, < 8 means that «; < 3; for every
1e{l,...,n}.

With this notation, we can state Taylor’s theorem in R"™ quite succinctly.

THEOREM 5.40 (Taylor). Let U C R™ be open and convex, f € C*¥*Y(U) and x,z +
y € U. Then there exists £ € U such that

(5.142) flaty) =Y aai'(x)y“ + Y aai!@ya.

la|<k ' |a|=k+1

Moreover, £ takes the form & = x + 6y for some 0 € [0, 1].

Remark. Without multiindex notation the statement of this theorem would look much
more messy:

0°f(x) 9y -+ 0pr f ()
5.143 o — z1 Zn R
( ) |a|z<k o ! a1 .§>0 arl-an! ” o
: o 2

Proor orF THEOREM [5.40l. The idea is to apply Taylor’s theorem in one dimension
to the function g : [0, 1] — R given by ¢(t) = f(x +ty). Let us compute the derivatives

of g.
Claim. Form=1,...,k+1,

m m‘ (83 «
(5.144) g™ (t) = Z af) flx+ty)y

|a|=m

ProoOF OF crLAIM. We first show by induction on m that
(5.145) g™ = Y 0O f@ Y)Y Ui
Indeed, for m = 1, by the chain rule,

(5.140 J(0 =0t + tye
i=1

Suppose we have shown it for m. Then

14 (m+D) () = Zgm() = = D oy
G.147) ") = g = DD OO (e )y v,
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By the chain rule this equals
(5. 148)

Z Z&l O Oif (@) Yis = Yinti = D O Oonn F@HYYi Ui

m! N

(5.149) > 0O fE )y, = Y Oty

U1 5eeeyim=1 |at|=m
This follows because for a given a = (aq, ..., a,) with |a] = m there are

m! m! mY\ [m— m—oq — — Gy
(5.150) — = = L I 1 1

ol oq! ! o o o,
many tuples (i1, ...,%,) € {1,...,n}™ such that ¢ appears exactly a; times among the
i;5. In other words, this is the number of ways to sort m pairwise different marbles into
n numbered bins such that bin number ¢ contains exactly a; marbles. 0

By the one-dimensional Taylor theorem, there exists a 6 € [0, 1] such that

ko gm) (k+1)

m=0

From the claim we see that this equals

! k+1)!
(5.152) Z% > 00 f )yt + (k:il)' > ( ;1) 0° f (x + Oy)y>tF
al= " Jol=k+1 '

(5.153) =y By 5o IO gy

! ol
|| <K |a|=k+1

where we have set £ = x + 0y. Letting ¢ = 1 we obtain the claim. 0
COROLLARY 5.41. If E C R" is open and f € C¥(E), then for every x € E,

(5.154) flaty) =) aff z) o

|| <k

y* +o(llyll*) asy — 0.

PROOF. Let x € F and § > 0 be small enough so that U = Bs(x) C E. By Taylor’s
theorem we have for every y with x +y € U that
(5.155)
0“f(x) 0“f(x +0y) 0“f(x) 0“f(x+0y)—0*f(z)
g = 3 TI o 5~ Pt S~ Fla) o P+ 0) =)

! al al al
|| <k—1 la|=Fk || <k lo|=k

for some 6 € [0, 1]. Since 0“f is continuous for every |a| = k, it holds that

(5.156) |0%f(x 4+ 0y) —0°f(x)] = 0 asy — 0.
Also [y = [gn]** - - fyal* < [lyl|* o = [ly]!*), so
0°f(x+0y) —o“f
(5.157) 5 PIEHONZ T o oy .
|a|=k ’
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DEFINITION 5.42. Let E C R" be open and f € C?(F). We define the Hessian
matriz of f at x € E by

Of(x) -+ 00.f(2)
(5.158) D*fle = (00, ()i j=1,..0 = : : € R
OnOrf(z) -+ Onf(2)
We call det D2 f|, the Hessian determinant of f at x € E.

Sometimes the term Hessian is used for both, the matrix and its determinant. By
Theorem the Hessian matrix is symmetric.

COROLLARY 5.43. Let E C R" be open, f € C*(E) and x € E. Then

(5.159) fla+y) = f@) +(V(@),y) + 5, D*flay) + o(lyl*) asy — 0.
(Here (z,y) = >, x;y; denotes the inner product of two vectors z,y € R™.)
PRrROOF. By Corollary [5.41]

(5.160)  flz+y)=flx)+ > %@y” + ) %!(x)ya +o([lyl*) asy— 0.

lo|=1 ) |or|=2
We have
0
(5.161) > Zéf = (Vf(z).y).
lal=1
If |a] = 2 then either o = 2¢; for some i € {1,...,n} or a = e; + ¢; for some

1 <i<j<n. Thus,

(5.162) Zaa 282 + Y 00if (@) =3 Zaaf )Yy,

la|=2 1<i<j<n i,j=1

(5.163) =3 ui(D*flay)i = $(y, D*flay).
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Lecture 35 (Monday, November 25)

5. Local extrema
Let £ C R™ be an open set and f : F — R a function.

DEFINITION 5.44. A point a € F is called a local maximum if there exists an open
set U C E with a € U such that f(a) > f(x) for all x € U. It is called a strict local
mazimum if f(a) > f(x) for all z € U, © # a. We define the terms local minimum,
strict local minimum accordingly. A point is called a (strict) local extremum if it is a
(strict) local maximum or a (strict) local minimum.

THEOREM 5.45. Suppose the partial derivative O;f exists on E. Then, if f has a
local extremum at a € E, then 0;f(a) = 0.

PROOF. Let § > 0 be such that a + te; € E for all |[t| < . Define g : (=6,0) = R
by g(t) = f(a+te;). By the chain rule, g is differentiable and ¢'(t) = 0;f(a+te;). Also,
0 is a local extremum of g so by Analysis I, 0 = ¢’(0) = 0;f(a). OJ

COROLLARY 5.46. If f is differentiable at a and a is a local extremum, then V f(a) =
0.

Remark. V f(a) = 0 is not a sufficient condition for a to be a local extremum. Think
of saddle points.

DEFINITION 5.47. If a € E is such that V f(a) = 0, then we call a a critical point
of f.

Recall from linear algebra: A matrix A € R™*" is called positive definite if (x, Ax) >
0 for all z € R"\{0} and positive semidefinite if (x, Az) > 0 for all z € R™. We also
write A > 0 to express that A is positive definite and A > 0 to express that A is positive
semidefinite. The terms negative definite, negative semidefinite are defined accordingly.
A is indefinite if it is not positive semidefinite and not negative semidefinite. Every real
symmetric matrix has real eigenvalues and there is an orthonormal basis of eigenvectors
(spectral theorem). A real symmetric matrix is positive definite if and only if all
eigenvalues are positive.

THEOREM 5.48. Let f € C*(E) and a € E with V f(a) = 0. Then
(1) if D*f|, > 0, then a is a strict local minimum of f,
(2) if D*fl, <0, then a is a strict local mazimum of f,
(3) if D*fl, is indefinite, then a is not a local extremum of f.

Remark. 1f D?f], is only positive semidefinite or negative semidefinite, then we need
more information to be able to decide whether or not a is a local extremum.

PROOF. We write A = D?f|,. Let € > 0. By Corollary there exists 6 > 0 such
that for all y with |ly|| < & we have

(5.164) fla+y) = fla)+ 5y, Ay) +r(y)

with [r(y)| < eyl
(1): Let A be positive definite. Let S = {y € R" : [jy[| = 1}. S is compact, so the

continuous map y — (y, Ay) attains its minimum on S. That is, there exists yo € S
such that

(5.165) (v, Ayo) < (y, Ay)
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for all y € S. Define av = (yo, Ayp). Since yo # 0 and A is positive definite, o > 0. Let

yeR" y#£0. ThenHyTHES, SO

Yy 4 1
(5.166) a < (=0 Arr) = (y, Ay).
Iyl lwll™ llyli?
Thus, (y, Ay) > «|y||* for all y € R”. Now we set € = %. Then
(5.167)

fla+y) = fla) + 3(y. Ay) = $lyll* = f(@) + 1yl = §llyll* = fa) + §llylI* > f(a)
if y #0, ||y|| <. Therefore a is a local minimum.

(2): Follows from (1) by replacing f by —f.

(3): Let A be indefinite. We need to show that in every open neighborhood of a there

exist points 1/, 3" such that

(5.168) fy") < fla) < f(¥).

Since A is not negative semidefinite there exists £ € R" such that a = (£, A) > 0.
Then, for t € R small enough such that [t§| < ¢ we have

(5.169) fla+1t&) = fla) + $(t&, AtE) +r(t&) = f(a) + sat® + r(t€).

Let € > 0 be such that |r(t§)| < §¢* for all [t{] < ¢ (recall that 0 depends on ¢). Then
fla+1t€) > fla) + jat* > f(a). Similarly, since A is also not positive semidefinite,
there exists 7 € R™ such that (n, An) < 0 and for small enough ¢, f(a+tn) < f(a). O

EXAMPLES 5.49. (1) Let f(z,y) = ¢+ 2* + y* for c € R. Then

(5.170) D?flo = ( g g ) >0

and 0 is a strict local minimum of f (even a global minimum).
(2) Let f(z,y) = c+ a? — y* for c € R. Then

(5.171) pr= (5 %)

is indefinite and 0 is not a local extremum of f.
(3) Let fi(z,y) = 2> +y*, folz,y) = 2%, f3(z,y) = 2° +3°. Then

9 (20

but fi has a strict local minimum at 0, fo has a (non-strict) local minimum at
0 and f3 has no local extremum at 0.

Optional topic (not relevant for exams)

6. Optimization and convexity*

In applications it is often desirable to minimize a given function f: £ — R, i.e. to
find z, € F such that f(z.) < f(x) for all x € E. We call such a point x, a global
minimum of f. We say that z, is a strict global minimum if f(z,) < f(z) for all x # ..



6. OPTIMIZATION AND CONVEXITY* 103

EXAMPLE 5.50 (Linear regression). Say we are given finitely many points
(5.173) (z1,91), -, (N, yn) € R" X R.

Suppose for instance that these represent measurements or observations of some physical
system. For example, x; could represent a point in space and y; the corresponding air
pressure measurement. We are looking to discover a “hidden relation” between the x
and y coordinates. That is, we are looking for a function F': R" — R such that F(x;)
is (at least roughly) y;. One way this is done is linear regression. Here we search only
among F' that take the form

(5.174) Fop(x) = (x,a) + b

with some parameters a € R", b € R. That is, we are trying to “model” the hidden
relation by an affine linear function. The task is now to find the parameters a, b such
that Fi,;, “fits best” to the given data set. To make this precise we introduce the error

function
N

(5.175) E(a,b) =) (Fupl(a:) — yi)*.

i=1
The problem of linear regression is to find the parameters (a,b) such that E(a,b) is
minimal.

One approach to minimizing a function f : £ — R is to solve the equation V f(z) =
0, i.e. to find all critical points. By Corollary we know that every minimum must
be a critical points. However it is often difficult to solve that equation, so more practical
methods are needed.
Gradient descent. Choose xy € R™ arbitrary and let

(5.176) Tpi1 = T — @,V f(24)

where a,, > 0 is a small enough number to be determined later. The idea of this
iteration is to keep moving into the direction where f decreases the fastest. Sometimes
this simple process successfully converges to a minimum and sometimes it doesn’t,
depending on f, zg and «,,. What we can say from the definition is that, if f € C'(F)
and (z,), converges, then the limit is a critical point of f. The following lemma gives
some more hope.

LEMMA 5.51. Let f € CY(E). Then, for every v € E and small enough o > 0,
(5.177) fle—aVf(z) < flz).

PRrROOF. By the definition of total derivatives,
(5.178) f(z—aV[f(z)) = f(z)+(V[(z), ~aV f(z))+o(e) = f(z) = a||Vf(2)]*+0(a)
which is < f(z) provided that a > 0 is small enough. O

Remark. Note that the smallness of « in this lemma depends on the point x. Also, this
result is not enough to prove anything about the convergence of gradient descent.
We will see that gradient descent works well if f is a convex function.

DEFINITION 5.52. Let E C R"™ be convex. A function f : £ — R is called convez if

(5.179) flte+ (1 =t)y) < tf(x)+ (1 -1)f(y)
for all x,y € E, t € [0,1]. [ is called strictly convez if

(5.180) flz+ (1 —t)y) <tf(x)+ (1 —1)f(y)



104 5. DIFFERENTIAL CALCULUS IN R"

forall x #y € E and t € (0,1).

THEOREM 5.53. Let E C R™ be open and convex and f € C'(E). Then f is convex
if and only if

(5.181) flu+v) = f(u) +(Vf(u),v)
for all u,u+v € F.

PROOF. =: Fix u,u 4+ v € E. By convexity, for ¢ € [0, 1],

(5.182) flut+tv)=f(1-tu+tlu+v)) < (1 —t)f(u) +tf(u+w).
By definition of the derivative,

(5.183) flu+tv) = f(u) +tVfu)v+r(t),

where lim;_, Tsf—t) = 0. Thus,

(5.184) fw) + 6V fu),v) +r(t) < (1 —1)f(u) +1f(u+v)

which implies

—r(t)

(5.185) fu) +(Vf(u),v) — flu+v) < ; —0 ast—0.

Therefore f(u ) (Vf(u),v) < flu+w).

<: Let z,y € E, t €0,1]. Let u=tx+ (1 —t)y and v = x — u. Then the assumption
implies

(5.186) F(@) = Flu) + (V) — ),

On the other hand, letting v = y — u, the assumption implies

(5.187) ) = f(w) +{Vf(u),y —u).

Therefore

(5.188) tf (@) + (1 =t)f(y) = t(f(w) +{Vf(v),z—u)) + (1 =)(f(u) +(V[f(u),y —u))
(5.189) = f(u)+(Vf(u),t(x—u)+(1—t)(y—u)) = f(u)+{(Vf(u),tz+(1—t)y—u).
Recalling that v = tx + (1 — t)y, we get

(5.190) tf(@)+ (1 =t)f(y) = f(u) = f(tz+ (1 —t)y).

THEOREM 5.54. Let E C R" be open and conver and f € C*(E). Then

(1) f is convex if and only if D*f|, >0 for all x € E,
(2) f s strictly convez if D*f|, >0 for allz € E.

PRrOOF. We only prove (1). The proof of (2) is very similar. Let f be convex. By
Taylor’s theorem, for u,u 4+ tv € F,

(5.191) flu+tv) = f(u) + t(Vf(u),v) + 3t*(D*f|,v,v) + o(t?)
and by Theorem [5.53],
(5.192) flu+tv) > f(u) +t(Vf(u),v).

Combining these two pieces of information we obtain
(5.193) 1D flav,v) + o(t?) > 0
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which implies (D?f|,v,v) > 0 for all v € R".
Conversely, assume that D?f|, > 0 for all u € E. By Taylor’s theorem, for all u,u+v €
FE exists € € E such that

(5.194) flutv) = f(u) +(Vf(u),v) + 3(D*flev,v) = f(u) + (Vf(u),v).
Therefore f is convex by Theorem [5.53 U

Remark. If f is strictly convex, then it does not follow that D?f|, > 0 for all x.

EXAMPLE 5.55. Let f: R — R, f(x) = 2*. Then D*f|, = f"(x) = 122* which is 0
at x = 0, but f is strictly convex.

THEOREM 5.56. Let E C R™ be open and convex and f € C*(E). Then
(1) If f is convex, then every critical point of f is a global minimum.

(2) If f is strictly convez, then f has at most one critical point.

Remarks. 1. Convex functions may have more than one critical point. For instance,
the constant function f = 0 is convex.

2. Conclusion (1) implies that if f is convex and gradient descent converges, then it
converges to a global minimum.

PROOF. (1): Let Vf(z,) = 0. Then by Taylor’s theorem, for every z € E there
exists £ € E such that

(5.195) f@) = flz) + (V[(z), 2 — x*>4+%\(D2f|5(x _j*)’ z—x.) > fz).

-~

=0 >0

@ Let z1, 29 € E be critical points of f. By (1), they are global minima. This implies
= f(wxq). If 1 # x4, then by strict convexity,

(1)

(5.196) flay) = f(xl);rﬂx?) > f(“;”).

This is a contradiction to x; being a global minimum. Therefore x; = x,. O
EXAMPLE 5.57. If || - || is a norm on R", then the function = — ||z|| is convex:

(5.197) [tz + (1 =)yl < )l + (1 = B)lyll

by the triangle inequality. Also, this function has a unique global minimum at z = 0.

LEMMA 5.58. Let I C R, E C R" be convex and suppose that

(1) f: E— I is convex, and
(2) g: 1 — R is convex and nondecreasing.

Then the function h : E — R given by h = g o f is convex.

PRrROOF. By convexity of f and since g is nondecreasing,

(5.198) h(te + (1 —=t)y) = g(f(tz + (1 = t)y)) < g(tf(x) + (1 = 1) f(y)).
Since g is convex this is
(5.199) < tg(f(@)) + (1 =t)g(f(y)) = th(z) + (1 = t)h(y).

O

COROLLARY 5.59. If || - || is a norm on R", then the function x — ||z||* is convez.
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EXAMPLE 5.60. Recall the error function from linear regression (Example [5.50)):

N

(5.200) E(a,b) =) ({a,z;) +b—y;)’

=1

We claim that E : R"™ — R is a convex function. We first rewrite E(a,b) into a
different form. Define a N X (n + 1) matrix M and a vector v € R"™ by

(5201) M = . c ]RNX(nJrl)’ v = : c IR?%H7

where z; = (z41,...,2;m) € R" fori=1,...,N and a = (a4, ...,a,) € R". Then

N

(5.202) E(a,b) = E(v) = Y ((Mv); — ;) = | Mv —y|,

=1
N 1/2
where fle| = (2, lei?)

Let us rename variables and consider
(5.203) E(z) = |[Mz — y|*

for v € R", M € R¥*" y € RY. Let F': RY — R be defined by F(y) = ||y||* and
G:R"— RY G(x) = Mz —y. We have

(5.204) O F (y) = 2y;, so DF|, = 2y" € R™Y.

and DG|, = M € RY*"_ Therefore, by the chain rule we obtain

(5.205) DE|, =2(Mz —y)" M = 2(Mz)" M — 2y" M = 22" M" M — 2y" M € R*".
Therefore,

(5.206) D?*E|, = (0;DE|,)iz1,.n = 2MTM))iz1..n = 2M* M.

Notice that M7 M is positive semidefinite because

(5.207) (MT"Mz,z) = (Mz, Mz) = |Mx|* > 0.

Therefore E is convex by Theorem [5.54

ExaMPLE 5.61. Convex functions do not necessarily have a critical point. For
instance the function f : R — R, f(z) = x is convex, because D*f|, = f"(x) = 0 for
all z € R. But Vf(z) = f'(x) =1#0 for all z € R.

It is also not enough to assume strict convexity. For instance, the function f : R — R,
f(z) = e” is strictly convex, because f”(z) =e* > 0. But f'(x) =e” > 0 for all x € R.

This motivates us to consider a stronger notion of convexity.

DEFINITION 5.62. Let E C R™ be convex and open. Let f € C?(E). We say that
f is strongly convex if there exists § > 0 such that

(5.208) (D*flay,y) = Bllyll?
forallz € F, y € R™



6. OPTIMIZATION AND CONVEXITY* 107

Remarks. 1. f is strongly convex if and only if there exists 3 > 0 such that D?f|,— (1 >
0 for all z € E. This follows directly from the definition using that S||y||> = (81y,y).
The condition D?f|, — BI > 0 is equivalent to the smallest eigenvalue of D?f|, be-
ing > (. Yet another equivalent way of stating this is saying that the function
g(z) = f(x) — §||x||2 is convex. This is because D?g|, = D*f|, — SI.

2. If f is strongly convex, then f is strictly convex (by Theorem .

3. If f is strictly convex, then f is not necessarily strongly convex. For example con-
sider f: R — R, f(z) = e*. For every § > 0 there exists x € R such that e <
because e* — 0 as © — —o0.

The following exercise shows that the assumption of strong convexity is not as
restrictive as it may seem at first sight: strictly convex functions are strongly convex
when restricted to compact sets.

EXERCISE 5.63. Suppose that f € C?*(R"™) is strictly convex. Let K C R" be
compact and convex. Show that there exist §_, 5, > 0 such that

(5.209) B-lyll* < (D*flay. y) < Ballyll®

for all x € K and y € R". (In particular, f is strongly convex on K.)
Hint: Consider the minimal eigenvalue of D?f|, as a function of z.

THEOREM 5.64. Let E C R™ be open and conver. Let f € C*(E). Then f is
strongly convex if and only if there exists v > 0 such that

(5.210) flutv) = fu) +(Vf(u),v) + vl
for every u,u+v € E.

PROOF. =: Let f > 0 be such that g(z) = f(z) — §||:E||2 is convex. Then by
Theorem [5.53

(5.211) g(u+v) > g(u) + (Vg(u),v) = f(u) = Sllu|® + (Vf(u) = Bu,v)

On the other hand,

(5.212) gu+v) = flu+v) = Zfu+wv|?

Thus,

(5.213)

flutv) > fu)+(V f(u), )+ 5([lutol® = [[ul® —2(u,0)) = f(u)+{Vf(u), )+ 5ol
<: This follows in the same way from the converse direction of Theorem [5.53 U

THEOREM 5.65. Let f € C%*(R™) be strongly convex. Then for every ¢ € R, the
sublevel set

(5.214) B={zxeR": f(z) <c}
1s bounded.

PRroOF. By Theorem [5.64] we have
(5.215) f(@) = £(0) + (Vf(0),z) + ]|z

Therefore, limj;| -0 f(2) = 00. Suppose that B is unbounded. Then there would exist
a sequence (,),>1 C B such that lim, . [|z,| = co. But f(z,) < ¢, so f(z,) /4 o
as n — oo. Contradiction! O
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THEOREM 5.66. Let f € C*(R™) be strongly convex. Then there exists a unique
global minimum of f.

PROOF. By the previous theorem, the set B = {x € R : f(z) < f(0)} is bounded.
Thus, there exists R > 0 such that B C B = {x € R" : ||z|| < R}. Bg is compact,
so f attains its minimum on Bg(0) at some point z, € Bg. Then f(z,) < f(z) for all
x € Bg. It remains to show f(x.) < f(x) for all # ¢ Bg. If x € Bg, then ¢ B, so
f(z) > f(0). Also, 0 € Bg, so f(z.) < f(0) < f(z). O

We conclude this discussion by proving that gradient descent converges for strongly
convex functions.

THEOREM 5.67. Let f € C*(R") be strongly convex and xo € R™. Define
(5.216) Tpi1 = T —aV f(z,) forn>0.
If a is small enough, then (x,), converges to the global minimum x, of f.

Remark. The restriction to f defined on R™ is only for convenience (the same is true

for Theorems and [5.66]).

LEMMA 5.68. Let A € R™™ be a symmetric and positive definite matriz. Then the

matriz norm || Allop = sup,_ % is equal to the largest eigenvalue of A.

(Here ||z|| = (30, |z:|*)Y/? is the Euclidean norm.)

PROOF. Let {vy,...,v,} be an orthonormal basis of eigenvectors corresponding to
eigenvalues A\, ..., \,, respectively. Then
(5.217) JAz] = | 3 wide]| = || > wirw
i=1 i=1

1/2
which by orthogonality is equal to <Z?:1 |$1]2)\12> (use that ||z|| = ((x,z))"/?). Thus

n n 1/2
_ 12)2)1/2 < ] 12 _ )
(5.218) [Az]| = () |zl *AD)"? < max <Z || ) max Az,

= 7 " = /) 7
,,,,, nAi = Aiy- We have shown that ||A]| < A;,. On the other hand,
(5'219) ||Avi0|| = )‘iOHUioH = Xig,

Let max;—;

50 [|A[| = supy = [[Az]| = [|Avig[l = s, 0]
PrOOF OF THEOREM [5.67 Let o > 0. Define T'(z) = x — aV f(z). Then z,41 =
T(x,). We want T to be a contraction. For R > 0 define B = {x € R" : ||z — z,| <

R}. Let R > 0 be large enough such that =y € Bpg.
Claim. If « is small enough, then T is a contraction of Bp.

PROOF OF CLAIM. z, is a global minimum of f, so V f(z,) = 0. Thus, T'(z,) = z..
We have

(5.220) DT|, = I — aD*f|,.

The largest eigenvalue of D?f|, is a continuous function of & which is bounded on the
compact set Br. Therefore there exists v > 0 such that

(5.221) (D*flay,y) < lyl?
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for all y € R™ and x € Bg. By strong convexity,
(5.222) Bllyl* < (D*flay,v) < llyll*.

In other words, the eigenvalues of D?f|, are contained in the interval [3,~] for all
x € Bg. Let a < % Then the eigenvalues of I — aD?f|, are contained in

(5.223) - 1-Z]=[51-41c01).

277

Set c=1— 2ﬁ By Lemma |5.68, we have
2

(5.224) | —aD?*fl.|| <c< 1.

Therefore, ||T(z) — T(y)|| < cllv — y|| for all z,y € Bg. It remains to show that
T(Bgr) C Bgr. Let x € Bg. Then since T'(x,) = .,

(5.225) [T(2) = ]| = [[T(x) = T(x.)|| < clle — 2] < cR < R.
O
The claim now follows from the contraction principle (more precisely, from the same
argument used to prove the Banach fixed point theorem). O

7. Further exercises

EXERCISE 5.69. Show that there exists a unique (z,y) € R? such that cos(sin(z)) =
y and sin(cos(y)) = =.

EXERCISE 5.70. Let U C R"™ be open and convex and f : U — R differentiable such
that 0y f(z) =0 for all z € U.
(i) Show that the value of f(z) for x = (z1,...,z,) € U does not depend on x;.
(ii) Does (i) still hold if we assume that U is connected instead of convex? Give a proof
or counterexample.

EXERCISE 5.71. A function f : R"™ — R is called homogeneous of degree o € R if
f(Ax) = A*f(x) for all A > 0 and x € R™. Suppose that f is differentiable. Then show
that f is homogeneous of degree « if and only if

(5.226) leazf(x) =af(z)

for all z € R"™. Hint: Consider the function g(\) = f(Az) — \*f(x).
EXERCISE 5.72. Define F' : R? — R? by
5.227) F(r,y) = (2! — y*, ™ — e™™).

(
(i) Compute the Jacobian of F'.
(i) Let po € R? and py # (0,0). Show that there exist open neighborhoods U,V C R?
of py and F'(pg), respectively and a function G : V' — U such that G(F(p)) = p for all
peUand F(G(p)) =pforallpeV.
(iii) Compute DG | #(py) -
(iv) Is F' a bijective map?

EXERCISE 5.73. Let a € R, a # 0 and E = {(z,y,2) € R® : a+x+y+ 2z # 0} and
f: E — R3 defined by

(5.228) flz,y,2) = ( - ; : ) '

at+r+y+z at+rx+y+z at+r+y+z
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(i) Compute the Jacobian determinant of f (that is, the determinant of the Jacobian
matrix).
(ii) Show that f is one-to-one and compute its inverse f~!.

EXERCISE 5.74. Prove that there exists 6 > 0 such that for all square matrices
A € RV with ||[A—I|| < 6 (where I denotes the identity matrix) there exists B € R™*"
such that B% = A.

EXERCISE 5.75. Look at each of the following as an equation to be solved for x € R
in terms of parameter y, z € R. Notice that (x,y, z) = (0,0,0) is a solution for each of
these equations. For each one, prove that it can be solved for z as a C'-function of y, 2
in a neighborhood of (0,0, 0).

(a) cos(x)? — esin(@w)*+r — ;2

(b) (2° +y* +2%)* =sin(z —y + 2)
(c) 27 + yerx® — 22 + x = log(1 + y2 + 2?2)

EXERCISE 5.76. Let (to,y0) € R?, ¢ € R and define Yy(t) = yo,

(5.229) Yo (t) = yo + c/t sYn_1(s)ds.

to
Compute Y,,(t) and Y (t) = lim,, 0 Y5, (¢). Which initial value problem does Y solve?

EXERCISE 5.77. Consider the initial value problem

() = ev®? — _1_
(5.230) { y(t)=e ToR
y(1) = 1.
Find an interval I = (1 — h, 1+ h) such that this problem has a unique solution y in I.
Give an explicit estimate for h (it does not need to be best possible).

EXERCISE 5.78. Consider the initial value problem
y'(t) =t +sin(y(t)),
5.231
(5.231) { y(2) = 1.

Find the largest interval I C R containing ¢, = 2 such that the problem has a unique
solutions y in I.

EXERCISE 5.79. Let F' be a smooth function on R? (i.e. partial derivatives of all
orders exist everywhere and are continuous) and suppose that the initial value problem
Yy = F(t,y), y(to) = yo has a unique solution y on the interval I = [to,ty + a] with
y smooth on I. Let h > 0 be sufficiently small and define t, = ¢y + kh for integers

0<k<a/h.
Define a function y, recursively by setting y(to) = yo and
(5.232) yn(t) = yn(tr) + (& = te) F'(tr, yn(tr))

for t € (tg,tyy1] for integers 0 < k < a/h.

(i) From the proof of Peano’s theorem (Theorem it follows that y;, — y uniformly
on [ as h — 0. Prove the following stronger statement: there exists a constant C' > 0
such that for all t € I and h > 0 sufficiently small,

(5.233) y(t) — yn(t)| < Ch.

Hint: The left hand side is zero if ¢ = ;. Use Taylor expansion to study how the error
changes as t increases from . to txy1.
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(i) Let F(t,y) = Ay with A € R a parameter. Explicitly determine y,y, and a value
for C'in (i).

EXERCISE 5.80. Let us improve the approximation from Exercise In the
context of that exercise, define a piecewise linear function y; recursively by setting

yy(to) = yo and

(5.234) yn(t) = yn(te) + (£ = te) G (tr, yn(te), h),
for t € (tg, try1] for integers 0 < k < a/h, where
(5.235) G(t,y,h) = 5(F(t,y) + F(t + h,y + hF(t,y))).

Prove that there exists a constant C' > 0 such that for all ¢ € I and h > 0 sufficiently
small,

(5.236) ly(t) — yi(t)] < Ch%.
EXERCISE 5.81. For a function f : [a,b] — R define
b
(5.237) S(f) = / (14 F/(1)2)2dt.
Let A= {f € C*a,b]) : f(a) =c, f(b) = d}. Determine f, € A such that
(5.23%) 2(F) = int #(f)

What is the geometric meaning of .#(f) and infrea Z(f)?

EXERCISE 5.82. Let f,g: R" — R be smooth functions (that is, all partial deriva-
tives exist to arbitrary orders and are continuous). Show that for all multiindices
a € Ny,

(07 _
(5.239) Flfge) = Y ( 5)05f(w)0°“ Sg(x)
BENY : f<a
n a al aplapn!
for all z € R", where (6) = Ba—B) — BilBal(a1—B1)(on—Bn)l"

EXERCISE 5.83. Let f : R? — R be such that 9,0,f exists everywhere. Does it
follow that 0, f exists? Give a proof or counterexample.

EXERCISE 5.84. Determine the Taylor expansion of the function
r—y

(5.240) f:(0,00) x(0,00) = R, flay) = " —

at the point (z,y) = (1,1) up to order 2.
EXERCISE 5.85. Show that every continuous function f : [a,b] — [a,b] has a fixed

point.

EXERCISE 5.86. Let X be a real Banach space. Let B = {z € X : ||z <1} and
OB ={x € X : ||z|]| = 1}. Show that the following are equivalent:
(i) every continuous map f : B — B has a fixed point
(ii) there exists no continuous map r : B — 0B such that r(b) = b for all b € IB.

EXERCISE 5.87. Determine the local minima and maxima of the function
(5:241) [iRP =R, fla,y) = (42® +y7)e " T
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EXERCISE 5.88. Let E C R" be open, f: F — R and x € E. Assume that for y in
a neighborhood of 0 we have

(5.242) fla+y) =Y cy”+o(llyll)

o] <k

as y — 0 and

(5.243) flx+y) = Gy +olllyl")

la|<k
as y — 0. Show that ¢, = ¢, for all |a| < k.

EXERCISE 5.89. Let D = {(z,y) € R? : 2% +y? < 1}. Determine the maximum
and minimum values of the function f: D — R, f(x,y) = 42® — 3zy.

EXERCISE 5.90. Let f € C?(R™) and suppose that the Hessian of f is positive
definite at every point. Show that Vf : R® — R" is an injective map.

EXERCISE 5.91. Let f € C%(R™) be strongly convex. Show that Vf : R" — R" is
a diffeomorphism (that is, show that it is differentiable, bijective and that its inverse is
differentiable).

EXERCISE 5.92. Let f(z) = 3(Az,z) — (b,z) + ¢ with A € R"™*" and b € R",c € R.
Assume that A is symmetric and positive definite. Show that f has a unique global
minimum at some point x, and determine f(z,) in terms of A, b, c.

EXERCISE 5.93. Prove that the point x, from Exercise [5.92| can be computed using
gradient descent: that is, if xg € R™ arbitrary and

(5.244) Tpy1 = Ty — aV f(2,)

for n = 0,1,2,..., then the sequence (z,), converges to z, for all starting points
xo € R™, provided that « is chosen sufficiently small.

EXERCISE 5.94. Let D C R? be a finite set. Define a function E : R3 — R by

(5.245) E(a,b,c) = Z(ax% + by + ¢ — 39)%.

z€D

(1) Show that E is convex.
(2) Does there exist a set D such that E is strongly convex? Proof or counterex-
ample.

EXERCISE 5.95. (a) Find a convex function that is not bounded from below.
(b) Find a strictly convex function that is not bounded from below.
(c) If a function is strictly convex and bounded from below, does it necessarily have a
critical point? (Proof or counterexample.)

EXERCISE 5.96. (a) Give an example of a convex function that is not continuous.
(b) Let f: (a,b) — R. Show that if f is convex, then f is continuous.

EXERCISE 5.97. Construct a strictly convex function f : R — R such that f is not
differentiable at x for every x € Q.
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EXERCISE 5.98. Let f € C?*(R"). Recall that we defined f to be strongly convez if
there exists 3 > 0 such that (D*f|,y,y) > B||y||* for every x,y € R". Show that f is
strongly convex if and only if there exists v > 0 such that

(5.246) flte + (1= t)y) < tf(x) + (1 =) f(y) — (1 = )]z —yl

for all x,y € R"t € [0, 1].

(Consequently, that condition can serve as an alternative definition of strong convexity,
which is also valid if f is not C?.)

EXERCISE 5.99. (Recall Exercise as motivation for this exercise.) Fix a function
o € C}(R) and define for z € R*, W € R™" v € R™,

(5.247) pla, Wov) =Y o(Wa)i);
i=1
Given a finite set of points D = {(z1,v1), ..., (zn,yn) € R" x R} define
N
(5.248) E(W,v) = (ula:, W,v) — ;).
j=1

Is E necessarily convex? (Proof or counterexample.)






CHAPTER 6

The Baire category theorem™

Lecture 36 (Wednesday, November 27)

Let (X, d) be a metric space. Recall that the interior A° of a set A C X is the set
of interior points of A, i.e. the set of all x € A such that there exists € > 0 such that
B.(z) C A. A set A C X is dense if A= X. Note that A is dense if and only if for all
non-empty open sets U C X we have ANU # (.

DEFINITION 6.1. A set A C X is called nowhere dense if its closure has empty
interior. In other words, if A” = (). Equivalently, A is nowhere dense if and only if A
contains no non-empty open set.

Remarks. 1. A closed set A C X has empty interior if and only if A= X \ A is open
and dense. (This is because A is closed if and only if A¢ is open and A has empty
interior if and only if A° is dense.)

2. A is nowhere dense if and only if A¢ contains an open dense set.

3. A is nowhere dense if and only if A is contained in a closed set with empty interior.

EXAMPLE 6.2. The Cantor set
oo 3¢-1
(6.1) ¢ =00\ | (2, 22)
=0 k=0
is a closed subset of [0, 1] and has empty interior. Therefore, it is nowhere dense.

LEMMA 6.3. Suppose Ay,..., A, C X are nowhere dense sets. Then |J,_, Ay is
nowhere dense.

PrOOF. Without loss of generality let n = 2. We need to show that A; U A, has
empty interior. Equivalently, setting U, = A, for k = 1,2. We show that U; N Uy is
dense. Let U C X be a non-empty open set. Then V; = U NU; is open and non-empty,
because Uj is dense. Since Us; is also dense, Vi NUs = U N (Uy N Uy) is non-empty, so
U, N U, is dense. O

Also, a subset of a nowhere dense set is nowhere dense and the closure of a nowhere
dense set is nowhere dense.

However, countable unions of nowhere dense sets are not necessarily nowhere dense
sets.

EXAMPLE 6.4. Enumerate the rationals as Q = {q1, g2, ... }. Forevery k =1,2,...,
the set Ay = {qx} is nowhere dense in R. But Q = J;—; Ax C R is not nowhere dense
(it is dense!).

DEFINITION 6.5. A set A C X is called meager (or of first category) in X if it is the
countable union of nowhere dense sets. A is called comeager (or residual or of second
category) if A€ is meager.

115
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The above example shows that Q C R is meager. In fact, every countable subset of
R is meager (because single points are nowhere dense in R).

By definition, countable unions of meager sets are meager. The choice of the word
“meager” suggests that meager sets are somehow “small” or “negligible”. But how
“large” can meager sets be? For example, can X be meager? That is, can we write
the entire metric space X as a countable union of nowhere dense subsets? The Baire
category theorem will show that the answer is no, if X is complete.

THEOREM 6.6 (Baire category theorem). In a complete metric space, meager sets
have empty interior. Equivalently, countable intersections of open dense sets are dense.

COROLLARY 6.7. Let X be a complete metric space and A C X a meager set. Then
A # X. In other words, X is not a meager subset of itself.

ExXAMPLE 6.8. The conclusion of the Baire category theorem fails if we drop the
assumption that X is complete: let X = Q with the metric inherited from R (so
d(p,q) = |p—q|). Then X is a meager subset of itself because it is countable and single
points are nowhere dense in X (X has no isolated points). But the interior of X is
non-empty, because X is open in X.

EXAMPLE 6.9. Not every set with empty interior is meager: consider the irrational
numbers A = R\ Q. A has empty interior, because A° = Q is dense. It is not meager,
because otherwise R = A U A° would be meager, which contradicts the Baire category
theorem.

EXERCISE 6.10. Another notion of “smallness” is the following:
Definition. A set A C R is called a Lebesgue null set if for every € > 0 there exist
intervals Iy, I, ... such that

(6.2) Ac|JLand ) || <e.
Jj=1 Jj=1

(Here |I| denotes the length of the interval I.)

Give an example of a comeager Lebesgue null set. (Recall that a set is called comeager
if its complement is meager.)

(This implies in particular that Lebesgue null sets are not necessarily meager and meager
sets are not necessarily Lebesgue null sets.)

For the proof of Theorem we will need the following lemma.

LEMMA 6.11. Let X be complete and Ay D Ay D --- a decreasing sequence of
non-empty closed sets in X such that
(6.3) diam A, = sup d(z,y) — 0
T,YyEAnL

asn — oo. Then () —, A, is non-empty.

PROOF OF LEMMA [6.11] For every n > 1 we choose z,, € A,. Then (z,), is a
Cauchy sequence, because for all n > m we have d(z,, z,,) < diamA4,, — 0 as m — 0.
Since X is complete, there exists x € X such that lim,_,. x, = z. Let N € N. Then
Ap contains the sequence (x,,),>n and since Ay is closed, it must also contain the limit
of this sequence, so © € Ay. This proves that x € (3_; An-. O
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PROOF OF THEOREM [6.6l. Let (U,), be open dense sets. We need to show that
Mo, Uy, is dense. Let U C X be open and non-empty. It suffices to show that U N
M,—, Uy, is non-empty. Since U is open and dense, U N U; is open and non-empty.
Choose a closed ball B(zy,7) € U NU;, with r; € (0,1). Then B(zy,r1) N Uy is
open and non-empty (because U, is dense), so we can choose a closed ball B(xy,7) C
B(xq,7r1) N Uy with 74 € (0, %) Iterating this process, we obtain a sequence of closed
balls (B(y, 7n))n such that B(z,,r,) C B(p—1,7n-1)NU, and r,, € (0, 1). By Lemma
there exists a point = contained in (7, B(zy, 7). Since B(x,,r,) C UNU, for
alln > 1, we have x € UN(.2, Uy. O

The Baire category theorem has a number of interesting consequences.
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Lecture 37 (Monday, December 2)

1. Nowhere differentiable continuous functions®

THEOREM 6.12. Let A C C([0,1]) be the set of all functions that are differentiable
at at least one point in [0,1]. Then A is meager.

PROOF. For n € N we define A,, to be the set of all f € C([0,1]) such that there
exists ¢ € [0, 1] such that

6 HEDES TP
holds for all h € R with ¢ + h € [0, 1]. Then
(6.5) Ac A

n=1
It suffices to show that each A, is nowhere dense. We first prove that A,, is closed. Let
(fe)r C A, be a sequence that converges to some f € C([0,1]). We show that f € A,,.
Indeed, by assumption, there exists (¢;)r C [0, 1] such that

Julte +h) — fultr
h
holds for all & > 1 if ¢, +h € [0,1]. By the Bolzano-Weierstrass theorem, we may
assume without loss of generality that (tx), converges to some t € [0,1] (by passing to
a subsequence). Then, by continuity of f,
fE+h) —f@)) _ lim filte + 1) — fi(ty)
h k—o0 h
Therefore, f € A, and A, is closed. Also, A, has empty interior. Indeed, one can see

that C([0,1]) \ A, is dense because every f € C([0,1]) can be uniformly approximated
by a function that has arbitrarily large slope (think of “sawtooth” functions).

(6.6) )) <n

<n

(6.7)

EXERCISE 6.13. Provide the details of this argument: show that 4, has empty
interior.

O

The Baire category theorem implies that 4 has empty interior. In other words, the
set of nowhere differentiable functions C'([0, 1])\ A is dense. In this sense, it is “generic”
behavior for continuous functions to be nowhere differentiable. In particular, we can
conclude that there exists f € C([0,1]) \ A (so f is nowhere differentiable) without
actually constructing such a function. On the other hand, one can also give explicit
examples of nowhere differentiable functions.

EXAMPLE 6.14 (Weierstrass’ function). Consider the function f € C([0,1]) defined
as

(6.8) fla) = b sin(b"x),

where 0 < a < 1 and b > 1 are fixed. The function f is indeed continuous because
the series is uniformly convergent. In fact, f is the uniform limit of the sequence of
functions (fy)y considered in Exercise [2.44]

EXERCISE 6.15. Show that f is nowhere differentiable.
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2. Sets of continuity*
DEFINITION 6.16. Let X, Y be metric spaces and f: X — Y a map. The set
(6.9) Cy={r € X : fis continuous at z} C X
is called the set of continuity of f. Similarly, X \ Cy is called the set of discontinuity
of f.
EXAMPLE 6.17. Let f : R — R be defined by f(z) = 1 if  is rational and f(z) =0
if z is irrational. Then Cy = 0.

EXAMPLE 6.18. Let f : R — R be defined by f(x) = x if = is rational and f(z) =0
if x is irrational. Then C; = {0}.

EXAMPLE 6.19. Consider the function f : R — R defined as follows: we set f(0) =1
and if x € Q \ {0}, then we let f(z) = 1/q, where z = £, where p € Z, ¢ € N and the
greatest common divisor of p and ¢ is one. If z € Q, then we let f(z) = 0. We claim
that C'y = R\ Q. Indeed, say x € R\ Q and p,, /¢, — = a rational approximation. Then
gn — 00 (otherwise, it must converge and then x would be rational). This implies that

f is continuous at z. On the other hand, say z € Q. Set z,, = x + ‘/75 Then x,, ¢ Q
because v2 € Q, so f(z,) = 0 for all n, so lim,_ f(2,) = 0, but f(z) # 0. Hence f

1S not continuous at x.

It is natural to ask which subsets of X arise as the set of continuity of some function
on X. For instance, does there exist a function f : R — R such that Cy =Q ?

DEFINITION 6.20. A set A C X is called an F,-set if it is a countable union of
closed sets. A set G C X is called a G-set if it is a countable intersection of open sets.

These names are motivated historically. The F' in F, is for fermé which is French
for closed. On the other hand, the GG in Gj is for Gebiet which is German for region.

ExXAMPLES 6.21. 1. Every open set is a Gs-set and every closed set is an F,-set.
2. Let © € X. Then {2} is a Gs-set: it is the intersection of the open balls B(x,1/n).
3. Q C Ris an [ set, because Q = (J,cq{¢} (a countable union of closed sets).

THEOREM 6.22. Let X and Y be metric spaces and f : X — Y a map. Then
Cy C X is a Gs-set and X \ Cy is an F,-set.

PROOF. Let f: X — Y be given. It suffices to show that U is a Gs-set. For every
S C X we define the oscillation of f on S by

(6.10) wy(S) = sup dy(f(x), f(z')) = diam f(S).

z,x’' €S
For a point © € X we define the oscillation of f at x by
(6.11) we(z) = in(f)wf(B(x,a)).
>
Then we have
(6.12) reC; <= w(z)=0
and we can write the set of continuity of f as

(6.13) Cr={{z e X : wy(x) <1},

n=1



120 6. THE BAIRE CATEGORY THEOREM*

We are done if we can show that U, = {z € X : wy(z) < £} isopen for every n € N. Let
2o € U,. Then wy(zg) < L. Therefore, there exists € > 0 such that wy(B(zo,¢)) < +.
Let « € B(xg,£/2). Then by the triangle inequality, B(x,¢/2) C B(xg,¢). Therefore,

(6.14) wi(r) < wy(B(r,2/2)) < wy(Blan,e)) < L
Thus, B(zg,e/2) C U, and so U, is open. O

As a sample application of the Baire category theorem we now answer one of our
previous questions negatively:

LEMMA 6.23. Q C R is not a Gs-set. Consequently, there exists no function f :
R — R such that Cy = Q.

PROOF. Suppose Q is a Gs-set. Then R\ Q is an F,-set and therefore can be
written as a countable union of closed sets Aj, As,.... Since R\ Q has empty interior
(its complement Q is dense), A, C R\ Q also has empty interior for every n. Thus A,
is nowhere dense, so R\ Q is meager. But then R = QU (R \ Q) must be meager, which
contradicts the Baire category theorem. 0

Remark. Observe that an F,-set is either meager or has non-empty interior: suppose
A C X is an Fj-set with empty interior. Then it is a countable union of closed sets with
empty interior and therefore meager. Similarly, a Gs-set is either comeager or not dense.

Remark. 1t is natural to ask if the converse of Theorem [6.22] is true in the following
sense: given a Gs-set G C X, can we find a function f : X — R such that Cy = G 7
This cannot hold in general: suppose X contains an isolated point, that is X contains an
open set of the form {x}. Then necessarily x € C, but x is not necessarily contained in
every possible Gs-set. However, this turns out to be the only obstruction: if X contains
no isolated points, then for every Gs-set G C X one can find f : X — R such that
Uy = G. For a very short proof of this, see S. S. Kim: A Characterization of the Set
of Points of Continuity of a Real Function. Amer. Math. Monthly 106 (1999), no. 3,
258—259.
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Lecture 38 (Wednesday, December 4)

3. The uniform boundedness principle*

The following theorem is one of the cornerstones of functional analysis and is a
direct application of the Baire category theorem.

THEOREM 6.24 (Banach-Steinhaus). Let X be a Banach space and Y a normed
vector space. Let F C L(X,Y) be a family of bounded linear operators. Then

(6.15) sup ||Tx|ly < oo forallz € X <= sup||T||op < 0.
TeF TeF
In other words, a family of bounded linear operators is uniformly bounded if and only
if it is pointwise bounded.
This theorem is also called the uniform boundedness principle.

PROOF. In the <=’ direction there is nothing to show. Let us prove '=’. Suppose
that supper [|[Tz|]y < oo for all x € X. Define

(6.16) A, ={r e X :sup|Tx|y <n} CX.
TeF
A, is a closed set: if (xy)r C A, is a sequence with x; — x € X then since T

is continuous, ||Tz|y = limg_yo [|T2k|ly < n for all T € F, so z € A,. Also, the
assumption suppc 7 ||Tx|y < oo for all z € X implies that

(6.17) X = G A,
n=1

By the Baire category theorem, X is not meager. Thus, there exists ng € N such that
A, has non-empty interior. This means that there exists xq € A,,, and € > 0 such that

(6.18) B(zg,e) C Ay,.
Let x € X be such that ||z||x <e. Then for all T € F,
619) Tzl = IT(0 — 2) — Taolly < IT(z0 — )y + | Tolly < 2n0.
Now we use the usual scaling trick: let x € X satisfy ||z||x = 1. Then
(6.20) |Tz|ly = e || T(cx) ||y < 2e 'ng.
This implies
(6.21) sup ||T||lop = sup sup ||Tz|ly < 2 'ng < .
TeF TEF ||z] x=1

OJ

ExXAMPLE 6.25. If X is not complete, then the conclusion of the theorem may fail.
For instance, let X be the space of all sequences (z,), C R such that at most finitely
many of the z, are non-zero. Equip X with the norm |||l = sup,cy |%n|. Define
l,: X — R by l,(x) =nx,. {,is a bounded linear map because

(6.22) [0n(@)] = |na,| < nf|z]le.
For every = € X there exists N, € N such that z,, = 0 for all n > N,.This implies that
(6.23) sup |4, (x)| = max{|(,(x)] : n=1,..., N, } < 0.

neN
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But ||€,]|op > n because |¢,,(e,)| = n (where e,, denotes the sequence such that e, (m) =
0 for every m # n and e,(n) = 1). Thus,

(6.24) sup [[4n||op = 0.
neN

Remark. 1In the proof we only needed that X is not meager. This is true if X is
complete, but it may also be true for an incomplete space.

As a first application of the uniform boundedness principle we prove that the point-
wise limit of a sequence of bounded linear operators on a Banach space must be a
bounded linear operator.

COROLLARY 6.26. Let X be a Banach space and 'Y a normed vector space. Suppose
(T,)n C L(X,Y) is such that (T,x), converges to some Tx for every x € X. Then
T e L(X,)Y).

PRrROOF. Linearity of T" follows from linearity of limits. It remains to show that 7" is
bounded. Let x € X. Since (7,z), converges, we have sup,, ||T,z||y < oo (convergent
sequences are bounded). By the Banach-Steinhaus theorem, there exists C' € (0, 00)
such that ||T,]|op < C for every n. Let x € X. Then

(6.25) 1Tl = T |Toally < Cllallx.
[

Remark. Note that in the context of Corollary it does not follow that 7,, — 7" in
L(X,Y). For instance, let T, : ¢! — ¢* and T}, (z) = z,e,. Then T,,(x) — 0 as n — oo
for every x € ¢*, but ||T,|lop = 1 for every n € N, so T,, does not converge to 0 in
L(X,Y).
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Lecture 39 (Friday, December 6)

3.1. An application to Fourier series. Recall that for a 1-periodic continuous
function f : R — C we defined the partial sums of its Fourier series by

(6.26) Sy f(x Z . €™ = f % Dy (),

. ; in(27mw Lygy . o .
where ¢, = fol f(t)e 2™t and Dy(x) = 320 2o = % is the Dirichlet
kernel (see Section ).

The uniform boudnedness principle directly implies the following;:

COROLLARY 6.27. Let xo € R. There exists a 1-periodic continuous function f such
that the sequence (Snf(zo))ny C C does not converge. That is, the Fourier series of f
does not converge at xg.

In particular, this means that the Dirichlet kernels do not form an approximation
of unity. To see why this is a consequence of the uniform boudnedness principle, we
first need to take another close look at the partial sums.

LEMMA 6.28. There exists a constant ¢ € (0,00) such that for every N € N,
1
(6.27) / |Dn(z)|dx > clog(N).
0

PROOF. Since |sin(z)| < |z|,

(6.28) /0 Dy (@)]dz = /0 [N+ )0l g, 5 o /0 sV o,

| sin(7z)| x

Changing variables 27 (N + %)x — 2 we see that the right hand side of this display
equals

T(2N+1) | 2N am(kH1) | o
(6.29) a ! / [sin(z)] dr =7t Z/ —| Sm(w”dm
0 k=0 7k

i T

We have that

(6.30) %/ (k1) ]51n(m)\d$>§/”k+§+1&> \sin(x)|dx>0§/“k+ +100d_x
k=0 Y Tk r _k:O mk+5 — 100 L a o /Tt —q55

Here we have used that |sin(z)| > ¢ for some positive number ¢ whenever |z| is at most
o5 away from 7k + 7 for some integer k € Z (indeed, |sin(z)| > sin(7/2 — 7/100) > 0
for such x). Since x r—> 1/x is a decreasing function,

mk+5+100
(631 JE T T s
S S Tk + 5 + 105 k+1

Thus,
(621\:?2) 2N 2N
Tk+Z +100 d.f k+2 dZU 2N+2 dil?
1 1 1
S TR A [ T Tedeen )
k=0 Y Th+3— 105 k=0 k=0 7 k+1 1

which implies the claim. O
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Let us denote the space of 1-periodic continuous functions f : R — C by C(T) (here
T = R/Z = S! is the unit circle, which is a compact metric spacd])). Then C(T) is a
Banach space. Fix g € R. We can define a linear map T : C(T) — C by

(6.33) Tnf = Snf(zo)
LEMMA 6.29. For every N € N, Ty : C(T) — C is a bounded linear map and
(6.34) 1T llop = [ D l[1-

(Here | Dyl = [y [Dy(@)|da.)

PRrOOF. For every f € C(T) we have
(6.35)

s =10+ DuGeo) < [ 1fan =)D (Olat < 1fl | 10w = Il Dl

Therefore, Ty is bounded and ||Ty|lop < ||[Dn/||1- To prove the lower bound we let

(6.36) f(z) =sgn(Dy(zg — x)).

While f is not a continuous function, it can be approximated by continuous functions
as the following exercise shows.

EXERCISE 6.30. Show that for every € > 0 there exists g € C(T) such that |g(¢)| < 1
for all t € R and

(6.37) / £(£) — g(t)|dt < 2N€+ -

Hint: Modify the function f in a small enough neighborhood of each discontinuity; g
can be chosen to be a piecewise linear function.

So let € > 0 and choose g € C(T) as in the exercise. We have

(6.38) |Twf| = |f + D (xo)] = | / sgn(Dy(1) Dy ()| = / Dy (®)ldt = || Dl

Moreover,

(6.39) Tngl = [Tnf| = [Tn(f = 9)l;
The error term |Tx(f — g)| can be estimated as follows:
(6.40)

1
Tati=0) < [ IDstro- 0500t < 1Dl [ O-g(0lie < 2N+ 55
0
SO
(6.41) [T llop = [Twgl = DNl — &
Since € > 0 was arbitrary, this implies ||Tx|lop > [[Dn]|1- O

Armed with this knowledge, we can now reveal Corollary as a direct conse-
quence of Theorem [6.24] Indeed, we have that

(6.42) T llop = |1 Dx [l = clog(N)

IThe metric being the quotient metric inherited from R or the subspace metric induced by the
inclusion S' C R2. These metrics are equivalent.
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and therefore

(6.43) sup ||Tn||op = 0.

NeN
So by Theorem there must exist an f € C(T) such that
(6.44) sup [T f| = 0.

NeN

In otherwords, (Sn f(zo))n does not converge.

Remark. Continuous functions with divergent Fourier series can also be constructed
explicitly. The conclusion of Corollary can be strengthened significantly: for every
Lebesgue null set A C T [ there exists a continuous function whose Fourier series
diverges on A (see J.-P. Kahane, Y. Katznelson: Sur les ensembles de divergence des
séries trigonométriques, Studia Math. 26 (1966), 305-306.).

On the other hand, L. Carleson proved in 1966 that the Fourier series of a continuous
function must always converge almost everywhere (that is, everywhere except possibly
on a Lebesgue null set). This is a very deep result in Fourier analysis which is difficult
to prove (see M. Lacey, C. Thiele: A proof of boundedness of the Carleson operator,
Math. Res. Lett. 7 (2000), no. 4, 361—370 for a very elegant proof).

2See Exercise for a definition on R; Lebesgue null sets of T are precisely the images of Lebesgue
null sets on R under the canonical quotient map R — R/Z = T.
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Lecture 40 (Monday, December 9)

4. Kakeya sets*

DEFINITION 6.31. We call a compact set A C R™ a Kakeya set if A contains a unit
line segment in every direction. That is, if for every v € R" with ||v]| = 1 there exists
x € A such that x +tv € A for all t € [0, 1].

(Note that this is only an interesting concept if n > 2.)

EXAMPLE 6.32. Consider the unit disk A = {z € R? : ||z]| < 1}. Clearly O+tv € A
for every t € [0,1] and v € R? with ||v|| = 1, so A is a Kakeya set in R?. The area of
the unit disk is 7 /4.

EXAMPLE 6.33. Let A be the compact set the boundary of which is the deltoid
curve defined by v(t) = (5 cos(t) + 1 cos(2t), £ sin(t) — {sin(2t)) for ¢ € R. Tt can be
seen that A is a Kakeya set and has area 7/8 (draw a picture).

Do there exist Kakeya sets in R? with even smaller area? What is the smallest
possible “area” or “volume” of a Kakeya set in R"?

While we are not going to attempt a rigorous definition of the notion of “volume” for
an arbitrary subset of R™ at this point (this leads to a subject of its own, called measure
theory), we can easily make rigorous what we mean by a subset of “zero volume”.

DEFINITION 6.34. A set in A C R™ is called a Lebesgque null set (or of Lebesgue

measure zero) if for every € > 0 there exist (z1,71), (z2,72),... with z; € R" and r; > 0
such that
(6.45) AC U B(z;,r;) and er <e.

i=1 i=1
In other words, A is a Lebesgue null set if it can be covered by countably many balls
the combined volume of which can be made arbitrarily small. Intuitively, Lebesgue null
sets are sets of “volume zero”.

The surprising answer to our question on the smallest possible volume of Kakeya
sets is that Kakeya sets may have volume zero.

THEOREM 6.35. Let n > 2. There exists a compact set K C R"™ such that K is a
Kakeya set and a Lebesque null set.

Remark. Many explicit constructions of such sets have been described in the literature.
The first example (for the case n = 2) was given by Besicovitch in 1926. Therefore such
sets are also called Besicovitch sets.

We will give a non-constructive proof using the Baire category theorem. This proof
first appeared in T. W. Kérner: Besicovitch via Baire, Stud. Math. 158 (2003), no.
1, 65-78.

To simplify the exposition we only consider the case n = 2, but the method can be
extended to any n > 3. To apply the Baire category theorem, we need to work in a
complete metric space. Let K denote the set of all non-empty compact subsets of R2.
We need to define a metric on K. For a point x € R" and a set A € K we define

(6.46) d(z,A) = ;relg la —z||.
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For A, B € K we define

(6.47) d(A, B) = max(supd(a, B),sup d(A,b)).
acA beB

This is called Hausdorff metric.

EXERCISE 6.36. Show that d is a metric on K and that (K, d) is a complete metric
space.

Consider the set of all P € K with P C [—1,1] x [0, 1] which are of the form
(6.48) P=]Ju,

iel
where [ is some index set and for each i € I, there exist xq,x9 € [—1,1] such that ¢; is
the line segment connecting the point (1, 0) to the point (z2,1). We define P C K to be
the set of all such P such that additionally for every |v| < % there exist z1, x5 € [—1,1]
such that xo—21 = v and the line segment connecting (x1,0) to (22, 1) is contained in P.

This definition ensures that sets P € P are “almost” Kakeya sets in the sense that
while they do not contain a line segment in every direction, they do contain a line
segment pointing in every direction that makes a sufficently small angle with the y-
axis. We can always produce a true Kakeya set from such a P by taking a finite union
of some rotated copies of P.

EXERCISE 6.37. Show that P is a closed subset of IC (with respect to the Hausdorff
metric d).

This implies in particular that (P, d|pxp) is a complete metric space. Thus, we are
done if we can show that there exists a set P € P that has Lebesgue measure zero. We
will actually show the following stronger result.

THEOREM 6.38 (Korner). The set
(6.49) B={PeP : Pisa Lebesque null set} C P
1S comeager.

The Baire category theorem says that comeager subsets of complete metric spaces
are dense and in particular, non-empty.

To prove Theorem [6.38] it suffices to show that B contains a countable intersection
of open dense sets.

Let v € [0,1] and € > 0. Then we define P(v,c) C P to be the set of all P € P such
that there exist finitely many intervals Iy, ..., Iy such that if y € [0,1] N [v — &,v + €],
then

N N
(6.50) {z:(wy ePtc|JI and ) |I;| < 100e.
j=1 j=1
LEMMA 6.39. P(v,e) C P is open and dense.
This is the main ingredient of the argument. Please refer to Lemma 2.4 in Kérner’s
paper for the proof.

Now we show how this allows us to complete the proof of Theorem Suppose
that

(6.51) Pe() (n] P(Z,1).

neNr=0



128 6. THE BAIRE CATEGORY THEOREM*

Then by definition of Lebesgue null sets and ([6.50)),
(6.52) {z : (x,y) € P} C [-1,1]

is a Lebesgue null set for every y € [0,1]. This implies that P is a Lebesgue null setﬂ
Therefore,

(6.53) NAPEHes

neN r=0

so B contains a countable intersection of open dense sets and is therefore comeager.

4.1. Box counting dimension. Consider a compact subset A C R". Let § €
(0,1) and define Ns(A) to be the minimum number of balls of radius ¢ required to
cover the set A (it is clear that Ns(A) is finite because A C R" is totally bounded). We
are interested in the rate of growth of the number Ns(A) as d tends to zero.

EXAMPLE 6.40. Let £ < n and let A denote a k-dimensional box in R"™:
(6.54)
A=[0,1Fx {0} F={zeR" : z; €[0,1]for 1 <j <k, z;=0fork <j<n}

Then there exist constants ¢, ¢ > 0 such that
(6.55) A" < Ns(A) < co"
for all 6 € (0,1).

EXERCISE 6.41. Let A C R™ be a compact set. Show that there exists a constant
¢ € (0,00) such that
(6.56) Ns(z) <c-07"
holds for all 4 > 0.

DEFINITION 6.42. Let A C R" be a compact set. The upper box counting dimension
of A is defined as

Sy : log(Ns(A))
6.57 dim(A) = limsup ————=
(6.57) (4) nsup = 1/8)
Similarly, the lower box counting dimension of A is defined as
. .. o log(N5(A))
We always have
(6.59) 0 < dim(A) < dim(A) < n.

The first two of these inequalities follow directly from the definitions and the third
inequality follows from Exercise [6.41] Each of these inequalities may be strict.

If dim(A) = dim(A) = d, then we say that d is the box counting dimension (or
Minkowski dimension) of A and write

(6.60) dim(A) = d.

3This is not obvious directly from the definitions. For the purpose of this discussion, we will take
this implication for granted. It follows directly from properties of the Lebesgue integral, more precisely,
Fubini’s theorem. Intuitively, if every “horizontal slice” of a subset of the plane has zero length in R,
then that subset of the plane has zero area.
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The numbers dim(A), dim(A) do not depend on the norm on R” used to form the
balls that appear in the definition of Ns(A) (because the number Ns(A) only changes
by a multiplicative constant when swapping out norms). The balls in the maximum
norm on R” defined by ||z||oc = max;_; ., || look like boxes. This motivates the term
“box counting dimension”.

This notion of dimension conincides with our intuition about dimension. For in-
stance, the set A from Example [6.40] which we referred to as a “k-dimensional box”
actually has box counting dimension k. Note that there is no reason why the box
counting dimension of some given set A should always be an integer. In fact, there are
lots of compact sets with a non-integer box counting dimension. We refer to such sets
as fractals (because they have fractional dimension).

EXAMPLE 6.43. Maybe the simplest example of a fractal is the Cantor set € C [0, 1]
(see (6.1))). In the iterative construction of the Cantor set, at the kth step we arrive at
a disjoint union of 2% closed intervals each of which has length 37*. Thus
(6.61) Niz-4(€) = 2%

Similarly, Ns(€) ~ 2% where § € (0,1) and k is such that 37! < § < 37%. This shows
that

) log(2)
6.62 0 < dim(€) = <
(6.62) m(e) = 5

Dimension is related the notion of Lebesgue null sets in the following way.

LEMMA 6.44. If A C R" is a compact set such that dim(A) < n, then A is a
Lebesque null set.

PROOF. Let v = 1(n—dim(A)) > 0. By assumption, there exists a sequence (8,,)m
such that d,, — 0 and for each m there exist open balls (B(x, j,0m))j=1,.. n,, covering

A, where N,, < (5;1("7'}). Then
N,

(6.63) > on = Nydp, < 6%, — 0asm — oo.
j=1

O

EXAMPLE 6.45. It is not true that a Lebesgue null set in R™ necessarily has box
counting dimension n: take the set A = QN [0,1] € R (A is not compact, but it
still makes sense to speak of its box counting dimension). It is not hard to show that

dim(A) = 1.
In view of this fact and the existence of Besicovitch sets, it is a natural instance of
our original question about the smallest possible “size” of a Kakeya set to ask whether

there exist Besicovitch sets in R™ that have a box counting dimension strictly smaller
than n. It is conjectured that the answer is 'no’ for all n.

Kakeya conjecture. Let K C R™ be a Kakeya set. Then dim(K) = n.

This is known to hold if n = 2 (and trivial if n = 1), but still widely open if n > 3.
See Exercise below for a walkthrough to a simple proof that dim(K) > ”TH Wolft
(1995) proved that dim(K) > 2. The currently best known results are as follows:



130 6. THE BAIRE CATEGORY THEOREM*

2 (Davies 1971)

2 +1071° (Katz-Laba-Tao 1999)

34 10719 (Laba-Tao 2000)

m(K) > (2 —v2)(n —4) + 3 (Katz-Tao 2001)

) > n/a+(a—1)/a, where a € (1,2) is such that a®—4a+2 =0

e n=2: dim(K) =

o n=3: dim(K) >

e n=4: dim(K) >

o 4 <n<24: di

e n > 24: dim(K
(Katz-Tao 2001)

The Kakeya conjecture has many surprising connections to other open problems in
mathematics, in particular Fourier analysis.
5. Further exercises

EXERCISE 6.46. We define the subset A C R as follows: x € A if and only if there
exists ¢ > 0 such that

(6.64) |z —j27% > 27"
holds for all 7 € Z and integers k > 0. Show that A is meager and dense.
EXERCISE 6.47. Show that the set A from Exercise [6.46|is a Lebesgue null set.

EXERCISE 6.48. Let (X,d) be a complete metric space without isolated points.
Prove that X cannot be countable.

EXERCISE 6.49. (i) Show that if X is a normed vector space and U C X a proper
subspace, then U has empty interior.

(ii) Let
(6.65) X ={P:R — R|Pis a polynomial}.
Use the Baire category theorem to prove that there exists no norm || - || on X such that

(X, ] - ||) is a Banach space.
(iii) Let X be an infinite dimensional Banach space. Prove that X cannot have a
countable (linear-algebraic) basis.

EXERCISE 6.50. Consider X = C([—1,1]) with the usual norm || f[|oc = sup;e_11) [f(t)]-
Let

(6.66) Ap={f€X : f(t)= f(~t) Vte[-11]},

(6.67) A_={feX : f(t)=—f(-t) vte[-1,1]}.

(i) Show that A, and A_ are meager.
(i) IsAy, +A_={f+g: fe A, g€ A_} meager?

EXERCISE 6.51. Construct a function f : R — R such that f is continuous at every
x € Z and discontinuous at every x ¢ Z.

EXERCISE 6.52. For every interval (open, half-open or closed) I C R give an example
of a function f : R — R such that f is continuous on I and discontinuous on R\ I.

EXERCISE 6.53. Let 0 < 6 < 1 (say 6 < &) and n > 2. A §-tube is a rectangular
box in R™ of dimensions 1 x § x --- x d. We call a collection of §-tubes d-separated if
every two distinct tubes make an angle of at least . Let K C R™ be a Kakeya set and
denote by K () its d-neighborhood:

(6.68) K() ={z e R" : dist(z, K) < d}.
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Then K(§) must contain a d-tube in every direction. Let 75 denote a maximal J-
separated collection of §-tubes contained in K (d) (then 75 contains roughly 6'~" many
d-tubes). If A C R" is a finite union of §-tubes, then we denote by vol(A) the volume
of A.
(i) Prove that there must exist a point x € K(§) such that the number of tubes
T € Ts such that © € T is at least ¢/vol(UTs), where ¢ > 0 is a constant
depending only on the dimension, n.
(ii) Conclude from (i) that there exists ¢ > 0 such that for every d € (0, 15):

(6.69) vol(UT;) > c- 6"z
(iii) Conclude from (ii) that
(6.70) dim(K) > =
(iv) Suppose that for every £ > 0 there exists ¢. > 0 such that for every ¢ € (0, 15)
we have
(6.71) vol(UTs) > ¢.0°.

Show that this would imply the Kakeya conjecture: dim(K) = n.

(Here UTs = Uper, 1)



	Chapter 1. Review
	1. Metric spaces
	2. Uniform convergence
	3. Power series
	4. Further exercises

	Chapter 2. Compactness in metric spaces
	1. Compactness and continuity
	2. Sequential compactness and total boundedness
	3. Equicontinuity and the Arzelà-Ascoli theorem
	4. Further exercises

	Chapter 3. Approximation theory
	1. Polynomial approximation
	2. Orthonormal systems
	3. The Haar system
	4. Trigonometric polynomials
	5. The Stone-Weierstrass Theorem
	6. Further exercises

	Chapter 4. Linear operators and derivatives
	1. Equivalence of norms
	2. Dual spaces*
	3. Sequential p spaces*
	4. Derivatives
	5. Further exercises

	Chapter 5. Differential calculus in Rn
	1. The contraction principle
	2. Inverse function theorem and implicit function theorem
	3. Ordinary differential equations
	4. Higher order derivatives and Taylor's theorem
	5. Local extrema
	6. Optimization and convexity*
	7. Further exercises

	Chapter 6. The Baire category theorem*
	1. Nowhere differentiable continuous functions*
	2. Sets of continuity*
	3. The uniform boundedness principle*
	4. Kakeya sets*
	5. Further exercises


