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1 Analysis in several variables

1.1 Euclidean space R?

The Euclidean space R? is the set of all functions z : I; — R, where I; :=
{0,1,...,d—1}. We call the elements z = (2(0),...,2(d—1)) of R? ordered d-
tuples of real numbers. Many authors use a different convention, considering
functions from {1,...,d} to R. The two concepts are easily seen equivalent.
The operations

(@ +y)(@) = (i) +y(i) @, yeR’
(ax)(i) = ax(i) r€R?Y acR.

yield on R? the structure of a vector space over R.
We equip R¢ with the metric structure by defining the metric p : R4 xR? — R

p(x,y) = [z -yl

where ||z|| is the length of x




We call d the canonical or Euclidean metric or distance.

Note that if the dimension d equals to 1, we are on the real line R. The length
||z|| of x € R is the usual absolute value |z|. If d = 2,3, then the length
coincides with the natural geometric length, as one can see from repeated
use of the Pythagorean theorem applied to right angled triangles. This is
illustrated in Figure

d=2 d=3

T1fF------------

X

Figure 1: Pythagorean theorem.

We state some properties of the Euclidean metric.

1.

For all x € RY, a € R, [Jax|| = |a|||z]|.
Proof. We calculate

d-1 d-1
(az)? = \[a® ) a? = Va? 22 = all|z]]. O
i=0 i=0 i=0
Note that this in particular shows ||z|| = || — z|| and thus symmetry of

the metric p. Also, by choosing a = 0 we obtain[[| [|0]| = 0.

. For all z € RY, ||z|| =0 =z =0.

Proof.
d-1
=0

Here ||0]| means the length of the null vector 0 = (0,...,0).



3. (Cauchy-Schwarz inequality) For all x,y € R,

d-1
>z < lllllyll.
i=0

Proof. Note that if x = 0 or y = 0, the inequality trivially holds. Thus
it suffices to show that for all x # 0,y # 0,

U
i Yi <1
= = llyll
In other words, since HH‘;—”H =1 it is enough to show that for x,y with

=] = llyl =1,
d—1
=0

For every 7 we have
0< (z;—y)* =} +y] — 2wy,
and hence

1 1
Ty < —517? + 5?./12

Inserting this into we obtain

d—1 d—1 1 1 1 1
E <E _2—|-—.2_—— 2—|—— 2—_1. ]
pa 'Q:Zyl — pa 2xl le 2Hx“ QHQH

4. (Triangle inequality) For all z,y € R, ||z + y|| < ||| + ||y]|-
Proof. We compute

-1 -1
lz +ylI* = Z(l’z +yi)’ = Z(l’f + 7+ 273y;)
=0 %

I
=)

1

= [llI* + lyll* + 2 ) w:yi
=0

Using the Cauchy-Schwarz inequality we estimate this by
< llel® + lyll* + 2llzlllyll = (el + llylh*.

The claim follows by taking the square root on both sides. O
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Remark. Let X be a vector space over R. A map || -] : X — [0,00)
satisfying (1), and (4) is called a norm. A norm on X induces a metric
by setting

plz,y) = [l =yl

Note that this is exactly what we have done in the Euclidean case.

1.2 Metric spaces

In all of the following X will be a metric space with the metric induced by
a norm. Most of what we have to say easily extends to more general metric
spaces.

Definition 1.1. The open ball centered at x € X of radius € is the set
B.(x)={ye X :|z—y| <e}.

Definition 1.2. A set A C X is called open if for each x € A there is an
e > 0 such that B.(x) C A.

Example. The interval (0,1) is open in X = R, while [0, 1) is not.
Definition 1.3. A set A C X is called closed if X \ A is open.

Example. For x € X and € > 0, the set
{ye X:llz—yl <e} (2)

is closed. To see this, let z € X \ A. We need to find an open ball Bs(z) with
Bs(z) € X\ A. Since ||z —z|| > €, we find a § > 0 such that ||z —z| > e+ 0.
We claim that for this § we have Bs(z) C X'\ A. Indeed, let a € Bs(z). Then
la — z|| < and hence

|l —al| >|lz—z2||—|la—z2|| >e+0 -5 =e.
The set (1.15)) is also called the closed ball at = of radius €.

The notions "open” and ”closed” depend on the ambient space X, as can be
seen from the following example.

Example. The interval [0, 1] is open in X = [0, 1], since Bs(z) C X for all
x € [0,1]. The interval (0,1) is closed in X = (0,1). Indeed, note that the
empty set is open.

Now we turn to the notion of convergence in X.
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Definition 1.4. A sequence z, in X is called convergent, if there exists an
x € X with

lim sup ||z, — z| = 0.
n—oo

We also say that x,, converges to x. The element z is called the limit of z,,.

In a metric space, a sequence can have at most one limit, we leave this
observation as an exercise.

Lemma 1.5. A sequence x, converges to x € X if and only if for every
e > 0 there is an n such that for all m > n we have x,, € B.(x).

We leave the proof as an exercise. In R? we have an issue with double indices.
We wrote z; i = 0,...d — 1 for the components of a vector, while we also
wrote x,, for the members of a sequence N — X. The following text will
have to be read carefully to avoid misunderstanding. We write x,,; for the
t-th components of the n-th member of a sequence.

Lemma 1.6. A sequence x,, = (Tp0,...,Tnq 1) in R converges to x if and
only if for all i, x,,; converges to x;, i.e.

Vi : limsup |z,,; — ;| = 0.
n—oo

Proof. (=) We estimate

limsup |z, ; — ;| < limsup ||z, — z|| = 0.
n—00 n—0oo

(<) We have

n—00 n—00 -
=0

limsup ||z, — x| = limsup \/Z(mm — ;)2

< dlimsup max |z,; —
oo 0<i<d—1
d-1

< dlim supz | T — i

n—oo T,
d—1

< leimsup]xnyi —z;|=d-0=0.

- n—00
=0



Theorem 1.7. A set A C X is closed if and only if for every convergent
sequence in A the limit x € X lies in A.

Proof. (=) Let A C X be closed, i.e. X \ A open. Let x, be a convergent
sequence with elements in A and let x be its limit. We need to show x € A.
Suppose the contrary that © € X \ A. Thus there exists an € > 0 such that
B.(xz) C X \ A. Since x,, converges to x, there exists an n such that for all
m > n, T, € B.(x). In particular, z,41 € B.(z) C X \ A. A contradiction
to 41 € A.

(<) We need to show that X \ A is open. Let y € X \ A. We have to find an
e > 0 such that B.(z) € X \ A. We again show the claim by contradiction.
Suppose there is no such ball. Then for all £ € Nyg there is an x, € A
with z, € B 1 (y). Convince yourself that this implies that z;, converges to v,
hence y € A. Contradiction. O

Definition 1.8. The closure A of a set A C X is the set of all z € X for
which there is a sequence in A which converges to x.

As an exercise one can show ihat ADA. Moreover, A = A if and only if A

is closed. Observe also that A = A and that X \ A is open. The set X \ A
is also called the interior of X \ A.

Definition 1.9. A metric space X is called separable if there is a countable
set A of open balls with the following property: every open set in X is the
union of the elements of a subset of A.

End of lecture 1. April 9, 2015

This section is dedicated to discussing some relevant concepts relating to
metric spaces. Previously we considered metrics induced by norms. In a
more general context we introduce the following definition.

Definition 1.10. A metric space X is a set with a mapping p: X x X —
R>othat satisfies the following properties:

o Vz,ye X p(x;y) = p(y; x), this property is called symmetry;
eV, yc X plr;y) =0 < z=1y;

e Vr,y,z€ X plr;2) < p(z,y) + p(y, z), this property is called the
triangle inequality.

Important properties that a metric space can possess is that of being sepa-
rable, complete, and compact.



1.2.1 Separability

Definition 1.11. A metric space X is said to be separable if there exists a
countable set of open balls A so that any open set of the space can be written
as a union of a subset of balls from A.

Definition 1.12. A subset Y C X of a metric space X is said to be dense
if all elements of X are limits of a sequence of elements of Y.

We are already familiar with a dense set of R>¢: the dyadic numbers Y =
{% withn e N, m € Z}. The two notions we have just introduced are
closely related by the following theorem.

Theorem 1.13. A metric space X s separable if and only if it has a count-
able dense subset.

Proof.

= Let X be separable and let A be a countable set of open balls as in
Definition [[.11] Let Y be the set of all the centers of the balls in A;
we must show that Y is dense in X. Let x € X be a given point; for
each n € Ny consider the open ball Bi(z). Being a non-empty open
set (it contains at least x itself) it can be represented as a non-empty
union of a subset of balls from A. Let us call one of the balls used in
this representation by B, (y,) so that we have B, (y,) C Bi(z) with
€, € Rog and y, € Y. It is now sufficient to show that the sequence
yn converges to z i.e. limsup,_, . p(yn; ) = 0. For any § > 0 choose
n € N so that = < §, then Vm > n we have that p (yn,; z) < + < 6 as
required.

< Let Y be a countable dense subset of X. Set A = {B; (y) withy €Y, né€ Nzl};
it is clear that A is countable. The rest is left as an exercise.

O
Theorem 1.14. The Euclidean space R? is separable.

Proof. The proof consist of several steps. The proof for any d € N can
be done by induction and is left as an exercise. Here we limit ourselves to
proving the statement for d = 2.

e R is separable. This is true because the set of dyadic numbers Y is a
countable dense subset of Rx.

e R is separable since the set Y = Y U —Y is countable and dense in R.



e R? is separable since the set Y2 = {(yo, y1) withyo € Yy, € Y} is
countable and dense in R?. To see this, for any § > 0 choose n € N
such that % < ¢ and then choose points y,; € Y so that |y,; — z;| < ﬁ
with ¢ € {0,1}. We have that [y, — || < |yno — zo| + [yn1 — 21| < +
and this concludes the proof.

]

1.2.2 Completeness

Another very important property of metric spaces is completeness. To state
this property we need to introduce the concept of closed balls.

Definition 1.15. A closed ball B.(z) C X of a metric space X is the set
Be(r) = {y € X ply; x) < e}

Definition 1.16. A metric space X is complete if for any set of closed balls
A with the properties

1. that for any two balls of A, one is included in the other, and
2. that for every e > 0 there is ball of radius at most € in A,
the intersection of all the balls in A4 is non-empty.

The positive real line R>y is an example of a complete space. Here the
completeness follows from the property that any set of points has a supremum
and an infimum. As a matter of fact we know that any closed ball is a closed
interval B.(r) = [v — ¢, ¥ + ¢]. Given a collection of closed balls A let
a = sup g, pealr —€) and b = infg ,\c4(z + €) where upper and lower
bounds are taken over all the balls in A. It is clear that the interval [a, b]
lies in the intersection of all the balls and since it is easy to check that a < b
the interval is non-empty. Notice, however, that the condition that the balls
are closed is of crucial importance for this reasoning to hold.

Theorem 1.17. A metric space X is complete if and only if any Cauchy
sequence has a limit in X.

Proof. O]
= Let X be a complete metric space; a sequence z,, is a Cauchy sequence if

Vm € N 3n(m) € Nsuch that Vn', n” > n(m) we have that p (z,/; @) <
27", Consider the sets U,, = Biga-m ([En(m)); we need to show that
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they are ordered by inclusion as required. Consider some m’' > m;
Vz € EIOQ*T’L' (xn(m/)) we have that p (xn(m); xn(m/)) < 27™ by applying
the Cauchy sequence hypothesis starting from index min (n(m); n(m’)).
Thus p (:En(m); 2) <p (l’n(m); l’n(m/)) +p ([/Un(m/); Z) <27™ 410 2-m <
627, 50 y € Biga-m (xn(m)) and we have shown that the U, C U,,
as required. Let y € ), U, checking that lim,, ., x, = y is left

as an exercise.

EN>,

< The proof that if all Cauchy sequences in a metric space X have a limit
in X then the space X is complete as per Definition [I.16]is left to the
reader.

In the above statement the fact that we consider closed and not open balls is
crucial. On the other hand, while it does not matter for the above statement,
there is a difference between our Definition [[.TH] of a closed ball and that of
the closure of the open ball of the same radius. The closure of a set A written
as A is the set of all limit points of sequences of elements in A. The interior
of A indicated as A° is the union of all the open balls contained in A. For
any metric space X we have the relation A = X \ ((X \ A)°). Notice that
for a general metric space X we have that the closure of an open ball B,(x)
is contained but may not coincide with the closed ball of the same radius
B(z). As an example consider X = Rso U {—1} as a subset of R with the
same distance: the closed ball is B;(0) = {—1} U [0, 1] while for the closure
of the open ball of the same radius we have —1 ¢ B;(0) since there is no
sequence in By (0) C X converging to —1.

Let us now return to the properties of complete metric spaces.

Theorem 1.18. The Euclidean space R is a complete metric space.
Proof. Once again we restrict ourselves to the proof for the case d = 2.

e R is a complete metric space. This is due to the fact that all Cauchy
sequences in R have a limit (as seen in the course of Analysis 1).

e For R? we need to show that all Cauchy sequences have a limit in
R2. Consider such a sequence x,, and the first and second coordinates
Tno, Tn1 € R. Since |x,; — Tyl < |20 — | for ¢ = 1, 2 we have
that x,; are also Cauchy sequences but in R and as such converge to
yi, 1 = 1, 2 respectively. The proof of the fact that (i, y1) € R? is the
limit of x,, is left to the reader.

O
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1.2.3 Compactness

The third important property that a metric space can have is compactness.

Definition 1.19. A subset K C X of a metric space X is compact if for
every set A of open sets of X such that K C |J,., A (such a set is called an
open covering) one can find a finite subset A" C A such that K C (J .4 A

Example. Any finite subset K C X of a metric space X is compact. Given
any covering A it is sufficient to select one open set A € A for every element
x € K. Since there are only finitely many elements one needs to select only
finitely many open sets A.

Similarly for the other properties we have encountered, the compactness of
a subset, that is expressed in topological terms (open sets, coverings), has
important implications on the behavior of sequences with elements in the
subset. In particular we have the following sequential property that is equiv-
alent to compactness in the case of metric spaces.

Theorem 1.20. A subset K C X of a metric space X is compact if and only
if any sequence of elements in K has a subsequence that has a limit in K.

First of all we will start with some basic properties: for a subset of a given
metric space X to be compact it has to contain all its limit points and be
bounded. The proof of this statement is left as an exercise.

Definition 1.21. A subset A C X of a metric space X is bounded if it is
contained in some ball of X i.e. 3Bg(x) such that A C Bg(x).

If a subset A C X is bounded then for any point y € X there is a ball
centered in that point that contains A. As a matter of fact if A C Bg(x)
then A C Bripy) (y) by the triangle inequality.

Euclidean metric spaces have an explicit characterization of compact subsets.
While being closed and bounded is necessary for a subset to be compact, in
the case of Euclidean spaces it is also sufficient. This statement is known as
the Heine-Borel Theorem.

Theorem 1.22. All closed and bounded subsets of R? are compact.

Proof. As usual we will give the proof in the case d = 2. The more general
case is based on the same argument. Let K C R? be a closed and bounded
set. We will use the characterization of compactness via sequences given by
Theorem [1.20] Let z,, be a sequence of elements in K then the sequences

11



Tn; with ¢ = 1, 2 are also bounded because |z,;| < ||z,|| < R for some
R > 0. Then let z,, o be a monotone subsequence of x,; and let us select
a further subsequence so that x,, :is also monotone. Since for i = 1,2
Tn,, i € R are monotone and bounded they have finite limit points y; and so
iy oo @y, = (Yo, y1). The fact that (yo, y1) € K is due K being closed. [

Theorem 1.23. A compact subset K C X of a metric space X is closed and
bounded.

Proof. Left as an exercise. n

End of lecture 2. April 13, 2015

1.3 Hilbert spaces

Definition 1.24. A (real) normed space is a (real) vector space, on which a
norm is defined.

Recall from Lecture 1 that a norm on a real vector space V is a map || - || :
V' — R satisfying

L. ||z]| =0=2z=0forallz eV
2. [|Az]| = |A|||z|| for all z € V, A € R
3. |z +yll < ll=fl + fly|| for all 2,y € V

One can also consider more general normed spaces. For instance, if V' is a
vector space over C, we talk about complex normed spaces. In this case one
has to modify [2] in the definition of the norm to hold for all A € C. However,
for now we will only focus on real normed spaces.

Example. On R? we may consider

o [zl = +/lwo| + [2:]
o |zl = Va5 + a7
o |[zfl = max(|zol, |1])-

The second expression defines the Euclidean norm. It is easy to verify that
the other two expressions also define a norm on R2.

The closed unit ball centered at 0 with respect to each of these norms can
be seen in Figure

12



1
1 1 —1 J 1 —1 1
1

o] + |21 (lzol* + |21 )2 max(|zol, [1])
Figure 2: Unit balls in R2.

We have rewritten the Euclidean norm as \/z2 + 23 = (|zo|?>+ |x1]?)"/2. This
way we see that replacing the exponent 2 by 1 yields the first norm. More
generally, one can replace 2 by any exponent 1 < p < oo and define the norm

]| = (2ol + |1 [7)1/7.

Definition 1.25. A normed vector space is called Banach space, if the in-
duced metric is complete.

Recall that the induced metric is defined as p(x,y) := ||z — y||.

Among the above examples, intuitively the case p = 2 produces the most
“round” ball. The following is an algebraic condition which singles out the
case p = 2 above, and thus can be viewed as a metric condition of “roundness”
of the ball.

Definition 1.26. A real Banach space V' is called Hilbert space, if for all
x,yeV,

Iz +ylI* + llz = yl* = 2]l=* + 2[lyl> (3)

The identity is called the parallelogram law. Namely, it can be interpreted
as stating that the sum of squares of the lengths of the two diagonals of a
parallelogram is equal to the sum of squares of the lengths of the four sides
of a parallelogram.

1/2
We claim that on R? the Euclidean norm ||z|| = (Z?:_ol |xz|2> satisfies

13



Figure 3: Parallelogram law.

the parallelogram law. Indeed, we have

d—1 d—1 d—1
S (@it )+ ) (@i —y)? =) 2] + 2wy + yf + 27 — 2wy + y]
=0 =0 =0

d—1 d—1
=2 Z xf + 2 Z yf.
i=0 i=0

Our next goal is to show that in some sense the converse also holds. That is,
if a norm on R? satisfies the parallelogram law, it is up to a possible change
of basis of the vector space equal to the Euclidean norm. First we turn our
attention to some consequences of the parallelogram rule.

A closed subset A of a Hilbert space V is called conver, if for all z,y € A
also 2(z +y) € A.

Theorem 1.27 (Projection theorem). Let V' be a Hilbert space and A C 'V
closed and convez. Let x € V. Then there exists y € A such that

ly - 2l = inf |}z — .

Note that the condition of A being closed cannot be omitted. This can
already be seen from the example V = R with norm being the absolute
value, and A = (0,1) and = = 2.

Proof. Set r := inf,c4 ||z — z||. Let y, be a sequence in A such that r =
lim,, o0 ||y — x||. Let € > 0. First we show that that y,, is Cauchy. Let n be
such that for all m > n we have

62

_ 2< 2

By we have

lym = vl + [y + Y — 220 = 2llyn — 2[|* + 2[lym — 2|

14



and hence for all m > n

g2 g2
lym = w2 < (22 + 5 ) + (22 + ) = g+ 90 — 22

:4r2+€2—4||WT%—xH. (4)

By convexity ¥2£¥= ¢ A. Thus we certainly have

since r is the infimum of all ||z — z|| for z € A. Hence (4)) is bounded by

Yn + Ym ‘
— —=x
9

< A4r? 4 &% — 4r? = &2

This shows that y, is Cauchy.

Now let y = lim,, o yn, Wwe know that such y exists since the Banach space
is complete. Since A is closed, y € A. It remains to show that r = ||y — z||.
By the triangle inequality

ly — || = llyn — 2| < [lyn — |-
Taking limits on both sides we obtain

ly =zl —=r <0y -z <

By definition of r we have ||y — x| > r, and we conclude ||y — z|| = r as
desired. Note that the last steps in this proof could be done by referring to
the continuity of the norm. m

Remark. The vector y from the previous theorem is unique. Indeed, suppose
we have y,y' € V satistying ||y — z|| =r = ||y — z||. Then

ly =3/ I* + lly + o' = 22[* = 2(ly — 2[I* + |y — =I*)

1.e.
2
= 472,

y+y
Iy =1+ 4| 5 o

In the spirit of the previous proof we conclude that
ly = y'|I +4r* < 42
which implies ||y — ¢/||* < 0 and thus y = /.
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We have the following generalization of the parallelogram rule.

Theorem 1.28. Let V' be a Hilbert space. Then for all x,y € V,\ € R,

lz -+ Ayll* = [l = [l = Az + yll* = [l2]* = llyl*). (5)
Note that if A = —1, this identity is exactly the parallelogram law . Note
also that if A =0 or A = 1, the identity trivially holds.

We can also interpret Theorem [1.28|in the following way. For a fixed x define
the function

F@) = llz+yll* = ll=l* =yl (6)

The theorem then says that
fQy) = Af(y),

that is, the function f is homogeneous.

Proof. For A € N we show this by induction. As we said, for A = 0,1 the
theorem holds. Assume now that we already know for A and we want to
prove it for A + 1. We use (3) on x 4+ Ay and y:

lz+ A+ Dyll* + llz + (A = Dyll* = 2]z + Ay[|* + 2]yl
Now we add —||z[|*> — ||[(A + 1)y||* on both sides, which gives

2+ A+ Dyll* = [lz]]* = [[(A + D)yl
=— A+ Dyl
+ 2l + Myl* = [l + (A = Dyll* = [l = 2]lyl* (7)
We apply the induction hypothesis on terms in involving « + Ay and

x4+ (A—=1)y, so as to express as linear combination of the norms squared
of x +y and z and y. After a short calculation we see that the result equals

= O+ Dlle +yl? = A+ Dl — (A + Dol

which finishes the induction step and thus the proof for A € N.
The claim for A € Z follows now by the observation that by the parallelogram
law the quantity

lz = Ayll” = ll=*[ = [[A]]*

is the negative of the quantity

lz + Ayll* = fl2*]| = Ayl -

16



Now we show for A € Q. Writing A = %’,p, q € Z,q # 0 we compute

p p

lz + =yll* = ll=[* = [|=y|?
q g

1

7

(laz + pyll* = llgz[* — llpy[1*)-
Since we know the claim for p € Z, this equals
g+ yl* = llaz|* = lly]).
7
Using the same argument for ¢ € Z and by symmetry in x,y we obtain
U+ gl =l = )

It remains to prove the theorem for A € R. For this we approximate \ with a
sequence of rational numbers, for which we already know . The conclusion
then follows by continuity of the norm. We leave details as an exercise. [

Theorem 1.29. Let V' be a Hilbert space and W a closed subspace of V. Let
x €V be such that ||z|| = inf ew ||z + y||. Then for ally € W

Iz +ylI* = [l2]I* + llyl* (8)

By a subspace W we mean a vector subspace of V. The equality can be
seen as "half of the parallelogram identity”: replacing y with —y gives

lz = ylI* = ll2]1* + llyl* (9)

Summing and @ we obtain the "full” identity . In particular, in a
Hilbert space the identities (8)) and @D are equivalent and they are equivalent
to

=yl = llz + |
as well.
Figure [4 depicts the case when W is a subspace of R? with the Euclidean
norm. The angle between z and y is right-angled and is the well-known
Pythagorean theorem.

Proof. Let y € W. By Theorem [1.2§]

lz+ Ayll* = [l ]1* = M [lyll* = Al +yll* = l2]” = llylI*)
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Figure 4: Orthogonality of z and y.

Since Ay € W, by definition of = we have
lz + Ayll* = Jl=[* > 0.

Thus,
0.< Nyl + Az +yll* = [l = [lyl*).

The right hand side is a quadratic function in A. Since A = 0 is on of its zeroes
and its leading term is positive, the right hand-side can be non-negative if
and only if A = 0 is a double zero. But this implies

Iz +ylI* = llzlI* = llylI* = 0.

The preceding discussion motivates the following definition.

Definition 1.30. Let V' be a Hilbert space. We say that z,y € V are
orthogonal, if ||z + y|| = ||z — y||.

End of lecture 3. April 16, 2015

The fact that x,y are orthogonal we shortly express by x 1 y. Note that
orthogonality of x,y can be rephrased by saying f(y) = 0, where f is defined
in @ Homogeneity of f implies that for A € R,

rly=xl \y.
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Theorem 1.31 (Gram-Schmidt). Let V' be a Hilbert space and let W be a
d—dimensional subspace, d € N>;. Then there exists a basis yo,...,Ya—1 of

W such that

d—1 d—1 1

2

v=Yawi = lloll = (Y lail?)”.
=0 =0

Proof. We induct on d. Let d = 1. Pick xg # 0. It exists, since d # 0. Define

Zo

Yo '= 7
o]l

and observe that ||yo|| = 1. If v = agyo, then

0 S\ 12
el = laollyoll = laol = (D" laol?)

=0

Assume now that the theorem holds for d € N>;. Let W be a (d +1)—
dimensional subspace of V. Choose a basis xg,...,xq of W and set W' =
span(xg, ..., zq-1). We have dim W’ = d. By the induction hypothesis there
exists a basis yo, . .., yq_1 of W’ such that

d—1 d—1 12
o= = ol = (Y laul?) (10)
i=0 i=0
Now we would like to complete v, ..., ys_1 to the desired basis of W. Con-
sider the map from R? to W’ defined via

d—1
()i = Zaiyia (11)
=0
which is a bijection. Moreover, by it is an isometry, i.e.

d—1
E a;Y;
i=0

This implies that W’ is complete, since R? is complete. Then, W' is closed
in V. Since W’ is a subspace of V, it is also convex. By Theorem there
exists y € W’ such that

()il =

—y| = inf |zg— 2.
lza—yll = inf flza — |

19



Moreover, since for z € W' also y + z € W', we have
lza —yll = inf flza —y — 2.
By Theorem know x4 —y L z for all z € W’  and thus A(z4—vy) L = for
all z € W/, \ € R. Define
_ Xg—Y
lwa =yl

Note that this is possible since from x4y & W’ it follows x4 — y # 0. By the
above discussion also y; L 2. In particular, y; L y; for all [ < d.
Let now v be an arbitrary vector in W. Then we can write it as a linear

combination
d
v = E Q;Y;
i=0

where «; € R. By orthogonality of y4 to vectors in W’ we have

Ya :

d—1 2

Z QiYi

=0

I* =

v + [l cayall®

Since Z?;ol a;y; € W', by the induction hypothesis the last display equals

d-1 1/2 d 1/2
(D laul?) ™+ laalllyal® = (3 losl?)
i=0 1=0

]

The bijection is linear and thus an isomorphism. By this theorem, every
finite dimensional Hilbert space is isometrically isomorphic to the Euclidean
space RY.

The procedure described in the proof is also called Gram-Schmidt orthogo-
nalization. A consequence of the proof is the following: If V is a Hilbert

space and W a d—dimensional subspace, there exists a basis yo, ..., yq_1 of
W with

lyrl| =1 for k=0,...,d—1
yr Ly if k#1L

That is, all vectors in this basis are of unit length and they are pairwise
orthogonal. We call such a basis an orthonormal basts.
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The following identity may be called a parallelepiped identity, as it involves
the eight corners of a parallelepiped if one adds 0 = ||0]|* on the right hand
side.

Theorem 1.32. Let V' be a Hilbert space. Then for all x,y,z € V,
lz +y + 2l + 2l + Nyl + 1207 = llz + yl* + o + 2] + [ly + 2]

Proof. First we prove the theorem for V = R?, for which a simple computa-
tion shows that both hand-sides equal

d—1
Z 2a7 + 2u7 + 227 + 2a3y; + 2yizi + 2255
i=0

For a general V' consider the subspace W spanned by z,y, z, for which 1 <
dim(W) < 3 unless in the trivial case x = y = z = 0. Since W is isometrically
isomorphic to R?, the claim follows. m

The formula from the previous theorem has the following consequence.

Theorem 1.33. Let V' be a Hilbert space and x € V. Then the function
Fy) = lle+yll* = l=l* = llylI*
is linear iny € V.

Note that the defining expression for f is symmetric in z,y, so that a sym-
metric statement to the theorem holds as well.

Proof. We have already mentioned the homogeneity f(Ay) = Af(y), which
follows from Theorem [1.28] To show additivity we calculate

fly+2)=le+y+21* =zl = lly + =[],
while
FW) + ) = lz+yll* = =l = lyll® + = + 21> = [l = [|2]]*

Hence, using Theorem [1.32 f(y + 2) = f(y) + f(2). O

Definition 1.34. For z,y in a (real) Hilbert space V' we define their scalar
product

1
(.y) = 5l +yl* = ll=1” =y l”)-
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We observe the following properties of the scalar product.

1. For a fixed zx it is linear in y, i.e. for A\, u € R,
(x, Ay + pz) = Mz, y) + plz, 2).

2. It is symmetric, i.e. (x,y) = (y, ).

3. For a fixed y it is linear in z, i.e. for A\, u € R,

Az + pz,y) = Mz, y) + u(z,y).

Properties 1. and 3. are usually stated saying the scalar product is
bilinear.

4. (z,7) = |z]?
This holds since both hand-sides equal 3 (||2z[* — ||z]|* — ||z|?).

5. (x,y) =0 a Ly,
This holds since both statements are equivalent to ||z + y||* — ||z]|* —
lyll* = 0.

6. (Cauchy-Schwarz inequality) (z,y) < ||z||v]|-
To derive this we first square the triangle inequality ||z+y|| < |||+ y||
which yields

lz +yl1* < ll2® + [lyll* + 2ll= 1yl
& 2(x,y) < 2|l

< (,y) < [l=llllyl-

1.3.1 Complex Hilbert spaces

Let V' be a vector space over C. A norm on the complex vector space || - || :
V' — R satisfies

L ||z =0=>2=0Vz eV
2. [[Az|| = M||z|| Ve e VA e C
3. Nz +yll < llzll + Iyl vz,y € V

The difference to the real case is Property 2., which needs to hold for more
general \. But it still holds for all A € R, so the normed space remains a real
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normed space as well. As such it is still called Hilbert space, if the induced
metric is complete and for all x,y € V the parallelogram law

lz +yl1* + llz — yl* = 2[|=|* + 2]l

holds.

In a complex Hilbert space, we call the property ||z — y|| = ||z + y]|| of two
vectors real orthogonality, to distinguish it from complex orthogonality which
will be defined below.

We observe that

lz + izl = |1+ ilall = V2|l = [1 = dlllel| = [|lz — ],

which means that x and iz are real orthogonal. In the complex setting this
is somewhat undesirable, as ¢z is a complex multiple of x and thus z and iz
are linearly dependent in the complex vector space.

In view of this, the real Gram Schmidt procedure does not produce a basis of
the complex vector space. To rectify this, we modify the real Gram Schmidt
as follows. We first choose a vector yo with ||yo|]| = 1. Then we define y; =
1yo. Inductively if we have chosen g, ..., y2q_1, we choose a unit vector 194
orthogonal to the previously chosen vectors and then we choose Y411 = 924-
This gives a collection of 2d+2 pairwise real orthogonal vectors such that they
pair up into pairs of linearly dependent vectors over the complex numbers. If
the real dimension of the vector space is 2d, then taking the even numbered
vectors o, Yo, - - ., Yaq_o2 provide a basis of the d-complex-dimensional space.
It would be desirable to have a notion of complex orthogonality that deems
these 2d vectors a maximal set of orthonormal vectors.

Thus we define a different scalar product.

Definition 1.35. Let V be a complex Hilbert space. The complex scalar
product of two vectors x,y € V is defined as

1 i _ .
(@9} =5l +ull* = ll21” = 19l1") + 5 (= + ayll* = [l<l* = lliy[*)-

Note that this equals the real scalar product plus an additional imaginary
component. By the parallelogram law, (x,y) can also be written as

1 l , :
Uz 4yl =llz —yl*) + gz +iy* = lle = iyl).
First we show that we have the property
<£E,Zy> = —Z<2§',y>,
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which in particular implies (z,ix) = —i||z|* and thus (x,iz) # 0 for x # 0.
To see that, we write by definition
: 1 : : : : :
(woiy) = 5z +ayll® = ll=l® = iyl + ille — ylI” = illzl* = illy]*),

which by the parallelogram law equals

1 : : : : .
Uz +iyl” =l = iyl = dlle + yl* +ill” + illy[*)

— Uz +yl® = ll1” = llyl* + ille + ayl* = ll=1” = layll*))
=—i{x,y).
More generally, the complex scalar product satisfies the following.

1. For a fixed y it is linear in z.

2. Tt is conjugate symmetric, i.e. (z,y) = (y, x).
3. For a fixed z it is conjugate linear in y, i.e. for A, u € C,
(2, Ay + pz) = Mz, y) + iz, y).

We leave the proof of these properties as an exercise. Linearity in x and
conjugate linearity in y together are also called sesquilinearity.
In analogy with the real case we say that x,y are complex orthogonal if

(x,y) =0.

In particular, x and iz are not complex orthogonal if x # 0. Complex
orthogonality is stronger than real orthogonality: it is tantamount to

Iz +yll* = zll* = llyl* = 0 A flz + iy [|* — [l=]* = [layl|* = 0

As discussed above one can construct for a finite dimensional complex Hilbert
space an orthonormal basis by the mentioned variant of the Gram Schmidt
procedure.

1.3.2 Infinite dimensional Hilbert spaces

We are set to construct an infinite dimensional analog of R?. For a set M
we define

CM):={a:M—=R: > |a(m)]® < oo}

meM
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where

Y lam)f = sup > |a(m)f.

meM

One could extend the definition of (M) to C by considering all square
summable functions mapping M to C. Note that if M = {0,...,d — 1}, we
obtain RY.

Remark. If a € (M), for every € > 0 only finitely many a(m) satisfy
la(m)| > €. Since

{lam)| >0} = | {la(m)| > }

only countably many «(m) can be different from 0. This is true even if M is
uncountable.

The space ¢*(M) is a real vector space with the operations

(@ + B)(m) = a(m) + 5(m)
(Aa)(m) = Ma(m)), A € R.

Definition 1.36. For o € (2(M) set
lafl == [ > la(m)]> (12)

This expression defines a norm, so £*(M) is a normed space. In fact, even
more is true.

Theorem 1.37. (*(M) is a Hilbert space.

Proof. First we show that defines a norm. That ||a|| =0 = a(m) =0
for all m € M and that ||[Aa| = |A|||c|| is clear. For the triangle inequality
we expand

||a+5|!=\/ sup Y fa(m) + B(m)? < sup \/Z |a(m) + 5(m)[?

M finite ™ M finite
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the last inequality following by continuity of the square root. Using the
triangle inequality in the finite dimensional space Rl this is bounded by

sy \/Z o) + \/ 3 180m)P

M finite ¥ MEM’ meM’
< sup [ ) Ja(m)]P+ sup [ ) [B(m)]?
! !
M st | meEM’ M st | meM’
=[lal + ||B]]-

The next thing to show is completeness. This can be shown analogously
as completeness of ¢!(M), which was discussed in Analysis 1 and will be
addressed in the next lecture. The validity of the parallelogram law can
deduced from its validity in the finite dimensional Hilbert space R™'l. The
details of this last statement are left as an exercise. O

End of lecture 4. April 20, 2015

We now turn to the question of completeness of the space [?(M) for some,
possibly infinite set of indices M.

Theorem 1.38. Given a set of indices M, the normed vector space I*(M)
18 complete.

Proof. Let «,, be a Cauchy sequence in [2(M). Then Vm € M the sequence
a,(m) is a Cauchy sequence in R since |a,(m) — a(m)] < ||ay, — auy||. We
define

a(m) = JEEO an(m) .

This is the candidate a being the [?(M) limit of the sequence of functions
a,. We need to verify that « is an element of [?(M). First note that for the
Cauchy sequence a,, there exists a C' > 0 so that ||a,|| < C for alln € N. We
will show that [|a|| = (3,,cum \oc(m)|2)1/2 < C'+ 1. Given any finite subset
M’ C M one must show that (3", _,, [a(m)|*)*/? < C + 1. Choose n’ € N
large enough with n’ > n so that |a,/(m) — a(m)| < € for all m € M'" and
for a suitably chosen ¢ > 0. Then, by the triangle inequality in R? and d the
cardinality of M’,

(D lam))'2 < (Y7 (Jan(m)] + )*)!2

meM’ meM’
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< () lan(m)P)?+ (M) Pe<C+1,
meM’

where the last line follows by suitable choice of e.

We now need to show that « is, as a matter of fact the [? limit of a,.
For any € > 0 choose n € N such that for every n’, n” > n we have that
||t — e ||* < €. Let M' C M be a finite set such that

Z |an(m)|2 > HO‘nH2 — €

meM’

Y la(m)fP = Jlaf — ¢

meM’
This also gives us that for all n’ > n
lowrl* = >~ law (m)P < llowl® = D len(m)|* = 2 |[law||* = [lan|| < 5e.
meM’ meM’
Let us choose N > n sufficiently large so that for all n” > N and for all

m € M’ we have |, (m) —a(m)| < mpy- Lhis is possible since M’ is a finite

set and lim,y o ayy(m) = a(m). It follows that for n’ > N

law —al* = Y law(m) —a(m)P? < Y |aw(m) — a(m)|*+

meM meM’
€
Y law(m) —a(m)P < Y W+2 > law(m)?
meM\M' meM’ meM\M'
+ > lam)P| <e+2 (HOWH2 — > law(m)P+
meM\M’ meM’

leel|* — Z |a(m)|2> < e+ 10e + € < 12e.

meM’

This proves the claim that «,, — « in the metric space [*(M). We have used
the fact that for positive quantities a < b+ ¢ we have that a* < 2(b* + ¢?).
O

The parallelogram identity holds for [*(M). The proof of this is left as an
exercise. As a consequence the scalar product on [?(M) is defined via the
expression

(o, B) =Y a(m)B(m).

meM
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If we consider complex-valued functions the scalar product is given by

meM

As usual the complex scalar product is linear in the first term and anti-linear
in the second term and, as expected, we have (o, a) =\ a(m)a(m) =
3 eat lalm) = flallen.

To see that all the above expressions are well defined for elements «, § €
I2(M) we show that the sequences are absolutely summable. In particular,
given that for any m € M we have |a(m)8(m)| < 5 (a(m)*+ 8(m)?), for
any finite subset M’ we have that Y. . |a(m)B(m)| < 1 (||al|* + ||B8][%).

1.3.3 Orthonormal systems and bases

The Hilbert space [*(M) is infinite dimensional when the set M is infinite.
While it would be tempting to assume that the set of elements

1 m=m'
bt () = 0 m # m’

for m’ € M are a basis of [?(M) this is false according to the definition given
in linear algebra. The elements b,,, are linearly independent but it is not true
that any element of [2(M) can be represented as a finite linear combination
of elements b,,,. This is what would be required for b,,, to be a Hamel basis
i.e. a basis in the sense one uses this term in linear algebra.

However since [?(M) is a Hilbert space and thus has the additional property
of being a metric space and of having a scalar product we can introduce a
new set of notions that will allow a basis of whose elements we will take
infinite, albeit convergent in the Hilbert space metric, linear combinations.

Definition 1.39. Let V' be a Hilbert space (real or complex). We say that
a set of vectors B C V' is an orthonormal system if the following properties
are satisfied

e Vb € B the elements are normalized i.e. ||b|| = 1;

e Vb, b/ € B the elements coincide or are (real or complex, as the case
may be) orthogonal: b =18 A (b, ¥') = 0.

We next argue that for an orthonormal set B there exists an linear map f :
I?(B) — V such that f(a) = >, 5 a(b)b for any given sequence a € *(B).
The infinite sum is to be interpreted as convergent in the following sense:
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there exists a unique element v € V so that for every ¢ > 0 there exists a
finite subset M’ C B so that for all M” > B’ we have

o= Y a®blly <e.

beM”

We say that a linear map f from a normed vector spaces X to a normed
vector space Y is an isometry if || f(z)|y = ||z|x for all vectors z € X.
Notice that such an isometric map is injective.

Proposition 1.40. Given an orthonormal system B C V of a Hilbert space
V. The map f defined by setting f(o) = .5 (b)b for all o € ?(B) is a
well defined isometry.

Proof. We must show that the sum ), 5 a(b)b converges to an element in
V for any o € I*(B).

Let n € N and let us choose a finite subset M, C B so that > ./ |am|* >
lellizz) — 27" For any finite M" D M, we have that

1Y a@b— > a®pl>=1 > a®pl’

beM" be M, be M\ My,

since the sets M,,, M", M"\ M, are all finite we can expand the above norm
using the scalar product on V' to obtain

2

S oa®pll = > a®a®)p )= > |a®)P <27

be M\ My, b, b’ €M\ M, beM/\M,,

Here we used that B is an orthonormal system.

Now consider the closed balls Biga-n (3¢, a(b)b) and let us call the centers
of these balls v, := »,_,, a(b)b. Since M, can be chosen to be contained in
one another as n increases the above balls are also contained in one another.
Since V' is a complete space there exists an element v € ﬂneN Biga-n(vy,) and
we claim that v =, 5 a(b)b. To verify this is left as an exercise.
Linearity of f is also easy to show and is left as an exercise. m

Similarly to how a set of linearly independent vectors must have the addi-
tional property of generating a finite-dimensional vector space, orthonormal
systems also require a notion of generating a Hilbert space before for them
to be an adequate substitute for the notion of a basis of Euclidean spaces.

Definition 1.41. An orthonormal system B of a Hilbert space V' is said to be
an orthonormal basis if the map f : {*(B) — V given by f(a) = >, .5 a(b)b
is surjective.
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Theorem 1.42. An orthonormal system B of a Hilbert space V' is an or-
thonormal basis if and only if for any vector v € V we have that v = 0 or

e DB (v, b)£0 .

Proof. < Suppose that Yv € V we have either v = 0 or 3b € B (v, b) # 0.
We must show that f is surjective. The image W = f (I*(B)) is a
subspace of V' because f is linear and thus W is closed with respect
to the vector space operations (linear combinations of vectors). W is
also a closed subspace of V' since f is an isometry. Let v € V and let
w € W be a vector such that ||[v —w|| = inf,cw ||v — z||. Then we have
that |[v —w| L z for all z € W. Thus (v — w;b) = 0 for all vectors
b € B. This means that v — w = 0 and thus v € W as required

= We leave this implication as an exercise.

1.4 The Hilbert spaces L*(R) and L?([0, 1])

In the last section we studied Hilbert spaces including the space [*(Z), that is
the space of sequences parameterized by Z which are square summable with
norm [loof| = (35,7 la(m)[?) "2 It is natural to ask whether one could define
a space of functions f on R which are square integrable in some sense and
whose norm is defined as an integral with norm (g |f (x)|2dx)1/ ?_ However,
it turns out that in order to obtain a Hilbert space in this fashion, that is
in particular to obtain a complete metric space, one needs a rather general
class of “functions” f and a powerful notion of the integral, that we do not
have introduced yet. Here we put the word “functions” into quotation marks,
since the exact development of the theory requires objects other than naive
functions f : R — R in the literal sense. There are several approaches to
this task, one involving Lebesgue integration theory, which we do not delve
into now. Another approach is via martingale theory, which we will develop
here.

Definition 1.43. Let Z be the set of dyadic subintervals of R of the form
[n2%, (n + 1)2%) with k, n € Z. A martingale on R is a function F' : Z — R
with the property that
1
VieZ F(I)= §(F(Il) + F(I,))

where [, and I; are the left and right dyadic children of I i.e. I[;, I, €
I1=1LUL and |I| = || =5 T I = [n2% (n + 1)2¥] then I, =
(202571, (2n+1)1) and I, = [(2n + 1)271, (2n + 2)2F71).
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Similarly we define martingales on [0,1) by considering functions on the
collection Z of dyadic intervals contained in [0, 1).

Locally integrable functions on the real line or on [0,1) naturally define a
martingale on the respective sets. We restrict attention to functions f of
bounded variation. For each such f, the function F(I =1 f ;f(x)dr is a

martingale. To see this, note that I = ;U I, and |I,| = |Il| 1] and hence

) = ﬁ/jf(x)dx: ﬁ/flf(x ”m Ilf( )dw:%(FUzHF(Ir))-

Definition 1.44. The space L*(R) is the vector space

L*(R) = { F martingale on R : sup g |[F(D)]*)I| < oo
ez
|T|=2%

The space L? ([0, 1)) is the vector space

L*([0, 1)) = { F martingale on [0, 1) : sup Z |[F(D)?|I| < oo
keZ

ez
|[7]=2"

Note that in the first case the sums over intervals of fixed size are infinite
sum, while in the second case they are finite sums.
We define on these spaces given by

1E 2 = sup pRIAGIRN
Iez
|T|=2%

where by Z we intend the set of dyadic subintervals of R or [0, 1) respectively.

These quantities can be verified to be norms and make these spaces into
actual Hilbert spaces. This will be done in more detail in the next lecture.
The expression o |F(I)|?|I| is monotone as k — —oo since a® + b* >

2 ("T“’)2 As a matter of fact notice that

Y IFMPII= Y] i\F(Tz)JrF(Ir)WU <

|7]=2F |T|=2F
S L (F@EIFGR = Y PO
I=2k | J|=2k—1

Thus we can actually write that || F|| = limy, oo D= _or [F(I)[?|].
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End of lecture 5. April 23, 2015

We have defined the spaces L?(R) and L*([0, 1)) in terms of martingales.
We now verify that the expression ||F||zz = supy > _on [F(I)[?|1] =
My oo D7) pj—on |F(I)[?|1] is actually a Hilbert space norm. We check these
properties for L? ([0, 1)), the slightly more involved case L? (R), which re-
quires to handle infinite sums, is left as an exercise.

o |[Fl|l2 =0 = F =0 follows from the fact that for all I € Z we find
k with |I| = 2* and we have that |F(I)]*[I] < 32, [F(I)PI] <
|F'|lr2 = 0so F(I)=0.

e To see ||\F|| = |A]||F|| we note that for each k
Y FMPII =P Y IF(DPH]
|7]=2% |T|=2F

Applying the supremum over k gives the desired result.

e The triangle inequality: ||F + G|| < ||F|| + ||G||. To show this we first
consider fixed length 2*. For F, G € L*([0, 1)) and for any k we have

1/2
> IFI) +GU)P||
|[7|=2%

< 2k/2 (Z ’F( 1/2 Z ’G 1/2

= |I|=2~
1/2 1/2
= | Y IFOPI] | Y G

[1]=2k |I|=2k

Here we used the triangle inequality on the space I? ({I € Z, |I| = 2*}).
Comparing with the supremum on the right hand side we obtain

1/2

Y IFM+GOPI| < |F|+ Gl

|T|=2*
Since this holds for all £, we obtain
IF+GI* < |F] + |G|

as required.
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e The procedure to prove the parallelogram identity is very similar. We
use that it holds in Euclidean spaces to conclude the corresponding
identity for square sums over intervals of fixed length. This time it is
crucial that the norm |- || z2(p, 1)) is given not only by supremum over all

1/2
k of the expression <Z|I|:2k |F(])|2|I|> but by its limit as k — —oo.

This allows to show equality in the limit and thus the parallelogram
identity.

e Finally we need to check completeness of L? ([0, 1)). This result is
given by the following theorem.

Theorem 1.45. The space of martingales L? ([0, 1)) is complete.
The proof will show some similarities to the proof that (?(M) is complete.

Proof. Let F, be a Cauchy sequence of martingales in L? ([0, 1)). We have
for all n, n’ € N that |F,(I) — Fu(I)| < ||F, — F| so for every dyadic
interval we have that F,,(I) is a Cauchy sequence. Set F'(I) = lim,, F,,(I) for
every interval [ € Z.

We must check that F' thus defined is an element of L? ([0, 1)).

e [ is a martingale because

1 1
F(I)= ILm F.(I) = ILm 3 (F. (L) + Fu.(1,)) = 3 (F(I)+ F(I,)) .
In words, since the martingale relationship is finite linear expression,
one may pass to the limit in this expression.

o |F||z2 < co. As a matter of fact for every k we have that the number of
addends in the sum >, |[F(1)[?|1] is finite, thus 3 ;o [F(1)P|1] =
limy, o0 D2 j—on |Fo(1)|?|1] < sup,, | F,.|| < oo where the last inequality
holds since F}, is a Cauchy sequence and thus is bounded. This yields
that supy 32—y [F (1P| 1] < sup,, [|F]| < oc.

Now we need to show that lim,, .., F,, = F in the sense of L? ([0, 1)) i.e. that
limsup,,_,, ||[F7 — F|| = 0. The procedure is somewhat similar to the proof
of the completeness of [2(M). Let us define

F(I) if |I] > 2"

B F(I) = :
LB () {F(J)withJDIandJ:T“ if |1] < 2%
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This corresponds to truncating or stopping the martingale at length 2*. We
leave as an exercise to show that limy, o |[|ExF — F|| = 0. Let ¢ > 0 and
n € N so that Vn' > n we have that ||F,, — F,|| < e. Let m € N, so that
for all & > m ||ExF — F|| < € and ||EyF,, — F,|| < e. Now select n” > n so
that for all n” > n”, ||ExF,» —E,F|| < € holds. This is possible since when
comparing E;F' with the stopped martingales EjF}, we are only considering
the norm at interval length 2* since then it stabilizes. This implies that for
all n”” > n” we have ||F,» — F|| < 10e. O

So we have shown that L? ([0, 1)) is a Hilbert space. The scalar product on
L? ([0, 1)) can be deduced using the polarization formula and is given by

F, G) = lim F(OH)G)|I].
(F.G) = Jim S PG
|[7]=2"

Let us provide an example of how martingales on intervals are related to
functions.
Let f :[0,1) — R be a function of bounded variation. As seen in Anal-
ysis 1 this means that f can be represented as a difference of two positive
monotone functions Then, as we have already mentioned, the expression

= 5 [, f(z)dz defines a martingale.
We have already checked the martingale property previously. Let us check
that F' € L? ([0, 1)). First suppose that f and g are positive, and monotone
increasing. For any k we have

AU ()1

|I|=2k
Y PG < Y flr r(1))|1]
|I|=2k |I|=2k

Here we denoted by [(I) and r(I) the left and right endpoints of I. Note
that on the left and on the right we see lower and upper Riemann sums of
the function fg on the interval [0,1). Passing to the limit & — —oo we see

that .
Jim Y PG = [ f@g(o)ds
=2k ’
The latter identity first extends to g of bounded variation since such functions

are difference of two monotone increasing functions of bounded variation, and
then it extends to f of bounded variation as well. Finally, specializing f = ¢

we see that
lim > IR = /u )|? dx

=
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for any function f of bounded variation.

The natural question is whether the converse holds in some sense. Does
a martingale in L? ([0, 1)) define a function. It is natural to assume that
if a martingale is defined by a function, then the function can be mostly
recovered by f(x) := limj;_o F (). However, beginning with a function f

bounded variation, then dejf?lfling the martingale I’ by averaging over dyadic
intervals, and then returning to a function by passing to the above limit, one
does not necessarily recover f(z) at all points = as the limit need not exists
at all points. Only if F' comes from a function that is both continuous and
of bounded variation then one can check that lim, 10 F(I) = f(x). at every

point (exercise). For arbitrary martingale (not necessarlly in L?([0,1))), this
limit does not need to exists for any = € [0,1). Using rather elaborate
arguments one can see that for martingales in L*([0, 1)) this limit exists at
many points, making such statement more precise requires the notion of
Lebesgue measure.

1.4.1 Orthonormal basis for L? ([0, 1))

We will now pass to describing important orthonormal systems and bases for
L*([0, 1)).

Definition 1.46. A Haar function of a dyadic interval I € 7 is a function
of bounded variation on I given by

hi(e) = | o (L) = 1 @)

The associated martingales are indicated by Hj.
We can explicitly express H:

(0 if JDI
1 1/2
— if JC I
Hy(J) = (MO ho=a

1\ /2
_(_) it Jc,
\ 1]

The Haar function together with the constant function 1y 1y on [0,1) (more
precisely the associated martingale) form an orthonormal basis of L?([0, 1)).
We prove this in the following two propositions. We will refer to the constant
function as 1 so 1 = 1 y).
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Proposition 1.47. The Haar martingales H; of all the dyadic subintervals
I € T and the martingale 1 form an orthonormal system.

Proof. Checking that ||H|| = ||1|| = 1 is left as an exercise. First we show
that (H;, 1) = 0 for all I € 7. This follows from easily from the mean
0 property of Haar functions: (Hj, 1) = fo hi(z)dr = 0. Now suppose

I,J eI I#J; We must show that (HI, H;) = 0 As usual we use that
Hla HJ fhf

e If /N J = () then h; and h; have disjoint supports and the statement
follows immediately.

elf ]/ C Jand I # J then I C J, or I C J.. However h; has integral
0 and hy is constant on J; and J, respectively so fol hi(z)h;(x)dx =
f] x)dx = 0.

e If D J the reasoning is symmetric to the previous case.

[l
Theorem 1.48. The set {1}U{H;}1er forms an orthonormal basis of L* ([0, 1)).

Proof. The set {1}U{H/} ez is an orthonormal system as checked above. We
only need to check surjectivity of the associated isometry. Using the criterion
of orthogonality we must show that if V' € L?([0, 1)) such that V' L H; for
all dyadic intervals / € Z and V' L 1jg 1) then V = 0ie. V(I) = 0 for all
dyadic intervals I € 7.

First of all 0 = (V, 1) = limy,_c > ;_ox V/(J)|J] =k=0 V' ([0, 1)).

We proceed by induction on k, the length of the dyadic intervals. Suppose
that V(1) = 0 for all |I| = 2*. Let |I| = 2!, then there exists J € T with
|J| = 2% such that I = J; or I = J,. Using the properties of the martingales
we have that V (J;) +V (J,.) = 2V (J) while V (J;) =V (J,) = (V, H;)|J|7/? =
0 since V' L H,. This implies both that V(J;) = 0 and V(J,) = 0 and thus
that V(I) = 0. This concludes the proof. O

Finally we turn attention to complex martingales, that is function F': 7 — C
with the martingale condition

2F(I) = F(I) + F(I,)

for all I € Z. The complex martingales satisfying

Sup Y. IF@PH

IET,|I|=2F
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form a complex Hilbert space L?([0,1)). This notation does not distinguish
real and complex Hilbert space, it will have to be clear from the context which
space is meant. One might write L*([0,1),R) L*([0,1),C)) if one wants to
distinguish the spaces explicitly.

The behavior of the complex Hilbert space is completely analogous to that
of the real Hilbert space. The scalar product is given by

(F, G) = lim F(G)|I|.

k——o0
Iez
|[I|=2—F

The Haar function together with 1 once again are an orthonormal basis.
However we have another important orthonormal system of functions. Let
fo(z) = ¥ These functions are continuous and of bounded variation
therefore the associated martingales F), are elements of L? ([0, 1)). The mar-
tingales F), are orthogonal because

1 - 1 . . 1 =
/ fn(l')fm(l')dl' — / 627rm:c€—2mm:vdx — n m ]
0 0 0 n=#m

The scalar product is 0 when n # m because the exponential function is
e?™(n=m)z hag integral 0.

Theorem 1.49. The functions e*™"=™7 qre an orthonormal basis of the
space of complex martingales L? ([0, 1), C)

Proof. Once again we must only show surjectivity and to do so we use
the orthogonality criterion. Let V' L F,, for all n € Z. We must show
that V(I) = 0 for all I € Z. This follows from the fact that we can
approximate characteristic functions of dyadic intervals. Let I € Z and
€ > 0; set gr(x) = sup,;)max{0,1;(z) — ¢ '[z — z[}. The functions
gr.e(z) are of bounded variation, are bounded by 1 and are supported on
{z€0,1)|B(z) NI # 0}. By the Theorem of Stone-Weirstrasse for any
e > 0 there exists a trigonometric polynomial p i.e. a finite linear combina-
tion of the functions f, such that |p(xz) — gr(x)| < € for all z € [0, 1). Since
fn are of bounded variation and p is a trigonometric polynomial we have that
|P—G)? = fol Ip(x)—g1.(z)]*dr < € and for a similar reason |Gy .—1/]|* <
2¢. Notice also that we have V(1) = (V, 17) where in this case we intend by 1;
the martingale associated to the characteristic function of the interval I. But
this means that [V (I)| = (V. 11)| < (V. P)|+ (V. P—=Gr)|+ |V, 11— Gr.)|.
Applying Cauchy-Schwarz we obtain that |[(V, P —Grq)| < ||[V|[I|IP — G| <
e[Vl and [(Vi1; = Gr)l < |VI[I[1r = Grell < (2¢)'2|V]. By linearity
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(V, P) = 0 so we have that [V (I)| < [|[V]| (¢ + (2¢)'/2). Since € > 0 can be
chosen arbitrarily small this implies that V(1) = 0 as required.
O

End of lecture 6. April 27, 2015

We have the following representation, analogous to the case of R

Theorem 1.50. Let B be an orthonormal basis of a Hilbert space V. For

v €V we have
Z(v,b)b = .

beB

The above sum should be interpreted in the following sense: for every € > 0
there exists an M C B such that for all finite M’ with B > M’ D M,

o= 3 (v, 0)bl < =

beM’

Proof. We already know that there exists a surjective map ¢?(B) — V given
by a >, 5 a(b)b, such that

v = Z a(b)b

in the above mentioned sense. Let now ¢ > 0 and M be as above. Let by € B
and set M’ := M U {by}. Then

|(v,b0) — a(bo)| = [{v,bo) — Y _ a(b) (b, bo)|-

beM’

where we have used that the basis B is orthonormal and thus (b, by) = 0 for
b # by and (bg, by) = 1. The last display can be further rewritten as

(v =D a(b), bo)l,

beM’

which is by the Cauchy-Schwarz inequality estimated by

lo = a@llboll = llv =Y a®)] <.

beM’ beM’

Since ¢ was arbitrary, it follows (v, by) = a(by). O
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We discuss an important application of this theorem. We already know that
bn(7) = €*™® form an orthonormal basis of L?([0, 1), C). For all f of bounded
variation, for which we have learned how to write the inner product as an
integral, we define

(f.ba) = / f(@)e 2 de = Fn)

-~

The numbers f(n) are called the Fourier coefficients of f. By the last theorem
we have

f=>" e (13)
nez

The series on the right hand-side is called the Fourier series of f. We stress
once more that the sum in should be interpreted in the sense described
above. In the present case this means that Ve > 03N :Vn/ > N :

(/ 152 Fee - f@lar) " <e.

0 n=—n’

For general functions of bounded variation, the equality need not hold
pointwise at every point in the domain of f, in fact the series need not
converge for a given point x.

Since the mentioned surjective map ¢?(B) — L?([0,1],C) is an isometry, for
an f of bounded variation we have

/0 @) =3 [T

neL

2 Differentiation in R"

In this chapter we shall examine differentiation of functions f : R™ — R™.
In Linear Algebra I we have already met linear maps. An m X n matrix

A= (Gij)lgz‘gm
1<i<n

defines a linear map f : R™ — R™ by setting
flx) = Az.

For 1 <i < n, the i-th component of f(z) is given by (f(x)); = > 7_, ai;z;.

Conversely, if we fix respective bases of R™ and R™, every linear map f :
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R™ — R™ can be represented by an m x n matrix. Recall that if n = 2 and
m = 1, the graph of f is a plane through the origin in R3.
More generally, a map of the form

flz)=Ax+0b

where x — Ax is linear and b is a constant vector in R™ is called an affine
linear map. Note that if n = 2 and m = 1, the graph of f is a plane through
the the point (0,0,b) in R3.

In all of the following 2 will be an open set of R”. The next definition
generalizes the notion of differentiability from Analysis I to functions R" —
R™.

Definition 2.1. A function f : 2 — R™ is said to be totally differentiable
at xg € Q, if there exists an affine linear map = +— Ax + b such that

Ve > 030 > 0:Va € Bs(xo) NQ: || f(z) — (Az + b)|| < gl|lz — 0]

The role of the vector b in the above is less dominant, we can rephrase the
definition as follows:

Theorem 2.2. A function f : Q — R™ is totally differentiable at xo € Q if
and only if there is a linear map A such that

Ve > 036> 0:V||hl| < 8,20 +h € Q: | flao+h) — fzo) — Ah|| < ||h]].
(14)

Proof. (=) The claim follows with A being the linear part of the affine map
from definition of total differentiability. We elaborate on details. Pick an
€ > 0. Then there is a 6 > 0 and an affine map Ax + b such that

1/ (o) = (Azo + b)|| < ellzo — wol| = 0.
Thus, f(xg) = Az + b. Then for every ||| < 0 with zo+ h € §,

[ f(x0 + h) — f(x0) — AR|| = || f(zo + h) — Azo — b — AR
= [|f(zo + h) — (A(zo + h) + )|
< ellx — zol| = £[|A]].

The last inequality again follows from Definition , since zg + h € Bs(xo).

The direction (<) is left as an exercise. O
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We would like to call the map A from the definition of differentiability or
the subsequent theorem the total derivative of f at xy. To do so, we need to
know uniqueness of this map, which is proved in the following theorem. This
is analogous to the known case n = m = 1.

Theorem 2.3. Let f: Q2 — R™ and x¢ € (). There exists at most one linear
map A such that holds.

Proof. Assume there are two linear maps A;, As such that is true. Let
€ > 0. Then

301 > 0:V||h|| < 01,20 +h € Q: || f(zo+ h) — f(xg) — Arh|| < e||h]|
and
oo > 0 :V||h|| < do,x0 +h € Q|| f(zo+ h) — fxg) — Ash|| < el|h].

Define 6 := min(dy, d) and let xo + h € €, ||h|| < . Then

[Arh = Azhl|| =[| = (f(zo + h) = f(x0) = Arh) + f(zo + h) — f(x0) — A2h|
<[[f(xo +h) — fzo) — Ash|| + [|f (zo + h) — f(z0) — A2h||
<2¢|[h].

Thus, [[(A; — A2)h|| < 2¢||h||. We would like to show that the same holds if
we replace h with a general y € R, which follows from the following scaling
argument. Let y € R™. Since (2 is open, we can choose A > 0 such that
xo+ Ay € Q, || A\y|| <. Set h := Ay. Then by the above discussion

1(Ar — A2) Ayl < el Ay
By linearity of A; — Ay and of the norm, this is equivalent to

All(Ar = Ag)yll < eAlly]l
< [|(Ar = Ag)yl < ellyll

Since € was arbitrary, for all y € R"™ we have (A; — Ay)y = 0, hence A; — Ay =
0, i.e. Al == AQ. OJ

Note that if f is linear, then it is its own total derivative at every x, € 2.
Since R" is an n—fold product of R, it is a natural question whether we can

characterize total differentiability of functions R" — R™ with total differen-
tiability of functions mapping R — R or R — R™.
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For an f: Q — R™ we write

f((E) = (fl(x)v . 7fm($))a

where for 1 <7 <m, f; : 2 — R are called component functions.

Theorem 2.4. A function f : Q2 — R™ is totally differentiable at xq if and
only for all 1 < i < m, the component functions f; are totally differentiable
at xy.

Proof. (<) Assume that all component functions are totally differentiable at
xo € . Then for every 1 <i < m there exists a vector (a;;)1<j<n € R" such
that Ve > 035; > 0 : V||h|| < 6;, 20 + h € Q,

oo 1) = i) =3 ] < =1l

Set ¢ 1= miny<;<,, &;. Let ||h|| < J,20 + h € Q. Define A by the matrix

(aij)lgigm-
1<j<n

Then we have
/
|-+ h) — F(wo) — Ah]| = (Z\fz (0 + 1) — Zamx]\ )"
< \/ﬁﬁHhH =¢|lAll.

Thus, f is totally differentiable at z.
(=) Exercise. O

This theorem gives an affirmative answer to the first question, that is, total
differentiability of functions R™ — R™ is equivalent to total differentiability
of all of its component functions, which map R™ — R. To examine the second
question we introduce the following definition.

Definition 2.5. Let v # 0 be a vector in R”. A function f : @ — R™ is
said to be differentiable in the direction of v at xq if fog: I — R™ is totally
differentiable at 0, where I := {t e R : g +tv € Q} and g : [ — R" is
defined by ¢(t) := z¢ + tv. The total derivative of f o g at 0 is called the
directional derivative along v.

Note that the set I is open. One often normalizes v to satisfy [|v| = 1.
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Theorem 2.6. If f : Q — R™ s totally differentiable at xy € S, then it is
differentiable in the direction of all v # 0 at xy and the directional derivative
equals Av.

Proof. Let ¢ > 0. We know that 36 > 0 : V||| < d,20 +h € Q: || f(xo +
h) — f(xo) — ARl < (¢/]|v])||h]| for some linear map A : R™ — R™. Set
0 :=0d/||v||, so that |t| < ¢ = [[tv|| < J. Then for every |t| < ', xo+tv €

1f (o + tv) = f(z0) = AQ)|| < (¢/lvIDlltv]l = (e/wIDIElllv]] = e[t

Since A(tv) = tA(v) and t — tAv is linear in ¢, this means that f o g is
differentiable at 0 with the derivative Av. O

However, the converse of this theorem does not hold in general.

Example. Let f: R? — R be defined by

_= .
flay,mg) = =i+as (21,22) #0
0 ) (331,1'2) =0

Then f is clearly differentiable at (z1,x2) # 0. At 0, f is continuous. We
claim that f has directional derivatives at 0 in the direction of all v # 0, but

f is not totally differentiable at 0.
Directional differentiability: Let v # 0 € R%. Then

3

foglt) = F0+tv) = ftoy,tvs) = (1),

v} + v3

1.e.
3

f(0+tv)—f(0)—t< ! ):0

2 2
vy + U3

Since the map t — t% is linear in ¢, this means that f is differentiable
V1T

along each v # 0.

Total differentiability: If f were totally differentiable at 0, by the previous

theorem 1its total derivative would have to be

3
U1

2 27
v + 05

A(vy,v9) =

where A is given by A = (ay, az). Thus, for all v # 0 we would have

3
Uy

a1V + AUy = m
Inserting v = (1,0) gives the condition a; = 1. Inserting v = (0,1) yields
az = 0. Thus, a; + ay = 1. Now, plugging in v = (1,1) gives a; + as = 1/2,
which is a contradiction. Hence f cannot be totally differentiable at 0.
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End of lecture 7. April 30, 2015

Let us recall the definition of total differentiability from the previous lecture.
Let Q2 C R"™ be an open set and let f : Q@ — R™; fix a point x € Q. The
function f is said to be totally differentiable in x if there exists a linear map
A R" — R™ such that Ve > 030 > 0 such that for all vectors h such that
|h|| < 6 and z + h € Q we have || f(z + h) — f(z) — Ah|| < €||h||. If the
above holds we say that A = Df(x) i.e. A is the differential of f in z. Since
A :R"™ — R™ is a linear map we know that it is represented by an m x n
matrix a;;. In particular we have that (Ah); = > 7, a;;h;. Let us recall
the Theorem from the last lecture that relates the total differentiability of
the components f; of an R™-valued function with the total differentiability
of the function f itself.

Recall that a function f : Q C R* — R™ defined on an open set {2 C R"”
with f = (fi)iz1.m with f; : @ — R is totally differentiable in z is an only
if all the functions f; are totally differentiable in = for all ¢ € {1,...,m}.

It is easy to relate the total differentials D(f;) of the single components to
the total differential of D f. The proof from the previous lesson yields that
D(fi)h=(Dfh), = Z?Zl Df; ;h; so the differentials of f; are just the 1 x n
matrixes that are the row vectors of D f.

A different and more complicated situation occurs when we try to study
the differentiability of a functions f when we look at the domain R™ as a
product space. One can already imagine that having directional derivatives
is not the same as having a total derivative as we will see happens in the
already mentioned counterexample.

However we will see that under appropriate continuity assumptions we can
deduce total differentiability from the differentiability along the single com-
ponents of R™. We begin with an important definition. For ease of notation
we will suppose that the functions we are dealing with are R-valued. We
have seen that functions with values in R™ can be dealt simply by studying
their single components.

Definition 2.7. Let f: 2 C R™ — R. f is partially differentiable in x if for
every j € {1,...,n} there exists a; € R such that for every e > 0 there exists
a 0 > 0 such that for any |t| < § one has |f(x +te;) — f(x) — ajt] < €lt|
where e; is the j™ basis vector e; = (0, ... ,O,\l/_/,(), ...,0). In this case
jth
we will write D;f(z) = a; to indicate the partial derivative of the function
f in direction j. In mathematical literature these quantities are sometimes
written as 0; f or 8f )

T
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Notice that similarly to standard derivatives, total derivatives and partial
derivatives if they exists are respectively unique.

Obviously total differentiability is a stronger notion than partial differentia-
bility.

Proposition 2.8. If f is totally differentiable in x then it is also partially
differentiable in x and one has D;f(x) = Df(x)e;. This is a special case of
directional differentiability along e;.

The interesting fact is that while it is generally not true that if all partial
derivatives exists in a point then the function is totally differentiable, one
can recover total differentiability if one has local continuity of the partial
derivatives.

Figure 5: Partial derivatives must exist in an open set and be continuous in
x

Theorem 2.9. Let f : Q@ C R* — R and let x € Q. If all the partial
derivatives D;f exist in all points of Q0 and are continuous functions on €2

then f is totally differentiable in x and (Df), ; = a1; = 0;f(x)
Proof. Let € > 0 and let us choose a § > 0 so that for any h € R, ||h|| < 0
and for all j € {1,...,n} one has if x + h € §2 then
€
D f@+h) = Df(z)] < ~

This can be done using the continuity assumption on the partial derivatives
we require continuity only in the point x. .

We introduce the notation h¥) = (hy, ..., hj_1,h;,0,...,0) = Y1_ (h; e;)e;
to indicate the projection of A on the subspace spanned by the first j basis
vectors. Using a telescoping sum we can write

flx+h)— f(@) = f(x+h™) - fz +r® Zfa;+h — f(z + AU
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But for each addend we have the relation
fl@+hD) — fx+ AU = f(x + AUV 4 hje;) — f(z + AU

so let us set g(t) = f(x + hU™Y +te;) — f(x + hU~D). Notice that ¢'(t) =
Djf(z 4+ hU=Y 4 te;) for all t so that x + hU=Y +te; € Q.

Applying the Lagrange Theorem on the derivative in an intermediate point
we have that g(h;) — g(0) = ¢/(t;)h; for some t; € (0, h;). This holds since
g is differentiable for all for all ¢ € (0, h;) and continuous for ¢ € [0, h;l.
Substituting these relations into the original identity for f we have that

fle+h) = fx) =Y Dijf(z+h™" +tje;)h;.

J=1

We also have the following estimate on the norm of the displacement vector
that will allow us to use the continuity assumption on the partial derivatives

of f:
Hh(j—l) +tjei]| < ||h]| <&  so that

D31 (e +h0™ + tyey) = D f(a)] < .

The candidate for the full differential of f in x is the linear map h +—
> -1 Djf(z)h; so we estimate

<

'f(x ) = (@) = 32 Dif )y

flx+h)— f(x)— Z D, f(x 4+ hU=Y +t;h)

J=1
(. /
v~

=0 via telescoping

+> D f(@+h9D) — Dy f(x)| ||hl] < €]l
Jj=1

+

This concludes our proof. O

The Theorem above gives us an insight that continuous differentiability plays
a crucial role in analysis in several variables.

Definition 2.10. A function f : 2 — R" is called continuously differentiable
if all partial derivatives D, f; exist and are continuous on 2.
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Applying the above propositions it is clear that the full differential A(z) =
Df(z) = a; j(z) is given by the expression a; j(z) = D;fi(x) so the total
differential of f also exists and is continuous on €2 when intended as a map
Df : Q — R" x R™ = M,xm(R) where M, y,,(R) are the n x m matrixes
with real entries.

Let us turn back to our example:

Let us calculate the partial derivatives:

322 (2% + y?) — 22*

le(l’,y) = ($2 i yg)g when (xv y) 7é 0

D, f(0,0)=1 since f(z,0) ==
9.3

Daf () = ot when (z,y) # 0

Dy f(0,0) =0 since f(0,y) = 0;

so Dif and Dsf are not continuous in 0. For example we can check that
4 . . . .

Dy f(t,t) = 23 = —3 # 0 = D,f(0,0) and this contradicts continuity when

t— 0.

Theorem 2.11 (Schwarz Theorem / Clairant Theorem). Let f : 2 — R be a
twice continuously differentiable (i.e. D;f are all continuously differentiable)
then the partial derivatives commute i.e. D; D, f(x) = D;D;f(x) for alli, j €

{1,...,n}.
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Proof. Let € > 0 and choose § > 0 using the continuity assumptions on the
second derivatives so that for all vectors ||| < § with z+h € Q we have that
both |D;D;f(z+h) — D;D;f(z)| < {5 and [D;Dif(x + h) — D;D;f(z)] <

10
10°

’ \\

T+ se; x + se; + lej
\\ X

\ "
! z + o

// +/r/v—m \\

7 /Cm,w/ \
/ Vi - \
/ / P \
| S |
\ e !

\\\\ T ]/f;*"%@j

Figure 6: D; D, f(x + oe; + 1e;) = D;D; f(x + &e; + Te;)
Consider the expression
f(x+ se; +tej) — f(x 4 se;) — fla+te;) + f(x)

that approximates the double partial derivatives in the sense that it repre-
sents the increment along e; of the increment along e; and vice-versa. It is
precisely this symmetry that is the base idea of this proof.

Set g(s) = f(x+se;+te;) — f(x+se;). We have that f(x+se;+te;) — f(x+
se;) — f(x +te;) + f(x) = g(s) — g(0) = s¢’(0) for some o € (0, s) given by
the Lagrange Theorem about the derivative in the intermediate point. Here
we are using the condition on the differentiability of f. Since deriving g is
equivalent to taking the partial derivative in direction e; of f we have that

g(s) —g(0) = (Dif(x + oe; +te;) — D f(x + 0e;)) s = D;D; f(x + oe; + Te;)st

by once again applying the Lagrange Theorem now in the direction e;. Using
the same argument but inverting the order of the directions we get that

fz+ se; +te;) — f(z+ se;) — f(x+te;) + f(x) = D;D; f(x + Ge; + Tej)st.

But this means that D;D; f(x+oe;+7e;) = D;D; f(x+e;+7e;). Using the
continuity assumptions on both the second partial derivatives we get that

|DiD; f(x) — DiDif(x)] < |DiD; f(x) — DiDjf(x + Gei + Tes)|+
|D]D7,f(l' +oe; + Tej) — D]sz(l‘)| S 21—60
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by choosing s, ¢ small enough so that ||se; + te;|| < ¢ and thus both ||oe; +
Tejl| < 6 and ||ge; + Tej|| < 6.

Since the choice of € > 0 was arbitrary we can conclude that D;D, f(z)
D;D,f(x) as required.

oo

Going back once again to our example

we have that for (z,y) # (0,0)

6y + y?)? — Azt + 32%y?) (22 + Py

DQDIf(xvy> - (1'2 + y2)4
—62%y (22 + y*)? + 8aty(a® + y?)
DlDQf(xay> = (1'2 +y2)4

By explicit computation one can see that the double partial derivatives co-
incide. However this is true by the theorem as long as we are away from the
point where the partial derivatives fail to be continuous i.e. (z,y) = (0,0).

End of lecture 8. May 4, 2015

To deal with higher order partial derivatives we set up some convenient no-
tation. A (n-dimensional) multiinder is a n-tuple a = (a1,...,a,) € N
We write

D*f = DY Dg* .. D3 = Di(... Dy(Daf... Dof...(Dul-.. Dy ))...))))

~~ ~~ ~~

a1 a2 Qn

and note D°f = f. One also writes

olel
DYf = ——f.
/ Ozl ... 6;3‘: /
For instance,
32
DDy f = .
1D> f 5.0, f
We denote the sum of the components of a multi-index « by |a] :==>"" | ;.

The following theorem is a generalization of Theorem by Schwarz.
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Theorem 2.12. Let o, 3 € NZ be multi-indices Let f : Q — R be (|a|+]8])-
times continuously differentiable. Then

D*(D°f) = D*(D*f) = D**"f.
Proof. We start with induction on |3|. If |5] =0,
D*(D"f) = D*f = D?(Df) = D**f.

Now consider || = 1. Then 8 = (by,...,b,) with b; = 1 for some 1 < j < n,
and by, = 0 for all k # j. Thus D? = D{DJ . .. DY \D;Dj,...D) = D;j for
some 1 < j < n, and so D*(D?f) = D*(D,f). Now we induct once more,
this time on |«|. The case |a| = 0 is clear as above. Consider |a| = 1, and so
D* = D, for some 1 <14 < n. By Theorem [2.11| we have the desired identity

D*(D’f) = D;D;f = D;D;f = D°(D"f). (15)

It remains to compute DA, If i # j, the multi-index o + 3 has i-th and
j-th component equal to 1, while the other entries equal 0. Then, if i < j,
we have D**# = D;D;. If i > j, D% = D;D,. If i = j, a + (3 has i-th
component equal to 2 and D“? = D?. Using , the claim follows.

We remain in the case || = 1 proceed with the induction step for . Assume
that we already know the theorem for |a| = n and let || = n + 1. Let k be
the highest index with aj # 0. We write D*f = D D, f. Thus,

DD’ f = D*(Dy(D;f))
Since |o/| + 1 = n, by the induction hypothesis this equals
D;(D¥(Dyf) = D;D*f = DPD* f

which is the needed identity. To finish the proof it remains to perform the
induction step for |3|. This proceeds in a very similar way as the induction
step for |a| and we leave it as an exercise. O

Recall that for v € R" and for a totally differentiable function f : Q — R,
the derivative at = € Q in the direction v is defined as D, f(x) := ¢'(0), where
g: I >R I={teR:x+tveQ}isgiven by g(t) := f(x + tv). From the
chain rule (which will be discussed in the following lecture) it follows

g () =>_ Djf(x+to);.

Jj=1
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The right hand-side is the product of the 1 x n matrix D f(z) with the
n x 1 vector v. In particular we have D,f(z) = >7 | D;f(x)v;. Com-

puting D, f(z) where f(z) := f(z + tv) we obtaml 2| D, f(z + tv) = ¢(t) =
> -1 Djf(z + tv)v;. Now we consider higher order directional derivatives.
For v € R™ we use the multi-index notation v® := v{"*...v5". We denote

al == H?:1(O‘j)!
Theorem 2.13. For a k-times continuously differentiable f : Q0 — R |

® @ k' o
Dif(z+tv) = g™ ()= Y D% f(z+ tw)v
alal=k

Proof. (1): By induction. Case k = 1 is discussed above. Assume that we
know (1) for some k and consider

DF (2 4 tv) = Dy(D¥ f)(x + tv)
Denote f = DY f and g(t) := f(m + tv). Using the result for kK = 1 we have
Dy(DEf) (@ + tv) = Dy(f)(x + tv) = F(¢)
By the induction hypothesis § = D¥f = ¢, so
gt = (")) = ")

Now we prove (2) by induction. Case k = 1 is the exercise above. Assuming
the claim for k we consider ¢®**1)(¢). By the induction hypothesis and part
(1) this equals

DU<ZZ(D°‘f)(x+tv ) ZD(Z Daf)(x+tv))

|laf=Fk |laf=k

For each 1 < j < n we move D; under the sum, which we can do by linearity
of derivative. We can also move v; inside the bracket. Then

D;(D*f)(x + tv)v*v; = (D° f)(x + tv)o”

where £ is the multi-index with §; = a; for all [ # j, and the j—th component
is B; = a; + 1. Summing in j and reshuffling the sum we obtain

Y (XX Byomne s

1Bl=k+1  j=1 |o|=k
a=PB,l#j
aj+1=p;

2Be careful not to confuse D, f(x + tv) with D,f(z) where f(z) = f(z + tv). By
D, f(xz+tv) we denote the derivative D, f evaluated at =+ tv and more precisely it should
be written as (D, f)(z + tv).
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For a fixed f it remains to sum up the double sum in brackets. Note that
there is only one a such that |a| = k,a; = ), # j and o; + 1 = ;. Since
B =a;+1= % the expression in brackets equals

k"ﬁj m] k'lﬁ| _ (k+1)!
> Y e L

=1 |a|=k
a=p,l#j
a;j+1=0;
This finishes the proof. 0

2.1 Taylor’s theorem in R”

In Analysis I we showed the following. If f : I — R is (N + 1)—times
continuously differentiable, where I is an interval in R containing 0, for every
x € [ there exists ¥ € I, 0 < |[¥] < |z|, such that

N

) = i )(0) 2 ; N+1 2N+
)= 32 G OO+ 0 (16)

This statement is called Taylor’s theorem. It gives an approximation of f
with the N-th order polynomial 35 L™ (0)a*, which is called the Taylor
polynomial of f. Note that for N = 0, is exactly the mean value theorem
for f on [0, ]: it yields existence of ¥ € (0, z) such that

F@ = 1010

The following generalizes Taylor’s theorem to functions f : 2 — R.

Theorem 2.14. Let f : Q2 — R be (N +1)-times continuously differentiable,
x € Q and x +v € B.(x) for some ball B-(x) C Q. Then there is ¥ € [0,1]
such that

1 (03 (03 1 (0% «
flz+v) = Z aD fz)v* + Z JD f(z+ o)
la|<N |a|=N+1
Proof. We apply Taylor’s theorem in one dimension to the function
g(t) = f(z + tv) at t = 1, which gives

1

fla+v) = g(1) = k— 1(0) +

Then we use Theorem (2) for g™ (0) and g™+ (99) to obtain the desired
identity. ]

1

(N + 1)!9<N+1)(§)‘
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Now we estimate the error in the approximation of f with its Taylor poly-
nomial P

Theorem 2.15. Let f : Q — R be N-times continuously differentiable and
x € Q. Then for every e > 0 there is a 6 > 0 and Bs(x) C Q, such that for
xr +v € Bs(z) we have

ICEEDy épaf(x)w

la|<N

™

Proof. If N = 1, f is totally differentiable and the statement follows from
the definition of total differentiability:

Fa+o) = (f@) + Z D;f(z)e;)| < elo]™.

For N > 1 we can apply Theorem in the case N — 1: there exists
¥ € [0, 1] such that

1 « « 1 « (03
flx+v) = Z aD fz)v® + Z aD f(x+dv)v
la|<N la|=N
which can be by adding and subtracting ZM:N LD f(z)v™ rewritten as
1 1
fle+o) = Y =D () = Y —(D"f(x) = D*f(z +dv)p
lo]<N la|=N "

By continuity of D®f there is a § > 0 such that for all z + v € Bs(z) (in
particular, x + Jv € B(;(x)) we have

| Z (D*f(x) — D*f(z + 0v))o” ¥
|or|= N !
where we have estimated [v®| = [« -+ [v2] < [Jo||V. O

2.2 Chain rule

The following theorem tells us how to express the derivative of the composi-
tion of two functions f, g in terms of the derivative of f and the derivative
of g.

3Compare this with the definition of derivative, which gives an approximation of a
function with a linear map. Also note that polynomials of first order (corresponding to
case N = 1) are linear.
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Theorem 2.16. Let U C R™", V C R" be open subsets. Let g : U — V,
f:V = R* be two maps such that g is differentiable at x € U and f is
differentiable at g(x) € V. Then fog:U — R* is differentiable at x and

D(fog)(x)=Df(g(x)) o Dg(x)

Recall that (in the chosen bases) the linear map is represented by a matrix.
The composition of these maps on the right hand-side corresponds to the
matrix product of the respective matrices.

Proof. Exercise sheet 6, exercise 2. [

End of lecture 9. May 7, 2015

local minimum

f/=0, but not a local extremum

Figure 7: Local extrema and points with vanishing derivatives.

Theorem 2.17. Let f : QQ C R® — R be differentiable in x and let x be a
point of local mazimum (or minimum) of f. Then Df =0

Proof. We reason by contradiction: let Df(z) # 0 with Df(z) : R* — R.
Then there exists a vector v € R" such that D f(z)v # 0. Let us consider

such a vector with [|v|| = 1 (it suffices to consider ””T”) and by linearity (up to
multiplication by —1) we have that D f(z)v > 0. Let € = w and choose
0 > 0 so that

1. Yh, ||h]| < we have that  + h € (€2 is open);
2. Vh, ||h]] < 6 we have that f(x 4+ h) < f(z) (z is a local maximum);

3. Vh, ||h]| < & we have that || f(z + k) — f(z) — Df(2)h|| < €|A].
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Now choose t € (0,d) so that we have t = |[tv|| < 6. We have that || f(z +
tv) — f(x) — Df(x)tv]] < et and thus Df(zx)vt — (f(x +tv) — f(z)) < et
so (Df(x)v—e)t < f(x + tv) — f(x) but this is a contradiction because
0<iDf(z)tv < (Df(z)v—e€)t < f(z+vt) — f(z) <0. O

Now let us study what can happen in a critical point of a function. A critical
point is a point x € Q where D f(z) = 0.

Let f: Q C R™ — R be twice differentiable i.e. let f have second derivatives
D;D;f(z) in a point x. The expression D;D;f(z), 1 < i,j < n defines a
symmetric n X n matrix. This matrix is symmetric by the Schwartz Theorem
as long as f has second partial derivatives in an open neighborhood of = that
are continuous in x.

Definition 2.18. A matrix A = (a;;) € R™" is called symmetric if for
all i,j € {1,...,n} one has a;; = a;,. A symmetric matrix (a;;) is called
positive definite if for all v € R™ with v # 0 one has Z?Fl a; jv;v; > 0. If we
allow equality even for non-zero vectors, i.e. szzl a; jv;v; > 0 the matrix
(a; ;) is said to be positive semi-definite.

1 i=y
An example of a positive definite matrix is 6;; = {O » ‘7 This can be
i # ]
checked simply: 77", d; juiv; = Y0 w7 > 0if v # 0.

Theorem 2.19. A matriz (a;;) € R™" is positive definite if and only if
there exists an € > 0 such that Vv € R, v # 0 we have that Z?Fl a; jU;Vj >
e|[v]]? > 0.

Proof. Set S = {v € R"|||v]| =1}; S is a bounded and closed subset of R™
so it is compact.

Figure 8: The unit circle S.

Now choose a sequence v* in S such that limy_, . > i1 ai,jva}“ =
infeg Z?jzl a; jw;w;. This sequence admits a subsequence converging to

some v since S is compact and we have that v € S since S is closed. Passing
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to the limit in the previous equality we get that

n n
lim g a; v = g a; v;0; >0
k—)OO‘ ‘ 7 71 ] e 2,3 71™]
3,j=1 ,j=1
—_——

=€

where the last inequality holds because the matrix is positive definite. But

— 1 n ko kg n n
e = limy 0 Zz’,j:l QU705 = infyes Zi,j:l @, W;W; SO Zi,j:l ajjwiw; = €

for all w € S. If w ¢ S consider the vector w' = H:Z_H € S. Applying the
obtained bound to w’ we get that W > i1 @i jwiw; > € as required. [
Theorem 2.20. Let f : Q@ C R® — R twice continuously differentiable in
a point x € ) i.e. f has second partial derivatives in an open neighborhood
containing x and they are continuous in the point x. If Df(x) = 0 and
the matriz (D;D;f(x)), called the Hessian, is positive definite then f has a

(strict) local minimum in the point x.

Proof. Let € > 0 so that 10e < inf,cg szzl D;D; f(x)w;w;. Such an € exists
due to the previous theorem. Using the Taylor expansion we get that there
exists a § > 0 such that Vv with ||v|| < 0 we have that x + v € 2 and

fle+0) = f@) — DS ()~ Izﬁmf(x)va < el
=0 \04: ,

% szzl D;D; f(z)viv;
However, since the second differential is positive definite we have that
1 )
5 2 DiD,f(x)vww; > 5ello]
ij=1

fla o)~ f&) — 5 3 DDy (aviny > ~cllo]?

ij=1

= fla+v) = fl@) = delfo|”.

Moreover we have proven that the maximum is strict in the sense that Vv
with ||v]| < 0 and v # 0 then the inequality is strict: f(z +v) > f(z). O

A combinatorial comment is due about the above application of the multi-
variable Taylor expansion. Let us consider the expressions that appears in
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the Taylor expansion:

a=(0,..,0, 1 ,0,.0, 1 ,0,..,0 a=0,..,0 2 ,0..,0
Z JD fo* = Z ﬁDiDjfvin + Z EDiDifviUz' =
laj=2 i<j T i=j

1 n
5 Z Dszf Ul"l}j.

ij=1

Further generalizations are just combinatorial induction arguments. For ex-
ample

1 a1
lz aD fU = 5 ; DID]Dkf ViV V.
al|=3 1,7,k=1

Theorem 2.21 (Sylvester criterion).

Let A = [ Agtl Z ] be an n x n symmetric matriz. Then A is positive
definite if and only if A,_1 is positive definite and det(A) > 0.
Proof. < First of all one can check that A = S* A%_l 2 } S where the

I,_1 ‘ A;ilv
0 | 1
that a positive definite matrix is necessarily invertible so A, ', is well
defined. The matrix S is the transposed matrix of S: S} ; = 5j;. As a

matter of fact

matrix S is given by S = [ } and b = a—v'A; ! v. Notice

An,1 ‘ v
ot [VPA Lo+ b

T L1 ‘ 0 An—l ‘ 0 | P ‘ A;ilv —4
oA ] 0 |b o] 1 |

n—1
An—l v
0 |b
n t tQt An—l 0
We thus have that Zmzl A, jviv; = vPAv = 'S 0 15 Sv =
| A1 | O : . : : L

(Sv) 0 b Sv. Notice that S is invertible so A is positive def-
inite if and only if [ ’6_1 2 1 is positive definite. Let us show this
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last fact via computation. Choose any w € R"™ with w # 0:

O e 1 e RSN

We require that the left hand side be positive. Since A, _; is positive
definite the term w! A, _jw,_; is always non-negative. Taking in

n—1
account that det A = det S* det [ An1]0 } det S but det S = det St =

0 |b

1 so we have that det A = det { Ag_l 2 } . The determinant of a block
A,_110

matrix is given by det { = bdet A,_1. So the condition

0 |b

det A > 0 implies b > 0 and thus det { A%_l 2 ] is positive definite.

= The inverse implication can be shown reasoning by contradiction. Testing
with vectors w € R™ with w,, yields that A, _; has to be positive definite

and thus invertible. Then one applies the same decomposition as before.
]

An induction argument suggests to introduce the following notions. A prin-
ciple minor [A];; of an n X n matrix A is a matrix determined by a subset
of indexes I C {1,...,n} such that ([A]r;),; = Ak, Where k; and k; are
respectively the ™" and j* elements in order of I. A leading principle minor
(of order m) is the principle minor [Alq,  m}1,..m}

Theorem 2.22. A symmetric matriz A is positive definite if and only if all
the principle determinants are positive. Furthermore the same is true if one
constders only the leading principle determinants.

An example of the application of the above theorems is the function on R?
given by f(x,y) = 2? + y*. We have that Df(0) = 0 while (D;D,f(z)) =
[ g g } for all x € R™. This matrix is definite. We can thus deduce that f
has a local minimum in (0,0). Something completely different happens for

the function f(z,y) = 2* — y®. We have that D;D, f(z) = [ g _02

Differently from the one-dimensional case even if a critical point z is such
that Df(x) = 0 and D?f(x) is non-degenerate this still is not sufficient to
conclude the presence of a local extremum. The behavior of the function f

can be different in different directions.
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End of lectures 10. May 11, 2015

Lectures 11 and 12 were held by Roland Donninger.

2.3 Banach fixed point theorem

Let X be a metric space. Throughout this section we shall assume that the
metric is induced by a norm, although all of the following holds if we replace
Il - || by a general metric.
A map ¢ : X — X is called a contraction, if there exists a € (0, 1) such that
for all x,y € X we have

[o(x) = (W)l < alle =yl

Theorem 2.23 (Banach fixed point theorem). Let X # 0 be a complete
metric space and let ¢ : X — X be a contraction. Then there exists a unique
fized point of ¢, that is, a unique point x € X such that ¢(z) = x.

Proof. Let zy € X. Define a sequence (x,) in X via the recursive relation
Tp = @(x,—1) for n € N. First we show that (z,) converges. Let n,k € N.
Then

|Znsr — Tnll = [|0(Tn-14%) — (@n_1)|| < f|Tp_11k — 201,

where in the last inequality we used that ¢ is a contraction. We can again
write ||z, 140k — Tn_1|| = [|6(n_2o1k) — ¢(2n_2)|| and apply the contraction
property to obtain

[Znsk = Zall < || @024k — T,
Performing this step n times we arrive to
[+ = 2all < @[lzk — o] (17)
Now consider the right hand-side of . By the triangle inequality we have

2k — 2ol = |lzn — 21 + 21 — wol| <|lwp — 21| + |21 — 20|

<@k — @2 + [Jxe — 21| + [J21 — 20|

[terating we obtain

k—1 k—1
lee = zoll <Y e — 25l < D adfley — o
j=0 j=0
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Altogether we have for that for each k,n € N

k—1
|k — 2all < @™ 0|2y — o
=0
k—1
= a"|lzy — x| Y _ o
=0
< oz — o] ]Z;Oéj = 17— ller = zoll.

In the last step we used that a < 1, so Z?O:o o’ is a convergent geometric
series. Now, a € (0, 1) implies that ™ — 0 as n — oo, so the sequence (z,,)
is a Cauchy sequence in X. Since X is complete, (x,) converges. That is,
there exists a € X such that z,, — «a.

We claim that the limit a is the fixed point of ¢. To see this we consider

Ip(a) = all < [l¢(a) = ¢(zn)ll + l¢(xn) — all < alla = 2n]] + [l2n11 —all.

Since z,, — a as n — oo, we that al|a — || + || zp41 — al| — 0 as n tends to
oo. Thus, |[¢(a) — a|| = 0 which is equivalent to ¢(a) = a. So a is really a
fixed point of ¢.

It remains to show uniqueness. Assume there is another fixed point b of ¢.
That is, there is b € X such that ¢(b) = b. Then

la = bl = [lé(a) — ¢(0)|| < afla—b].

This implies (1 — «)||ja — b]] < 0. Since a < 1, we have (1 — «) > 0. A norm
is always non-negative, so we must have ||a — b|| =0, i.e. a = b. O

Remark. From the proof it follows that the sequence z,, = ¢(z,,_1) converges
to the unique fixed point of ¢ for an arbitrary initial value xq € X.

Example. Let X = [1,2] C R. This is a complete metric space with norm
being the absolute value. For x € X consider

2
¢@%:i11

We show that ¢ satisfies the assumptions of the Banach fixed point theorem.

e The function ¢ maps X to itself, i.e. ¢ : X — X:
This holds since 1 < x < 2 implies the bounds

2
x 4+ 1

¢(x)2x—|—2_
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and

2+2 4
< < —-—=2
o)< 5753
Thus, 1 < ¢(x) <2
e ¢ is a contraction:
r+2 y+2 Yy—x
o(x) — ¢(y) = =

z+1 y+1 (z+1D)(y+1)

Bounding x from above and below gives
1
|0(x) = o(y)| < Zle =yl

Thus, the sequence x,, = ¢(x,_1) converges to the fixed point =, = ¢(x,) for
an arbitrary initial value xy. The fixed point satisfies

T+ 2

Tp = :>x§:2:>x*:\/§€[1,2].
T, +1

This example yields explicit approximations of v/2.

2.4 Inverse function theorem

From Analysis I we recall the following fact. Let f : R — R be continuously
differentiable with f’(x¢) # 0 for some x5 € R. Then there exists an interval
I = (z9—¢, x9+¢) such that f is monotone on I. In particular, f|; : I — f(I)
is bijective, so there is a local inversd] f=* : f(I) — I. Moreover, f~! is
differentiable in f(xg) and by the chain rule we have

(.f— ),(f(xﬂ)) = f/(x()) :

The following theorem generalizes this fact to functions f : R* — R".

Theorem 2.24 (Inverse function theorem). Let U C R"™ be open and let
f U — R" be continuously differentiable. Let a € U and let the matrix
Df(a) be invertible. Then there exists an open set V. C U with a € V and
an open set W C R™ with b := f(a) € W such that f is a bijection from V
to W. The inverse mapping g := (f|v)~! is differentiable in b anaﬂ

Dg(f(a)) = Df(a)”"
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Figure 9: Inverse function theorem

Corollary 2.25. If f is k-times continuously differentiable, so is g.

Before proving Theorem [2.24] we state the following lemma, which can be
seen as a converse of Theorem [2.24

Lemma 2.26. Let U C R" be open and V C RF open. Let f : U — V be
bijective and let both f and f~' be continuously differentiable. Then D f(x)
R"™ — R* is at each x € U non-singular (invertible). In particular, k = n.

A bijective map f such that both f and f~! are continuously differentiable
is called a C'—diffeomorphism.

Proof of Lemma[2.26. We have idy = f o f~'. Applying the chain rule we
obtain that I = Df~!(f(x))Df(z) for each x € U. O

Remark. A natural question is whether one still has k = n if one weakens
the assumption of f and f~! being continuously differentiable to just being
continuous. The answer is yes. If f : U — V is bijective and both f
and f~! are continuous, then necessarily k = n. Such a map f is called
a homeomorphism. This result is much harder to prove and the proof uses
tools from algebraic topology.

Let us now discuss the idea of proof of Theorem [2.24] which will be integrated
into a detailed proof afterwards. Assume that a = b = 0, that is, f(0) = 0.
Assume also Df(0) = I. So near 0, f is approximately the identity map.
Consider

f(z) =z + h(z)

where for small ||z, the functions & is small. We also have Dh(0) = D f(0)—
I = 0. Therefore we should expect that for small z, y we have ||h(z)—h(y)| <

4For the inverse one should more precisely write (f|7)~!.
®Df(a)~! is the matrix inverse of D f(a)
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llz — yll, so his a contraction. (If n = 1, this would follow from the mean
value theorem |h(z) — h(y)| = [ (§)|(xz — y)| < 3|z —y| as K/(€) is small for
¢ near 0.) Let z be fixed and small and define a perturbation of h by

o(x) ==z — h(x).

Since h is a contraction, ¢ is a contraction and ||h(z) — h(0)|| < 3|z — 0]|.
Using h(0) = 0 we get ||a(z)| < i||z||. Thus for small z and small = the
function ¢(z) is small, i.e. it maps a ball around zero into itself. Applying
the Banach fixed point theorem we find a unique a in a neighborhood of zero
such that ¢(a) = a = z — h(a). That is, a unique a such that z = f(a). So
near (0, the function f is invertible.

Proof of Theorem (2.24] . First we make the simplifications which we already
assumed in the above discussion. Let us show that we may assume a = b = 0.

Set f(z) := f(¥) —b. Then for each x € U we have Df(z) = Df(z).

Assuming f~! exists, we have f~1(y) = f~!(y —b). Indeed, this follows from

FHf@) =F () =b) = [ (flz) =2
FU @) =f =) =F(f T y—b)+b=uy.

Thus, it suffices to prove the theorem for f Since f(a) = f(a) — b, we may
then assume b = 0. Similarly, we can consider the function f(z) = f(z + a)
to see that we may suppose a = 0. So our assumptions for now are that
f(0) = 0 and Df(0) is invertible. Without loss of generality we may then

suppose D f(0) = I, as otherwise we replace f(z) by Df~1(0)f(z).

Define now h(z) := f(z) — z. Our goal is to show that h is a contraction.
We have h(0) = 0 and Dh(0) = Df(0) — I = 0. This implies that all
partial derivatives of h at 0 are 0, i.e. D;h(0) = 0 for each j = 1,...,n.

Since h is continuously differentiable, there exists a ball B,.(0) C U such
that ||Djh(z)|| < 55 for each z € B,(0). Let now z € B,(0) and v € R™.
Consider the directional derivative D,h and estimate

n n n 1 1
IDR@ = || D v Di(@)]| < 3 sl D3kl < 3 ol < el -
j=1 j=1 j=1

By the fundamental theorem of calculus we have

h(y) — h(z) = /0 %h(m +t(y —x))dt = /0 Dy_,h(x +t(y — x))dt.
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The integral on the right hand side is an integral of the vector valued function
D,_ h(z 4+ t(y — x)). (Just as an reminder, in each component it equals
Lhi(x + t(y — z)) = (Dhj(z + t(y — z)),y — z).) One understands such
integrals of vector valued continuous functions ¢ : [0,1] — R"™ component-
wise. That is,

/Olw(t)dt = /01(g01<t),g02(t)7‘_wspn(t))dt
= (/01 901(t)dt,/01302(t)dt,...,/01 on(t)dt) zz;/ol%(t)dtej

where e; are the standard unit vectors e; = (1,0,...,0), e2 = (0,1,0,...,0),...
en = (0,...,0,1). Therefore,

| [ o] =% [ e
gjf}\\/i%t)dtq
:é’ [ eittic
gz [ estlar < Z [ el <n [ stoiar

Applying this to ¢(t) = D,_,h(z +t(y — x)) we obtain

1
Is) = bl = || [ Dyshlo -+ ety — )t
0
) [ 1 1
< [ 1Dyah(a+ tly )t < nlly = ol = 5y all
0 n 2

where in (x) we used our previously established bound on || D,A||. This shows
that h is indeed a contraction.

Now we show the following two claims.
a) f is injective on B,(0).

b)B,2(0) C f(B:(0)).
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Proof of a). Take x,y € B,.(0) such that f(x) = f(y). We need to show that
x = y. This follows from the reverse triangle inequality and the fact that A
is a contraction:

0= 115@) = FW)ll = lle =y — (hly) — h(w)]
>l = yll - 1h(y) - h(z)]
1 1

> Jlo = yll = 5lle =yl = 5llz — vl

So ||z — y|| <0, which implies = = y.

Proof of b). Let z € B,2(0) and set ¢(z) := z— h(x). For x € B,(0) we have

W@WSWﬂ+M@WSQ+M@%WmWSZ+MW—W<—+

This shows that ¢ maps B,.(0) to itself. Moreover, since h is a contraction,
for every x,y € B,(0) we have

HW@—¢@M=HM@—h@WS%W—yH

Thus ¢ is a contraction on the complete metric space B,.(0). By the Banach
fixed-point theorem, there exists a unique a € B,.(0) such that a = ¢(a) =
z — h(a). That is, 2z = a + h(a) = f(a). Since z was arbitrary, for each
z € By3(0) there exists a unique a € B,(0) such that f(a) = 2z, which im-

plies B, /2(0) C f(B,(0)).

Set now W := B,5(0) and V := f~!(B,/2(0)). Since f is continuous and

f(0) =0, V is an open neighborhood of 0. Also, B, 2(0) C f(B,(0)) implies

V = f1(B,2(0)) € B,(0). From a) and b) it follows that f : V — W is
bijective, thus it is invertible.

It remains to show differentiability of f. We know that Df(0) = I. If f~!is
differentiable in 0, by the chain rule necessarily Df~'(0) = I. So we need to
show that for each ¢ > 0 there is a § > 0 such that for all ||| < 6,k € W
we have

1F= (k) = £71(0) = DFTH0)K] < k]I,

1F (k) — K| < e[k
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Let ¢ > 0. By differentiability of f, there exists a ¢’ > 0 such that for all
IK'|| < &',k € V we have || — f(k)| < ||k Let |k]| < &,k € W. We
have f~!(k) € V. Moreover, for each x € B,(0) D V we have

£ = = (~h@)] = el ~ @) S 5l

where in (x) we used that h is a contraction. Applying this with z = f~1(k)
we obtain

LFH R < 2([k] < &
Set now k' := f~!(k). Since ||K'|| < &', k" € V, by differentiability of f

1~ (k) — Kl = I = f(R)]| < §||k’|l < el

so f~!is differentiable at 0. This finishes the proof. O

Example. (Polar coordinates)
Let f:{(z,y) € R*: x> 0} — R? be given by

f(z,y) = (Va2 + g%, atan?) = (1, fo).

X

We compute the partial derivatives of f:

0 0
Dy fi(z,y) = =—/2> +y* = Dyfi(x,y) = =22 +3y? = Y
ox y

X

Dy fo(x,y) = %a’can% = —%W, Dy fox,y) = (%atan% = gﬂL—f—y?
The Jacobian of f then equals
z y
piten) - ( V7 V)
a?4y?  a?ty?
and has the determinant
detDf(z,y) = z + v = ! > 0.

R R LN R

Thus, at every point (x,y),z > 0, the function f is locally invertible.

We remark that local invertibility at every point does not imply global in-
vertibility. Nevertheless, the function from this example is globally invertible
with the inverse f=1:(0,00) x (=2, -2) — {(z,y) € R? : 2 > 0} given by

27 2

f_l(r, ) = (rcosg,rsinp).
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Remark. From the existence of the local inverse it does not follow that one
can explicitly "write it down”. For instance, consider f : (0,00) — (0, 00)
given by f(x) = xe®. For each x > 0 we have f'(z) = (1 +x)e” > 0, so f
is at locally invertible each point. Moreover, f is even globally invertible, as
it is strictly monotone. The inverse function of f is called the Lambert W
function and it cannot be expressed in terms of elementary functions.

2.5 Implicit function theorem

Suppose we are given an equation F(x,y) = 0 for some function F': R? — R.
Question: Is there a (unique) g : R — R such that for each = we have
y = g(x), ie. F(z,g(x)) =07 In other words, can one "solve” the equation
for y? If the answer is yes, one says that g is given implicitly through F'.

Example. Let F(x,y) = z +y. From F(x,y) = 0 it follows y = —z, so
g(x) = —u.

Example. Let F(z,y) = 2> +y*> — 1. From F(z,y) = 0 it follows y =
+v1—2a2 If |[x] > 1, the equation F(x,y) = 0 has no solutions. On the
other hand, if |z| < 1, the equation has two different solutions. If one restricts
oneself to the region y > 0,|z| < 1, the solution is unique. This example
shows that one should consider this problem [ocally.

We make the following observation. If F(z,g(z)) = 0 and all functions
involved are sufficiently differentiable, then it follows from the chain rule

0= 2 Flx,g(x) = DyF(z,g(x))1 + DoF(r, o(x))g'(7)

and so
_ DiF(z,9(x))
DyF(x, g(x))

Thus, if we want g to be differentiable, the condition DyF'(z,y) # 0 is nec-
essary. In the following theorem we will see that it is also sufficient.

g'(x) =

Let us set up some notation. Let F: R¥ x R™ — R™. Define
1 ._ 2 -

For every y € R™ we have Fy1 : R¥ — R™ and for every # € R* we have
F?:R™ — R™. If F is differentiable in (z,y) € R*¥ x R™, then we write

DﬁuyyzD@@)mdDﬁmwyZD@@)
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Theorem 2.27 (Implicit function theorem). Let U C R¥ x R™ be open
and F : U — R™ continuously differentiable. Let (a,b) € U be such that
F(a,b) = 0 and such that DyF(a,b) is invertible. Then there is an open
neighborhood Vi of a and an open neighborhood Vy of b with V; x Vo C U,
and a continuously differentiable map g : Vi — Vi, such that F(x,g(x)) =
for each x € Vy. If (x,y) € Vi x Va is such that F(z,y) = 0, then y = g(z).
Moreover,
Dg(l‘) = _D2F<x’y)_1D1F(xay)'

o—— End of lectures 11 and 12. May 18 and May 21, 2015 ——

3 Integration in R?

3.1 Integrals depending on parameters

We well now approach the question of evaluating integrals of functions that
depend on parameters. We will see that a particularly relevant property of
the domain of definition of a function that intervenes in studying parameter-
dependent expressions is compactness. When working on a compact domain
it is possible to deduce some sort of uniformity of continuity estimates on
the whole domain. This is necessary, for example, to be able to pass to the
limit in expressions involving values of a function on the full domain like the
integral.

Let us recall that a subset of R? is compact if and only if it is bounded and
closed via Heine-Borel’s Theorem. Let K C R? be a compact set, we define
C(K) ={f: K — R]| fis a continuous function defined on K}. Continuity
is as usual expressed as Vo € K Ve > 03 > 0 such that for any y € K with
|z —y|| < 0 one has |f(z) — f(y)| < e. A uniform notion of continuity is
obtained if we require that the choice of § be uniform, or independent, of
the point x € K where we are studying continuity. Thus a function f is
uniformly continuous if Ve > 030 > 0 such that Vx € K and Vy € K with

[ = yl| <6 one has |f(z) = f(y)| <e

Theorem 3.1. A continuous function f € C(K) on a compact domain K is
uniformly continuous.

Proof. We reason by contradiction. Suppose that the statement is false, then
there exists an € > 0 such that for any choice of 6 > 0 we can find a pair of
points z, y € K such that ||z—y|| < d but |f(z)—f(y)| > €. Let us fix such an
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Figure 10: A compact domain K and jumps of a continuous function.

e and for n € N let us construct sequences x,, y, given by the contradiction
statement with 6, = < so that ||z, — y,|| < L and || f(z,) — f(ya)| > e

Since K is compact we can select a subsequence z,,, so that it converges to
a point x € K. We will now show that the continuity of f contradicts the
assumption on x, and ¥, close to this point. Continuity of f in x allows
us to select 6 > 0 so that for all z € K we have ||z — z|| < ¢ implies
1f(z)— f(z)| < &. Also choose k > 0 sufficiently large so that |z —z,, || < 2
and such that n—lk < %50 that ||z — yn,|| < | — @n | + |20, — Ynp || < 2. We
get a contradiction from

continuity of f in x
7\

€ < () — Fn)| < |Fom) — ()] + 1£(@) — flwn)] <

TV
contradiction hypothesis

_|_

Wl m
W ™)

]

Notice that C'(K) is naturally a normed (and thus metric) space with the
norm given by the supremum norm ||f|le = sup,cg |f(x)|. The distance is
thus as usual given by (f, g) = ||f — 9lloo-

Lemma 3.2. Let K C R? be a compact set and a,b € R with a < b then
[a, b] x K C R is also compact. Recall that [a, b] x K = {(x,y)|z €
[a,b], y € K}.

Furthermore let f : [a, b] x K — R be a continuous function. Let us defined
F: K — C(la, b)) given by F(y)(:) = f(-,y). F is a continuous map from
K to C([a,b]) endowed with || - ||c as a normed vector space i.e. Yy € K
and Ye > 0 there exists a 6 > 0 such that if y' € K with ||y —y|| < 0 then

IEW) () = Fy) (e <e.
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Figure 11: The function F(y)(-) = f(-,v).

Proof. To begin with notice that [a, ] x K C R is both bounded and
closed so the first part of the Lemma follows.

We now check that F' is continuous. We write M = [a, b] x K. Let € >
0 be given; since M is compact then the continuity of f implies uniform
continuity: there exists a 6 > 0 so that V(z,y), (¢/,y') € M we have that
|(x,y) — (2, y)]| < & implies |f(x,y) — f(2',y')] < €. By setting x = 2’ for
any x € K and rewriting the above inequality we see that

[F(y)(x) = F(y) (@) = [(F(y) = F(y) (2)] <€ so [[F(y) = F(y)llw <€

This is precisely the statement of continuity of F' as a map from K to C([a, b))
because we have obtained that for any ¢ > 0 there exists a 6 > 0 such that
for any y, ¢’ € K such that ||y — /|| < 0 one has ||F(y) — F(¢/)||cc <€ O

Let us consider the example of a function on R? given by (z, y) — f(z,y) =
e so that F(y)(z) = f(x,y). We have that (F(y) — F(v')) (x) = ™ —
e = (1 — W' =¥) But if z is an arbitrary point of R we have that this
quantity can be large even if y — ¢ is small; for example take z = -"—. In
particular we have that |F(y) — F(y)||cc = 2 for any y # 3’ and this implies
that F'is NOT continuous. However if 2 were to be allowed to assume values
only in a bounded set then the above function would, as a matter of fact, be
continuous.

Now let us consider integrals depending on parameters and integrals over in

more than one variables. Let f € C([a,b]) and set

b n
If:/a f(x)dx:i{lob;a;f(wb;“k).

The map I : (f) — If is continuous as a map I : C([a,b]) — R. It suffices
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to see that

b
_ / (f(2) — g(a)) da

/abf(a:)dx - /bg(a:)dx

/ (@) — g(@)|dz < (b — a)[1f - glln

Theorem 3.3. Let [a,b] C R and let K C R? be a compact set. Given a

continuous function f : [a,b] x K — R let us define ¢(y f f(z,y)dz for
every y € K. We then have that ¢ : K — R is contmuous

Proof. 1t suffices to see that setting F'(y)(-) = f(+,y) we have that ¢ = [o F.
Since F' : K — C([a,b]) and I : C([a,b]) — R are both continuous, their

composition ¢ is also continuous. O]

Now let K = [¢,d] so that fcd (f; f(x,y)dx) dy = fcd o(y)dy.

Lemma 3.4. Set [a,b], [c,d] two compact intervals and let f : [a,b] X [¢,d] —
R be a continuous function. Suppose also that Dy f exists and is continuous
in all points of the domain. Let yo € [c,d]. Consider the function g : [a,b] X
[c,d] = R given by

) f(x,y) — f(z,9) Y £ U
g(z,y) = Y — Yo .
DQf(l”, Yo) Y = 1Yo

Then g is a continuous function on [a,b] X [c,d].

Proof. Choose any (z,y) € [a,b] X [c,d]; we must show that ¢ is continuous
n (x,y). The case in which y # yo is left as an exercise. Suppose y = yo. Let
e > 0 and choose § > 0 so that V(2’,y') such that ||(2',y') — (z,v0)|| < 0 one
has |Dof(2',y) — Daf(x,y0)| < €. For any such (2',y') choose y" € (y,y’)
so that g(z/,y") = W = Dyf(2,y") via the Lagrange Theorem
in one dimension. We then have that |g(2',y) — g(x,v0)| = |D2f (', y") —
Dy f(x,y0)| < € where the last bound comes from continuity of Dy f and the

fact that |y" — yo| < |y — yol- O

Theorem 3.5. Let f : [a,b] X [¢,d] — R be a continuous function such
that Dyf exists and is continuous. Consider ¢ [c d — R to be ¢(y) =

f f(x,y)dx. Then ¢ is differentiable with ¢'(y f Dy f(z,y)dx
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Proof. Let g asin Lemmabe continuous so that fab g(x,y)dx is also contin-
uous. This allows us to state that Ve > 0 there exists a 6 > 0 such that for all
points 3 so that |yo—'| < & we have that ‘fab g(z,y)dx — fab D, f(z, yo)dx‘ <
€. Thus

JP S y)da — [0, yo)da

b
—/ Dy f(x,yo)dx

; < €.
y—-y
b , b
This means that lim, _,,, Lo Fy )d;:,__{;l feyo)ds fab Dy f(z,y0)dx and thus
the derivative of ¢(y) exists and is given by ¢'(y) = f; Dy f(z,y)dx. ]

Theorem 3.6. Let f : [a,b] X [¢,d] = R be a continuous function then we

have that
/Cd (/abf(:c,y)d:c> dy = /ab (/Cdf(%y)dy> I

End of lecture 13. June 01, 2015

Theorem (3.6|) follows from the following result.

Theorem 3.7. Let f : [a,b] X [c,d] — R be continuous. Then

~ fim ZZW#f(a—F%(b—a),c—l—%(d—c)). (18)

The expression on the right hand-side of is a two-dimensional Riemann
sum.

Proof. Denote the left hand-side of by L and the double sum on the
right hand-side by R. First we show that for every ¢ > 0 there is Ny such
that for all N > Np:

L<R+e.

Let € > 0. Since f is uniformly continuous on [a, b] X [¢, d], there exists 6 > 0
such that for all (z,y), (2',y') € [a,b] X [¢,d]:

€

|(l‘,y) - (I/7y/>| <0= |f(x,y) - f(x,7y,)| < m
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d+ /a+%(b7a),c+%(dfc)

/ j=4,i=4

Figure 12: Discretization, N = 5.

Denote N := Y29 and let N > Ny. Then for all @ € [a+ L5E(b —
D0t 2 -0,y & e+ F(d =)ot Hd— o)
J i €
< AU ~(d— (19
f(x’y)_f<a+N( a),e+ C>)+(b—a)(d—0) (19)

By the definition of the integral ( f: f(z,y)dz as the infimum of upper sums
of f(-,y) over all partitions of [a,b]) and by (19), for all y € [c + SH(d —
¢),c+ % (d — ¢)] we have

3

/abf(x,y)dxéif<a+%(b—“)’c+%(d_c>> Ta-c

The same argument in the y-direction gives

/Cd(/:f(x,y)dx)dyﬂii <a+%(b—a),c+%(d_c))+57

i=1 j=1

which establishes L < R + . We leave it as an exercise to show the reverse
inequality L > R — ¢, which then finishes the proof. O

Note that we could have evaluated f at any point of the rectangle [a+ j%(b—
a),a+ 4(b—a)] X [c+ 5H(d — ¢),c+ %(d — ¢)], not necessarily at its upper
right corner.

The following theorem generalizes Theorem ([3.6) to RY. Its proof is a
straightforward generalization of the proof for d = 2.
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Theorem 3.8. Let Q = [a1,b1] X -+ x [ag,bs] C R? and f: Q — R contin-
uous. We define

/Qf(:c)d:c - /b (( ajdf(azl,...,xd)d:cd) ...)dxl

Then for any bijection (permutation) o : {1,...,d} — {1,...,d},

bo(1) bo ()
/ f(z)dx = / . / fl@r, . xg)dag@y | - | desqy.
Q o (1) o (d)

3.2 Abstract characterization of the integral

First let us state some definitions.

The support of a function f : R? — R is defined as

supp(f) := {z : f(z) # 0}

That is, the closure of the set of all points in R? where f is non-zero. The
support is by definition closed.

support support

Figure 13: Compact and non-compact support, respectively.

We denote
C.(R?) := {f : R = R continuous, supp(f) compact}

Note that if f € C.(R?), then there exists a box @Q such that supp(f) C Q.
We write [

» f(z)dx := /Qf(:c)d:c

We leave it as an exercise to show that this definition does not depend on
the choice of Q.

®Note that in the notation [, f(x)dz all the information is encoded in f.
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Figure 14: An interval ) containing supp(f).
Theorem 3.9. The map J : C.(R?) — R defined by

J(f) = » f(x)dz
is
1. linear: JONf +g) = M (f) + J(g) for all f,g € C.(RY), A €R
2. positive: Y : f(z) > 0= J(f) >0

3. translation invariant: J(1,f) = J(f) for all f € C.(R?),y € R, where
7, Co(RY) — C.(RY) is defined by 7,f(z) = f(z —y)

Note that 7, translates the above mentioned boxes () as well and that 7,(y) =
fly—vy) = f(0). Moreover, note that positivity and linearity imply h < k =
I(k) > I(h). To see this last fact, k —h > 0= I(k) — I[(h) = I(k —h) >
0= I(k) > I(h).

Y
R

/AN

Figure 15: Translation for y € R.

Proof. 1.-3. follow from iterative applications of the same propertles for the
one-dimensional integral. In case of 3., this is f flx = f flx 4+ y)dy.
We leave the details as an exercise. ]

For a map satisfying 1.-3. we have the following uniqueness result, which
gives an abstract (axiomatic) characterization of the integral.

Theorem 3.10. If [ : C.(RY) — R is any map satisfying the properties
1. — 3., there exists ¢ > 0 such that [ = c J.
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A map I : C.(R?) — R is called a functional on C.(R?). The statement of the
last theorem can be rephrased such that any positive translation invariant
linear functional on C,(R?) is a non-zero constant multiple of the integral.
Before we start with the proof we need some preparation.

Lemma 3.11. Let I be a positive linear functional on C.(RY). Let f, be
a sequence of functions whose support lies in a compact set K. Suppose
that f, converges uniformly (that is, in || - || norm) to a function f. Then

f € C(RY) and lim,, o0 I(f,) = I(f).

Proof. Since f is the uniform limit of a sequence of continuous functions
supported in K, f is continuous and its support lies in K.

It remains to see lim, .o I(f,) = I(f). Choose a function g € C.(R) such
that g|x =1, g > 0. If d =1 and [a, b] we take g to be (see Figure |16])

0 r<a
r—(a—1) a—-1<z<a
h[aﬂ(l’) = 1 x € [a, b)
—z4+(b+1) b<z<b+1
0 b+1<zx

for some interval [a, b] containing K.

/ AN

T T T T T

a—1 a K b b+1

Figure 16: Function Ay, for some [a,b] D K.

If d > 1, we take g(x) := higp(21)Pap)(T2) - - - Aoy (2a), for some [a,b] such
that K C [a, b]“.

Let £ > 0. Choose N large enough such that for all n > N, ||f, — flle < €.
Since g|x = 1, on K we have |f, — f| <& =eg. On K¢ we have |f, — f| =
0 < eg. Thus, on R? we have

—eg < fu—f<eg.

By the remark after Theorem [3.9] —eI(g) < I(f. — f) < el(g). By linearity
of I we obtain

—el(g) < I(fn) — I(f) < el(g)
and hence

[L(fn) = I()] < el(g).
Since I(g) is independent of n, this finishes the proof. O]
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Lemma 3.12. Let F : R? x RY — R be continuous with compact support.
Denote by I, F the action of I on the function F(-,y) (for a fized y). Then

I.F € C.(R%) and
[ erman=1( [ o).

This lemma states that we can ”interchange” I and [. If I = [, we obtain

Theorem [B.6

Proof. The idea of the proof is to approximate [ with Riemann sums and
use linearity of I to interchange it with > . We use uniform continuity of F'
and the previous lemma. Assuming the support of F is contained in the box
[—a, a]*®, the Riemann sums one considers are

RyF(z Z Z (x—a+—2a —a+jﬁd2><?\c;>.

Jj1=1 Ja=1
The details are left as an exercise. O

Definition 3.13. The convolution f * g of functions f,g € C.(RY) is the

function
e /‘f o@ -y

We have f x g = g f, i.e. the convolution product is commutative. This
fact follows from the change of variables

e /'f 9@ —y

f(z+1)g dy—/’fx— Yy = g% f(z).
Rd

Proof of Theorem[3.10. Let f € C.(R?). Let g € C.(R?) such that [ g > 0.
Then



Explanation of steps: (1) translation invariance of I. (2) Lemma [3.12] Note
that 7,¢ is a function of x and y. (3) Note that the integral in the bracket
equals [o. f(y)g9(z —y). (4) Repeating the steps backwards.

Therefore, we have obtained

10)= o [ T
—_———

=:ic

End of lecture 14. June 8, 2015

3.3 Change of variables formula

For a function f € C.(R?) we have defined the integral I(f) = [,. f(2)dz.
The functional I has an abstract characterization. I : C.(RY) — R is

1. Linear: I(f +cg) = I(f)+ cl(g)
2. Positive: if f > 0 then I(f) >0
3. Translation invariant: I(7,f) = I(f) where 7,f(z) = f(x — y)

We have showed that if J : C.(RY) — R is linear, positive and translation
invariant, then there exists a constant ¢ € R* such that J = cI.

This characterization of the integral will allow us to determine the behavior
of integrals with respect to changes of variables. We begin by studying the
simplest case when the change of variables is linear i.e. it is given by a matrix.

Theorem 3.14. Let A € R¥>? be an invertible matriz, then for all f €
Ce(R?) we have that [4, f(Az)dx = |det Al Jpa f(2)da.

Proof. The proof consists of two parts. Initially we will prove that f]Rd f(Az)dx
is up to a constant the integral of f. This is done using the axiomatic char-

acterization of the integral. Subsequently, to determine the constant we will

need several intermediate results.

Let us set J(f) := [a f(Az)dz. J is a functional that possesses the three

defining properties of the integral: linearity, positivity, and translation in-

variance. As a matter of fact (f + cg)(Az) = f(Ax) + cg(Ax) so linearity

of J follows from the linearity of the integral. Positivity is also conserved
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under composition with the linear operator A: if f > 0 then fo A > 0.
Finally, for translation invariance we have that (7,f) o A(x) = f(Az —y) =
F(A@ = A1) = T4y (F 0 A) (2) 50 J(1yf) = Jouasy (f 0 A) (2)dr =
JpaTa—1y (f o A) (x)dx = [pu f(Az)dx = J(f). Here we used that A is in-
vertible.

By the previous theorem we can state that J(f) = C4I(f) for some constant
C4 > 0. We now need to determine C'y and show that C'y = |det A]_l to
conclude the proof. O

We first determine C'4 for special classes of matrixes.

Definition 3.15. A matrix O € R%*? is called orthogonal if Yz € R? one
has {|Oz|| = [].

Figure 17: An orthogonal transformation.

L=zl if =]} <1

Let us define f(z) = 0 otherwise

. If O is orthogonal we use that

|Oz|| = ||z|| to obtain

f(Ox)dx = /

[|Oz||<1

(1~ foslyds = [

(1= lelyde = [ flapts
[lzfl<1 R4

So Cop = 1. Notice that the determinant of orthogonal matrix satisfies
det O € {£1} since orthogonality is equivalent to O'O = T and thus 1 =
det(0'0O) = det(O") det(O) = (det O)?. So, as a matter of fact Cp = 1 =
det O] .

The second case we consider is that of lower triangular matrixes.

Rd

Definition 3.16. A matrix A € R™? is lower triangular if a;; = 0 for j > i.

For a lower triangular matrix one has (Az), ="

j=1Qi,j Ly

aii
G271 022 O
Ad—1,d—1

Add—1  QAdd
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We now evaluate J(f) for A a lower triangular matrix.

i f(Az) = /R [ . [/R flan@y, agp21 + as s, . ..

5 0g 1T+ ad,dl"d) d(Ed] .. ] dx.

Now notice that the innermost integral is a one-dimensional integral over
the domain R. Fixing x;...x4 1 as parameters we can apply theorems on
changes of variables in one dimension to get that

f (Az) = / f (A(d_l)x(d_l), ad7dxd) dor =
/ /f dl dl)dﬂi’diﬁ 1) _ fdl)(A(dl dl))
Rd-1 RA—

where 241 € R%! is the vector of the first d — 1 coordinates of « so that
2@ = (zy,...,14_1), AD € RI14-1 is the principal leading (d — 1) x
(d — 1) minor of A i.e. Al(-fljfl) = A, ; fori,j € {1,...,d —1}. We write
fld=1) = [, f(2'%Y, z4)dz, and the above equality holds because
we are 1ntegrat1ng over the whole R in z; independently of the translation
induced by agi171 + -+ 4+ ag4-174—1. Applying this reasoning inductively

we can show that [o, f(Az)dz = T[], |aj,;|~" [ue f(x)dz. Since for lower

triangular matrixes det A = Hle a; ; we have effectively shown that for lower
triangular matrixes A we have that C'y = H] aj; 7t = |det A7

We now want to describe any matrix in terms of these simpler matrixes.
Notice that given any two invertible matrixes A, B € R%“ the matrix AB is
also invertible and we have that Cxp = C'4Cp since setting g(y) = f(Ay) we
have

F(AB2)dz = /

R4

g(Bx)dx = CB/ g(z)dx =

R4 R4

CaB [pa f(x)dx

f(Az)dr = CgCa | f(x)dx
Rd

R4

Theorem 3.17. Any invertible matriz A € R™? can be represented as A =
OR with O an orthogonal matrix and R a lower triangular matrix.

Proof. The proof is based on the Gram Schmidt algorithm. Let aq,..., a4 be
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the column vectors of A i.e. (a;), = A;; so that

A= aq as| - aq

Since A is invertible, these vectors are linearly independent. We now apply
the Gram-Schmidt formula starting from the last vector to the first one:

Qg
€q =
lall
aqg—1 — (aq-1; €qa)eq
€d—1 =
laa—1 — {aa—1;ea)eq||
Qg2 — (ad—z; €d—1>6d—1 - <ad—2; 6d>€d
€d—2 =
lag—o — ... ||
a; — ...
e = —
far =]
The system of vectors (eq, ..., eq) thus obtained is an orthonormal basis that
together form a matrix
0= e eal -+ |eq

that is also orthonormal. We leave checking this as an exercise.
Now let us construct the matrix R that represents the Gram Schmidt algo-
rithm. We set

S _ 0 -
rq = : Tq—1 = 0
0 |lag—1 — (aq—1; ea)eql|
[ |laql| ] i (ag—1;€q)

and so on. The matrix

R: Tl e ’]"d_l /r‘d
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is clearly lower triangular and it is left as an exercise to see that A = OR. [

The above decomposition property together with the property that Cxp =
C4Cp and det(AB) = det(A) det B allows us to conclude from the fact that
Ca = |det A|™" for all orthogonal and lower triangular matrixes that Cy =
|det A|™" for any invertible matrix A. This concludes the proof of Theorem
3.14

Notice that the determinant function det : R?*? — R is a polynomial in the
entries of the matrix. In particular one has that

J
detA= > sign(o) ][ aon
=1

o permutation
of {1,...d}

where sign(o) € {1} is the sign of the permutation ¢, a combinatorial
quantity. In particular this means that the determinant is a polynomial
function on R™? and thus it is C*°. The function A s | det A|~! is thus also
smooth away from the set of matrixes A that are not invertible i.e. where
det A = 0. Notice that for a linear map g(x) = Az we have the property
that it is equal to it’s differential i.e. Dg = DA = A. It is thus possible to
rewrite the formula for the change of variables as

[ rogtayiz = [ et (Do) f(oyto

as long as ¢ is a linear map invertible map (i.e. it is given by an invertible
matrix). The fact smoothness of the map A — | det A|~! actually guarantees
that even if the function g is non linear but just continuously differentiable
then both sides of the above equality are well defined. We will show next
time that the equality continues to hold extending the formula for changes
of variable to non-linear maps g.

Definition 3.18. Let U C R? be an open set in R?. We define

Ce(U) = {f € Ce(RY)| supp f € U}
CHU) = {f € C.(RY)| supp f C Uand f is k times continuously differentiable}

Cx(U) = m CHU) = {f € C.(RY)| supp f C U and f is infinitely continuously differentiable}
k=1

Theorem 3.19. Let f € C.(U), then there is a sequence f; € C2(U) so that
lim sup; 0 [[f = filloo = 0
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To show this result we must recall the definition and some properties of
convolution:

fxg(z) = g fW)g(x —y)dy on R
frgl)=>_ fglx—y) on Z

On Z we have the important functions d,, that are defined by

on(n) =1
On(2) = { dn(2) =0 z #n.

These functions are called Dirac deltas and have the property that they form
a group under convolution: d,, * d,, = 0,+m. More in general we have that
f*0n(2) = f(z —n) and thus if n = 0 we have that f x dy(2) = f(2) so dg
acts as the identity operator via convolution. The above holds, as noted, for
functions on Z. The problem is that on R and R™ there are no functions in
the standard sense that play a role of Dirac deltas. The function 6y would
have to be supported on x = 0 and be zero everywhere else. We thus chose to
substitute these elements by Dirac sequences i.e. sequences that approximate
Dirac deltas in an appropriate sense. Heuristically, a Dirac sequence will be a
sequence of non-negative functions that are supported on small balls around
0 and all have integral 1.

Figure 18: A Dirac sequence.

To construct a smooth Dirac sequence on R we can take a C2° (B1(0)) func-
tion ¢ > 0 with supp¢ C {|z| < 1} and with [, ¢ = 1 and by setting
d(z) =€e¢ (f) If we want to construct a smooth Dirac sequence on R? it

is sufficient to set v (x) = H?:l Pe(w;) =€ H?:l ¢ (%).

83



We will show that given any function f € C.(R?) we have that || f*t.— f|lec —
0 as € — 0 and by properties of convolution each function f x ¢, € C®°(R?).
Before proceeding to that we will explicitly construct a smooth compactly
supported function on R. Our candidate is going to be the functionn : R —+ R

given by
0 <0
77(@ = 1
ez x>0

A special property is that for x > 0 we have that

1)/ 1 1 1\ 1 1
(n) 1

(67%) = Pn (-) 67%
T

where P, is some polynomial. This can be prove by induction and is left as
an exercise. Trivially, for # < 0 we have that n(z) = 0 and thus ™ = 0.
The fact that 7™ (0) = 0 and that n € C* follows from the fact that for any
n € N we have that lim,_,; . y"e™¥ = 0. As a matter of fact using the series
expansion of the exponential we have that eV = )" ° %yk and in particular
e¥ > (n}rl)!yn“ so limy 4 ;—Z = 00 as required. The conclusion follows and
is left as an exercise.

Finally setting p(x) = n(x + 1)n(1 — z) we obtain that p € C° (B;(0)) thus
setting ¢(z) = p(z) (fg ,o(y)dy)_1 gives a function that is in C2° (B1(0)) and
with [, ¢(z)dz = 1.

Figure 19: A C2° (B4(0)) function.

End of lecture 15. June 15, 2015
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We are set to establish a more general change of variables formula (transfor-
mation formula). The first step towards it is to prove Theorem which
says that C2°(U) is dense in C.(U) in the supremum norm. Note that The-
orem [3.19] could also be seen as a variant of the Stone-Weierstrass theorem
from Analysis 1.

We remark that infinitely continuously differentiable functions (i.e. belong-
ing to C™) are called smooth.

Before proceeding with the proof of Theorem [3.19] we need the following
lemma.

Lemma 3.20. Let K := supp(f). Then there is ¢ > 0 such that B.(z) C U
forallxz € K.

Proof. The proof relies on a compactness argument. Since U is open, for all
x € K there exists €, > 0 such that By, (x) C U. We write £, to stress that
it depends on the point x. What we need to show is that we can choose an
epsilon, universal for all z, such that for each € K we have B.(z) C U.
Consider the set

{B.,(z) :z € K}.

This is an open covering of K, i.e. K C UgegBe, (x). By compactness of K
there exists a finite subcovering, i.e. there is N > 0 such that

N
K c|JB.,, ().

1=1

Set

€:= min_ g, > 0.
=1,...N

i=1,...,

We claim that Vo € K : B.(z) C U. Let v € K. Then z € B., (;) for
some 4. It suffices to show B.(z) C By, (;), which follows from the triangle
inequality. Indeed, let z € B.(z), i.e. ||z —z| < e. Then ||z — ;]| <
|z —z|| + ||z — ;|| <e+es < 2e,, as desired. O

Observe that without compactness of K we could define € only as the infimum
of all €,. However, then possibly € = 0.

Proof of Theorem[3.19. Choose a function ¢ € C°(B;(0)) with ¢ > 0 and
Jga p(x)dz = 1. We have constructed such a function in the previous lecture.
Define ¢, () := ¢ %p(e2) and note supp(y.) C B:(0) and [, ¢-(x)dz = 1.
The last fact can be seen from the change of variables formula for constant
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matrices, as the transformation matrix is in this case a diagonal matrix, with
diagonal entries equal to 1.

Claim: For ¢ as in Lemma (3.20, supp(f * ¢¢) C U.
To see this we need to show that for all z € U¢ and all y € Bz (x): fxps = 0.

Suppose the opposite, i.e.
fly = 2)es(2)dz # 0.
R4

Then there is z such that f(y—=z) # 0, vz (z) # 0. By the information on the
support of = we have ||z]| < 5. Since y € B¢ (), this implies x € B.(y — 2).
By the support of f we have y — 2z € K. By the previous lemma then z € U,
which is a contradiction.

The functions f* . are smooth. Now we show that f*¢. converge uniformly
(i.e. in the co-norm) to f. Let § > 0. To show is that there is ¢ > 0 such
that || f * v — flleo < 9. Since f is uniformly continuous, there is £ > 0 such
that for all z,y: ||z — y|| < € implies |f(x) — f(y)| < d. If necessary make &
smaller such that by the above claim supp(f * ¢.) C U. We have

(o= NI =| [ e =eto)in = )

O [ (@) = Fa)ectmas]

2 / M@= = f@leeay

(3)
2 / 5. (y)dy = 6.
=(0)

Explanation: (1): [o.¢:(y)dy = 1. (2): triangle inequality, ¢ > 0 and
supp(pe) C B:(0). (3): Uniform contlnuity of f,as||z—y—=z| = |ly|]| <e. O

Now we are ready to state the transformation formula.

Theorem 3.21. Let U,V be open in R, n : U — V invertible and con-
tinuously differentiable and n=* continuously differentiable. Let f € C.(V).

Then
/f )| det Dn(x ]da:—/f

We remark that det Dn is also called the Jacobi determinant. In case d = 1
this is simply 7’.
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Proof. Let ¢ € C2°(B;(0)) with ¢ > 0, [p.¢(x)dz = 1. Denote ¢;(x) :=
jdo(jr). Consider

0 () — p;(2")| =% (jz) — e(jz')]
() . .
< jYUDelsolliz — j'|
< j"M Dy o]z — 2],

the inequality (x) following from the mean value theorem. We write

/ (f * ) (n(x))| det Dn(x)|dz = / / F(9)0;(n(x) — y)| det Dn(z)|dydz
U

/ fW)h;(y)dy,

where hj(y) = [paj(n(z) —y)|det Dn(z)|de. As j — oo, fxp; — f
umformly, SO for the left hand-side we have convergence

/(fwn( (2)) det Dij(x )Idm—>/f ))| det Diy(a)|da.
U

Thus it remains to show that ||h; — 1||pe(x) — 0, where K = supp(f). Let
e > 0. We need to show that there is j such that ||h; — 1||zex) < €. For
y € V let z be such that n(z) = y. Choose ¢ small enough such that for
|z — z|| < ¢ we have

1. (by differentiability of n) ||n(x) — n(z) — Dn(z)(x — 2)|| < ||z — z||
2. (by continuity of det Dn) | det(Dn(x)) — det(Dn(z))| < e.

Choose C large enough (depending on ¢,n), such that for j = Copd 1,

wi(n(x) —n(z)) # 0 or ;(Dn(z)(x — 2)) # 0 imply [lz — z|| < 4. Now,
fory € K,

hily) — 1 = hy(n(2)) — 1
- / | £i0(@) = () et Daa)ds 1

We split the integral whether det Dn(z) > 0 or det Dn(z) > 0, both parts
are treated similarly. So assume for simplicity det Dn(x) > 0 for all z € U.
Since Dr(z) is constant in x, by 1 = [,, ¢(y)dy and by the transformation
formula for linear maps the last display equals

/ pj(n(x) —n(z))det Dy(z)dz — / i (Dn(z)(z — z)) det Dn(z)dz.
B%(O) B%(O)
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The remaining part of the proof consists of using linearity of the integral,
writing the difference of the involved products in the way aB — bA = (a —
A)B — (b — B)A, applying the triangle inequality and using 1. and 2. The
details are left as an exercise. ]

Our (abstract) definition of the integral is valid only for functions C.(U). For
now we extend the definition to the following two cases:

e (Non-vanishing at the boundary.) Let K C U, K compact, U C R?
open, f € C(U), f > 0. We define

| fae = i | @,

where 1 is the characteristic function of the set K.
e (Non-compact support.) Let U C R? open, f € C(U), f > 0. Define
/ f(z)dx = sup / f(z)dz.
U KcUu JKk
K compact

If we do not have f > 0, we split f into positive and negative parts and use
these definitions on each of the parts separately.

End of lecture 16. June 18, 2015

4 Curves in R" and path integrals

We have so far worked on functions in several variables and most of the
theorems we have obtained are valid for general functions f : R* — R™. A
particularly important class of functions is given by paths or curves: functions
defined on one-dimensional domains like v : R — R? or ~ : [a,b] — R.

Definition 4.1. A curve (or path) is a map v : [a,b] — R?. We restrict our
attention to curves that are at least continuous C' ([a, b]; R?) but most of the
time we will concentrate on continuously differentiable curves C* ([a, b]; RY).

The derivative of a C' curve v in a point ¢ € [a,b] is given by the vector



7' is also a curve called the curve of tangent vectors since the vector /() is
tangent to the curve v in the point ~(¢).

Figure 20: A curve v and its tangent +'.

Lemma 4.2. Let 29,71, . .., 7, € R? then there exists a C* curve vy : [0,n] —
R? such that v(i) = z; fori € {0,...,n} and such that it is given by a linear
segment on |x;, x| fori € {0,...,n —1}.

T

—

Zo

Figure 21: A piecewise linear C! curve

Proof. Define y(t) = z;+3 (xi11 — ;) (1 — cos ((t —i)m)) for t € [i,i+1], i €
{0,...,n —1}. This functions is well defined at integer times with (i) = x;
and it is C! since close to the right and to the left of the integer point
i € {0,...,n—1} the derivative 7/ is continuous and 7'(i) = 0 as can be seen
explicitly. O

Let v : [a,b] — R?Y € C! be a continuously differentiable curve and let
f:R? - R € C! be a scalar-valued function, then f o~ : [a,b] — R is
a scalar function of one real variable and it is also C'). In particular, the
Fundamental Theorem of Calculus holds for this function and so we have
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that

b
fov(b)—fov(a)z/ (f o) ()t =
V(v(t)

[ X PTCwN e = [ Vi)

We call the vector
D, f(x)

Vi@ = | P

Ddf(x)

the gradient vector of the scalar-valued function f. This is a functions defined
on R? (or an open subset of thereof) with values in R, provided that f is
sufficiently regular i.e. f € C' (R%R). Similarly 7/(t) € R? so via a slight
abuse of notation we write the product notation Vf - v := (V f; 4/)ge when
we are actually dealing with the scalar product of the two vectors V f and +/
on R? endowed with its structure of the Euclidean space.

Thus if f € C! (Rd;R) then Vf : R — R? and it is continuous. This
consideration warrants the following definition.

Definition 4.3. A function F': U C R — R with U some open set is called
a vector field on U. Given a continuous vector field F' € C (Q C R% Rd) and
a C* path 7 : [a,b] — Q C R? we define the integral of I along 7 as

[r=] CF () A (it

An alternative notation is given by f7 F = [ Fdy.

It is noteworthy that the definition of a path carries in itself not only the
information on its support i.e. the set {x € R?| 3t € [a,b] with () = z} but
also the actual parameterization with the segment [a, b]. However two curves
differ by a reparameterization and thus in some sense describe the same
support have many important properties. The way we approach studying
the properties of curves is via their action, or pairing via the integral, on
vector fields.

Let F : U C R? - R? be a C-vector field and let v : [a,b] — U be a
Cl-curve. Let ¢ : [c,d] — [a,b] be an invertible C! function with C" in-
verse ¢ 1 : [a,b] — [c,d] that we call a reparameterization. We also require
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that ¢ be orientation conserving i.e. (monotone) increasing. Given a repa-
rameterization one can associate to it a new curve 7 : [¢,d] — U given by
F(s) = (yo@)(s) = v(o(s)). It is clear that the two curves are closely
related. In particular we have the following property:

b d
/PW@W@ﬁ=/F@@W@%

That can be written concisely as

[refor=]r

Notice that this statement holds for any vector field. While the statement is
trivial for vector fields F' = V f that are gradients of C'! functions since the
above quantities depend only on the beginning and end points of v and 7,
the invariance with respect to reparameterization is true for general F'.

The proof of this fact is based on the properties of change of variables in one
dimension. As a matter of fact applying the chain rule to differentiation and
the changing variable t = ¢(s) yields

d d b
/memwh/memwwmwm:/mw»ﬂw

as required.

Exercise 4.4. The monotonicity of a reparameterization map ¢ follows di-
rectly from the condition on invertibility, however without the condition on
¢ being increasing a change of sign (or orientation) may happen. Consider
¢ :[0,1] — [0,1] given by ¢(s) = 1 — s and let F(s) = yo P(s) = v(1 — s).
One can show that in this case fﬁ F=— fv F.

Definition 4.5. A vector field F : U € R? — R? is called conservative if
there exists f: U — R € C' such that F = V.

Theorem 4.6. Let F : U C R? — R? be a conservative vector field and
7,7 : la,b] = U two C' curves with the same start and end points: v(a) =

A(a), v(b) = 75(b). Then

Aszfw@wv@wzfﬁwm»vwﬁzéF

The proof of this statement has been given at the beginning of this lesson
and relies on the Fundamental Theorem of Calculus in one dimension. An

91



example of this can be imagined by considering a f : R?> — R to be the
function that assigns the altitude of the terrain of some map. The gradient
field F' = V f will thus be a vector that indicates the direction of steepest
climb and its norm characterizes the “steepness”. A curve v : [a,b] — R?
can be thought of as a time-dependent parameterization of a path taken so
that 4/(t) is the speed at time ¢ and F (y(t)) -7/(t) becomes the rate of climb
(up the hill/mountain). At this point the integral

/VF -/ P () -7 (0

represent nothing else than the gain in altitude from time a to time b. It is
clear that this gain depends only on the starting point v(a) and the end point
of the journey v(b) and doesn’t actually depend on the path that has been
undertaken. Notice that in general the definition of a conservative vector
field is non-trivial: there exist non-conservative vector fields.

We now pass to some properties of open sets, also called open domains, that
are relevant to the properties of vector fields and paths.

Definition 4.7. An open set U C R? is said to be path-wise connected if
for any two points xg,x; € U there is a continuous curve v : [a,b] — U such
that y(a) = zo, v(b) = 1.

Definition 4.8. An open set U C R? is said to be connected if given a
splitting U = V U W with V and W disjoint open sets i.e. with V N W = (),
then either V = or W = ().

Theorem 4.9. An open set U C R? is connected if and only if it is path-wise
connected.

Proof.

< Let us reason by contradiction: let U be path-wise connected and let U =
VW with V, W non-empty open sets. Choose xq € V, 1 € W and
let 7 : [a,b] — U be given by assumption of path-wise connectedness.
Let t = sup{s € [a,b]|v(s) € V'}. Now we distinguish two cases: either
v(t) € V or y(t) € W, but we will see that both of these situations lead
to a contradiction. If y(¢) € V then ¢ < b because v(b) = x; € W and,
since V' is open, there exists an ¢ > 0 such that B, (y(¢)) C V. Since
v is continuous there exists a § > 0 such that forall t < s <t+4+0 <b
we have that ||y(s) — v(¢)|| < € so y(s) € V and this contradicts the
maximality of the choice of t.
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If v(t) € W we reach a contradiction by a similar argument. Clearly
t > a since y(a) € V. Since W is open there exists an ¢ > 0 such that
B (v(t)) ¢ W and by continuity of v in ¢ we have that there exists a
d such that for all t —§ < s < t one has ||y(s) —y(t)]| < e sov(s) € W
for all t — § < s and this contradicts that ¢ is the least upper bound.

= Let U be connected non-empty set and let o € U. Define the set V' to be
the set of points of U reachable from z( via a continuous path contained
in U: V= {x, €U|3y:][a,b] - U with y(a) = zo, 7(b) = x1}. The
set V' is open: as a matter of fact take x; € V; since V U is open there
exists a ball B.(x1) of R? for some € > 0 such that B.(x;) C U. for any
point y € B.(z1) one can construct a continuous path 4 that connects
x and y. Suppose that v : [a,b] — U connects zy to z; and setting
7 ¢ la,b+1] — U with 4(t) = ~(t) for t € [a,b] and F(t) = (y—x1)(t—0)
for t € [b,b+ 1]. 4 thus defined is continuous.
However the set W = U \ V is also open for a similar reason. By
contradiction let x; not be reachable by any curve ~ starting from
zo and consider a ball of R? such that B.(x;) C U. If any point

of y € Be(x1) were reachable from zy we would have a contradiction
similarly to before.

So, since U is connected and V' and W are both open and disjoint then
V=0orW=0but zg € VsoW = and thus V = U and this is
exactly what was required.

End of lecture 17. June 2, 2015

We have defined the integral of a vector field F' : R? — R? along a curve
v : la,b] — RY by

[ Fie [ PG (it
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We mention that one can also write it in the form

/WF - / Z Fy(r(); ()t
/ x)dx;

7j=1

— / Fy(z)dxy + Fy(x)day + - - + Fy(z)dg, (20)

5

where the second equality can be seen by substituting v(¢) = x. The expres-
sion is also called 1-form.

Remark. The trace of a curve 7 : [a, b] — R? is defined by

tr(y) == {y(t) : t € [a, b]}

Assume that now v € C' and divide the interval [a,b] into a := ag < a; <
- < ap = b. Assume that tr(v|(e,,e..,) is a line segment from zy to zy4
for k=0,...,n— 1.|Z| Then we have

n—1

A P z / F(y(t) - (t)dt
= T /0 F(xp 4 s(@p — x1)) - (Tpp1 — 2)ds (21)

The parametrization in (21)) is called the natural parametrization. Each line
segment is parametrized by its length.

To see we may assume z; = 0 and z3; = e;. Then tr(v|g,.00,]) =
{ae; :a € [O 1]} and y(t) -e; =0 for j =2,...,d. Define s = y(t) - e;. Then

/ ) A ()t

F (seq) - e1ds

I
S~ =

"In the previous lecture we saw that there exists a C! parametrisation of a piecewise
linear curve.
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Given a natural parametrisation of a piecewise linear curve, we can thus
define a path integral along that curve by defining it on each [ay, aj.1] sepa-
rately and then sum the pieces together.

The statement of the following theorem includes Theorem from the pre-
vious lecture and its converse.

Theorem 4.10. Let U C R? be open and connected. Let F : U — R? be a
continuous vector field. The following are equivalent:

1. F is conservative, that is, there exists f : U — R € C! such that
F=Vf (ie. F,=D;f fori=1,...,d.)

2. If v : [a,b) = U, 7 : [a,b] = U are C* with v(a) = F(a) and ~(b) =

~(b), then
[r=[r

8. If v is closed (v(a) = y(b)), then [ F =0.
In 1., the function f is called the potential of F.

Proof. The implication 1. = 2. has already been observed in Lecture 17.
We briefly repeat the argument, which relies on the fundamental theorem of
calculus: for F' =V f we have

[r / VI O = [ (5 on o

_ fov(a)= foF(b) - foF(a)

_ /Vf /()dt AF

We now prove 2. = 1. Choose x5 € U. Since U is connected and therefore
path-wise connected, for z; € U there is a continuous curve 1 : [a,b] = U
with n(a) = xg, n(b) = x1. We would like to set f(x;) : f F'. The problem
is that n may not be differentiable, which is required to define fn F.

We shall circumvent this problem by finding a piecewise linear curve between
xo and x1, which lies in U. By Lemma we may then pick a C! parametri-
sation of the curve.

Existence of the desired curve between xy and x; can be seen by the following
compactness argument. For simplicity of notation suppose that [a, b] = [0, 1].
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Since U is open, for each t € [0, 1] there is ¢; such that By, (n(t)) C U. Balls
with half the radii cover the trace of 7, i.e. tr(n) C Uep1)B:, (n(t)). The
trace of 1 is compact as it is the image of a compact set under a continuous
mapﬁ. Thus, there exist to :=0<t; < --- <t, :=1 such that

tr(n) © UyBe, (1(1,)).
By uniform continuity of 7 there is N € N such that for all K =0,..., N,
E+1 k

||77(T) —1(—

Since n(£) € B, (n(t;)) for some ;, this implies that the line segment be-

tween (%) and 77("”r ) lies in U.

By 7 denote (a C* parametrization of ) the constructed piecewise linear curve
between xy and x;. Define f(z) := f F. Now we show that f is differen-

tiable and D; f(x1) = Fj(x1). Denote by 7 the piecewise linear curve between
xo and zq + sej, s > 0. We do not know how to compare v and 7. For that

we choose another curve 7y between zy and z; + se; such that tr(v) agrees
with tr(y) between zy and z;. Consider now

ooyt - [ = [ [

where the last equality follows by the path independence (assumption 2.).
Using , all terms but one vanish and we obtain

/ F(%’l + tej) . e]-dt = / F}(l’l + tej)dt.
0 0
The last display equals
Fj(xl)s + / (F}(iCl + tej) — F(fl))dt
0

By continuity of F}, for every € > 0 there is § > 0 such that for s < ¢,

‘/S(Fj(a:l +te;) — Flay))dt] < se.
0
Thus,

f(x1 + sej) — f(x1)

S

= F;(z1) + error

8We leave the proof of this fact to the reader.
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where |error| < e. Altogether we obtain

lim [z + sej — f(x1))

s—0 S - Fj(ml)
This finishes the proof of 2. = 1.
The equivalence 2. < 3. is left to the reader. O

We observe that if F' € C! is conservative, for all i,j € {1,...,d} we have

This follows from the theorem of Schwartz. Indeed, let F' = Vf. Then

Definition 4.11. A C" vector field F is called irrotational, if D;F; = D, F;
for all 4,5 € {1,...,d}.

Now we can summarize the preceding discussion as follows.

Theorem 4.12. If a vector field F € C' is conservative, then it is irrota-
tional.

It is naturally to ask whether the converse of this theorem holds. That is, is
every irrotational C! vector field conservative? As we proceed we shall see
that there is a partial converse. However, in general, the answer is negative.
This can be seen by the following example.

Example. Let U = R?\ {(0,0)} and F : U — R? given by

F(x,y):< 7 - )

22442 22 + 2

We compute

22 +y? — 2% a4 y? — 22
(22 4 y?)? (22 4 y?)?

(D1Fy — Do Fy)(,y) = =0,

so F is irrotational ]

9The quantity D;Fy — DoFy is called the curl of F, denoted curl(F). An irrotational
vector field is also called curl free.

97



But F' is not conservative. This can be seen by considering the curve 7 :
[0,27] — U, v(t) = (cost,sint). Then

Y Y
2m

—sint cost

—sint) + ————(cos t)dt
( ) COSZt+Sin2t( )

a /0 cos2t + sin’t
2
_/)1_2w¢0
0

If F were conservative, this would contradict 3. from Theorem [£.10]
More generally, if F' =V f and v : [0,s] = R? then [ F' = f(y(s))— f(7(0)).
Let 7 be given by «(t) = (cost,sint). By the same calculation as above,

f(coss,sins) — f(1,0) = /05 F(y(t) -+ (t)dt = /05 dt = s

Suppose f(1,0) = 0. Then at a point (cos s, sin s), the function f describes
the angle of the vector of that point with the z-axis. In R?\ {(0,0)}, the
angle cannot be defined continuously - starting at 0 and going around the
circle once, the angle approaches 2.

However, F' is conservative if we change the domain U to exclude such paths
which wind around the origin. For instance, if we restrict ourselves to the
upper half plane

{(z,y) :y >0}

or if we consider

R?\ {(z,0) : z > 0}.

We shall elaborate on this in the following lecture.

Recall that for # > 0 we have defined the polar angle of (z,y) as atan(¥)
(see the example from Lecture 12). One can check that F' is the gradient of
atan(%). In the upper half plane, this is a continuous function.

xT

End of lecture 18. June 25, 2015

We proceed with the question when is an irrotational C! vector field conser-
vative. We consider the following example.

Example. Let U be an open neighbourhood of the unit square @ = [0, 1] x
[0,1]. Assume F : U — R? € O is irrotational. Let v : [0,4] — U be given
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7'[0,1]@) = (t70)7 7|[1,2](t) = (Lt - 1)
7|[2,3] (t) = (3 — 1, 1)7 ’7|[3,4] (t) = (074 - t)

This parametrisation is piecewise C'!, which suffices to define the integral
Z?:l f] ! F(y(t) - ~/(t)dt. (If one closely follows our definition of the path
integral, one should first pick a C! parametrization 7, which can be done as
the path is piecewise linear. Then one considers f% F, restricts it to each of
the segments and reparametrizes each segment by the restriction of v to the
appropriate interval. This is exactly what has been done in (21)).)

We reparametrize each of the pieces such that (see Figure (22))

1 3 2 4
/Fl(t,O)dt—/ F1(3—t,1)dt+/ FQ(l,t—l)dt—/ Fy(0,4 — t)dt
01 21 1 ! 1 ’
/Fl(t,o)dt—/ Fl(t,l)dtJr/ Fg(l,t)dt—/ Fy(0, t)dt
0 0 0 0

ol [2,3) s

A)

7‘[3;4]\ 4\7“1»2] ;3//44\ 4\%2

A

(§
4

’Y|[071] Al

Figure 22: Parametrization v and piecewise reparametrization.
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Then we have

> [ Faw)-yoa

1 1 1 1
:/ Fl(t,())dt—/ Fl(t,l)dt+/ Fg(l,t)dt—/ Fy(0,t)dt
0 0 0 0

1 s 1 1
L) —/ / Dy Fy(t, 3)dsdt—|—/ / D Fy(s, t)dsdt
o Jo o Jo

1 1
(3_)/ / (D1 Fy — DoF))(t, s)dsdt
0 0

B

—

—
=

where (1) follows by the fundamental theorem of calculus, in (2) we inter-
change the integration in s and ¢, (3) is true by F' being irrotational. Thus,
the integral along the closed curve v is 0.

We remark that the derived formula

1 1
/F:/ / (DlFQ —DQFl)(t, S)det
o 0 0

is an instance of the so-called Stokes theorem.
We proceed in a more general way. Let @ = [0,1] x [0,1] and ¢ : Q —

UcR!e C Let F: U — R? be irrotational and let 7; : [0,1] — R,
t=1,...,4 be given by

'71(t) = Qp(tv O)a 72(25) = 90(1’ t)
'73(75) = Qp(ta 1)7 74(15) - 90(07 t)'

/F—/F+/F—/F
71 73 72 V4

- / F(p(t,0)) - Dip(t, 0)dt — / F(p(t,1)) - Digp(t, 1)dt

Consider

" / F(p(1.1)) - Dap(L )it + / F(p(0.1)) - Dagp(0, 1)

10The square @ is closed, but one can still define a C' map on it - one defines partial

derivatives at the boundary such that they point in the perpendicular direction towards
the interior of Q.
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(which holds as 7} (t) = Dy¢(t,0) etc.) Using

d
F(¢(57t)) ’ Djw(sat) - ZFi<90<S7t))Dj90i(S7t)a

=1

the fundamental theorem of calculus and the chain rule, this equals

_/01/ ZZDF (t,5)) Dasp;(t, s) Dri(t, 5)

lel

—ZF (t,8))DaD1p;(t, s)dsdt

i / / 33 DiFi(e(s. ) Dps(s, 1) Dol 1

+ZF (s,1)) Dy Da;i(s, t)dsdt

By the theorem of Schwarz, the second and the fourth line sum up to zero.
In the third line we interchange the order of integration and the order of
summation. This gives

1 p1 d d
/0 / Z Z(DiFj — D, F;)(p(t, 5))D1pi(t, s)Dag;(t, s)dtds = 0,

0 =1 j=1
since I is irrotational and hence D;F; — D;F; = 0 for all 4, j.
This shows that there is no such map from [0, 1] x [0, 1] — R?\ {(0,0)} which

would map the boundary of the square to the unit circle. More precisely, we
have just shown the following theorem.

Theorem 4.13. There is no C' map ¢ : [0,1] x [0,1] — R?\ {(0,0)} such
that for each t € [0, 1],

ot 0) = (Cos%t,sin %t)

¢(1,t):<cos”<t2+1),sm (t2+1)>
o1 —t,1) = (cos 7T(’S;FQ),sm <t;2)>
20,1~ 1) = (cos (t;_?)),s (t2+3))



Definition 4.14. Two C' paths 7,7 : [0,1] — U C R? are said to be
homotopic in U, if 4(0) = (0), (1) = (1) and there exists a C'' map
(called homotopy) ¢ : [0,1] x [0,1] — U such that for each ¢ € [0, 1] we have
Qp(tv 0) = W(t)’ So(t> 1) = :Yi(t) and 90(07t) = ’7(0)7 Qp(lvt) = 7(1)

Intuitively, two maps are homotopic if they have the same starting and ending
point and one can be continuously deformed into the other.

Theorem 4.15. If F : U — R? is irrotational and ~v,5 : [0,1] — U are

homotopic in U, then
/ F= / F
¥ ¥

The proof is an immediate consequence of the above calculation.

Theorem 4.16. If 7,7 : [0,1] — R? with v(0) = 5(0), v(1) = (1), then v
and v are homotopic.

Proof. The map ¢ : [0,1] x [0,1] — R? given by

p(t,s) = sy(t) + (1 —5)7(t)
is a homotopy. O]
Now we are ready to state a partial converse of Theorem [4.12]

Theorem 4.17. Let F : R — R% € C' be irrotational. Then is F conser-
vative.

The important part of the theorem is that £ maps from R¢. The theorem
holds as any two paths v,7 in R? are homotopic (by the previous theorem).

More generally, the the same fact holds for convex domains. A subset U C
R? is called conver, if for all zg,z; € U and all s € [0,1] we have that
stg + (1 — s)xr; € U. From the definition of convexity it is clear that it
suffices to define a homotopy between any two paths in U. Thus, we have
the following stronger version of the previous theorem[]

"'Not part of the lecture: There is an even stronger version. The fact that being
irrotational implies being conservative is true on all simply connected domains (pathwise
connected domains on which any two continuous paths with the same start- and endpoint
are homotopic (with a continuous homotopy)). The class of simply connected domains
includes convex domains, but it is larger. For instance, star domains are also examples
of simply connected domains. Another instance of such is R?\ {(z,0) : z > 0} from the
example from the previous lecture. Intuitively, simply connected domains ”have no holes”.

102



Theorem 4.18. Let U C R? be conver and F : U — R?* € C! irrotational.
Then F' is conservative.

We conclude by returning to F(x,y) = < ) Theorem [4.18) implies

Yy _ _x
x2+y2 9 ac2+y2

that F' is conservative in the upper half plane U = {(z,y) : > 0}.

5 Complex analysis

We consider functions F' : C — C. We would like to develop differentiation
and integration theory for such functions in the same way as for functions
mapping R to R. Recall that f : R — R is differentiable at zy € R if there
exists a derivative a := f'(xy) € R such that Ve > 030 > 0 : V|h| < J,
|f(zog + h) — f(zo) — ah| < ¢|h|. In the complex case we would like to
proceed in the same way: we would like to say that a function F' is complex
differentiable at z € C if there exists @ € C (which would be called the
complex derivative F”(z)) such that an analogous condition to the one in the
real case holds.

One way would be to define complex differentiability in the same way as for
real-valued maps and then look at some properties of complex differentiable
functions. However, we rather take the following approach. As C is identified
with R?, F' : C — C is identified with a vector field. We shall restrict our
attention to C! vector fields. We already know how to differentiate such
maps - the differential is a 2 x 2 matrix. However, there is only a two-
dimensional vector subspace of linear maps R? — R? of the form (z,y)
(a1 — agy, a1y + agx)H In other words, only a few complex derivatives would
be of the desired form z — «az for @« € C. Thus, we should impose an
additional condition on DF [

Definition 5.1. A map F': C — C € C! is called complex differentiable at
z € C, if the derivative DF'(z) exists and is given via the complex multipli-
cation DF'(2)(%) = az for some a € C.

Recall that complex multiplication is nothing else but the usual multiplica-
tion using the identification > = —1, so that (a + ib)(z + iy) = (ax — by) +
i(ay + bx). We can write this equation in the following matrix form:

(o ) (0)= (o)

12This corresponds to complex multiplication of (ay,az) and (z,y).

3From now on we shall always identify F : C — C with maps R? — R? without further
mention. Thus, DF will mean the differential of F' as a map R2 — R?, as well F € C!
etc.
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Since for F' € C' we have

[ DiFv DyFy
DF‘(DIFQ DQFQ)’

it follows that ' € C" is complex differentiable in z if

DlFl(Z) = D2F2<Z)

DlFQ(Z) = —DQFl(Z)
This system of equations is also called the Cauchy-Riemann system of dif-
ferential equations. Note that the Cauchy-Riemann system implies that the

vector fields (Fy, —F,) and (Fy, Fy) are irrotational. Thus, if U is convex,
they are conservative, i.e. gradient fields. So there exist f,g € C! such that

le:F17 Dlg:F2
Dyf = —F, Dyg = F,

In other words, F' has a complex antiderivative (f,g) : U — C in the sense

D(f,9)(2)(2) = (F1, F2)(2)(2).

5.1 Complex path integrals

Let UCC,F:U— CeC" v:[ab — U. We define the integral of F
along v by

[Fi= [ Fo@r 22

The multiplication in is now the complex multiplication and not the
scalar product in R?, so this is not the same as the usual path integral.
However, we can transfer it to the know path integrals. Indeed, expanding
the definition we obtain for the vector of the path integrals

ﬁﬁﬂmmrﬁmmwmwwww>
[ BGWO). FG0) - (01035 (0)de

Notice the appearance of the vector fields (Fy, —F3) and (Fy, F}), which are
by the Cauchy-Riemann system irrotational. Thus, if U is convex, then we
have path independence of . Equivalently, the integral of F' along a closed
curve is 0. This fact is also called the Cauchy integral theorem.

End of lecture 19. June 29, 2015
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6 Rough paths

Recall that a function of bounded variation f : [a,c¢] — R can always be
represented as a difference between two monotone functions. Vice versa let

g,h :

[a,b] — Rs( be two positive monotone increasing functions and as

such, functions of bounded variation. Setting f = g — h we obtain that f is
of bounded variation. We thus obtain a precise characterization of functions
of bounded variation.

Theorem 6.1. A real-valued function f : [a,b] — R can be represented as a
difference of two positive monotone increasing functions if and only if

N

£l = sup ST (ta) = Fltas)] < .

N,a<to<t;<---<tn<b ne1

Proof.

—:

=

Let f = g — h with g and h monotone increasing positive functions.
Then

Do) = fa-0l <Y lg(tn) = glta-)] + ) h(ta) = hltn-1)| =

N

Zg(tn) — g(tn—1) + h(tn) — h(tn-1)

n=1

= g(tn) + h(tn) = g(to) = h(to) < g(b) + h(b) < o0

Suppose that || f]|y1 < oo and suppose without loss of generality that
f(a) = 0. Let us define g : [a,b] — R>( by setting

N

g(t) = sup D () = )l

N,a<to<t1<---<tn<t —1

i.e. ¢ is the total variation of f up to time t. ¢ is monotone non-
decreasing, g(a) = 0 and ¢(b) = ||f|ly:. We claim that h := g — f
is also monotone non-decreasing and h > 0. It is easy to check that
h(a) = 0 and h(b) = || f|lvr — f(b). We must show that given a <
t < s < b we have h(t) < h(s). But this is the same as showing that

g(t) = f(t) < g(s) = f(s) ie. that f(s) — f(£) < g(s) — g(t). We have
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that

N

FE&—fOl< s 1f(t) = flt) -

tN—1=t, tN=s
g

<g(s)
N-1

sup Y |f(ta) = ()] < g(t) = g(s)

a<tp<--<ty_1=t el

-~

=g(t)

]

The above characterization is relevant for real-valued functions. Only for
such functions can one talk about monotonicity and positivity. On the other
hand the notion of the variation norm || - ||y is more robust and can be easily
extended to vector-valued functions as long as the domain of definition is one
dimensional (and thus ordered).

Definition 6.2. A curve 7 : [a,b] — R? is called rectifiable if

N
lvis= sup Y (t) = At < o0

a<to<--<tn<b g

Given a rectifiable curve we call ||y||y1 the length of ~.

Theorem 6.3. A continuous curve vy € C ([a, b); Rd) is rectifiable if and only
if all the components ~; fori € {1,...,d} are of bounded variation.

Proof.

=—>: Suppose that v is of bounded variation. For any partition a < t; <
<o <ty < b we trivially have

Z [i(tn) — vilta-1)| < Z [y (tn) — v(tn-1) |-

<=: Using the fact that ||y(t,) — v(ta—1)| < dZ?:l |7i(tn) — i(tn—1)| one
can conclude the proof. This is left as an exercise.

]
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The variation norm V! and is a general concept that does not require differ-
entiability of a path. It is useful however to relate this quantity to differential
quantities of a path if it happens to be sufficiently smooth.

Theorem 6.4. Let v : [a,b] — R? be continuously differentiable (Ct), then
b
v[lve = [, 17/ @) lldt.

To prove this theorem we first introduce the following Lemma that states
that when considering the V! norm of a path we can restrict ourselves to
looking only at time partitions that are very fine i.e. we can impose that
t; — t;_1 be arbitrarily small.

Lemma 6.5. For any € > 0 we have that

N

1Yl = sup Y [[(tn) = At
N, a<to<-<tn<bt—]
Vn |tn—tn—1|<e
Proof. Adding the condition that Vn € {1,..., N} t, —t,_1 < € restricts the
set of competitors for the sup and thus makes the right hand side smaller so
we trivially have

N

Y[l > sup > [y(ta) = Yt )l
N,a<tp<---<tn<b o
Y |tn—tn—1|<e

Now let us prove that ||y][y1 < SUPN,a<to<:-<ty <b Sy 1v(En) = vtz -
Vn |tn—tn—1|<e
Consider any sequence of times a < tyg < -+ < ty < b, we now refine the

partition %g, ..., %, by choosing M € N and points a < sp < --- < sy = b
so that for any m < M we have s, — s,,_1 < € and Vn < N there exists
m, < M so that s,,, =t,,. Then

Do) =) <Y Y I(sa) = (sam)l

n=1 tn—1<sm<tn

=D 1(sm) = A(sm-1)

This shows that

N N
sup > [[y(ta) = (a0l > sup Y [y(tn) = Y (taa)l
N,a<tp<--<tn<b n—1 N,a<tp<---<tn<b o
Yn [tn—tn—1|<e
as required. O

107



We now proceed to the proof of the Theorem

Proof. Let us fix some § > 0 and choose an € > 0 so that |t — s| < € implies
that ||v/(t) — +/(s)]| < § via uniform continuity of the derivative of v on the
compact interval [a, b].

We will show that for any sequence of times a < tg < --- < ty < b with
|t — t,—1| < e for all n € {1,...,n} the following holds.

- [ 0l

Since 0 > 0 can be chosen to be arbitrarily small we obtain the needed result.
To show the above bound it is sufficient to show that for all n we have

< 48d|b — a

tn
\mwrﬁm»w—/ mvwﬂswww%nu
tn—1

Since Y(t,) — Y(th_1) = j; t)dt we need to bound ’(t)dtH -

ftt:_l H’y’(t)||dt but since for all t € [ n—1, tn) we have that ||7/(¢ )—’y(tn,l)H <0
we obtain by the triangle inequality

tn
] =t = el +
tn—1

[”ww—wunmﬂ
t["Mﬁmﬁzﬁw%mmmew+Zw(M@H—M%amwt

—

tn tn
/fﬂwﬂ—/ I/ (8) ]t < 43d[t, — 1]
tn—1 tn—1

as required. O

Since we have naturally generalized the concept of length from C! curves to
more general rectifiable ones the next step consists of understanding if one
can give a meaning to path integrals for paths of lower regularity. Recall
that we have defined the path integral of a vector field F' via

lelgwwwwww

While the expression on the left hand side contains a derivative that is not
necessarily defined for generic rectifiable v we can avoid this pitfall in a way
similar to the one we used to define length.
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Theorem 6.6. Let F be a continuous function on U C R and let v : [a,b] —
U be a continuous and rectifiable path. Then ¥Y§ > 0 de > 0 so that for any
N, M and time sequences a <ty < --- <ty <banda <sy<---<sy<b
with |t, —t,—1| < € and |$; — Sm—_1] < € we have

> F((sm-1) (V(5m = 5ma1)) = D F(Y(tn1)) (¥(tn = tar))| <0

In particular this means if for every k € N we choose a sequence of time
” (k) (k) . (k) (k) -

partitions a <ty < t77 < <ty < ty, < b with Ny — oo and

Ity — tno1| < 5 for alln € {1,..., Ny} then the limt

Tim > R ) (10 - )
— 00 —

exists and is independent of the sequence of time-partitions (t&k))

Given the Theorem above, using the same notation we define

[ Fi= Jim > POED) (1680 - 40)
v n=1

for rectifiable paths . We will later show that this definition coincides with
the one we have given for C*! paths if v happens to be also C!. First however
we proceed to the proof of the above Theorem.

Proof. Without loss of generality we can suppose that the partition (s,,) is
a refinement of the partition ¢, i.e. suppose that Vn dm such that s,, = t,.
This is true because given any two partitions (¢,,) and (¢/,) with |, —t,_1| < €
and |t/, —t!, ;| < e we can find a common refinement (s,,) of both and then
the statement would follow by a triangle inequality.

F o~y is continuous and thus uniformly continuous on the interval [a, b]. For
any fixed 6 > 0 let us choose € > 0 so that |x — y| < € implies ||F(y(y)) —
F(vy(x))|| < 4. Let t, be such that for any n we have that t,, —t,,_1 < € then
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for any t,_1 < s, <t, we also have that s,, —t,_1 < € s0

> F((sm-1)) - (V(sm) = 1(sm1)) = F(y(tam1)) - (V(tn) — ¥(tn-1))

th—1<sm<tn

< O|v(tn) = ()l

Z Y(sm-1)) - (¥(8m) = ¥(8m-1) Z - (Y(tn) = v(tn1))

< 25”7(%) = (1) < dlyllv-

Applying this statement with §' = M"S - yields the required result. The
14

second part of the Theorem is left as an exercise and follows by noticing that

limg_ o0 Zﬁ:ﬁl F(’y(tfzk_)l)) (7(757(1’6) — ¢ )> is a Cauchy sequence in R. O

n—1

The candidate for the definition of a path integral along non C! paths of
bounded variation effectively extends the notion we introduced for C* paths.
This is due to the following theorem that states that the two notions coincide
if v is a more regular path.

Theorem 6.7. Let v € C* ([a,b]; U) and F € C (U; RY) with U C R? then
Vo > 0 there exists € > 0 so that if for a sequence of times a < tg < t; <
- <ty <bonehas |t, —t,_1| <€ foralln e {1,...,N} then

[ FO@) Y@= Y FGe) () = 2| < 6

>

-
defined since ||, <oo

Proof. We leave the proof of this Theorem as an exercise as it is similar to
the proof that the length ||y|[y+ of a C' path is given by f Il ()] dt. O

Our interest now is to further extend the definition a path integrals to allow
for even less regular paths. This will be done by requiring possibly greater
regularity on the vector field F'. Let us recall the definition of variation norms
for p € [1, 00).

Definition 6.8. Let 7 : [a,b] — U C R? be a continuous path. We say that
v is a VP path if its VP norm given by

Il = sup (Z It mup)p

N, a<tp<--<tny<b
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is finite.

Let us consider as an example the path v : [0, 27r] — R? that winds M times
around the origin. Set
. (cos(Mt)
() =A (sin(Mt))

with some M € N that we consider large and A € R* that will be chosen
small. Let us estimate the VV? norm of the path ~. First we estimate ||| y»
from above. Let 0 <ty < --- < ty < 27 be some sequence of times so we
can subdivide them based on which “turn” around 0 € R? we are making.
We have

D I(tn) = A(ta-)IP =

> > Y(ta) =)+ Y () = ()P

m=1 | orm=l<t, (<tp,<2m? tn—1<2m 37 <tn ]
u T -
> [7(tn) = Y(ta1) [(2A)71 ] + (24)7

m=1

2 el <t i <tp<2m i

> 1V oo (tn = ta1) 2A)"7" | + (24)"

M=

<

IN

<

m=1 27rm7_1§tn,1<tn<27r% i
M /or
Yl (2A)P T 4 (24)P
3 (G Ieay+ oay)
and since ||7'|| = AM we have by taking the power % of the above expression

that [|v||yve < C M7 A. On the other hand we have a lower bound given by

oM m m— 1 D 2M
3 H7 (), (W) = > (24y = 2M2AY < |l
m=1 m=1

Slo) %M%A < ||y]lve < C'M? A for some constant C' > 1. Let us set A := M~
so that ||y]|yve ~ M7»~7. We have that

oo ifp<r
||7||vp—>{ _ b as M — oo
0 ifp>r
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while if p = r the ||v||y» remains bounded. Now let us take the vector field

-y
[r= [ rorion -
[ () e (N i [ ara s

With our previous choice of normalization A = M ~+ we have that

on R? given by F(x,y) = so that

0 ifr<?2
/F:27TM2M—> 27 ifr=2 as M — oo
K oo ifr>2

Geometrically the graph of the path « converges to the trivial path v(¢) = 0 so
we would expect that for sufficiently regular paths the integral fv F — 0. The
heuristic is that if ¥ — 0 in V? norm then we should expect that f7 F—0
From the above example it becomes clear that if p > 2 we can choose 2 <
r < p and we would have tat v — 0 in V? but fy F 4 0. Thus the “critical”
regularity is that of V2.

First, however we would want to illustrate a property about counting th
jumps of a V? function.

Lemma 6.9. Let v : [a, b] — U C R? be continuous and let ||v||y» < oo.
For e > 0 let us define to = a and t,, = inf {t > t,_1|||v(tn) — v(tn-1)|| > €}
if such a t exists and t, = b otherwise and set N =n — 1 for the first n for
which t, = b. Since v is continuous we have that ||y(t,) — y(tn_1)|| = € so

Sl () = y(ta-)IIP = Nev < 1113, and thus N < 5.
Theorem 6.10. Define

N
L= 3" F (3(ta1)) - (1(t0) = 1 (ta))
n=1
witha =ty <ty < --- <ty < b asequence of times chosen as in the previous

Lemma.
Let F € CYU;R?) and let vy : [a,b] — U C R with ||y|lv» < oo for some
p < 2 then the limit lim._,q I exists. This limit defines the expression

/ / (t)dt = lim I..
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Proof. Let ¢y be sufficiently small so that Vz,y € im(y) with ||z — y|| < €
we have that

d

F(y) — F(z) = Y  DiF(x) (y; — ;)

J=1

= [[F(y) = F@)| < A+ [IVFlso) |z = wll

<z =y

Such an ¢ exists because im(y) is compact. Let € < ¢ and § < € < €
and let to,...,tn, N € Nand t,...,t,, N' € N be two sequences of times
corresponding to € and ¢ as in the previous Lemma.

Let us refine the two partitions to obtain a third partitiona = sg < 51 < -+ <
sy < bwith {s,} = {t,JU{t.} and M < N+ N' < C (i + ﬁ) <O
The two last inequalities come from the consideration in the previous Lemma.

gF (Y(tn-1)) (v(tn) = Y(tn-1)) = i‘:t ;q F(y(ta-1)) (v(sm) = v(8m-1))
nﬁ;F (Y(tn-1)) (7(tn) = (tn1)) = mf:l F (¥(sm-1)) (7(sm) = ¥($m_1)) =
i Z F ((tn-1)) (4(5m) = (5m-1)) = mi F (1(5m-1)) (4(5m) = 7(5m1)) =
i > [Pt = F s | () = 30n0)
and thus o
i;F (v(tn-1)) (V(tn) = (tn-1)) — mi:l F(7(sm-1)) (7(8m) = (sm-1))|| <

o > (Ve + D) V(1) = ¥(sm) 1 (5m) = Y(sma)ll <

n=1tp_1<sm<tn

N
Z Z (IVF||oo +1)€* < OpMe* < Cpe®®,

n=1 th—1 <Smgtn
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Applying the same procedure to the sequence (t/)) we obtain via the triangle
inequality that

‘[e — [e’| S C’F627p S 6/ S €.

NN e

By a geometric series trick this implies that we can prove the same for close-
ness result for any any € < € < 5. As a matter of fact let us write down the
geometric sequence €, 5, §... gr=r > € > . The expression |/, — o] can
be rewritten as a telescoping sum to obtain

ko
|]e - Ie’| S Z
k=1

as required. O

+

I« — 1<
ok—1 ok

I — 1o
k

270

ko
< Cpe 2 He) < 0, Cpet?
k=1

The above proof relies on using an approximation of increments of F' with its
derivative to “compensate” the fact that the path ~ is not regular enough,
i.e. that v € V? for some p € [1,2) but 7 is not necessarily in V. To be able
to offer a similar definition of path integrals for v € VP with p € [2,3) or even
higher one requires that F' be even more regular. To prove a Theorem similar
to the one above we would need to expand F' to the second or further orders.
However a second order Taylor expansion of F' would involve a term that
looks like S¢,_y D2, F(t 1) (i(tn) — %t 1)) (35(ta) = %i(ta_1)). Taking
progressively finer partitions (t,) for v € V? with p > 2 we would encounter a
problem accounting for the bilinear quantity (v;(¢,) — vi(tn-1)) (7;(tn) — v (tn=1))-
Let us try to understand what this quantity looks and what algebraic prop-
erties it possesses for smooth paths 7. Let v € C! ([a, bl; Rd) and let

d
AMQ@=/<%m—%@mth
We have that
d
&Am@=&¢m@+&¢a@+/<w@—ww»%mw

This is not a linear quantity in time but has the above non-trivial algebraic
structure. This consideration warrants the following definition.

Definition 6.11. Let 2 < p < 3, a rough path is a pair (v, A) consisting
of a path v : [a,b] — R? with ||v|ly» < co and and a matrix-value function
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A:a,b] x [a,b] = RT*xRYie. A;j:[a,b] x[a,b] = Rforalli,je{l,...,d}
that satisfies

Aij(a,d) = Aij(a; ) + Aij(c, d) + / (v5(e) = v5(a)) 7i(t)dt.

and

SIS

sup (Z |Ai7j(tn_1,tn)|§> < 00.

N,a<tp<...,tn=b

We define

I = ZF (v(tn-1)) (V(t) = ¥(tn-1)) + Z D; Ej(tn1) Aij(tn-1, tn) (vi(tn) = 7i(tn-1))

1,j=1

Theorem 6.12. If F' is a C? vector field then lim._,o I. exists and defines
f7 F' for a rough path ~.

End of lecture 20 & 21. July 02, 2015 & July 06, 2015 ——

7 Hairy ball theorem
Definition 7.1. The unit sphere in R™*! is the set
S" = {zx € R"™ : ||z|| = 1}.

A vector field on S" is a continuous map ¢ : S* — R™"! such that ¢(z) is
tangent to S™ for each x € S", i.e. (¢(z),z) =0 for every x € S™.

Note that S is bounded. It is also closed, as it is the boundary of the unit
ball S* = 9B(0,1) C R""!. Thus, S" is compact.

"

Figure 23: S! and S2.
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Theorem 7.2 (Hairy ball theorem)). If n is even, there does not exist a
vector field on S™ which is everywhere non-zero.

This theorem can be interpreted in the following way: one cannot comb a
hairy ball flat without creating a cowlick. Alternatively, at all times there
must be at least one point on the surface of the Earth where there is no wind
at all.

Remark. It is easily seen that the theorem fails for odd n. Consider first
the case n = 1 and the vector field ' : S' — R? given by

F(l’,y) = (—y,l’).

Note that this is the map (z,y) — (=%, %), r* = 2° + y?, restricted to the
unit sphere S' on which » = 1. We have already met this vector field in
Lecture 18. Clearly, the vector field F' has no zeroes.

Figure 24: Vector field F(z,y) = (—y,z) on S'.
For general odd n we define ¢ : S® — R"*! by

¢($17 L2y .ty T,y $n+1) = (—xz, L1,y —Tnt1, %)

Note that since n + 1 is even, we are able to group x1,zs and x3, x4, ...,
Zn, Tpa1, and for each pair we reproduce the example from the case n = 1
The map ¢ is continuous (it is even C*°) and (¢(z),z) = x1(—22) + o1 +

At Tp(—Zpg1) + 1z, = 0. Moreover, ¢ is an isometry: ||¢(x)| = ||z for
all z € S™. In particular, ||¢p(x)|| =1 for all x € S, and so ¢ has no zeroes.

Definition 7.3. A vector field ¢ : S — R"*! is called continuously differen-
tiable (C) if there exists a neighborhood U C R™! of S” and a C! function
f: U — R"! such that fls» = ¢

1dt. Satz vom Igel.
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7.1 Proof of Theorem [7.2

The proof is by contradiction. Let n be even and assume that ¢ is an every-
where non-zero vector field on S™. We proceed in three steps.

(1) Reduction to the smooth case

The purpose of this step is to show that it suffices to prove the theorem for
¢ € C'. The reader may skip this technical part at first and return to it at
the end of the lecture.

Let ¢ : S — R"™ be a continuous nowhere vanishing vector field. Let

m = inf o) = min 6(x)

By a generalization of the Stone-Weierstrass theorem, we can find a polyno-
mial mapping P : S® — R"*! such that
m

1P(z) = ¢(2)ll <

for every x € S". (Alternatively, one could approximate ¢ with smooth

functions by convolving it with the elements of a Dirac sequence.) Define
w: S" — R by
w(z) = P(x) — (P(x), z)x.

This is a C! vector field on S™, since
(w(z), z) =((P(x), z)z, )
——

[l]?=1

for all x € S*. We claim that w has no zeroes. To see this we first compute

lw(w) = P)ll =I(P@), =)l |lzll

(P(2),2) — (¢(), )|
(P(2) — d(x), )]

2IP@) - 6] <

m
9 )

where in (%) we used the Cauchy-Schwarz inequality. Assume that w(zg) = 0.
Then ||P(zo)|| < %. Also, the triangle inequality implies

o (o)l — 1P (xo)]| < | P(0) — w(xo)|| < g.
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Hence m
lo(zo)ll < 5 + l[P(zo) | < m,

which is in contradiction to the definition of m.
The map ¢ : S* — R ¢ = %, is then a C'' (even C*) vector field on
S™ without zeroes.

Thus it suffices to proceed with the proof assuming ¢ € C*.

(2) Two preparatory lemmata

Let V. C R"™! be open and K C V compact. (For instance, we might
take K = S"and V = {z € R"™ . a < |z]| < b} for 0 < a <1 < b.)
Let F : V — R"! be C'. For t > 0 we define a C'-perturbation of the
identity ¢; : V' — R"™' which is given by ¢(z) = z + tF(z). We have
¢ € CHV;R"™) and D¢y(x) = (I,41 + tDF)(x), where I,,; denotes the
(x +1) x (n+ 1) identity matrix. As an example, for n = 1 we have

(10 OB 9,F Y\ [ 1+t0,F td,F
Do) = ( 0 1 ) o ( 0, Fy 0,F, ) - ( t0,F 1+ t0,F )

The Jacobian determinant id™]

det(Dgy(x)) = 1+ (0, Fy + 0,F) t + ((0.F1)(0,Fy) — (0,F1) (0. F»)) 12,

N S N

-~ -~

div(F) det(DF)

which is a polynomial in ¢ with the constant term 1. For general n we obtain
a polynomial

det(Dgy(x)) = w+p1($)t o Py ()t

=1

for certain coefficients p;(z), j = 1,...,n+1. Note that, for sufficiently small
t, one has det(D¢:(x)) > 0.

Lemma 7.4. There exists 6 > 0 such that for 0 <t < ¢
1. The map ¢y : K — ¢(K) is bijective and its inverse is C*.
2. The map t — vol(¢:(K)) is a polynomial in t.

Proof. 1. Since F' € C*(V;R"™!), the mapping DF restricted to the compact
set K is bounded. This implies that there exists L > 0 such that ||F(z) —

15 div(F) =V-F = ‘32 +-- -—&—g%z is called the divergence of a vector field F' : R® — R™.
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F(y)|| < L||z — y|| for all z,y € K. The reader may verify this claim as an
exercise. Then, for x,y € K, we have that

[o1(z) = ¢e(y)ll =ll(z —y) +1(F(x) — F(y))|
2|z =yl =t F(x) = F(y)l]
2[lz —yll = tLljz — y||
=1 —tL)]z -yl
This shows that for ¢ < 1, ||¢:(z) — ¢:(y)|| = 0 implies ||z — y|| = 0, i.e. ¢
is injective. Continuous differentiability of the inverse map follows from the

inverse mapping theorem, since det(D¢,(z)) > 0 for ¢ small enough, i.e., the
Jacobi matrix is invertible at each point.

2. By the change of variables formula, we have

vol(64(K)) = /K det(Déy(x))de.

For ¢ > 0 sufficiently small, it then follows that

vol(¢(K)) :/ det(D¢y(z))dx

K

N /K(l Fpu(@)t 4+ ()" da

=vol(K) + (/}(pﬂx)dm)t +o (/I(pn+1(x)dx>t”+1.

]

For r > 0, we denote by r - S" the dilation of S” by r, i.e., set of all vectors
in x € R"* with ||z]| =r.

S £

N

Figure 25: The unit sphere S? and the sphere r - S? for some r > 1.
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Lemma 7.5. Let ¢ : S — R™ be a C! vector field with ||¢p(z)|| = 1 for
every x € S™. The map

T

w(z) = Jall ()

]
extends ¢ to a vector field on S(a,b) := {x € R"™ : a < ||z|]| < b} for 0 <
a <1<b. Then, for smallt >0 and a < r < b, the map ¢;(x) = x + tw(x)
maps the sphere r - S™ onto the sphere rv/1 + t? - S™ bijectively.

Proof. The function w : S(a,b) — R is continuously differentiable, since
it is the product of the C! maps = (b(”i—”) and x +— ||z|| (note that ||z| # 0

and V||z|| = % for  # 0). For z € S(a,b), w(x) is orthogonal to x. Also,

[l
||lw(z)|| = ||=|| by our assumption on ¢. Thus

6 (@)|I* =(z + tw(z), 2 + tw(x))
=ll2l* + 2t(z, w(@)) + *[lw(z)|?
=l*(1 + %),

ie. ¢i(x) = ||z][v/1+ 2. This implies that ¢ (r-S™) C rv/1+¢2-S™

It remains to show that the map ¢; : r-S™ — rv/1 + t2-S" is surjective. One
possible approach relies on the Banach fixed point theorem, and we leave it
to the reader as a nice exercise. We shall instead prove surjectivity using
connectedness of the sphere. We know that D¢y = [ 4+ tDw is invertible
on S(a,b) for sufficiently small ¢t. From the inverse function theorem, it
follows that ¢(S(a, b)) is an open subset of R"*!. Indeed, for simplicity of
notation, denote U = S(a,b), V = ¢(S(a,b)) and H := ¢;* : V — U. We
know that H exists, is continuous on V and ¢;(U) = H'(U). Tt is known
that the pre-image of an open set under a continuous map is open, and so
¢¢(S(a,b)) C R™™ is open. Thus,

d(r-S") = ¢i(S(a,b) NrVI+E. 8"

is an open subset of rv/1+4¢2-S™. But ¢(r - S") is also closed, since it is
compact as the image of a compact set under a continuous map. The sphere
rv/1 4 t2-S" is pathwise connected and therefore connected. Since ¢ (r - S™)
is non-empty, we must hav ¢i(r - S") = rv/1+4t? - S*. This establishes
surjectivity. O

(3) Concluding the proof
Let n be even and ¢ : S* — R""! a nowhere vanishing C! vector field. Then

16]n a connected metric space, a non-empty subset which is both closed and open must
equal the whole space.
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2 ||¢(z)| is a C* map on S™ and ¢ : S* — R, ¢(z) = Higg\\’ is a O!

vector field with norm 1. Thus, by replacing ¢ with ¢, we may assume that
|p(z)|| = 1 for every x € S™.

Let 0 <a<1<b<ooand
K = K(a,b) := {x e R""! 1 a < ||z|| < b},

which is closed and bounded and therefore compact. Let t be so small
that Lemma and Lemma hold for F' : K — R™™! given by F(z) =
HmH(ﬁ(ﬁ) and ¢y(x) =z + tF(x). By Lemma we have

¢(K)=V1+12 K.
Then
vol(¢y(K)) = vol(V1+ 2 - K) = (1 + £3)"* vol(K).

The last identity holds due to the fact that vol(A - A) = A%vol(A) for A > 0
and A C R where - A= {\zv:z € A}.

Now, since n is even, (1 —l—tz)nT+1 is not a polynomial in ¢. This can be seen by
noting that none of the derivatives of the function ¢ — (1 + zfz)nT+1 vanishes.

However, in view of Lemma [7.4] vol(¢:(K)) is a polynomial in ¢. This is a
contradiction, which finishes the proof of the hairy ball theorem.

End of lecture 22. July 9, 2015

8 Ordinary Differential Equations

Let ¢ : [a,b] — R? ¢ : [a,b] — R%. The expression ¢’ o ¢! defines a vector
field on the image of the path ¢. One can interpret a differential equation
as, given a vector field F : U C RY — R? the problem of finding a path
¢ so that on im ¢ the vector field F' coincides with the tangent vector field

¢lopt.
Definition 8.1. A path ¢ : [a, b] — U, ¢ € C' ([a,b];U) is called an integral
curve of the vector field F: U C RY — R if for all times z € [a, b] one has

¢'(z) = F(o(x)).
The integral curve solves the initial value problem with initial value ¢(x¢) =
Yo with some given xq € [a,b] and yo € U.
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Such a construction motivates the definition of a flow of a vector field.

Definition 8.2. Given a vector field F : U C R? — R? we say @ : [a,b]xV C
R x U — U is its flow if

(20, y0) = Yo Yy € V
qu)(%fyo) = F(@({L‘,y())) Va S [a’ab]

We can reformulate the above setting for time dependent vector fields. Let
F:la,b) x U C RxR? — RY An integral curve of F' is a path ¢ : [a,b] — U
such that
¢'(x) = F(z, ¢(x)).

We call the above equation a explicit system of ordinary differential equations
of first order. The term differential equation is due to the fact that we are
trying to find a path ¢ that satisfies an equality with derivatives falling on
the unknown ¢. The equation is actually a system of equations since we have
an equation for each coordinate:

¢1(x) = Fi(z, ¢(x))

¢1(x) = Fi(z, ¢(z)).

The differential equation is ordinary (as opposed to being a partial differential
equation) is related to the fact that ¢ depends only on one real variable x €
[a, b] thus there exists only one directional derivative. A partial differential
equation would involve a function gg : 0 C RY — R? and would be given by
an expression involving partial derivatives of 95: Dlgz;, .., D NQNS.

The property of being first order refers the fact that there are only derivatives
of first order (there are no second or further derivatives). An n'" order
equation would be given by

o (2) = F (z, ¢(x), 6P ()., 6"V (2))
with ¢ : [a,b] — U, the derivatives ¢(* : [a,b] — R? for all k € {1,...,n}
and F : [a,b] x R x .-+ x R? = R4 A n'" order ODE (ordinary differential
————

n times
equation) can be transformed naturally into a first order equation by setting

Y [a,b) = U x R=d
¢(z)
¢ (z)

6" o)

() =



so that 1 satisfies the system of equations

Yo(x) = ()
Ui () = ¥a(z)

Uno(x) = Yna(x)
V1 (@) = F(2,%0(2), . Yo (7))

where each vy, : [a,b] — R? is the k*" component of ¢ and it is the k'
derivative of ¢. Notice that the to formulate the corresponding IVP we have
to specify initial data ¥ (xq) = yo € U x R~ this means we are specifying
the first initial values of ¢ and of its first n — 1 derivatives.

Finally we say that the ODE is explicit because the equation expresses de-
pendence of the highest order derivative term explicitly in terms of all the
remaining ones:

¢'(z) = F (z,0(x)).
An non-explicit ODE would have the form

Gz, ¢(x), ¢ (2)) = 0

where one would require some non-degeneracy of GG in its third argument to
be able to reasonably expect such a problem to have a solution.
When solving an ODE

Y (z) = F(z,y(x))
it is important to specify in what “set” or space we are looking for solutions.
As a first approach it is reasonable to require that y € C* ([a, b]; R?) so that
the expression y/(x) is well defined everywhere on [a, b] and is a continuous
function. We also require that F' be a continuous functions. For such a
setting it is necessary that F also be defined on [a, b] x R? so that F(x,y(z))
is necessarily defined for all admissible y and all times « € [a, b].
As an example we can consider the ODE on R? defined by the function
F(z,y) = y so that equation becomes

y' () =y(z).
Two solutions to this equation are given by y(x) = £e”.

Theorem 8.3. Now let F : [a,b] x U — R? be a continuous function and let
¢ € C' ([a,b];U) be a solution to the initial value problem (IVP)

¢'(v) = F(x, ¢())
¢(z0) = o '
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Consider also the integral equation (INT)

mm:%+/ZW¢MMt r €[],

A CY([a,b]; U) function ¢ solves (IVP) if and only if it satisfies (INT).
Proof.
(IVP) = (INT) We use the fact that ¢(x) — ¢(xg) = fmo ¢ (t)dt (or

T

— [ o(t)dt if © < x0) for all x € [a,b]. Substituting (IVP) we have
that

¢(x0) =0
¢'(t) = F(t, (t))

and this yields the required result.

(INT) = (IVP) If (INT) holds then just setting x = =z, we get that
o(xo) = yo. Since F is a continuous function on [a, b] X U and ¢ is also
continuous from [a,b] — U we have that [a,b] > t — F(¢,¢(t)) is a
continuous function and so we can apply the Fundamental Theorem of
Calculus to get that

d x

dx J,,

F(t, o(t))dt = F(x, d(x))-

We can derive the right and left sides of equation (INT) (since ¢ is C*
and F' is continuous) to obtain

¢u>‘fwammﬁ=ﬂawm

dx J,,

as required.

8.1 Picard-Lindelof theorem

We will now use the above crucial consideration of the equivalence of finding
a solution to (IVP) and a function satisfying the integral equation (INT) to
state a theorem that allows us to construct a solution via a Banach fixed
point argument.
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Theorem 8.4 (Picard-Lindeldf). Let F : [a,b] x U C R x R? — R? be a
continuous function and suppose that it is uniformly Lipschitz in the second
variable i.e. there exists L > 0 such that Vy,,y2 € U one has ||F(x,y;) —
F(z,y2)| < Ll|ly1 — y2l| for all times x € [a,b]. The first part of the condition

is called Lipschitz continuity with constant L > 0 while uniformity is given

by the fact that a common L > 0 can be chosen for all points x € [a,b].

If the above conditions on F hold then for 0 < € < + the map T : C ([0, zo + €]) —
C ([xo, xo + €]) given by

7)) =+ [ Flt.o)
z0
1 a strict contraction map. The space C ([xo,xo + 6];]Rd) 15 endowed with
its natural || - ||oo norm.

Proof. T is a strict contraction map if

1T(¢) = TW)lls = sup [[T(¢)(z) = T()(2)] < Cll¢ — ¥l
z€[z0,x0+€]
for some C' < 1 (notice the strict inequality). Substituting the definition of
T we have
total variation bound

IT(6) = Tl = sup 23

z€[z0,T0+€]

/ T (B 6l1)) — F(t, (1)) dt

zo

sup | IE(6(t) — F(tw()]| dt =

z€[xo,z0+€] Jxq Li diti
1p. condition

s [ Lo —vlar < sw [ Llo— vt < Le o~ V]

z€[xo,z0+€] J 2 z€[xo,z0+€] Jxq D
and this concludes the proof. O

We can now apply the Banach Fixed Point Theorem to this problem: there
exists a unique ¢ € C ([zg, xo + €]; U) that is a fixed point of the map T i.e.
T(¢) = ¢. We can rewrite the fixed point condition as

o(x) = T(8)(x) = yo + / " F(t, o))t

o

so that the fixed point satisfies the integral equation (INT). Furthermore,
since ¢ and F' are continuous so that F'(t, ¢(t)) is also continuous we have that
T(¢) = yo+ fxi F(t, ¢(t))dt is continuously differentiable via the Fundamental
Theorem of Calculus, thus ¢ € C* ([a,b]; U) and thus, using the equivalence
between (IVP) and (INT) we can conclude that ¢ solves (IVP).
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Theorem 8.5 (Picard-Lindeldf). Let F : [a,b] x U C R x R? — R? be a
continuous function that is uniformly Lipschitz in the second variable with
constant L. Let [xg, o+ €] C [a,b] and let yy € R? then there exists a unique
map ¢ : [xo, o + €] — R? that solves the [VP

¢ (x) = F(z,p(x)) Vo € [z, €
d(z0) = Yo

Let us study some examples. A particularly important class of ODEs is given
by linear homogeneous and inhomogeneous equations:

Y (x) = A(z)y(x) homogeneous
y'(x) = A(z)y(x) + b(x) inhomogeneous.

Both these equations satisfy the Lipschitz condition given reasonable assump-
tions on A. We have that F'(z,y) = A(z)y + b(z) so that

1F (2, 91) = F(z,92) || = [[A(z)yr — Alz)yll < [[A(@)l[y2 — w2l

so we require that ||A(z)|| be finite.

End of lecture 23. July 13, 2015

Let everything be as in the previous theorem. We consider the IVP with the
initial data g

¢'(z) = F(x, ¢(x))
{ H) = o (28)
and another IVP with the initial data y;
{ ¥ () = Fla,d()) o
¢(z0) = y1.

We would like to show that if ||yo—y1 || is small, the solutions of the considered
initial value problems are close to each other. In other words, we want to
show that solutions of depend continuously on the initial data y. The
reader may make the notions ”small” and ”close” precise.

Let T,'T" be given by

To() = o+ [ "F(, o)t

Tole) =+ [ "Rt 30t

o
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In the previous lecture we showed that T,T are strict contractions from
C([zo, 2o + €], RY) to itself. Denote by ¢ the unique fixed points of T', which
is the unique solution of the IVP (23)). To obtain the solution of we
start the Banach iteration with ¢. We have that |[T'¢ — ¢|| is small since

IT¢ — 6l = 1T¢ — To|| = llyr — woll-

For k € N denote T®¢ := T(T(...(T ¢). Then, for any k € N we have

k—ti
IT®¢ =6l < Y ITW¢ — TV Vg (25)
j=1
k
< (X )ITo - ol < ClITo - ¢l (26)
j=1

By 5 we denote 5 = limg_,00 Tv(k)qﬁ, which is the unique fixed point of T given
by the Banach iteration. The calculation ([25) shows us that

6 — ol

is small.

8.2 Cauchy-Kovalevskaya theorem

In this section we discuss a local existence and uniqueness theorem which ap-
plies to initial value problems with analytic coefficients. For now we restrict
our attention to d = 1.

Suppose that F': [a,b] x R! — R! is n—times differentiable and assume we
are given a differentiable function ¢ satisfying

¢'(x) = F(z, ¢(x)). (27)
We differentiate the right hand-side, which gives
DyF(x,¢(x)) + Do F(z, ¢(x))¢' ().
This implies that the left hand-side of is differentiable and

¢"(x) = D1F(z,¢(x)) + Do F (2, ¢(x))d (x).
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Since now we know that ¢’ is differentiable, we can derive the right hand-side
of the last expression to obtain

1F(2,¢(x)) + D2 D1 F(z, $(2))¢' ()
+D1 Dy F (2, 6(2))¢/ (2) + Dy F (x, ¢(2)) (¢ (2))” + D2 F(x, 6())¢" (x)

As above we conclude that the last display equals ¢”(x). Iterating we see
that if F' is n-times differentiable, then ¢ is (n 4 1)-times differentiable and
its (n + 1)—th derivative is given by

D"[F(z, ¢(z))] =
> Cooorn DY D52 F (2, 6(2)) [T (6 ()7 (28)

0<a1,02,81,..,8n,71, 70 <N Jj=1

for some non-negative constants Co, as.8,,...8,,m,7.- One can prove this last
fact by induction.

The idea of the existence theorem presented in this chapter is that in order

to solvedl’
¢'(x) = F(z,¢(x)), ¢(0)=0,

we use to determine all the derivatives of the solution ¢ at 0. Then we
construct the Taylor series of the solution. To assure convergence of the Tay-
lor series around the origin, it is required that F' is real analytic around (0, 0).

In Analysis I we have already met real analytic function on R. Recall that a
C™ function is not necessarily real analytic. An example is the function which
equals e~/ for z > 0 and is 0 for z < 0. The following definition generalizes
the definition of real analyticity from Analysis 1 to two dimensions.

Definition 8.6. A function F': R? — R is called real analytic around (0,0)
if there exists r > 0 and a,,;, with |a,,| < Cr~""™, such that for all |z| <
T, ly| < r we have

oo
F(z,y) = Z " Y™ (29)
n,m=0
For simplicity of notation we consider only initial data ¢(0) = 0. One proceeds

similarly if ¢(xq) = yo for (zo,yo) # (0,0).
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The condition |a,,| < Cr~"~™ implies that the series converges abso-
lutely as for |z, |y| < r we have

N N T\ Y\ N x
>l <0 3 |(C) (F) |20 2]

n,m=0 n,m=0

!
mZOH =C

independently of N.

A two-dimensional analytic@ function is infinitely differentiable and in par-
ticular continuous. We deduce this fact from the one-dimensional theory as
follows. For a fixed y, F'(x,y) is real analytic around 0. Indeed, since we
know that the series for F' converges absolutely, we can rewrite it as

(S )r 0L (S () )r s T

The expression ), r~"z" defines another power series convergent for |z| < r
and thus it is real analytic around 0. Therefore, for a fixed y, F(z,y) is
infinitely differentiable in a neighbourhood of 0. Its first derivative is given
by the first formal derivative of the power series

DlF(xa y) = Z anmnl'n_lym

and similarly for higher derivatives.ﬂ In particular, all partial derivatives by
the first variable are continuous. A similar conclusion can be derived with the
roles of x and y interchanged. Thus, for each n € N, n-th partial derivatives
of F(z,y) exist and are continuous. Hence n-th total derivative of F exists
and is given by the n-th formal derivative of the power series . Moreover,
for real analytic functions, equals its Taylor series.

Claim. If F' is real analytic around (0,0) and ¢ is real analytic around 0
with ¢(0) = 0, then F'(z, ¢(x)) is real analytic around 0.

Proof. First note that it suffices to consider the case when the convergence
radii of ¢ and F are 1. Otherwise we rescale, i.e. replace ¢(z) by ¢(x) =
¢(rz) and F(x,¢(z)) by F(x,¢(z)) :=rF(rx,r¢(rx)). Note that

F(z,y) <Y _Cla™y"| and ¢(z) <Y C'a"].

m,n

18Sometimes we shall shorten ”real analytic” to "analytic”. We do not discuss complex
analyticity here.

9Recall that ”deriving under the >~ sign” is allowed due to uniform convergence of the
series on each [—p, p| for 0 < p < r. For higher derivatives one needs to note that for any
e > 0 we have nr=" < C.(r — &)™, so D1 F(x,y) is another real analytic function at 0.
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This gives a hint that one should be able to rather work with the functions

G(z,y) := Z Cx™y" and ¢(z) := ZC”Q&”.
m,n=0 n=1

They are real analytic and easy to handle as they can be explicitly computed.
The idea is now to compare the functions F' and ¢ with G and v, respectively,
and use analyticity of the composition G(x,(z)) to conclude the claim.
Observe that ¢(0) = 0 and

1 1 1
G(z,y) :Cl—xm’ U(z)=C <1 — —1>-
The composition
1 1
11—z

is a rational function without a pole at 0 and is thus real analytic around 0.
Write f(z) := F(z,¢(x)) and g(x) := G(z,¢(z)). To deduce analyticity of
f at 0 it suffices to show that for each z € [~1/2,1/2] and all n € N

D" f(x)| < D"g(x).

If this is true, then real analyticity of g around 0 implies real analyticity of
f around zero.

We show the required bound for z = 0, the general case is left to the reader.
Since F(z,y) equals its Taylor series around (0, 0), we have

|D* D F(0,0)| = |apm|ailas! < Caylasg! = DM D*G(0,0).

Note that D® D*G(0,0) > 0. Similarly one sees that |¢(%)(0)| < () (0)
and %) (0) > 0. We use and estimate

ID"FO)] < Y Cayrny |DFD52F(0,0) [ [(6172(0)) 7
A1,y Y >0 7=1
< Y G DM D52G(0,0)) [T (0))
A yeeny Yn 7=1
= D"g(0)

20We keep the notation D" f although f is now a one-dimensional function, so that we
remember that it equals D" [F(z, ¢(z))].
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To deduce the last line it was crucial that all the quantities are non-negative,
so that it was allowed to omit the absolute values. This is the required esti-
mate at x = 0. ]

Now we return to the initial value problem

¢'(x) = F(z, ¢(x))
¢(0) =0

for F analytic around (0,0). We are set to construct a local analytic solution
to this problem. Inductively define the sequence ¢,, by

¢ =0

Sni1:= > Coy..rnCDF' D2 F(0,0) [ [ (65,)7 (30)

and the IVP

This last IVP can easily be solved explicitly. If we write y := y(x) := ¢(x),
then we can rewrite the ODE as

— (31)

Observe the simple form of this equation: the variables x and y on the right
hand-side ”split”. We can solve this ODE by the so-called separation of
variables. Multiplying the equation by (1 — y) yields

y(-y)=C

11—z
The left hand-side of the last display equals —3((1 — y)? — 1)’. Integrating

in x and using y(0) = 0 we obtain for x near 0

(1= ) 1) = ~Clog(1 - z)

2
e Yx)=y=1-+/1-2Clog(l — z).
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Note that all the derivatives of ¢ at 0 are positive, which can be seen by
induction using . Inductively we also see that for each n € N

|| < 0™(0).

The function v is real analytic around zero. Therefore, the series

=1
n=0

converges in a positive radius around zero. By construction,

1) =Y idwna” = 3 LD f(0)" = F(r,o(x)).
n=0 n=0

The last equality follows by our claim as f(x) = F(z,¢(zx)) is real analytic.
Thus, ¢ is a solution to the IVP.

We summarize this discussion in the following theorem, which is a special
case of a more general theorem by Cauchy and Kovalevskaja.

Theorem 8.7 (Cauchy-Kovalevskaya). Let F' : [—a,a] x R? — R? be real
analytic around (0,0). Then there ezists € > 0 and a unique real analytic
function ¢ : [—¢,e] — R with

Do(x) = F(z, ¢(x))
5(0) = (0,.....0) ()
for all © € [—¢,¢].

Existence for d = 1 has just been shown. The IVP (32)) uniquely determines
derivatives of all orders at 0 of the solution and hence the Taylor series of
the solution. This implies uniqueness.

We briefly comment on the case d > 1. Analiticity in R%*! is defined analo-
gously as in R%. In , the products need to be replaced by matrix products.
Instead of [31] one now considers the system of differential equations

1 1 1

/
=Gz, y1,...,yq) =C ; (0)=0
y; = Gi(z,y1,- -, Ya) TR kLR y;(0)
for j = 1,...,d. Since the system is completely symmetric with respect to
Y1, - - -, Y4, we make the following ansatz for the solution
Yi=Y2=""=Ya="Y.
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This reduces the system to only one equation

1 1

1 —xl——yd’ ?J(O) =0,

/

y =C

which can again be solved by a separation of variables. Its solution is

y=1— "/1—-Clog(l — ).

The rest of the proof proceeds analogously as in the case d = 1.

End of lecture 24. July 16, 2015
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