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Chapter 1

Sets and numbers

1.1 Basic set theory

In this course, we aim for a rigorous formal description of all mathematical notions that we will
study. However, as a very first step, we need to let one notion fall from the sky, namely the
notion of a set.

A set is a well-defined collection of distinct objects of our perception or of our thought. These objects are
called elements of the set.!

Well-defined means: for each object it can be uniquely determined whether it belongs to the set
or not.
Distinct means: every element occurs only once in the set.

We write x € M if x is an element of the set M and x ¢ M if x is not an element of M. A set can
be written as {. .. }, where the dots are replaced by a listing or a description of its elements.

Example 1.1. (1) {1,2,3} is a set with three elements.
(2) N = {1,2,3,4,...}, the set of natural numbers.?
) Z2={0,1,-1,2,-2,3,-3,... }, the set of integers.

(4) 2Z ={0,2,-2,4,—4,6,—6,... }, the set of even integers.
The notation ":=" means that the object on the left of the symbol is defined as the object on the
right of the symbol.

All sets in the previous example are defined using a roster notation (or enumeration notation),
i.e. by simply listing their elements.

Sets can also be described using propositional notation. If A(x) is a logical proposition making a
statement about some object x that can be uniquely verified as true or false, then we let

{x[A(x)}

I This description goes back to Georg Cantor (1845-1918), one of the founders of set theory who was a professor at
the University of Halle (which is only 35 km from Leipzig).

2Please be aware that there are two different conventions in use: in this lecture it holds that N = {1,2,3,...}, while
other books or lecture notes consider {0,1,2,3, ... } as the set of natural numbers.




denote the set of all objects x for which A(x) is true. If we consider only objects that lie in a
given set M we can also write
{xeM[A(x)}

to determine a set.
Example 1.2. (1) M} ={xe€ Z|x>5} ={6,7,8,... }.
(2 My={x€Z|3xeZ}=22Z.

(3) M3 = {x € Z | 3x = 2} = &. Here, @ denotes the set which does not contain any element.
This set is called the empty set.

Definition 1.3. Let M and N be sets.
a) MUN :={x | x € Morx € N} is the union of M and N.

b) MNN := {x|x € Mand x € N} is the intersection of M and N. M and N are called disjoint
it MNN = @.

¢) MNN:={x|x € Mand x ¢ N} is the difference of M and N.
Example 1.4. If
M = {1, tree, 17, Leipzig}, N = {1,2,tree,27, Dresden},
then
MUN = {1,2,tree, 17,27, Leipzig, Dresden},

MNN = {1, tree},
M~ N = {17, Leipzig}.

We can generalize the notions of intersection and union to arbitrarily many sets instead of just
two. Before we do so, we introduce some notation that we will make heavy use of in the fol-
lowing chapters.

Definition 1.5. Let M be a set and A(x) be a logical proposition making a statement about
x € M.

a) We write
VxeM: A(x) or A(x)VxeM

to express that A(x) is fulfilled for all x € M.

b) We write
dxeM: A(x)

to express that there exists an x € M for which A(x) is true.
c) If A and B are logical propositions, then we write

A= B

and say that A implies B if whenever A is true it follows that B is true. (This does not say
anything about A being true or false, it just means that if A is true, then B will be true as well.



d) We say that the logical propositions A and B are equivalent and write
A< B

if A= Band B = A, i.e. in the case that A is true if and only if B is true. (Again, this does
not make any claim about the statements being true or false, it is just a relation between both
statements).

e) We write A for the term "and" between two logical statements.
f) We write V for the term "or" between two logical statements.

Example 1.6.
Anna lives in Leipzig =  Anna lives in Germany

(xe MVxeN) & xeMUN

Definition 1.7. Let I be a set and let (M;);c; be a family of sets, i.e. for each i € I there is a given
set M;. The union of (M;);c1 is given by

UMi:={x|3Jiel: xeMs}.
iel

The intersection of (M;);c; is given by

(\Mi:={x|Viel: xe My}.

iel
Example 1.8. Let | = N and let A, := {1,2,...,n} for each n € N. Then

U A4=N and N An={1}.
nelN nelN

We continue by formalizing the notion of a subset of a set and study some related terminology.
Definition 1.9. Let M and N be sets.

a) M is called a subset of N, denoted by M C N, if every element of M is also an element of N.
We also write N D M if and only if M C N.

b) M and N are called equal, denoted by M = N,if M C Nand N C M.
c) If M C N, then we denote M := N \ M and call it the complement of M in N.

d) The set
P(M)={A| AcC M},

i.e. the set of all subsets of M, is called the power set of M.

Remark 1.10. If one wants to prove that two sets M and N are equal, but can not find a direct
reformulation of M as N, it is often recommended to follow the definition and prove the two
statements M C N and M D N individually. We will see examples for this method later on.

3In many books, the symbol C is used instead of C to indicate a subset.



Example 1.11. If M = {1,2,3} then
P(M) = {{1,2,3},{1,2},{1,3},{2,3}, {1}, {2}, {3}, &}.
For A = {1,2} itholds that A C M, but A # M. Moreover, A° = {3}.

The following theorem collects several basic facts about unions, intersections and complements.
We will only prove a small part of it and the reader is encouraged to try to work out proofs of
the remaining parts in a similar way.

Theorem 1.12. Let My, My and Ms be sets. Then:
a) (Commutativity) M; U My = My U My and My N My = My N M;.
b) (Associativity)
MyU(MUM;) = (MyUM)UMs and M N (MpaNMs) = (M N M) N Ms.

c) (Distributivity)
(1) MyU(M;NM;)=(M;UM;)N (Ml U M;3),
(2) MinN (Mz U Mg) = (Ml N Mz) U (Ml N M3).
d) (De Morgan’s laws) If My C M3 and My C M3, then
Mi @) ME = (Ml N Mz)c and Mi N Mg = (Ml U Mz)c.
Proof of part ¢).(1). We will follow the advice from Remark 1.10 and prove the two inclusions
individually.

!
"C": We want to show that My U (Mp N M3) C (M U M) N (My U M3).
If x € M U (M N Mj), then x € Mj or x € My N Mj3. In the case that x € My, we obtain:

XEM; = xe MUMAx € M{UM3 < x € (M;UM;)N (MU M;z)

by definition of the intersection.
In the case that x € M, N M3, we derive:

XEMAXxEM; =x€EMUMAxEMUM; < x e (M UM)N(M;NMs).

Combining both cases, we have shown the claim.

|
">": We want to show that (M; U M) N (M1 U M3) C My U (M N Mz).
If x € (MyUM;)N (M; UM;3), then x € M; UM, and x € M; U M3. In the case that x € M,
it follows that x € M; U (Ma N M3). If x ¢ My, it follows that x € M, and x € Mj3, hence
x € Mp N M3, which implies x € M; U (M, N M3). Combining both cases shows the claim. [

Definition 1.13. Let M and N be sets. The Cartesian product of M and N is the set
MxN={(x,y)|x € Mandy € N}.

More generally, if My, My, ..., M, are sets, where n € N, the Cartesian product of My, M, ..., M,
is defined as

n
[IMii=My x My x -+ x My = {(x1,%2,...,%n) | x; € M; Vi€ {1,2,...,n}}.
i=1



Example 1.14. (1) If M = {1,2}, N = {0,1}, then M x N = {(1,0),(2,0),(1,1),(2,1)}.
(2) Assume that the real numbers R have already been constructed. Then
R>=R xR ={(x,y) | x,y € R}
is geometrically interpreted as the Euclidean plane, while
R}*=RxRxR={(x,y,2) | x,y,z € R}.
is seen as three-dimensional Euclidean space, e.g. in classical mechanics.

Definition 1.15. Let X and Y be sets.

a) Amap f : X — Y associates with every element of X a unique element of Y. The element
associated with x € X by f is denoted by f(x) € Y. If Y is a set of numbers, f is also called a
function.

b) X is called the domain of f and Y is called the codomain or set of destination of f.
c) Twomaps f,g : X — Y are called equal if
f(x) = g(x) Vx € X.
d) For A C Xtheset f(A):={yeY|3Ixe A: f(x) =y} is called the image of A under f. For
B C Ytheset f~1(B) := {x € X| f(x) € B} is called the preimage of B under f.

Example 1.16. The following are examples of maps:

f:R—=TR, f(x)=2x?

g:lR2—>]R, g(x,y) = /22 +y?,

h : {students at the University of Leipzig} — R, h(x) := the height of person x.

The following theorem summarizes the behaviour of images and preimages under taking unions
intersections of sets. Again, we will only prove one part of it and encourage the reader to try to
prove the rest on their own.

Theorem 1.17. Let X and Y be sets and f : X — Y be a map.
a) Forall Ay, Ay C X it holds that
(i) f(A] U A2) = f(Al) Uf(Az),
(ii) f(A1NAz) C f(A1) N f(A),
(iii) A1 C f71(f(A1)).
b) Forall By, By, C Y it holds that
(i) f71(B1UBy) = f1(B1)Uf ! (By),
(ii) f~1(B1NBp) = f~1(B1) N f!(B).



Proof of part a).(i). Here, we can prove the equation directly by reformulations the set according
to the definition.

f(AJUAy) ={yeY|Ixe AjUA: f(x) =y}
={yeY|(@xecA: f(x)=y) vV (Ixe Az: f(x) =y)}
={yeY|IxeA: f(x)=y}U{yeY|IxeA: f(x) =y}
= f(A1) U f(Az).

Definition 1.18. Let X, Y and Zbesetsand f : X — Y and g : Y — Z be maps. The map

gof:X—=2,  (gof)(x):=g(f(x)),

is called the composition of g and f.

Example 1.19. Let f : R = R, f(x) = x>+ x,and g : R — R, g(x) = x2. Thengo f : R — Ris
given by
(g0 N)(x) =g(f(x)) = (f(x))? = (¢ +x)? = x* + 227 + 22,

The notions in the following definition are essential terms for the study of maps and will occur
at various points throughout this course.

Definition 1.20. Let X and Y be sets and let f : X — Y be a map.

a) f is injective if for all x,y € X with x # y it holds that f(x) # f(y), i.e. if no two distinct
elements of X are mapped to the same element of Y.

b) f is surjective if for each y € Y there exists an x € X with f(x) =y, ie. if f(X) =Y.

c) f is called bijective if it is injective and surjective, i.e. if for each y € Y there exists a unique
x € X with f(x) =y.

Example 1.21. (1) f : N — N, f(n) = n+ 1, is injective since f(m) = f(n) is fulfilled if and
only if m = n. However, f is not surjective since there isno n € N with f(n) = 1.

(2) g :IN - N, givenby g(n) = n—1if n > 1 and g(1) = 1 is surjective, since for each
n € IN it holds that g(n 4+ 1) = n, hence g(IN) = IN. However, g is not injective since

f(1)=f(2) =1,butl # 2.
(3) h:{1,2,3} — {a,b,c}, givenby h(1) = a, h(2) = band h(3) = ¢, is bijective.

If amap f : X — Y is bijective, it puts the elements of X and those of Y in a one-to-one
relationship. Thus, instead of associating an element of Y with each element of X, we might just
as well do it the other way around. This is formalized in the following theorem.

Theorem 1.22. Let X and Y be sets and let f : X — Y be a bijective map. Then there exists a unique
map § 1 Y — X, such that

(gof)(x)=xVxeX and (fog)ly) =y Yy Y.



Proof. Uniqueness: Assume g1, g2 : Y — X are maps with (g1 0 f)(x) = (20 f)(x) forall x € X.
Let y € Y be arbitrary. Since f is surjective, there exists an x € X with f(x) = y. Consequently,

s1(y) = g1(f(x)) = g2(f(x)) = g2(y) YyeY,

which means g1 = 7.

Existence: Lety € Y be arbitrary. Since f is bijective, there exists a unique x with f(x) =y, so
we can put g(y) := x. One checks that (go f)(x) = xand (f 0 g)(y) = y. Defining g(y) for each
y € Y in this way, we obtain a well-defined map with the desired properties. O

Remark 1.23. In the situation of Theorem 1.22 we put f~! := ¢ and call it the inverse map of f.

1.2 Groups and fields

Our next main aim is the construction of the real numbers which we have already encountered
in high school. On the real numbers we have two basic operations on which all constructions
involving them are based: addition and multiplication. (Subtraction is nothing but addition
with negative numbers, while division is nothing but multiplication with reciprocals.)

In this section, we want to formalize these operations by introducing the notion of a field, which
is roughly described as a set with an addition and a multiplication, which behave "reasonably"
as we would intuitively expect them to behave from our experience with real numbers.

Before we study fields, we discuss the notion of a group which can be seen as the most ele-
mentary notion of a set which possesses a "reasonable" algebraic operation. Groups appear in
physics whenever one studies physical systems with symmetries, e.g. a spinning top which is
symmetrically shaped with respect to rotations.

Definition 1.24. A group is a pair (G, ), where Gisasetand - : G X G — G is a map with the
following properties:

(G1) (Associativity) For all g1,82,83 € G it holds that
(81-82)-83 =81 (82-83)-
(G2) (Existence of a neutral element) There exists an element e € G, such that
ge=e-g=¢ Vgei.
e is called a neutral element or identity element of G.

(G3) (Existence of inverse elements) For every g € G there exists an element g~! € G, such that

¢~ is called the inverse element of g.

A group (G, -) is called abelian or commutative if
g-h=h-g Vg heG.

The map - is called the group operation. If it is obvious which group operation we are referring
to, then we simply write G instead of (G, -).

10



Example 1.25. (Z,+) is an abelian group, where + is the usual addition. The neutral element
is given e = 0 while the inverse element of n € Z is given by —n.

Remark 1.26. We can derive some properties of a group (G, -) directly from its defining axioms:

(1) The neutral element of G is unique: If e,¢’ € G are both neutral elements, then

—

i) , (i)
e=e-e =¢,

where (i) follows from the neutrality of ¢/ and (ii) follows from the neutrality of e.

(2) For each g € G there exists a unique inverse element: If 1, i/ € G are inverse elements of g,
then

where (x) holds since & is an inverse element of ¢ and (%) holds since /' is an inverse

element of g.

h/(

Theorem 1.27. Let (G, -) be a group.
a) Foreach x € G it holds that (x 1)1 = x.
b) Forall x,y € G it holds that (x-y) ™' =y~ 1.x7 L

Proof. a) By definition of inverse elements, it holds that x~! - (x 1)~ = (x~1)~1.x~! = 1. But
since x~! is the inverse element of x, it holds that x™1 - x = x - x~! = 1, so it follows from
Remark 1.26.(2) that x = (x~1)~L.

b) We compute that

— _1, (G1) _ _1 (G1) _ —
(xy) () = ((ey) ™) T E (e ey )
=(x-e)-x7! @y =
Analogously, one shows that (y~!-x~1) - (x - y) = ¢, so it follows from Remark 1.26.(2) that
(xy)t=y ol
O

Theorem 1.28. Let (G, -) be a group and a,b € G. Then the equation a - x = b has the unique solution
x=al-b

Proof. Obviously, a~1.bis indeed a solution of a-x = b. By (G3), a has an inverse element
a~! € G. If we multiply both sided of the equation b = a - x by a~!, we obtain

alb=a' (a-x) G (a_l-a)-x(g)e-x(czz)x.

O

As motivated in the beginning of this section, we next want to study sets with two algebraic
operations that are in some sense "compatible" with each other, namely we want a law of dis-
tributivity to hold.

11



Definition 1.29. A field is a triple (K, +, -), where K is a set and

+:KxK—=K,
1 KxK—=K,
are maps satisfying the following properties:
(K1) (K, +) is an abelian group,

(K2) (K*,-) is an abelian group, where K* = K~ {0} and 0 denotes the neutral element of
(K, +).

(K3) (distributivity) For all a,b,c € K it holds that

a-(b+c)=a-b+a-c

(b+c)-a=b-a+c-a.
We simply write K instead of (K, +,-) if it is clear which operations we are referring to. We
always denote the neutral element of + by 0 and the neutral element of - by 1 and call + the
addition and - the multiplication of K. The inverse element of x € K with respect to addition will
be denoted by —x and we put

x—y:=x+(-y) VYx,yeKk.

We will further write xy := x -y for x,y € K and 5 =x-y lify € K*.
Example 1.30. LetQ := {s | p € Z, q € N} be the set of rational numbers, equipped with the

usual rule for reduction and expansion of fractions, such that % = g foralla € Z ~ {0}. We
define an addition and a multiplication on Q by

Then—s = % and (%)_1 = % if p #0.

Remark 1.31. (1) Note that, since (K, +) is an abelian group, it particularly follows from Theo-
rem 1.27 that
—(—x)=x and —(x+y)=-x—-y Vxyek

and from Theorem 1.28 that the equation
a+x=b
has the unique solution x = b —aforalla,b € K.

(2) Let x2 := x - x for every x € K. Using axiom (K3) one further observes that the following
rules, called "binomische Formeln" in German high schools, hold for all 2, b € K:

(a+b)* = a® +2ab + b?,
(a —b)? = a® —2ab+ 1?7,
(a4b)(a—b) =a> -1

12



We can derive some elementary properties of fields straight from their definition.
Theorem 1.32. Let (K, +, ) be a field. For all x € K it holds that x - 0 = 0.

Proof. Let x € K. Since 0 is the neutral element of +, it holds that

x-0=x-(0+0) ®r.0+x-0
Adding —(x - 0) to both sides of the equation yields
0=(x-04+x-0)+(—=x-0)=x-0+(x-0+(—x-0)) =x-0,
what we wanted to show. O
Theorem 1.33. If (K, +, -) is a field and a, b € K, then the following equations hold:
a) (—a)-b=—(a-b).
b) (—a)-(=b)=ua-b.
Proof. This is exercise 3 on Sheet 1. O
Theorem 1.34. Let K be a field and a,b € K. Ifa-b =0, thena =0or b = 0.

Proof. Leta,b € Kwitha-b = 0and assume that a # 0, such that a~! € K is well-defined. Then
by Theorem 1.32,

0=a'l0=a'(a-b)=(@"'a)-b=0.
O
There is one more crucial property of the real numbers that we want to formalize in this sec-
tion. Geometrically, the real numbers are imagined as an infinite line that has a direction with
numbers getting bigger and bigger if one follows this direction. To put it differently, the real
numbers are ordered. Given two real numbers x,y € R one can always tell whether x < y holds

or not. This notion of ordering can be defined in abstract terms for fields as well. We start with
a set-theoretic notion of "comparing" elements of sets with each other.

Definition 1.35. Let M be a set.

a) A binary relation on M is a subset R C M x M. For a binary relation R we write xRy if
(x,y) €R.

b) Let M be a set. A total order on M is a binary relation < on M with the following properties:

(i) x < xforevery x € M. (reflexivity)

(ii) If x,y € M satisfy x < yandy < x, then x = y. (antisymmetry)
(iii) If x,y,z € M satisty x <y and y < z, then x < z. (transitivity)
(iv) Forall x,y € Mitholds that x <yory < x. (totality)

Considering fields, we want our order to behave well with respect to addition and multiplica-
tion.

Definition 1.36. a) A field (K, +, -) is called ordered if it admits a total order < with the follow-
ing properties:

13



(O1) If x,y € Kwith x <y, then
x+z<y+z VzeKk

(02) If x,y,z € Ksatisty x <y and 0 < z, then xz < yz.
b) If (K, +, ) is an ordered field, then x € K is called

o non-negative if 0 < x,
e positive if 0 < x and x # 0,
o non-positive if x < 0,
o negative if x < 0and x # 0.

For x,y € K we further write

e x <yifandonlyif x <yand x #y,
e x >yifandonlyify <x,
e x >yifand onlyify < x.

Example 1.37. (Q, +, ) is indeed an ordered field with respect to the usual relation <, i.e. that
» < gifand only if ad < bc holds in Z.

In the following we will denote

n.__ —n .__ —1\n _ .—1 -1 -1
i=xexe0x, =) =,
n times n times
nx=x+x+...+x, —nx=n(—x)=—-x—x—...— X,
~————— ~———
n times n times

foralln € N and x € K. We further put 0 := 1.

The following theorem collects important inequalities for ordered fields that can be immediately
derived from their defining axioms and our previous results about fields. Therefore, we omit
its proof. While these properties might look confusing upon first glance, they actually ensure
that many of the computational rules for real numbers that we have in mind from high school
actually hold true in general ordered fields.

Theorem 1.38. Let K be an ordered field.
a) Foralla,b,c € Kwitha < b it holds that a + ¢ < b+ c. If additionally ¢ > 0, thena-c < b - c.
b) Ifa,b,c € Ksatisfya <bandb < c, thena < c.
¢) Foralla,b,c,d € Kwitha < band ¢ < d it holds that

a+c<b+d

If additionally ¢ < d, thena +c < b+d.
d) Ifa € Kwitha > 0,then —a < 0. Ifa > 0, then —a < 0.
e) Foralla,b,c € Kwitha < bandc <0, it holds that
ac > be.

If additionally a < band c < 0, then ac > bc.

14



f) Forall a € K it holds that a*> > 0. If a # 0, then a®> > 0.

¢) Ifa € K satisfiesa > 0, thena=! > 0.

h) Ifa,b € Ksatisfya < b, then al>pL Ifa < b, then al>p1

The notion of absolute value of a real number can now be transferred to arbitrary ordered fields.
Definition 1.39. Let K be an ordered field and let x € K. The absolute value of x is given by

X ifx>0,
|x| == .
x ifx<O.

Theorem 1.40. Let K be an ordered field. For all x,y € K the following properties hold:
a) |x| >0.

b) |x| =0ifand only if x = 0.

O [x-yl = |x| -yl

d) (triangle inequality) |x +y| < |x| + |y|.

Proof. a) If x > 0, the claim is obvious. If x < 0, then —x > 0 by Theorem 1.38.d). Hence
|x] = —x > 0.

b) Since trivially 0 > 0, it holds by definition that |0] = 0. Conversely, if x € K satisfies |x| = 0,
then by definition of the absolute value, it needs to hold that x > 0 such that x = |x| = 0.

¢) If x = 0ory = 0, the statement follows from Theorem 1.32.
If x > 0and y > 0, the statement is obvious.
If x >0and y <0, then x - y < 0 by Theorem 1.38.e), hence

lx-yl=—x-y=x-(-y) =[x|lyl,

where we used Theorem 1.33.a). The case x < 0 and y > 0 follows analogously.
If x <0and y < 0, then xy > 0 by Theorem 1.38.e). Using Theorem 1.33.b) we obtain

eyl =xy=(=x) (~y) = |x[ -yl
which completes the proof.

d) By definition of | - |, it holds for every a € K thata < |a| and —a < |a|. Using Theorem 1.38.c)
it follows that

x+y < |x[+yl,
—(x+ty)=—x—y <|x[+]y|

Since |x +y| € {x+vy, —(x +y)}, we derive that |x + y| < |x| + |y].
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We want the real numbers to fulfill the axioms of an ordered field. However, the real numbers
are not the only ordered field that suffice these axioms as the following example shows.

It turns out that we need an additional axiom to determine the real numbers that we will in-
troduce in the next section. So far, we observe that the rational numbers are "lacking" some
numbers in the following sense: since Q is an ordered field, it holds by Theorem 1.38.d) that
x2 > 0 for every x € Q. However, there are numbers a € Q with a > 0, such that x2 = aisnot
fulfilled for any x € Q. For example, one can show that x> = 2 does not have any solution in Q.
We will see that this problem does not occur anymore if we demand our ordered field to satisfy
one additional condition.

1.3 Real numbers

To make the "flaws" of Q more precise, we will introduce bounded subsets of ordered fields and
formalize the property that we want the real numbers to have in order to ensure the existence of
solutions of certain equations. This property allows us to uniquely determine the real numbers
as an ordered field satisfying an additional axiom.

Definition 1.41. Let K be an ordered field and A C K be a subset.

a) A is called bounded from above if there exists ¢ € K, such thata < c foralla € A. cis then
called an upper bound of A.

b) A is called bounded from below if there exists b € K, such thata > b foralla € A. b is then
called a lower bound of A.

c) s € Kis called the smallest upper bound of A if s is an upper bound of A and if every other
upper bound ¢ of A satisfies s < c.

d) i € Kis called the biggest lower bound of A if i is a lower bound of A and if every other lower
bound b of A satisfies b < i.

Remark 1.42. An equivalent way of describing smallest upper bounds and biggest lower bounds
in ordered fields is the following.

(1) s* is the smallest upper bound of A if and only if s* is an upper bound of A and

Vs < s*Jdx € A with x > s.

(2) i* is the biggest lower bound of A if and only if i* is a lower bound of A and

Vi>i*3dx € A with x < 1.

The existence of smallest upper and biggest lower bounds is in general not guaranteed. For
example, in the ordered field K = Q it can be shown that the set

{xeQ|x*<2}
has no smallest upper bound, although it is bounded from above.

Definition 1.43. An ordered field K is complete if every subset of A that is bounded from above
possesses a smallest upper bound.
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This assumption turns out to be the missing piece for our definition of real numbers.

Theorem/Definition 1.44. Up to "equivalence”*, there exists a unique complete ordered field. We call
this field the real numbers and denote it by R.

We will omit the proof of this result and proceed by further studying the real numbers.
Theorem 1.45. Every A C IR that is bounded from below possesses a biggest lower bound.

Proof. Put —A := {—x e R|x € A}. If b € Ris alower bound of A,ie. b < xforallx € A,
then it follows from Theorem 1.38.e) that

—x < -b Vx € A.

Hence, —A is bounded from above by —b and by construction of R, —A has a smallest upper
bound s € R. Then —x < s for all x € A, such that

x> —s Vx € A,

i.e. —sis alower bound of A. Suppose there was an a € R with a > —s which is a lower bound
of A. Then x > a for all x € A, which implies —x < —a forall x € A, i.e. —ais an upper bound
of —A. Since a > —s, it further holds that —a < s. #°

This is a contradiction, since s is the smallest upper bound of —A, see Remark 1.42.a). O

Definition 1.46. Let A C R.

a) If A is bounded from above, we let sup A denote the smallest upper bound of A and call it
the supremum of A. If A is not bounded from above, we put sup A := +oo.

b) If A is bounded from above and s := sup A satisfies s € A, then s is called the maximum of A
and denoted by max A.

c) If A is bounded from below, we let inf A denote the biggest lower bound of A and call it the
infimum of A. If A is not bounded from below, we put inf A := —oco.

d) If A is bounded from below and i := inf A satisfies i € A, then i is called the minimum of A
and denoted by min A.

Example 1.47. Let I := {x € R |0 < x < 2}. Then every C > 2 is an upper bound of I while
every ¢ < 0is a lower bound of I. Since 0 is a lower bound of I and since 0 € I, it follows that
inf I = min I = 0. On the other hand, 2 is an upper bound of I and one can show (see Theorem
1.56 below) that for every C € R with C < 2 there exists an x € [ with C < x < 2,sono such C
can be an upper bound of I. Thus, sup I = 2. Since 2 ¢ I, the set I possesses no maximum.

An important consequence of the completeness of R is the following theorem, which could be
proven with a lot of effort directly from our construction, but which we will prove later in this
course by a simpler argument.

Theorem 1.48. Let a € R with a > 0and let n € IN. There exists a unique x € R with x > 0, such
that x" = a.

“For the curious reader: The mathematically correct notion would be up to an isomorphism of fields.
5A lightning symbol is often used in mathematical proofs to mark a contradiction.
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Definition 1.49. Leta € R with a > 0 and let n € IN. The unique solution of x"* = a with x > 0

is called the n-th root of a and denoted by {/a or ai. We also put v/a := ¥/a and call it the square
root of a. Additionally, for each g € Q we define

ag = (a%)p = ({1/;1)17 )
The sets of numbers IN, Z and Q, that we have informally introduced before, can now be re-

defined as subsets of IR.

Definition 1.50. a) We recall that 1 € R denotes the neutral element of multiplication in R. A
subset M C R is called inductive if

i 1eM,
(ii) If x € R satisfies x € M, thenx +1 € M.

b) We define the natural numbers N C R by
N := {x € R | x € M for all inductive subsets M C R}.

One checks without difficulties that IN is itself inductive.

Remark 1.51. One checks from the definition that IN is given by
N={11+1,(14+1)+1(1+1)+1)+1,...} ={1,2,3,4,... }.
Theorem 1.52. IN is not bounded from above.

Proof. Suppose IN was bounded from above and put s := supIN < 4o0. Since s is the lowest
upper bound of IN, the number s — 1 € R is not an upper bound for IN. Hence, there exists
n € N with s — 1 < n, which implies s < n 4 1 by Theorem 1.38.c). But since N is inductive, it
holds that n 4+ 1 € IN, which contradicts the fact that s is an upper bound for IN. Thus, IN is not
bounded from above. O

Corollary 1.53. For every e > O there exists an n € IN with % <e

Proof. Since N is not bounded from above, there exists an n € IN with n > % By Theorem

1.38.h) this yields the claim. O

Now that we have formally defined IN, the formal definitions of Z and Q are very straightfor-
ward.

Definition 1.54. a) The integers are as a subset of R defined by
Z:=NU{0}U{xeR| —x e N}.
We further let Ny := IN U {0} denote the set of non-negative integers.
b) The rational numbers are as a subset of R defined by
Q:={p-qg'eR|pecZ gcN}.

Clearly, Z C Q.
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We conclude this section by studying the behaviour of the rational numbers inside the real
numbers.

Definition 1.55. Given x € R we let | x| denote the biggest integer which is not bigger than x,
ie.
x| =sup{n e Z|n<«x}.

Obviously, [x| < x. (Some authors denote | x| by [x] instead.)
Theorem 1.56. Let x,y € R with x < y. Then there exists q € Q, such that x < g < y.
Proof. If [x] +1 < y, thenputq := [x]| +1 > x.
Assume now that x < y < |x] + 1. By Corollary 1.53, there is an n € IN, such that

1

— —X. 1.1

S <y—x (1.1)
Letmg :=sup{k € Z | |x] + ¥ <x} +1and putm :=my+1and q:= [x] + ™ € Q. Then, by
definition of m, it holds that x < g. We further compute that

(1D

1 1
qz[xJ%—%zM%—?%—ngjLE <y

Hence, g has the desired properties. O

1.4 Mathematical induction

This section’s aim is to introduce a new proof technique, the so-called mathematical induction.
So far, we have seen direct proofs and proofs by contradiction, now we will add a third method,
the so-called proof by induction. This method is used to prove statements that depend on some
parameter 1, where n € IN might be arbitrary. The following theorem lays the foundation for
this technique.

Theorem 1.57 (The induction principle). Let M C IN be a subset with the following properties:
(i) 1e M,
(ii) Foreachn € IN withn € M it holds that n +1 € M.

Then M = IN.

Proof. It follows from properties (i) and (ii) that M is an inductive set. Since IN is by definition
contained in every inductive subset of IR, it follows that IN C M. Since the other inclusion holds
by assumption, it follows that M = IN. O

The reader might wonder about the relevance of the induction principle for our considerations.
Its key consequence is the following corollary.

Corollary 1.58. Let A(n) be a logical proposition making a statement about n € IN. If the following
properties hold:

(i) A(1) is true,

(ii) if A(n) is true for some n € IN, then A(n + 1) is true,
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then A(n) is true for every n € IN.

Proof. This follows from applying the induction principle to the set M = {n € IN | A(n) is true}.
O

Corollary 1.58 provides us with a powerful method to prove the validity of a statement, e.g.
an equation, about natural numbers. If A(n) is such a statement, we need to go through the
following steps:

e Prove the claim explicitly for n = 1. This step is called the base case.

e Assume that A(n) is true for an arbirtrary n € IN. This assumption is called the induction
hypothesis.

e Prove that, under the induction hypothesis, i.e. assumption that A(n) is true, it follows
that A(n + 1) is true as well. This step is called the induction step.

By Corollary 1.58, it follows from these steps that A(n) is true for all n € IN.

In the remainder of this section, we will discuss several important results which are proven
by mathematical induction. We start by summarizing some elementary properties of IN as we
defined it in the previous section and will only prove a part of it. The reader is encouraged to
fill in proofs of the remaining parts of the theorem.

Theorem 1.59. Let m,n € IN. Then:
a) m+neN,

b) m-ne€N.

c)n>1.

d) ifm <mn, thenn —m € N.

Proof of part a) by induction. We consider m € IN as fixed and will prove the result by induction
over 1.

Base case: n =1
Since m € IN and IN is an inductive set, it holds thatm +1 € N. v

Induction step: Assume that m +n € IN for some given n € IN. From the associativity of
addition in IR, we derive:
m+m+1)=(m+n)+1.

Since m +n € N by our induction hypothesis and since N is inductive, it follows that (m +
n)+1 € IN, which shows that m + (1 4+ 1) € IN and thereby concludes the induction step.
Thus, we have shown that m +#n € IN for all n € IN. O

Before we prove three very important results, we first introduce some additional shorthand
notation.

Definition 1.60. a) Let K be a field and a4, ...,a, € K. We define

n
Y ai:=a+ay+---+a, €K
i=1

20



b) For each n € IN we define n! (spoken: "n factorial") as
nl:=n-n—-1)-n—-2)-...-2-1.
We further put 0! := 1.

Example 1.61. If we want to sum up all odd numbers up to 2n — 1 for some n € IN, this can be

written as
n+1

1434547494 +(2n=3)+2n—-1)= ) (2i—1).

i=1
The following result was allegedly proven by the famous mathematician Carl Friedrich Gaufs
when he was nine (!) years old and is sometimes called "the little Gauf3" because of his fact.
Since young Carl Friedrich was better in math than the rest of his class, his teacher gave him the
task of summing up all numbers from 1 to 100 to keep him busy and quiet for a while. When
young Carl Friedrich came up with the answer after a very short amount of time because he
had developed a nice formula for it, his teacher was stunned. (At least this is the way the story
goes...)

Theorem 1.62 (Gaufl). For each n € IN it holds that

1=
=
~~
=
+
—_
N~—

1+2+- 4n=

Il
—

i

Proof. We will prove the claim by induction over 7.
Base case: n =1

We compute both sides of the equation explicitly. The left-hand side is Y\ i = 1. The right-
hand side is given by

1(1+1) 2 _ 1
2 27
This shows the base case. v/
Induction step: We need to show that, under the assumption that Y} ;i = "("TH) for some
n € IN, it follows that
"“i 1 (n+1)(n+2)
i=1 2
We compute that
n+1 n 2 2
=Y it (0 n(n+1) tnq12l tn+2n+1) n*+3n+2 (n+1)(n+2),
i=1 i=1 2 2 2 2

where we have used the induction hypothesis in (x). This completes the induction step and
thus the proof. O

Theorem 1.63 (Bernoulli’s inequality). Let x € R with x > —1and n € IN. Then

(14+x)" > 1+ nx.
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Proof. We prove the claim by induction over n and consider x > —1 as fixed.

Base case: n =1
This case is obvious, since (1 +x)! =1+x=1+1-x. v

!
Induction step: We want to show that (1 + x)"*! > 1+ (n + 1)x under the assumption that
(1+x)" > 1+ nx. Since x > —1, it holds that 1 + x > 0. Thus, using ordering axiom (O2), we
compute that

(14x)" = (142)"- (1+x) (2) (14 nx)(1+x)

=1+nx+x+x?
=1+m+D)x+x2>1+nm+1)x

by ordering axiom (O2) and Theorem 1.38.f), where we have used the induction hypothesis in
(). O

The following result generalizes the formula from Remark 1.31.(2) to higher exponents.

Theorem 1.64 (Binomial theorem). Forall a,b € R and n € IN, it holds that

(a+b)" = i (Z) akp"k,

k=0

where

(:) = #'_k), vk e {0,1,...,n}.

Proof. (This proof is not given in the lecture.)
Fix numbers a,b € R.

Base case: n =1
One easily checks that ((1)) =1and (}) = 1, so we obtain

1 1 1
(a+ b)1 =a+b= <1)u1b0 + <O) O = kE_O akpl =k,
which we wanted to show. v/

Induction step: We want to show that

n+1 1
oo £ (7 e
under the assumption that (a + b)" = Y_p_ (})a*b"~* for some n € IN. We first compute:

(a+b)""'=(a+b)"(a+D)

)y (Z) a*b" k- (a +b)

—
N>

k=0
_ i (”) gHpn—k 4 f <”> akpnti-k,
i=o \k o \k
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where we used the distributivity of R and, in (%), the induction hypothesis. Now in the first of
the two sums we perform a so-called index shift, we simply add 1 to the variable k and transform
the formula and the summation bounds accordingly.

n+1 s n kyn+1—k = (M a1k
(a+0) :2<k 1>ab +2<k>ab
o k=0

k=1

(" 1,0 L v n kpntl—k o (M) kpnt1—k LAPYES|

=1, a"m bt + Z k1 a“b + Z P a“b + 0 b
k=1 o k=1

(" 41,0 L v n n kpn+1—k N\ nt1

—(n)a b +k§’1<<k—1>+<k>)ab +(O)b .

We want to carry out some computations regarding the coefficients involved. We first observe

that
n\ n! _n_!_1 n\  n! _n_!_1
n) 0-n! n 0/ nl-0f n

For the coefficients inside the sum we compute for each k € {1,2,...,n}:

(kii>+<2):(k—1ﬂmst4k—1»z+ky(stky

n! n!

SRS R 1R T R =) (k!

:(k—1ﬁin—kﬂ<n+1—k+%)'

Since
1 1 k+(n+1-k) n+1

ATl k k. (itl-Kk  (n+l-kK

this yields

(kﬁl) + (Z) k- (n—i—l—(;:)_l-_(llc);nl!)h(n—k)! - (k!-((:ill)—!k)!) - (n;{i—l)

Inserting these computations into the above computation shows that

k
(N a0, v (PN gk (PN 0
—<n+1>a b—I—k; P a“b + 0 a’b
_ "il (” + 1>akbn+lk‘
i\ k

This is what we wanted to show. O

(a+ by = gt 4 i (”+ 1>akbn+1—k 4yt
k=1

Remark 1.65. The numbers () (spoken "n choose k") are called binomial coefficients and mo-
tivated by elementary combinatorics: if one has a set with n elements and wants to choose k
different elements of this set, there are precisely (}) possibilities of doing so. For example, in
the "Lotto", the biggest German lottery system, there is a bowl containing 49 balls labelled from
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1 to 49. Each week six of this balls are randomly chosen by a machine and the participants have

to bet their money on six numbers, i.e. on a fixed subset of {1,2,...,49} containing six ele-

ments. For doing so, there are (469 ) = % = 13983816 possibilities. So the chances of winning

the jackpot are very, very, very slim...

1.5 Complex numbers

While we have seen that x” = a has a solution in R whenever a > 0, in general there might not
be a real solution of x" = a if 2 < 0. For example, there is no real solution of

X2 = —1.

For certain computations one would like to extend the field of real numbers to a bigger field K
in which x" = a has solutions for all 4 € K. It turns out that the field K = C of complex numbers
is the right extension for these purposes. In this section, we will give a first introduction to
complex numbers and their properties and will pick them up later in this lecture to study them
further.

We define an addition and a multiplication on R? by

(x1,y1) + (x2,y2) = (x1 +x2,¥1 + y2),
(x1,y1) - (x2,42) = (¥1%2 — yaya, x1y2 + x2y1)  Y(x1, 1), (x2,¥2) € R%

We consider

C:={x+iy| (x,y) € R?},
where the i is a purely formal symbol. It is clear that the map ® : C — R?, ®(x + iy) = (x,y) is
a bijection. The addition and multiplication from above can be seen as maps on C, where they
read as follows:

(x1+iy1) + (x2 +iya) = x1 +x2 +i(y1 + v2),
(x1+iy1) - (x2+iy2) = X130 — y1y2 +i(x1y2 + x2y1)  Vxqg + iy, x2 +iyp € C.
Theorem/Definition 1.66. (C,+, ) is a field, for which:
o the neutral element of +is0=0+1-0,
o the neutral element of - is1 =1+1i-0,
o —(x+iy) = —x+i(—y) forallx +iy € C,

xX—iy —_x __ ;Y
x2+y2 x2+y2 X2+y

o (x+iy) L= 5 forall x + iy € C*.

(C,+, ) is called the field of complex numbers.

Proof. One checks by direct computations (exercise!) that (C, +) and (C*, -) are abelian groups,
that the law of distirbutivity (K3) holds and that the additive inverse is of the claimed form. We
check the formula for (x + iy) ! by another direct computation:

. S . X . y
(x +iy)(x + iy) —(x+zy)(x2+y2 sz—i—yz)

2

2
— x _ Y [ — *y *Y = -0 =
TR x2+y2+l ( x2+y2+x2+y2) 1i-0=1
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Remark 1.67. (1) One checks from their definitions that the restrictions of 4+ and - to {x +i -
0| x € R} correspond to addition and multiplication in R. Thus, we can identify x € R with
x +1i-0and view R as a subset of C with the same addition and multiplication. Formally,
one says that R is a subfield of C in this situation.

(2) 1 =1+1i-0is called the real unit of C, while i = 0+ i -1 is called the imaginary unit of C.
Note that
#=0+i-1)(0+i-1)=-1+i-0=—L

Definition 1.68. Letz = x 4 iy € C.
a) Z := x — iy is the complex conjugate of z.
b) Re(z) := x is called the real part of z and Im(z) := y is called the imaginary part of z.

Remark 1.69. Geometrically, viewing C as the plane IR?, the complex conjugate of z is the re-
flection of z along the x-axis, i.e. the line R x {0} C R?.

We summarize some computational rules for complex conjugates in the following theorem,
whose proof involves only straightforward computations and is strongly recommended as an
exercise to get familiar with complex numbers.

Theorem 1.70. Let z,w € C. Then:

c) z=zifandonlyif z € R.
d) Ifz = x +iy, then zz = x> + 2.

Definition 1.71. The absolute value of a complex number z = x 4 iy € C is defined by

|z == /22 +y2 = vz

Remark 1.72. (1) Identifying C with the Euclidean plane R?, the absolute value of z corre-
sponds to the length (Euclidean norm) of z as a vector in IR?.

(2) If x € R C C, then its absolute value is v/x2 which is given by |x|, the absolute value from
Section 1.2. Thus, the "new" absolute value coincides with the "old" one on R C C.

The following result collects several properties of the absolute value of complex numbers.
Theorem 1.73. For all z,w € C, the following properties hold:

a) |z| > 0 with |z| = 0if and only if z = 0.

b) |z| = |z|.

c) |Re(z)| < |z| and |Im(z)| < |z|.

@) |zx0] = [2] - o]

e) (triangle inequality) |z +w| < |z| + |w].
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Proof. Parts a), b) and c) follow immediately from the definition. For part d), we compute using
Theorem 1.70.a) that
|zw|* = 2wz = zwzw = zZwd = |z|?|w|*.

By a), this implies |zw| = |z| - |w|.
To prove e), we first compute using Theorem 1.70 that
|z4w|? = (z4 w)(Z+ @) = 2Z + 20 + wZ + WD
= |z|* + 2 + 2@ + |w|?
= |z|* + 2Re(z@) + |w|?
< |22 + 2/z0] + w]?
= |z|? +2Jz] - [w| + [w]* = (2] + [w])*.

Taking the square root yields |z + w| < |z| + |w]. O

As the next theorem shows, there is one fundamental difference between the real and the com-
plex numbers.

Theorem 1.74. There exists no total order on C which makes it an ordered field.

Proof. Suppose that C was an ordered field with respect to a total order <. Then it partlcularly
holds thati > 0 or 0 < i. Ifi > 0, then i® > 0 as well by Theorem 1.38, but i* = i*-i = —i.
Hence, —i > 0 and thus i < 0 which is a contradiction toi > 0 and i # 0.

Ifi <0, then —i > 0and thus (—i)3 > 0. However, (—i)3 = (—1)3% = —(—i) =i < 0, which is
again a contradiction. Thus, there is no structure of an ordered field on C. O

We will investigate the complex numbers further at a later point in this lecture. So far, we
want to conclude this section by stating a famous result showing the importance and the most
fundamental property of complex numbers. Unfortunately, we have not developed enough
tools to prove it, so the reader might just take it as a motivation to get interested in C at this
point.

Theorem 1.75 (Fundamental theorem of algebra). For all n € N and ag,ay,...,a,—1 € C the
equation
2" ay 12" N+ az+ag=0

has a solution in C.
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Chapter 2

Sequences and series

2.1 Sequences and convergence

Intuitively, a sequence is an infinite list of items taken from a particular set, e.g. an infinite list
of numbers. Like any good list, a sequence has a start and an ordering of items. Sequences
occur everywhere in our daily lives. For example, a movie or TV show being watched on a TV
is nothing but a sequence of still images - presented to us so quick that we don’t notice that we
are actually scrolling through pictures at an enormous pace.

Putting a cup of hot tea into a room of regular temperature and a thermometer into the cup,
one might simply make a list of real numbers by measuring the temperature of the tea once
every minute, so the n-th item would be the temperature after n minutes. As we know from
our experience and as you will learn in thermodynamics, the temperature of the tea will go
down and approach or tend to the temperature of the air it is surrounded by. This phenomenon
of approaching something is precisely what is formalized by the notion of convergence that we
will see in this section. First of all, we will formalize the notion of an "infinite list".

Definition 2.1. Let X be a set. A sequence in X is amap a : N — X. We denote such a sequence
also by
(an)nen, where a,:=a(n) forall n € N,

orby (ay,ay,a3,...). The a, are called the elements or terms of the sequence. A sequence in R is
called a real sequence, while a sequence in C is called a complex sequence.

Example 2.2. Real sequences:
%/ (un)ne}l\] - (1/ %/ %/
b) by = (=1)", (bn)nen = (-

Q) cn=n% (cn)nen = (1,4,9,16,...).

a) a, = %,. ).
1,

1,-1,1,...).

Complex sequences:

d) dp=L1+in?, (dn)pen = (1405 +4i, 3491 +16i,...).

e e, =1", (en)pen = (i,—1,—1,1,i,...).

Without further ado, we introduce the notion of convergence that is one of the most important

definitions of the entire lecture course since a lot of what is to come will be based on it.
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Definition 2.3. Let K = R or K = C, let (a,,),eN be a sequence in K and let a € K. We say that
(an)neN converges to a if

Ve>0 dng e N: |a, —a| <e Vn > no.
In this case, a is called the limit of (a,),cN and we denote it by

lim a, = a.
n—oo

A sequence in K is called convergent if it converges to some limit in K. A sequence in K that is
not convergent is called divergent.

Theorem 2.4. Let K = R or K = C. The limit of a convergenct sequence in K is unique.

Proof. Let a,b € K and let (a,),en converge both to a and to b. Let ¢ > 0 be arbitrary. By
assumption there exist 11, 1, € IN, such that

lay —al <e Vn>mn,
lan —b| <e Vn > ny.

If we put ngp := max{ny,n,}, then we obtain for each n > n( using the triangle inequality that
|ﬂ—b| - |ﬂ—ﬂn+an_b‘
<l|a—ay|+lan—b| =|ay —a|+ |a, — b| < e+¢e=2e.

So we have shown that |a — b| < 2¢ for all ¢ > 0. If we had a # b, then |a — b| > 0, so choosing

€= ‘a;b‘ would yield |a — b| < |a — b|, which is a contradiction. Hence, 2 = b which shows the

claim. 0

Example 2.5. (1) Letc € C. Then the constant sequence a,, = c for all n € IN, converges against
c. This is obvious.

(2) The real sequence (%)WGN converges to 0:

Let ¢ > 0 be arbitrary. By Corollary 1.53 there exists 1y € IN with nio < e. Since for n > ny it
holds that % < L we derive that

n_ol

1
no

<e€ Vn > nyg.
n

l_olzlg
n

Since & > 0 was chosen arbitrarily, this shows the claim.

(3) The real sequence ((—1)"),enN does not converge:

Assume the sequence converges againsta € R. Since the sequenceis givenas (—1,1,—-1,1,...),
this would particularly imply that for each & > 0:

1—al <e, |—1—a|=|1+a| <e.
Hence, using the triangle inequality:
2¢>1—al+1+a|>|1—a+1+4a| =2,

which is a contradiction if we choose 0 < € < 1. Thus, the sequence diverges.

28



(4) The real sequence ( ;7 )neN converges to 1:

We compute for every n € IN that

no | _|n-—m+1|_ 1 <1
n+1 o+l | n+l Tw
Given ¢ > 0 let nyp € IN with nlo < e. It then follows that
" —1‘<1§l<£ Vn > nyg.
n+1 n - ng

This shows the claim.
Another important example that takes a little more effort to prove is the following.
Theorem 2.6. Let g € C with |q| < 1. Then the sequence a, = q", n € IN, converges against 0.

Proof. We need to show that for each € > 0 there exists ny € IN with |g"| < e for all n > ny.
If g = 0, then the sequence is constant and the claim immediately follows, so we might assume
that g # 0. Since |g| < 1, it holds that ﬁ > 1, i.e. there exists h € R with & > 0, such that

ﬁ =1+ h. Then for each n € IN we derive that

JETPEY RS S S . N §
R O A BT

where the inequality () follows from Bernoulli’s inequality (Theorem 1.63).
Let ¢ > 0 be arbitrary. By Corollary 1.53 there exists np € IN, such that

1 1
—<he¢ & —<e
no noh

Then for all n > ny it follows from the above inequalities that

1
n __ — n <
7" =0l =q"] < o < g

— <
l’loh
which proves the statement. O

We next investigate how the notion of convergence behaves with respect to addition and mul-
tiplication in R or C.

Theorem 2.7. Let K = R or K = C and let (a,),en and (by)yen be convergent sequences in K with
lim,, 0 4y = a and limy, 0o by, = b.

a) (an + by)yen converges in K with limy—ye0(ay + by) = a+b.
b) For each c € K, the sequence (c - ay),eN converges in K with limy, e (ca,) = ca.

Proof. a) Lete > 0 be arbitrary. By assumption, there exist n1,n, € IN with |a, —a| < § for all
n > ny and |by, — b| < § for all n > ny. Putting ng := max{ny,ny}, we obtain
€

=¢e Vn > ny.
an_no

[(@n +by) — (@+b)| = |an —a+ by — b < |ay — a| + |by — b] <§+

Thus, (a, + by)en converges to a + b.
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b) If ¢ = 0, then the sequence is constantly 0 and the claim is obvious, so assume that ¢ # 0.
Let again € > 0 be arbitrary. By assumption, there exists n3 € N with |a, —a| < \ET| for all

n > ngz. It then follows that
5

=¢ Vn > ns.
c]

|can — ca| = [c(an —a)| = || - |an —a] <c]-
Thus, (ca,),en converges to ca.
U

Remark 2.8. It particularly follows from Theorem 2.7 that a sequence (a,),eN converges to
a € Kif and only if (2, — a),en converges to 0. (To see "=", apply part a) with b, = a for all
n € IN and part b) with ¢ = —1, the other direction follows analogously.)

Before investigating how products of sequences behave, we introduce another important prop-
erty of sequences.

Definition 2.9. Let K = R or K = C. A sequence (a,),en in K is called bounded if there exists
¢ > 0 with
lan| <c Vn € N,

ie. if {|ay| | n € N} C R is bounded from above. A sequence which is not bounded is called
unbounded.

Theorem 2.10. Let K = R or K = C. Every convergent sequence in K is bounded.

Proof. Let (a,),eN be a sequence in K with limy, 0 a, = a € K. In particular, there exists
ng € IN such that
lap —a| <1 Vi > ny.

Consequently, by the triangle inequality,
lan| = lan —a+a| < |ay, —a|+a| <l|a|+1 Vn > ny.

Hence, if we put
c:=max{|a1|, |az]|,..., |an, — 1, |a] + 1},

it follows that |a,| < ¢ for all n € N, such that (a,),ecN is bounded. O

Example 2.11. Consider the sequence (4"),cN for g € C with |g| > 1. Then for each n € IN,
9" = 91" = (1 +(lg] = 1))" = 1+n(|q] - 1)

by Bernoulli’s inequality. This implies that (§"),cN is unbounded, hence divergent by Theorem
2.10.

Note that the converse statement of Theorem 2.10 is false. The sequence ((—1)"),enN is bounded,
but not convergent.

Theorem 2.12. Let K = R or K = C and let (a,)en and (bn) e be sequences in K.
a) If (an)nenN is bounded and (by,),en converges to 0, then (ay - by)yeN converges to 0.

b) If (an)nen converges to a and (by),eN converges to b, then (ay, - by),eN converges to a - b.
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Proof. a) Since ()N is bounded, there exists ¢ € R with |a,| < c foralln € N.

Let e > 0. Since (b, ) e converges to 0, there exists g € IN, such that |b,| < £ foralln > n.
Consequently,

€
|an-bn|:|an|~|bn|<c-zze Vn > ny.
Thus, (ay, - by)nen converges to 0.

b) Letc, := b, — b for all n € IN. By Remark 2.8, it holds that lim, . c;, = 0. Since (a,),eN
is convergent, hence bounded by Theorem 2.10, it follows from part a) that (a, - ¢4)yen
converges to 0. Using this observation, we compute that

Jim (0, - bn) = Hon (3 - (b =) +n - 0)
TheOreg 2.10.a) lim (an . Cn) =+ lim (ﬂn : b)
o n—sc0
Theorem 2.10.b) 0+ (lim a,)-b
n—so0
=a- b

This shows the claim.
O

Remark 2.13. The assumption that (a,),eN is bounded is indeed necessary in Theorem 2.12.a)
as the following example shows:

Leta, = n?and b, = % for all n € IN. Then (a,),eN is unbounded, while lim;,_,0 b, = 0. Then
ay - by = n, such that (a, - by),eN is unbounded, thus divergent by Theorem 2.10.

Theorem 2.14. Let K = R or K = C and let (a,),eN be a sequence in K with a,, # 0 for every n € IN.
Iflimy, 00 Ay = a, where a € K with a # 0, then (al“)neN is convergent with

lim — = -
n—00 a

Proof. By Remark 2.8, it suffices to show that (% - %)HGN converges to 0. For each n € IN we
compute that

1 1 a— ay 1
——-= =(a—a,)—.
a, a ana apa

Since limy, 004, = 4, it holds by Remark 2.8 and Theorem 2.7.b) that lim, ;e (a — a,) =
—lim, e (ay —a) = 0. Thus, the claim will follow from Theorem 2.12.a) if we can show that
(#)HGN is bounded. Since (a, — a),en converges to 0, there particularly exists ny € IN such
that

|a|

lap —al < > Vn > ny. (2.1)
By the triangle inequality, |a| < |a, — a| + |a,| and thus
lan| > |a| — |an — a] Vn € N. (2.2)

Combining (2.1) and (2.2) yields

|an| = |a] = |an —af > |a] = = =
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Consequently,

1 1 2

o< vnzmg

ana |an] - |al |a|
Thus, |a:—a| < Cforall n € N, where C := max{‘a}—a‘,...,m,ﬁ}. Hence, (a:—a)ne]N is
bounded. O

Remark 2.15. Combining Theorems 2.12 and 2.14, we derive that if (a,),en and (by)nen are
convergent sequences in K, where K = R or K = C, for which b, # 0 for all n € IN and
lim,,_,N by, # 0, then

i ap _ limy 0 ay
”I_I’Igo by B limy o0 by

Example 2.16. Let

3n* + 5n
ayp = ———, neNN.
" on241
Here, both the sequence in the numerator and the one in the denumerator are unbounded. But

5
reducing fractions, we obtain that a,, = 13 +;’ for each n € IN. Here, we see that the sequences

2
n
in numerator and denominator converge and we obtain

i 3n2+5n_ . 3"‘% . 3+11mn—)oo% _ -3
AL R L s W oy s T T
n + 1+-7  1+limyse 5

In general, when considering the convergence properties of a sequence of fractions for which
both numerator and denominator are sums of powers of 1, it is the recommended strategy to
reduce the fraction by the highest power of n that occurs in the denominator.

Definition 2.17. Let X be a set and (a,),en be a sequence in X. A sequence (by)ien in X is
called a subsequence of (a,)nen if there exists amap ¢ : N — IN with

p() <)< ---<opn)<en+1)<...,

such that
by = Ay (k) Vk € IN.

In this case, one also puts 1, = @(k) for every k € IN and denotes the subsequence by (a,, )eN-

Example 2.18. (1) The sequence (%)HE]N is a subsequence of (1),en. Here, ¢ : N — N,

p(n) = n.

(2) The constant sequence (1),enN is a subsequence of ((—1)"),cN. Here, ¢(n) = 2n.
(3) The sequence ((—1)"),en is a subsequence of (i"),en. Here, ¢(n) = 2n + 2.

Theorem 2.19. Let K = R or K = C and let (a,),eN be a sequence in K which converges to a € K.
Then every subsequence of (a, )N converges to a.

Proof. Let (ay,)ren be a subsequence of (a,),eN. Since by assumption
np<ng < - <M <Ny < ...,

it holds that n;, > k for each k € IN.
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Let ¢ > 0. By assumption there exists kg € IN, such that |a, —a| < € for all n > k. Then it
particularly follows for all k > k¢ from n; > k > kg that

lan, —a| <e  Vk > k.
Since & was arbitrary, it follows that (a,, )xen converges to a. O

For any complex sequence (z,),en we have the two associated real sequences (Re(zy))neN
and (Im(z,)),en. The following result shows that convergence of (z,),en is equivalent to the
convergence of both of these sequences.

Theorem 2.20. Let (¢y)neN be a complex sequence and let ¢, = ay + ib,, where ay, b, € R for all
n € N. Let ¢ = a+ib € C. Then the following holds: (cn)neN converges to ¢ if and only if (an)peN
converges to a and (b, )ncN converges to b.

Proof. "=": Let (¢, )neN converge against ¢, so for every € > 0 there exists ny € IN with
lcn —c| <& Vn > ny.
Then it follows from Theorem 1.73.c) that
lan —a] = |Re(cn —¢)| < lechn —c| <e |by—b] =|Im(ch —c)| <|cn —c|] <e  Vn>ny.

The convergence of (,)n—e0 to a4 and of (by),en to b immediately follow.
"<": We first observe that for every z € C the triangle inequality implies: In particular, for all
n € IN it holds that

lcn —c| < |an —a| + by —b). (2.3)
Lete > 0. By assumption, there exist 1, n, € IN with |a, —a| < § foralln > nyand [b, —b| < §
for all n > ny. Putting ny := max{ny, ny} we thus obtain from (2.3) that

|cn—c|<§+§:£ Vn > ny.

Since ¢ > 0 was chosen arbitrarily, this shows the convergence of (¢, ),enN to c. O
Remark 2.21. Note that in the case of convergence, the previous theorem says that
lim ¢, = lim a, +i lim b,,.
n—oo n—00

n—oo

2.2 Convergence of real sequences

In this section and the next one, we want to focus on sequences in IR. The ordering properties
of R can be used in various ways to establish convergence of real sequences as we shall discuss
in this section. Before computing an important limit we discuss a property of roots that we will
need in our considerations.

Theorem 2.22. Let x,y € Rwith 0 < x < yand let n € N. Then {/x < /y.

Proof. Assume that there were n € N and 0 < x < y with {/x > y/y. Since {/x and {/y are
non-negative, it then follows from the properties of ordered fields that

(V)" =y = xzy

This is a contradiction, which proves the statement. O
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Example 2.23. For all p,q € IN, it holds that lim;, {1/% = 0. (Here, v/x := x forall x > 0.)
We first note that whenever x < y, then {/x < ¢/y for all g € IN as we shall see in Theorem 2.22
below.

q
Let ¢ > 0. There exists ny € IN such that nio < ¢7, hence

by Theorem 2.22. By the same theorem it follows that

_ 1 < 1 <
N q/ng

1
q

Yn > np.
v =

This shows that lim;, e \/L_ =0.

q np
We next compute two more interesting limits involving roots.

Theorem 2.24. a) Let a € R witha > 0. Then nh_r}n Va=1.

b) lim {/n =1

n—oo

Proof. a) We first consider the case of 2 > 1. Then {/a > 1 for each n € N. Put x,, := {/a —1
for all n € IN. Applying Bernoulli’s inequality, we obtain a = (1 + x,,)" > 1+ nx,, hence

a—1
n

a
0<x, < <E Vn € IN.

Given e > 0 let ng € IN be so big that nlo < £. Then for all n > ng we obtain

|W—1|:xn<£§i<s.
n no

Since ¢ > 0 was chosen arbitrarily, this shows the convergence of ({/a),cN against 1.

Ifa < 1,itholds thata=! > 1 and one easily derives that Va~1 = %a for each n € IN. Hence,

Vi
with the help of Theorem 2.14, we obtain
lim /@ = lim 5 = ——— —1.

1 . n/—_
n—»00 n—»00 "_ﬁ hmn—wo Va 1

b) Letx, := {/n—1 > 0 for each n € N. Using the binomial theorem (Theorem 1.64) we obtain
for each n € IN:

n
n=(1+x,)" =) (Z) 1k —k

k=0

_ (" n n 2, v (M qkon—k
_(n)+(n—l)xn+<n—2>x”+k§3<k>1 Xk,
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We compute that () = 2 =1, (")) = ("7' =n(",) = (”—' = @,andderive:

(n=1) 5 5 (1) ak
n=1+nx+—— xn+k§) ' xp
zl—l—n(n_l)x,zZ
2
= n—1>n(n271)x%

Thus, for each n > 2 we obtain

2 2
m<S = <y,
n n

where we used x;, > 0 in the final implication.

Let ¢ > 0 and let ny € IN be so big that % < % Then for each n > ng we obtain using

Theorem 2.22
2 2
|/n—1] =x, < \/j< \— < Ve =e
n no

Since € > 0 was arbitrary, this shows the claim.
O

Definition 2.25. Let X be a set and (4,),en be a sequence in X. We say that the elements
of (an)neN has a property for almost every n € IN, if all but finitely many of the a, have this
property, or equivalently, if there exists an ng € IN, such that a,, has the property for every
n > np.

Theorem 2.26. Let (ay)yeN and (by)yen be convergent real sequences. If a, < by for almost every
n € N, then

lim a, <1
n—oo n

im by.
o0

Proof. Put a := limy_ye0 ay and b := lim, 0 by. Let n; € IN, such that a, < b, for all n > n;.

Given ¢, there exist ny,n3 € IN with |a, —a| < e for all u > np and |b, — b| < ¢ for all n > ns.
Putting ng := max{ny, np, n3} we derive that

a—e<a, <b,<b+te Vn > nyg.

Thus, a — b < 2¢ for all ¢ > 0. Similar to the proof of Theorem 2.4, this implies a — b < 0, or
a<b. O

Corollary 2.27. Let (a,),eN be a convergent real sequence and let ¢ € R.
a) If a, < c for almost every n € IN, then lgn a, <c.

n—oo
b) If a, > c for almost every n € IN, then lijn a, > c.

n—oo

Proof. This follows from Theorem 2.26 by letting one of the two sequences be the constant se-
quence (¢)yeN- O

The following theorem is a very useful tool to show the convergence of sequences that are
"caught between" two convergent sequences.
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Theorem 2.28 (Squeeze Theorem'). Let (a,)nenN, (bn)nen and (cn)nenN be real sequences with
an < by < ¢y

for almost every n € IN. If (ay)yeN and (cn)neN are convergent with limy o @y = limy—e0 ¢y =: 4,
then (by)neN converges to a as well.

Proof. Let e > 0. In analogy with the proof of Theorem 2.26 one shows that there exists ngp € IN
with
a—e<ap<b,<c,<a+e Vn > nyg.

Hence, b, —a < eand a — b,, < ¢ for all n > ng, in other words

|by —al < e Vn > ng,
which shows that lim,,_,c b, = a. O
We want to formulate a very common special case of Theorem 2.28 as a corollary of its own.

Corollary 2.29. Let (x,)neN be a real sequence with x, > 0 for all n € IN. If there exists a real
sequence (Cn)peN With imy, e ¢y, = 0 and x, < ¢y, for almost every n € IN, then limy, 00 x5, = 0.

Proof. Apply Theorem 2.28 with a, = 0 and x,, = b, forall n € IN. O
Example 2.30. (1) nli_r)r;o(\/n +1—+/n)=0.

To show this, we use a little computational trick. For each n € IN we compute:

m_ﬁ:(m_ﬁ)(m—i‘\/ﬁ) n+1l—n 1

NCES RN T Vntl+yn Vntil+n

Hence,

1 1
0<vn+1- = < —

By Example 2.23.(2) and Corollary 2.29, this shows the claim.

Vn € IN.

@ lim (Vi t 1 Va)Vi= 5.

Here, the same trick as in (1) shows that

1 1
Vil Vi = =~ .
| ! vitltyn Y1 141

for every n € IN. It further follows from Exercise ... of Sheet 3 that lim, e /1 + % =

Hence, by the computational rules for limits from the previous section,

1

. 1
lim (Vn+1—+/n)Vn = =3

{o0] .
n llmn%oo 1 + % + 1

IThis theorem has many interesting and slightly different names in different countries: EinschlieRungssatz (Ger-
many), sandwich theorem (United Kingdom), teorema dei due carabiniere (Italy), théoreme des gendarmes, teorema
del emparedado (Spain), ...
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n

(3) For every z € C it holds that lim Z—' = 0.

n—oo n!
For z = 0 the statement is obvious, so assume that z # 0. We then compute for each n € N
with a, = I that
Api1 |z|" 1! |z]

ay,  (m+1D)-|zln T a1

Thus, there exists ng € IN with a’;—:l < % foralln > ny. Iterating this inequality, i.e. applying
it again and again, we obtain that

1\ n—ng
0<a, < (—) ng Vn > ny.

2
n—mn,
Since limy oo (% Oano = (%)’”Oano . limn_,oo(%)” = 0 by Theorem 2.6, it follows from
the Squeeze Theorem that
lim ay = 0,
n—oo
which implies that lim;, fq—': = 0 as well.

We next want to establish a very helpful criterion for the convergence of real sequences. To do
so, we first need to introduce some additional terminology.

Definition 2.31. A real sequence (a,),eN is bounded from above if there exists C € R witha, < C
for all n € N. (an)neN is bounded from below if there exists ¢ € R witha, > c forall n € IN.

In other words, (a,),eN is bounded from above (below) if the set {a, | n € N} C R is bounded
from above (below).

Example 2.32. (1) Every bounded real sequence is bounded from above and bounded from
below.

(2) a, = n,n € N, is not bounded from above by Theorem 1.52, but bounded from below, e.g.
by 1.

Definition 2.33. Let (a,),eN be a real sequence.

a) (an)nen is monotonically increasing if a, < a,q for alln € IN.

b) (an)nen is monotonically decreasing if a,, > a1 for alln € N.

) (an)nen is called monotonic if it is monotonically increasing or monotonically decreasing.

Example 2.34. (1) Every constant sequence is monotonically increasing and monotonically de-
creasing.

(2) (n)nen is monotonically increasing while (—#),cN is monotonically decreasing.

(3) an = (—1)", n € N, is neither monotonically increasing nor monotonically decreasing, since
apyy—1 < apy, butay, > ay,,1 for every n € IN.

Theorem 2.35. Let (a,),eN be a real sequence.

a) If (an)neN is monotonically increasing and bounded from above, then (a,),eN converges with

lim a, = sup{a, | n € N}.
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b) If (an)nen is monotonically decreasing and bounded from below, then (a,),eN converges with
lim a, = inf{a, | n € N}.
n—o0

Proof. a) Since {a, | n € N} is bounded from above, it has a supremum S := sup{a, | n € N}
by completeness of RR.

Let e > 0. Since S — ¢ is not an upper bound for {a, | n € IN}, there exists np € N with
S—e<ay <S.
Since (a),eN is monotonically increasing and S is an upper bound, this implies
S—e<a, <SS  Vn>n
Consequently, 0 < S — a;, < € for each n > ny, such that
lan —S|=S—a, <e¢ Vn > ny.
Since € > 0 was chosen arbitrarily, this shows that lim; e 4, = S.

b) Consider the sequence b, = —a,, n € IN. Then (by),cN is monotonically increasing and
bounded from above, such that by a) it converges with

nlgxc}obn = sup{b, | n € N}.
But in analogy with the proof of Theorem 1.45 one shows that
sup{b, | n € N} = —inf{a, | n € N}.
Together with Theorem 2.7.b) this yields the convergence of (a,),cN With

lim a, = — lim b, = inf{a, | n € N}.
n—o00 n—o0

O

A class of sequences for which the previous theorem is particularly useful are recursively de-
fined sequences.

Theorem/Definition 2.36. Let X be a set, f : X — X be a map and a € X. Then there is a unique
sequence in X which satisfies

a1 =a, ap+1 = f(ap) VneN.
A sequence defined by these properties is called a recursive sequence.

Proof. The uniqueness part is obvious. For the existence apply the induction principle to the set
M = {n € N | a,, is well-defined }. O

Example 2.37. (1) Assume that a fixed amount of money, say A€, is put on a bank account
with an annual interest rate of p %. The amount of money on the account thus grows by a
factor of (1+ %) per year. Thus, if a,, denotes the amount of money on the account in year
n counted in €, we can describe (a,),eN by

a = A, Apy1 = <1+%)an Vn € IN.
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One proves by induction that the sequence is given by
P
(1 + 100) A.

This form is then called the explicit form of the recursively defined sequence, i.e. a descrip-
tion of each element in terms of n without referring to other elements of the sequence.

(2) Assume that the bank from (1) is generous and additionally puts 1€ into the account each
year. With a, again denoting the amount of money on the account in year 7, this leads to
the recursive formula

a = A, Ay = (1 1go>an+l Vn € IN.

Here, one proves by induction that the sequence is explicitly given by

(1+m) A+Z(1+m> 1 a2

The following theorem shows a typical application of Theorem 2.35 to a recursive sequence and
presents an effcient method to approximate square roots by elementary computations.

Theorem 2.38 (Heron’s method of computing square roots). Let a > 0 and consider the recursive
sequence defined by

1 a
x1 =1, xn+1:§(xn+—> Vn € IN.

Xn

Then (xn)nen is convergent with limy e X, = /4.
Proof. We want to apply Theorem 2.35 to (x),eN to show convergence.

(i) x, > 0foralln € IN.

Proof of (i). (by induction over n)
Base case: By definition, x; =1 > 0.

Induction step: Assume that x,, > 0 is satisfies for some n € IN. Since a > 0, it then holds
that xL,, > 0 as well, hence

1 a
xn+1:§( Xn+;)>0
>0 VO
>

This completes the induction step.

(i) x,.1 > +/aforalln € N.

!
Proof of (ii). By (i), it suffices to show that x2, ; > a for all n € IN. Using the recursion

n+1
formula we compute for all n € IN that

1 a\2 1 a?
n

Xn
2

1 a 1 a\2
:a+1(xfl—2a+g> :a+Z(xn—x—n) > a.
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(iii) x, > xpqqforaln > 2.
Proof of (iii). We compute for each n € IN that
1 1a 1 a 1
Xn — Xpt1 = Exn— Ex—n = E(xn—x—n> = —(x%—u) ZO
by (ii).

By (ii) and (iii), (x4 )nenN is monotonously decreasing and bounded from below, hence conver-
gent by Theorem 2.35.b). Put L := limy ;e X5. Since (X,11)yenN is a subsequence of (x,)enN,
Theorem 2.19 implies limy, o X1 = L. With the rules for limits from the previous section, we
derive from the recursion formula that

0= lim (x, — x,41) = lim L(xz—a) = L —a
n—o0 n n+1 n—oo 2xn 2L

Hence L satisfies L?> = a and from (ii) and Corollary 2.27 it eventually follows that L = \/a. O

Remark 2.39. The sequences from the previous theorem can indeed be used to approximate
square roots by a sequence of rational numbers. Let us compute the first terms of the sequence
in the case a = 2. Then:

X1 = 1
1 3
Yoo =2y,
=50+ °
vy ( > — 1,4166666...
24\ 577
=1 (E ﬁ> 2% = 1,414215686..

Our calculator tells us that v/2 = 1,414213562... So already the fourth term of the sequence
approximates v/2 quite accurately, it holds that x4 — v/2 ~ 2 - 107°. Not bad!

2.3 Divergent sequences and their subsequences

In this section we want to investigate further properties of real or complex sequences that do
not require their convergence. An important example is the theorem of Bolzano-Weierstrafd
which says that any bounded sequence has a convergent subsequence. First of all, we want to
formalize the notion of real sequences whose values become arbitrarily big.

Definition 2.40. Let (a,),eN be a real sequence.

a) We say that (a,),ecN diverges to +o0 and write limy, ;o a4, = 00 if for each C € R there exists
ng € IN such that a, > C for all n > n.

b) We say that (a,),eN diverges to —oo and write limy 00 2, = —o0 if for every ¢ € R there
exists ng € N with a, < c forall n > ny.

Remark 2.41. (1) It follows directly from the definition that a sequence that diverges to +oo or
to —co is unbounded. However, not every unbounded real sequence diverges to +oo or to
—o0. A counterexample is given by ((—1)"1),eN.
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(2) It follows directly from the definition that if (a, ), diverges to 400 (or to —oo), then every
subsequence of (a,),eN diverges to +oo (or to —oo) as well.

(3) Itis easy to see that a real sequence (a,,),cN diverges to +co if and only if (—a,),en diverges
to —oo.

As in the convergence case, we can study inequalities between sequences to derive divergence
to +o0 or —oo.

Theorem 2.42. Let (ay)eN, (bn)nen be real sequences with a, < by, for almost every n € IN.

a) If lim a, = oo, then lim b, = +o0.
n—oo n—oo

b) If lim b, = —oo, then lim a, = —oo.
n—00 n—00
Proof. This follows immediately from the assumption and Definition 2.40. O

In the case of a convergent sequence with a non-zero limit, we have seen that the sequence of
inverses then converges against the inverse of the limit as well. There is an analogue of this
result for sequences diverging to too.

Theorem 2.43. Let (a,),en be a real sequence with a, # 0 for all n € IN.

1
a) If lim a, = +ooor lim a;, = —oo, then lim — = 0.
n—00 n—o00 n—eo 1y,

b) If lgn ay = 0and a, > 0 for almost every n € N, then lim 1_ —+o0.
n—oo

n—eo [y,
. .1

c) If im a, = 0and a, < 0 for almost every n € N, then lim — = —oco.
n—o00 n—o0 Ay

Proof. a) Assume that lim;, e, = 400. Let ¢ > 0. By assumption, there exists 1y € IN such
that a, > % for all n > ny. Hence,

1
=—<zcs Vn > nyg.

Since € > 0 was arbitrary, this shows that lim;, % =0.

In the case that lim, o2, = —00, we can apply the same argument to (—a,),en Which
diverges to +oo to derive that lim, ;o % = —limy, La,, =0.

b) Let C € R with C > 0. By assumption, there exists 1y € IN, such that |a,| < % for all n > ny.

Consequently,
1 1

—=—>C Vn > nyg.
an |an|

Since C > 0 was chosen arbitrarily, this shows that lim; e % = +oc0.

¢) This is shown by applying b) to (—a,),ecN and using the observation from Remark 2.41.(2).
O
Example 2.44. Combining Theorem 2.43.b) with Exercise 4.a) from Sheet 2 shows that
n

lim — = +oo0.
n—oo 1n
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To prepare an important result about bounded sequences we introduce certain very common
subsets of R that we will use very frequently throughout the course.

Definition 2.45. For a,b € R with a < b we define

[a,b] :={x e R|a <x <D},
(a,b) :={x eR|a < x<b},
[a,b) :={x € R|a < x<b},

a,b]:={x e R|a<x<b},

+00) :={x e R|a < x},
[4,400) :={x € R |a < x},
—o0,b) :={x € R |x < b},
—o0,b] :={x € R | x < b}.

A subset of R of one of these forms is called an interval. Intervals of type (a,b), (a,+c0) or
(—oo, b) are called open intervals while intervals of type [a, b], [a, +00) or (—oo, b] are called closed
intervals. Intervals of type [a, b) or (a, b] are called half-closed or half-open® intervals.

Intervals of type [a,b], (a,b), [a,) or (a,b] are called bounded intervals, those of type (a, +0),
[a, +00), (—o0,b) or (—o0, b] are called unbounded.

Remark 2.46. A real sequence (a,),cN is bounded if and only if there are a,b € R such that
Xn € [a,b] for all n € IN. Hence, a real sequence is bounded if and only if it is bounded from
above and bounded from below.

The following result about intervals that are nested into one another is derived applying meth-
ods from the previous section to the sequences of endpoints of intervals. While it might not
look particularly interesting at first sight, it has important applications in analysis of which we
will see two.

Theorem 2.47 (Nested interval principle3). Let (In)nen be sequence of closed bounded intervals,
where I, = [ay, by for all n € IN, which satisfies

(i) Lyy1 C Iy foralln € N,
n—oo
Then there exists a unique ¢ € R with ¢ € I, foralln € N, i.e. Nyen In = {c}

Proof. We will show the existence and uniqueness of c separately.
Uniqueness: Let c1,¢c3 € Npen In with ¢c1 < cp. Then by definition of the intersection, it will
hold that

a, <c1 <cp <by Vn € N.

This implies that
0<cp—c1 <b,—ay Vn € IN.

Thus, it follows from assumption (ii) and Corollary 2.29 that c; — ¢y = 0, i.e. c; = ¢cp.

Existence: By (i), ay < a,4+1 and b, > by,41 foralln € N, so (a,),enN is monotonically increasing
while (b,),eN is monotonically decreasing. Moreover a, < by and b, > ay for all n € IN, hence

2Some people see a glass as half full, some see it as half empty...
3This result’s German name is a typical example for a long German composite word: Intervallschachtelungsprinzip.

42



(an)neN is bounded from above while (by,),cN is bounded from below. Thus, by Theorem 2.35
both (a,),en and (by),eN are convergent. By (ii) and Theorem 2.7,

lim b, — lim a, = lim (b, —a,) =0,
n—oo n—oo n—oo

hence ¢ := lim 00 4y = limy—sc0 byy. By Theorem 2.35 it further holds that

c=sup{a, [n € N} =inf{b, [ ne N} = a,<c<b, VhelN = ceﬂln.
nelN

O

As discussed in the previous sections, every convergent sequence is bounded, while not every
bounded sequence needs to converge. The following theorem shows that at least there is a
convergence property of subsequences of bounded sequences.

Theorem 2.48 (Bolzano-Weierstraf3). Every bounded real sequence has a convergent subsequence.

Proof. Let (x,)neN be abounded real sequence and let [a1, by ] be a closed bounded interval with
Xy € [a1,bp] foralln € IN.
We want to inductively define a sequence (I )xen of intervals, Iy = [ay, by] for k € IN, such that

(1) Ixyq C I foreach k € IN,
(2) bry1 —agq = %(bk —ay) foreach k € IN,
(3) each I; contains infinitely many elements of (xy)neN-

We put I; := [a1,b1]. Assume that for some k € IN there are intervals Iy, ..., Iy = [ay, by

satisfying these conditions. Let M := @, i.e. M is the middle point of the interval I, and
define Iy 1 = [axy1,bxi1] by

Lo [ax, M] if [ax, M] contains infinitely many elements of (xy)seN,
ST ML by else.

Since Iy contains infinitely many elements of (x; ),en by assumption and since [ay, b, ] = [ax, M| U
[M, by], the interval I, is well-defined, satisfies [ ;1 C I and contains infinitely many ele-
ments of (X,),eNn. Moreover, by 1 — ag 1 € {M — ag, by — M}, but by construction M — a; =
by — M = %(bk —ay). Hence, by 1 — agyq = %(bk — ay) as well.

Thus, we obtain a sequence of intervals satisfying the above properties (1), (2) and (3). By
induction, one derives from (2) that

1\ k-1
so it follows that N=
lim (b —a) = (Jim, (5) ) (b1 —a) =0

as seen in Theorem 2.6. Hence, (I;)ren satisfies the conditions of the nested interval principle
(Theorem 2.47), which implies that there exists ¢ € R with e Ik = {c}-

We want to construct a subsequence of (x,),en which converges against c. Put n1 := 1. Assume
that for some k € IN we have found ny, ..., n; € IN with

ny < ng < --- < ng,
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such that x,; € Ijfor each j € {1,2,...,k}. Since I;,; contains infinitely many elements of

Xn)neN, there exists ny 1 € IN with ny,1 > ny, such that x,,, , € I 1. We choose and fix suc
th ists g1 € IN with ny . h that x| € I1. We ch d fi h

an My 1.

A subsequence (xy, )ren defined in this way satisfies

akgxnkgbk Vk € IN.

Since, as in the proof of the nested interval principle, limy_, o ay = limy_, by = ¢, it follows
from the squeeze theorem (Theorem 2.28) that (xy, )keN is convergent with limy_, x5, = c.
Hence, we have found a convergent subsequence of (xy,),eN- O

The corresponding property of complex sequences can be derived directly from the previous
theorem.

Corollary 2.49 (Bolzano-Weierstraf3 in C). Every bounded complex sequence has a convergent subse-
quence.

Proof. Let (z,)yen be a bounded complex sequence, let a, = Re(z,) and b, = Im(z,) for all
n € IN. Then (a,),en is a bounded real sequence, thus, by Theorem 2.48, has a convergent
subsequence (a,, )reN- Consider the sequence (by, )ren- It is a bounded real sequence and has
a convergent subsequence (bnk/ )een by Theorem 2.48. The sequence (ank’ )eeN NOW converges
by Theorem 2.19. Thus,

Zny, = fn, +ibnk/, f €N,

is a subsequence of (z,),en which converges by Theorem 2.20. O

Before proceeding with real sequences, we want to fill a gap in Section 1.3. In Theorem 1.48 we
claimed the existence of n-th roots of non-negative numbers, but we did not prove it. We want
to provide the proof at this point as a consequence of the nested interval principle.

Proof of Theorem 1.48. (This proof is not discussed in the lecture videos.) Throughout the proof, we
assume that a > 1. (The case of @ < 1 can then be derived from the other case applied to 1.)
We want to inductively define a sequence of closed bounded intervals (Iy)ren, Ix = [ak, by| for
every k € IN, with the following properties for each k € IN:

(1) Lipq C I,

(2) af <a <y,

(©) b1 — a1 = 5 (b — ag).

Define I; := [1,a]. By assumption, 1" =1 < a < a".

Assume that for some k € IN we have closed bounded intervals I, . .., I} fulfilling conditions
(1), (2) and (3). Let M := @ be the middle point of I; and define Iy, 1 = [ax11, bri1] by

Lo e [ag, M] if M" > a,
T M b i MP < a

By construction, I, is well-defined and satisfies Iy 1 C Iy, afl,; <a < b ;and bgq —agq =

%(bk — ai). As in the proof of the Bolzano-Weierstral theorem, one uses the nested interval
theorem to show that there exists a unique ¢ € R with Nen Ik = {c}. Since I; C [0, +o0), it
further holds that ¢ > 0. We want to show that this c satisfies ¢"* = a.
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For each k € IN we define I}' := [a},b}}]. Since (I)rcn satisfies the above conditions, one
derives from the above that (I}!)rc satisfies I}', | C I} and that limy_,0 (b} — a}f) = 0, hence
by the nested interval theorem, there exists ¢’ > 0 with N I} = {c’}. By condition (2) from
above, a € [ for each k € IN. Moreover, since ¢ € I; for each k € IN, it holds that ¢" € I/
for each k € IN, so a,c" € MNien [}, which shows that ¢’ =a = (", so cis indeed the unique
non-negative solution of x" = a. O

One might encounter sequences whose elements seem to be getting "closer and closer" if n
becomes bigger and bigger, while an explicit limit is hard to write down. This is formalized by
the notion of Cauchy sequences.

Definition 2.50. Let K = R or K = C. A sequence (a,),eN in K is called a Cauchy sequence if
Ve >03dng € N: |ay, —ay| <e VYm,n > ng.

However, it turns out that the notion of a Cauchy sequence simply recovers the notion of a
convergent sequences in R or C.

Theorem 2.51. A real sequence is convergent if and only if it is a Cauchy sequence.

Proof. "=": Let (a,),cN be a convergent real sequence with a := lim,_,c a,. Let € > 0. Then
there exists 19 € IN such that [a, —a| < § for all n > ng, which implies

€

=¢ VYm,n > ny.
2 = 1

€
|an — am| = lan —a+a —ap| < |a, —a| + |am —a| < 5t

Hence, (a),enN is a Cauchy sequence.
"«<": Let (2, )nen be a Cauchy sequence. In particular, there exists 1y € IN such that

|an —an,| <1 Vn > ny.
With the triangle inequality we obtain
|an| < |an — ang| + |any| < 1+ lan|  Vn > mny,

so it follows with C := max{|ai|,...,|an,—1|,1+ |ay,|} that |a,| < C for all n € IN. Hence,
(an)nenN is bounded. By the Bolzano-Weierstra8 theorem, (4,),en has a convergent subse-
quence (ay, )ren- We denote its limit by a.

Let e > 0. Then there exists kg € IN such that

€

> ko.
5 Yk > ko

|ay, —a| <

Since (a,)qen is a Cauchy sequence, there further exists k; € IN such that
£

lan —am| < 7

Vn,m > M, -

Putting k; := max{kg, k1 }, we obtain with the triangle inequality that
€

€
|an — al = |an — an,, + an,, — a| < |an = an, | + |an,, —a| < 55

=c¢ Vn > ny,.

Since ¢ was arbitrary, this shows that (a,),en converges against a. O

Corollary 2.52. A complex sequence is convergent if and only if it is a Cauchy sequence.
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Proof. (This proof is not discussed in the lecture videos.)

"="t If (z4)yen converges in C, then Theorems 2.20 and 2.51 yield that (Re(z,))yen and
(Im(zy))nenN are convergent. Together with the fact that |z, — z,| < |Re(zn) — Re(zm)| +
Im(z,) — Im(zy,)|, this implies that (z,),eN is a Cauchy sequence.

"«="1 If (2 ) nen is a Cauchy sequence in C, it is easy to see that both (Re(z,)),en and (Im(z,) ) neN
are Cauchy sequences in R. The claim then follows from Theorems 2.51 and 2.20. O

Remark 2.53. (Just for those who are interested, you may skip this remark without disadvan-
tages.) The convergence of Cauchy sequences in R is intimately related to the completeness
of R. In fact, one might reformulate the definition of a complete ordered by axiomatically de-
manding the convergence of Cauchy sequences and the unboundedness of IN.

Definition 2.54. Let K = R or K = C and let (a,),cN be a sequence in K. a € K is called an
accumulation point of (ay)nen if for each e > 0 the set {n € IN | |x,, — a| < e} is infinite.

Theorem 2.55. Let (ay,) e be a sequence in K = R or K = C and let a € K. The following statements
are equivalent:

(i) ais an accumulation point of (a,)yeN.
(i) Ve >0 VN € N 3n € Nwithn > N: |a, —a| <e.
(iii) There exists a subsequence (an, )keN 0f (an)neN with limy_,o a,, = a.

Remark 2.56. A general remark on the strategy of proof for Theorem 2.55:

To show the equivalents of more than two statements it is not necessary to individually prove
that any two of the statements are equivalent. If the statements are given by A;,..., Ay, it
suffices to prove the implications

A1 = A2, A2 = A3, ey An—l = An, An = Al/ (2.4)
or, alternatively, the implications
Apn= A1, An1=>Ano, ..., Ay=> A, A=Ay

Then all other equivalences follow: if the equivalences in (2.4) are shown and if i, j € {1,2,...n}
withi < j, then the chain of implications A; = A; 11 = - -+ = Ajshowsthat A; = Aj, while the
chain of implications A; = Aj 1 = -+ = Ay = A} = Ay = -+ = A;shows that A; = A;.

Proof of Theorem 2.55. (i) = (ii): If a is an accumulation point of (a,),enN, then for each ¢ > 0
the set {n € IN | |a, —a| < ¢} is infinite. Consequently, the set {n € N | n > N, |a, —a| < e} is
non-empty for each N € IN, which shows the claim.

(if) = (iii): We inductively construct a subsequence as follows:

Pick n; € IN, such that |a,, —a| < 1, which exists by assumption. Given n; < np < --- < ny,
let ;1 € N be given such that

Hgyq > N, an,, , —a] < —.

Such an ny ;1 exists by assumption (ii) with e = ki_l and N = 1y + 1. The subsequence (a,, )reN
then satisfies

0<lay —al <+ VkeN,
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so by the squeeze theorem, more precisely by Corollary 2.29, it follows that limy_,«, |a,, —a| =0,
which implies limy_, o, a5, = a.

(iii) = (i): Let (ay, )keN be a subsequence with limy_,, a5, = a and let ¢ > 0. Then there exists
ko € IN with |a,, —a| < eforall k > ko. Since {n | k > ko} C {n € N | |a, —a| < e}, it follows
that the latter set is infinite. Since ¢ > 0 was arbitrary, a is an accumulation point of (a,)en. O

Remark 2.57. Combining the Bolzano-Weierstrafi theorem with Theorem 2.55 shows that every
bounded real or complex sequence has an accumulation point.

Example 2.58. (1) Leta, = (—1)" 4+ 1, n € N. Then (a,)nen has the accumulation points —1
and 1, since

hm aop = hm (1 + Zk) 1,
li =1 1 —
e = I ) =

Moreover, one shows that for any convergent subsequence of (a,),cN either almost every
element of the subsequence lies in (ay)xen Or almost every element lies in (a4 1)keN, SO
there can be no more accumulation points.

(2) ay, = n, n € N, has no accumulation point since every subsequence of (a,),cN is un-
bounded, hence divergent by Theorem 2.10.

(3) Let
- {

Then (a,)en is not bounded from above, hence divergent, but it has the accumulation
point 0, since

if n is even,
if n is odd.

= S

1
hm 112k+1 1 2k 1 =0.

Definition 2.59. Let (a,),eN be a real sequence.

a) If (an)yen is bounded from above, then we define the limit superior of (ay),en by

limsup a,, := sup{a € R | a is an accumulation point of (a,),eN }-
n—o00

If (ay)nen is not bounded from above, then we put limsupa, := +o00. We also write:
n—oo

hm a, = limsup ay,.
n—oo

b) If (a,),en is bounded from below, then we define the limit inferior of (a,)nen by
lirllxl)ioglfan :=inf{a € R | a is an accumulation point of (2, )yeN }-

If (an)nen is not bounded from below, then we put 1i1£1’_1>ioglf a, = —oo. We also write:

lim a, = l1m1nfan
n—oo

Theorem 2.60. Let (a,)ncco be a bounded real sequence. Then limy,_se0 ay, and lim,_,, ay are them-
selves accumulation points of (an)yeN-
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Proof. We will only show that lim,,_ye0 4, is an accumulation point of (a,),eN, since the state-
ment for lim,_,, a, is proven analogously.

Put S := lim, | a, and let ¢ > 0. By definition of S as a supremum, it follows that there exists
an accumulation point a of (a,),en with

S—%<a§5.

Since a is an accumulation point, the set M := {n € N | |a, — a| < 5} is infinite. Since

|an—S|§\an—a|+|a—5|<§+§=s Vne M,

it follows that M C {n € IN | |a, — S| < €}, so the latter set is infinite as well. Since ¢ > 0 was
arbitrary, S is an accumulation point of (a,),eN- O

The following theorem shows that for n becoming bigger, every bounded sequence "scatters"

close to the interval [ lim a,,, lim a,].
n—00 n—oo

Theorem 2.61. Let (a,),eN be a bounded real sequence. Then

Ve > 03ng € N, such that a, € ( lim a, —s,nli_>T1;oan+s> Vn > ny.

n—oo

Proof. Let e > 0 and consider the sets

Mlzz{nEN\anzy}i_)_n;oan—i—s}, M, :={n€N|a, < lim a, — ¢}.

n—o0

Assume that M; is infinite. Then there is a subsequence (ay, )ren With 1y € M; for each
k € IN. Since (ay, )ken is bounded, it has a convergent subsequence (”nkp )een by the Bolzano-

Weierstrafs Theorem. Since (ank/ )eeN is also a convergent subsequence of (an)nen, it follows
from Theorem 2.55 that a := lim,_,, Ay, is an accumulation point of (a,),eN, hence a < lima,,
But this is a contradiction since a > lim a,, + ¢ by Corollary 2.27.

Hence, M; is finite. Analogougsly, one shows that M is finite. Hence, ny := max(M; U M) €
IN is well-defined and it holds that

an€<li_man—e,man+s) Vn > np.
n—00 n—o0

O

Corollary 2.62. Let (an)ne be a real sequence and a € R. Then (an)neN converges to a if and only if
(ay)nen is bounded and nlgn a, = lim a, = a.
® n—00

Proof. "<": This follows immediately from Theorem 2.61.

"=": By Theorem 2.10, (a,),eN is bounded. By Theorem 2.55, a is an accumulation point of
(an)nen. By Theorem 2.19 and Theorem 2.55 it is the only accumulation point of (a,),eN-
Hence, limy_se0 4y = lim, .4, = a. O
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2.4 Series and convergence tests

Imagine that a liquid is running into a certain container, but pressure is dropping so that every
minute less and less liquid is running into the container. Let a,, be the amound of liquid running
into the container in minute n. Then the total amount of liquid in the container after # minutes
is given by

a1 +ax+az+---+ay.

Will the container flow over at some point? Will the stream of liquid become so thin that the
container is big enough for all of the liquid pouring in? To answer these questions, we need to
study the above sum for n becoming bigger and bigger. Intuitively, we have to study an "infinite

"

sum .

The notion of a series formalizes the notion of an "infinite sum" by adding up elements of se-
quences of real or complex numbers. For example, one might ask what happens if we add more
and more terms in the following sums:

1 1 1 1

I+-+c+5+p+o+ =2

1
2 3 4 5 6
1 1.1 1 1 1 _,
Tatitg Tt T

Do these sums become infinitely big? Will they stay below a certain upper bound? We can
imagine these infinite sums as limits of sequences. We start with a certain number (in both
examples with 1) and start adding elements by a fixed scheme, in a fixed order. The n-th element
of such a sequence would be the sum of the first n terms. While it turns out that the limit of
such series are in general hard to compute, it turns out that there are various methods to make

statements about the convergence of series as we shall see in the course of this section.

Definition 2.63. Let K = R or K = C and let (a,),enN be a sequence in K. The sequence (s, ) eN;,
where

n
sn=Y a VneN,
k=1

is called the series of (a,),en and is denoted by Y * a,,. The term s, is called the n-th partial sum

n=1
(o]
of the series. We say that 2 a, is convergent (divergent) if (s,),eN is convergent (divergent).
=1
o n
If the series E a, converges, then we put
n=1

o0

Z a, = lim s,.
n—oo

n=1

If K =R wecall ;7 ; a, areal series, if K = C we call it a complex series.

For technical reasons one is often interested in sums which do not necessarily start at n = 1, but
at some number n = ny € Z. To include these cases in our studies of convergence, we introduce
some additional formalism.
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Definition 2.64. Let ny € Zbe a given number and let (a;,),,>5, be a family of complex numbers.

(9] (9]

We define Z ay as the series Z Apyny—1,1.€. as the series whose n-th partial sum is given by
n=no n=1
n no+n—1
Sn = Z Aktng—1 = Z k.-
k=1 k=n0

(o] o0
We say that Z ay is convergent (or divergent) if the series Z Apyny—1 is convergent (or diver-
n=ny n=1

gent).
Example 2.65. (1) The series

Y. 4", geC
n=0

n

is called the geometric series in q. Let s, = E 7" be its n-th partial sum. In Exercise 2b) of

k=1
Sheet 2 it was shown that
1— qn-‘rl

1—gq

for each g € C with g # 1. Thus, we derive from Theorem 2.6 and the computational rules
for limits that

Sy = Vn € IN.

iq" i o0 1o limeeg™ 1
=0 n—eo 1—¢q 1—gq 1-9q
For example, for g = % and g = —3 ! this implies that
1 1 1 1 =1 1
1 — — _— = _— = = 2
+2+4+8+ +. nglzn -1
1 1 1 d 1 2
1--4+->— — —...= = ==
2 4 8 = ( 2) % 3
(2) We consider the series 2 m We compute for each n € IN that
1 n+l—n n+1 n 1 1

nn+1)  nn+1) nn+1) nnr+1) n n+1

Hence, with s,, denoting the n-th partial sum, we obtain

é( k+1)_(1_%>+(%_%)+”'+(%_n—1+1):1_n—1r1'

Thus,
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Theorem 2.66. Let (ay,),cN be a real sequence with a, > 0 for all n € IN. Then Z ay is convergent
n=1

if and only if it is bounded from above. Otherwise, it diverges to +co.

Proof. Any convergent sequence is bounded, so we only need to study the converse statement.
This follows from Theorem 2.35 since a, > 0 for all n implies that the sequence of partial sums

is monotonically increasing. O

Example 2.67. The harmonic series is the series
[e¢]
n=1
Let s, denote its n-th partial sum. We want to show that (s, ),en has an unbounded subse-

quence, which implies by Theorem 2.66 that the series diverges to +oo.
Given n € IN we consider:

S|

2k k=1 , 21
1 1 1
=Yy =lta+ (L )
n=1 i=1 " p=2i41
1 1 1 1 1 1 1 1 1
=14 = Z 4z e e - T i
t3t(Gra)TGGretate) +<2’<—1+1Jr +2k)
Foreachi € {1,...,k— 1} we compute that
2i+1 2i+1
)y %2 L 2111 =2 21’11 :%
n=2i+1 n=2i+1
Hence,
=1 k

1
>1+ = ==1+4+=.
s 2145+ ; 5 =143
Thus, by Theorem 2.42, (sy)xen diverges to +o00 and is unbounded. It follows from Theorem
2.66 that the harmonic series diverges to +co.

In the rest of this section, we want to investigate the convergence of series in greater detail. We
first establish a necessary condition for a series to converge.

[ee]
Theorem 2.68. Let K = R or K = C and let (a,),eN be a sequence in K. If the series 2 ay converges,
n=1
then lim;, 00 a4, = 0.

Proof. Let s, be the n-th partial sum of Y, ; a,. Since (s,4+1)neN is a subsequence of (s;),en, it
converges against the same limit by Theorem 2.19. Hence,

n+1 n
0= lim s — lim s, = lim (s —s :lim( ax — a):lima .
n—oo Tl-‘rl n—oo n Tl*}OO( Yl-‘rl ﬂ) n—oo k—zl k k—zl k n—oo Vl+1
Hence, lim,, 00 a4, = 0. O

Remark 2.69. The converse statement of Theorem 2.68 does not hold. A counterexample is
given by the harmonic series. Here, lim;; ;o % = 0, but the series diverges to 4.
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Theorem 2.70. Let K = R or K = C and let Z a and Z by be convergent series in K with limits

n=1 n=1
[e¢] [ee]
Zan:aunden:b.
n=1 n=1
Z (ay + by) is convergent with Z (ay +by) = Z + Z b, =a+0b.
n=1 n=1 n=1 n=1

o0 ¢ &%)
b) For each c € K the series Z (cay) converges with 2 (cay) =c 2 a, = ca.

n=1 n=1 n=1

Proof. This is a special case of Theorem 2.7 applied to sequences of partial sums. O

. Series are special cases of sequences and using the ... we want to establish a number of
convergence tests, i.e. a number of sufficient criteria that imply the convergence of a series.

Definition 2.71. A real series is called alternating if it is of the form

(—1)n+1ﬂn,

agk

i(—l)”an or

n=1 n=1

where (a,,),cN is a real sequence with a, > 0 for each n € N.

Theorem 2.72 (Leibniz’s convergence test). Let Y (—1)""'a, be an alternating series. If (an)nen

n=1
[ee]

is monotonically decreasing with limy, o a, = 0, then Z (—=1)"ay is convergent.
n=1

Proof. Let sy, = Y4 ,(—1)%*1a; be the n-th partial sum of the series and consider the subse-
quences (Sok)keN and (s2k+1)keN Of (sn)nen. For each k € IN we obtain using the monotonicity
of (a,),enN that
Sok+2 = Sok + (A2k+1 — A2k12) = S
>0
and
S2k+3 = S2k+1 + (—A2k+2 + A2k+3) < Sok41-
<0
Hence, (sor)kenN is monotonically increasing while (sp 1) is monotonically decreasing. More-
over,
Sok+1 — Sok = Ak > 0 Vk € IN.

Together with the monotonicities this shows that sy, < spry1 < s3 and sprr1 > sy > 52, such
that (spx)ren is bounded from above while (sy;y1)ken is bounded from below. Thus, both
subsequence converge by Theorem 2.35. We further derive that

lim Sok+1 — lim Sok = lim (52k+1 — sZk) = lim Aof+1 = 0
k—c0 k—o0 k—o0 k—o0

by assumption. Hence, both subsequences have the same limit L. Let ¢ > 0. Then there exist
k1,ky € IN such that

|S2k—L| <e Vk>k, |52k+1—L| <e Vk >k
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Putting ng := max{2ky, 2k, + 1}, we obtain that
|sw —L| <& Vn > ny.
This shows that lim, e 5, = L, hence Y, 4 (—1)"+1g, converges. O

(="
n=1 N
gent. However, the Leibniz test offers no possibility of computing its limit. (Later, using some
00 —1)"
powerful tools from calculus, it will turn out that Z %
n=1

is conver-

[e9)
Example 2.73. By Leibniz’s convergence test, the alternating harmonic series )

=log?2.)

Throughout the following, we consider K = R or K = C and let all sequences and series be
sequences and series in K.

Theorem 2.74 (Cauchy’s convergence test). The series ), a, converges if and only if

n

Y.

k=m+1

Ve >0dng € N : <e VYn>m>ny.

Proof. By Theorem 2.51, the series converges if and only if the sequence s, = ZZ:l ag,n € N, is
a Cauchy sequence. Since for all n > m it holds that

n m n
lsn—sm| =) ax— Y ar|=1| Y al,
k=1 k=1 k=m-+1
the claim follows from the definition of a Cauchy sequence. O

The following notion is a stronger version of convergence that may not look particularly inter-
esting at this point, but which turns out to have powerful consequences later on.

[ o
Definition 2.75. A series Z ay is called absolutely convergent if the series 2 |an| is convergent.
n=1 n=1

Let us clarify the relation between convergence and absolute convergence of a series.
Theorem 2.76. Every absolutely convergent series is convergent.

Proof. Let Y, a, be absolutely convergent. Let ¢ > 0. By Theorem 2.74, there exists 1y € IN,
such that

n

Y. laul=

k=m+1

n

Yo ol

k=m+1

<e Vn>m>ng.

By the triangle inequality, this implies

n

Y. &

k=m+1

n
< Y Iml<e Vn>m>n.
k=m+1

Since e > 0 was arbitrary, Theorem 2.74 implies that ) ; a, is convergent. O

Remark 2.77. The converse statement to Theorem 2.76 is false. A counterexample is given by

o (—1)" ;
) s aswe have seen in Examples 2.67 and 2.73.

n=1
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Theorem 2.78 (Comparison test). Let Y a, and Y by be series with |a,| < |by| for almost every
n=1 n=1

n € IN.

a) If Y by converges absolutely, then Y a, converges absolutely.

n=1 n=1

b) If Y ay diverges, then Y |by,| diverges.

n=1 n=1

Proof. a) Letny € N with |a,| < |b,| for all n > ng. It then holds for all n > ng that

n no n no n no [
Yolael =Y lael+ Y. lal < Yo lal+ ) (bl <Y lae|+ ) [bu| =: C.
=1 =1 k=1 =1 k=1 pa =1

Since )" ; b, converges absolutely, the upper bound C € R is well-defined. Thus, the
sequence of partial sums of }_;° ; |4, | is bounded from above, thus convergent by Theorem
2.66. This shows the absolute convergence of } ;7 | a;.

b) Since Y ;" ; a, diverges, Theorem 2.76 implies that it does not converge absolutely. Hence,
by parta), ., ; can not converge absolutely.

O
> 1
Example 2.79. We consider the series Z — where k > 2. We compute that
n=1 n
1 1 2
— < =< v N
nk = n2 = n(n+1) mel
2n? 2 1
where we have used that n? = % > " ;—n = n(nz—i- ) for each n € IN. By Example 2.65.(2),
holds th i 2 2 i 1 2. H b ) of th i 1
it holds that — = ——— = 2. Hence, art a) of the comparison test, —
“on(n+1) =on(n+1) yp p = nk

converges abs_olutely forall k > 2.
However, it turns out that the actual limits of these series are very hard to compute. For exam-
1 2

ple, with a lot of additional effort, one can prove that Z e

, which is totally out of reach
n=1
with our current knowledge.

o0
Theorem 2.80 (Root test). Let Z ay be a series and put

n=1

a) Ifr <1, then Y _ a, converges absolutely.

n=1

b) If r > 1, then Z ay is divergent.

n=1
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Proof. a) Letq € (r,1). By Theorem 2.61, there exists ny € IN, such that {/|a,| < g and thus

lan| < q" for all n > ny. Thus, applying the comparison test with b, = ¢", it follows from
Theorem 2.78.a) that ), ; a, converges absolutely.

If limsup, , {/|ax| = +oo, then ({/|a,|)nen is unbounded, hence (|a,|),cnN is unbounded,
such that (a,),en is divergent. In particular, Theorem 2.68 then implies that Y ; a, is
divergent.

Assume that r = limsup, _,  {/|as| € (1,40c0), such that ({/|a,|),cn is bounded. By The-
orem 2.60, r is an accumulation point of ({/|a,|)yen. Since r > 1, it follows that there is a
subsequence ( %/ |an, |)ken with "(/ |an,| > 1and thus |a, | > 1 for all k € N. This partic-

ularly implies that (a,),—c does not converge to 0, so by Theorem 2.68 the series Y ; a,
diverges.
O

Remark 2.81. If r = 1 in the situation of the root test, then it is impossible to make a general

oo
1 . .
convergence statement. For example, for both ) ° — and 2 we obtain = 1 in the root test, but

as we have seen the former series diverges, while the latter series converges (absolutely).

Since the sequence ({/|a|)neN used in the root test might be hard to handle, we study another
convergence test which is sometimes easier to compute.

Theorem 2.82 (Ratio test). Let (a,),eN be a sequence with a, # 0 foralln € N

a)

b)

If

r:= limsup @11
nosco  |anl

<1,

then Z ay converges absolutely.

n=1

[ee]
If—"l";*‘ll > 1 for almost every n € IN, then Z ay is divergent.

n=1

Proof. a) In analogy with the root test, for any g € (r,1) we obtain an ny € IN with

|u|Z:|1| <gq VYn>ng & lani1| < glan| Yn > ny.

Inductively, one derives that
o] < 4" agy| ¥ > .
Putting by, := g"~"0|ay,| for each n € IN, we obtain that |a,| < |by| for almost every n € IN
and that Z by = q7")ap,| Z q" converges by Example 2.65.(1). Hence, Z a, converges
n=1 n=1

n=
absolutely by the comparison test.

If |ay41] > |ay| for almost every n € IN, then there exists ng € IN with |a,| > |ay,| for all
n > ng. In particular, (a,),cn does not converge to 0 since |a,,| # 0, hence Y;”; a, diverges
by Theorem 2.68.

O
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Remark 2.83. (1) The same examples as in Remark 2.81 show that in the case ¥ = 1 in Theorem
2.82, one can not make a general statement about convergence. Hence, same as the root test,
the ratio test is a sufficient, but not a necessary condition for convergence.

. . . . a
(2) In the situation of the ratio test, lim sup 911
noo  |n]
A counterexample is given by ) ° ; a,, where

> 1 does not imply divergence of the series.

(L) ifniseven,
an = 3\ - .
(3)" ifnisodd.
Convergence of the sequence follows by comparison with Y5 ;(3)". But (%) N is
nl /e

. a
unbounded, hence limsup,_, % = +o00.
n

(8) Every sequence obeying the convergence condition of the ratio test obeys the convergence
condition of the root test as well, since one can indeed show that

limsup {/|a,| < limsup M.
n—

o |an|

Hence, the root test is stronger than the ratio test. (On the other hand, the ratio test is often
easier to check than the root test, so both tests have their purposes.)

To conclude this section, we want to discuss an important property of products of series.

Theorem 2.84. Let Y ;> o a, and Y, by be absolutely convergent series. Then the series

[e5] n
Y en, where ¢y, =Y agb,_ Vn € N,
n=0 k=0

is absolutely convergent with
[e9)

niocn = (Ean) : (gbn)

Proof. (This proof is not discussed in the lecture videos.)

Lets, = Y )_oar tn = Lo bx and u, = Y }_ ¢, be the respective partial sum for each n € IN.
We first want to show that (u,,),cN converges with

|
lim s, - im t,;, = lim u,.
n—oo n—oo n—oo

For this purpose, we first compute for arbitrary n € IN:

n n k n o n n o n
up =Y =3 Y ab_o =YY abi_g =3 ) axby.
k=0 k=0 (=0 (=0k=¢ k=0 i—k

where we simply switched the names of the indices in the final step. We then perform an index
shift to ¢ and obtain

n n—k

Uy = 2 2 akbg.

k=0 ¢=0
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Using this equation, we derive for each n € IN that

n
ISn « tn — Un| = Zak'Zbg—Z Zakbg

non n n—k
=L Y abe— ) ) adb
k=0¢=0 k=0 (=0
n n n n
=12 X awb <), Y} lal- b,
k=0 ¢=n—k+1 k=0/{¢=n—k+1

where we used the triangle inequality in the final step. Let m,n € IN with n > 2m. Then we
compute by first decomposing the sum in the previous estimate and then adding additional
summands that

m n
|5n‘tn_”n‘ < Z Z |ak||bé|+ Z Z |ak||bf|

k=0{=n—k— k=m+1{l=n—k—1
m n
<Y Y lallbel+ Z Z |a|be]
k=0{=m+1 k=m+1(=0
m n m m n n
=2 ) laxllbel = 3 3 laxllbel + 35 Y laxl[be
k=0¢=0 k=0¢=0 k=m+1¢=0
n n
=3 3 sl — 3= 3 sl
k=0(=0 =0/(=0
= S-n[n - gmfm = ‘gnfn - S-mfm| .

where 5, := Y/ |ax| and £, := Y} |bs|. By assumption, both (5,),cn and (f,),enN are con-
vergent. With A := lim, 0 5, and B := lim,,_; f,, it follows that (5,F,),eNn converges to A - B.
Let ¢ > 0 be arbitrary. Since (5,f,),eN, it is a Cauchy sequence, such that there exists ny € IN
with

|Sutn — Smbm| < € Vm,n > ny.

Put 17 := 2ng. Then combining the previous inequality with the above estimate yields
ISn - tn — un| < [Subn — Snglng| < € Vn > ny.

Thus, limy,—eo(Sy - £) = limy, e u,. In particular, the limit exists, since (s,)yen and (tn)neN
converge and it follows that

(e} [e¢] (o]

X on = Jim, o = (fimysn) - (Jfim o) = (2 on) - (X500

n=0 n=0 n=0

The absolute convergence of } ;- ¢, now follows by applying this result to the series Y ;> |ax],
Lo=o [bn| and Y57 g [cnl- O

Definition 2.85. In the situation of Theorem 2.84, the series Y, ¢, is called the Cauchy product
of Yomo an and Y ;7 by.
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2.5 Power series and the exponential series

In this final section of Chapter 2, we want to study a particular type of series in detail that will
be of great importance in the following chapter.

Definition 2.86. A series of the form
Z a,z", z€C,
n=0

where a, € C for all n € Ny, is called a power series. a, is called the n-th coefficient of the power
series.

Example 2.87. The geometric series )  z" is a power series. Its coefficients are given by a, = 1
n=0
forall n € IN.

In Chapter 3 we will consider power series as functions in the variable z and study their be-
haviour under varying z. In this section we want to investigate how to determine for which
choices of z a power series converges. Obviously for z = 0 it holds that } ;" a,z" = ao, hence
every power series converges in 0. For the example of the geometric series, we have seen that it
converges if |z| < 1and divergesif |z| > 1. . It turns out that the general convergence behaviour
of power series is somewhat similar to this example.

Theorem 2.88. Let Y | a,z" be a power series and let
n=0

a) Ifr € (0,+00), then Y ayz" converges absolutely if |z| < 1 and diverges if |z| > L.
b) Ifr =0, then ;" g ayz" converges absolutely for all z € C.
c) Ifr = +oo, then Yy ayz" converges only for z = 0.

Definition 2.89. In the situation of Theorem 2.88, we call the number

1 if r € (0, 400),
0: =10 ifr = 400,
+oo ifr =0,

the radius of convergence of Y ;5 anz".

Proof of Theorem 2.88. a) We want to apply the root test (Theorem 2.80) to the series Y a,2".
Since

limsup {/|a,z"| = limsup {/|an| - |z|" = (limsup \/|ax|)|z| =7 |z|.
n—o0 n—oo n—oo
The claim now follows immediately from Theorem 2.80.

b) If r = 0, then the computation from part a) shows that limsup, _, , {/|a,z"| = Oforallz € C,
so the claim again follows from Theorem 2.80.
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) If ({/|an|)nen is unbounded, then (v/|ay| - |z|"),eN is unbounded for each z € C with z # 0.
Hence, limsup,,_,, {/|a,z"| = +oo for all z € C \ {0} and the claim follows again from
Theorem 2.80.

O

Given p € (0,+o0) and viewing C as a two-dimensional plane, the set {z € C | |z| < p} is the
interior of a circle of radius p around the origin. Hence, Theorem 2.88 says that in the case of
finite radius of convergence p, the power series converges for all z inside the circle of radius p
and diverges for all z outside the circle.

Remark 2.90. Given a power series Y, a,z" with finite positive radius of convergence p, it
is not possible to make a general statement about convergence or divergence at those z with
|z| = p. See the following example for the investigation of a special case.

o0 n
Example 2.91. (1) Consider the power series Z % Since

n=1

nf 1 1
lim {/—

= "+ = 1
n—oco \ n limy s eo {Vﬁ ’

its radius of convergence is 1. Thus, Y3 ; 2 converges for all z € C with |z| < 1. However,

in the case |z| = 1, the convergence behaviour becomes more delicate. We have seen in
Example 2.67 that the series diverges for z = 1, but we have also seen in Example 2.73 that
the series converges for z = —1.

(o)
(2) Consider the series Y z" =z+z+22 +20 + 224 + ...
n=0

This series is a power series with coefficients

1 ifk =n!forsomen € N,
aj =
0 else.

Since limy 0 %/a, = 1 and since there are no subsequences converging against a bigger
limit or diverging to infinity, the radius of convergence of Y0° ;z"" is 1.

The special kind of behaviour of power series may sometimes be used to derive the convergence
of series from the convergence of another series that does not look all to related to it upon first
sight, for which one might use the following observation.

Corollary 2.92. Assume that the power series Y o anz" converges in zg € C. Then it converges
absolutely for all z € C with |z| < |zo|.

Proof. Let p be the radius of convergence of }_° ;a,z". Since } ;" (a,z; converges, it follows
from part of Theorem 2.88.a) that p > |zp|. The claim then follows from Theorem 2.88. O

The surprising fact behind Corollary 2.92 is that convergence in one particular point zy implies
convergence inside a whole circle.

Example 2.93. Let }” ja, be a convergent complex series. Then ) ;? ;a,z" converges ab-
solutely for all z € C with |z| < 1. This follows from Corollary 2.92 with zyg = 1, since

)::zo:(] an = Zzo:o ay1".
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Under certain conditions, there is a more convenient way of computing the radius of conver-
gence of a power series.

Theorem 2.94 (Euler). Let Y ;7 (a,z" be a power series with a, # 0 for all n € IN. If the sequence
(%)%N converges, then the radius of convergence of Y ;> a,z" is given by

Proof. (This proof is not discussed in the lecture videos.)

We apply the ratio test (Theorem 2.82) to the power series. Put q := limy, 9041 Then

|an]

n+1
timsup 212 (fimsup 1411) g = .o,

n—c0 |anz"| nooo |an]

Hence, if |z| < %, then )7 ; a,z" converges absolutely by the quotient test. Assume now that
+1

|z| > %, ie. |g] > 1. Since (%),@N converges, this implies that %M = % > 1 for

almost every n € IN. Thus, by Theorem 2.82, the series } ;> ; a,z" diverges if |z| > %. It follows

that (using the convention that } = +co the radius of convergence is given by

1 1 . an]

- = ——— = lim

1 limpe |a‘2+|1| n=o |ay 1]
n

p:

by Theorems 2.14 and 2.43.b). O

The following theorem summarizes some results from the previous section for the special case
of power series.

Theorem 2.95. Let Y77 ya,z" be a power series with radius of convergence p1 and Y ;o byz" be a
power series with radius of convergence py. Put p := min{p1, p2}. Then:

a) Yo o(an + by)z" converges for all z € C with |z| < p and for any such z it holds that

=
L7

(an +bp)z" =Y apz" + ) bpz".
n=0 n=0
b) Forall z € C with |z| < p it holds that

n

Proof. a) This follows directly from Theorem 2.70.a).

b) This follows directly from Theorem 2.84.
[

In the remainder of this section, we want to introduce a very important power series and discuss
some of its most important properties. This series will be studied in greater detail in the next
chapter.
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Definition 2.96. The exponential series is the power series
o0
z"
ex =y —
p(z ; by

Theorem 2.97. exp(z) is absolutely convergent for all z € C.
Proof. Denote the coefficients of exp(z) by a, = ;. Then

|ai’l+1‘ — n! — 1 Vn EN
|an| n+1)! n+1 ’

hence limy, o % = 0. Thus, by Theorem 2.94 and Theorem 2.43.b), the radius of convergence
of exp(z) is

which shows the claim. O

At this point, we are now able to define the number e, which is probably known to most of
you from high school, where one encounters e* as a differentiable function whose derivative is
given by e* itself. (We will define and study this function later on.)

Definition 2.98. The number
1
e:=exp(1 Z P
is known as Euler’s number.

Since - -
1 1 1 1

~Grit L2 Lo

1 = n! = n!

we can immediately see that e > 2.

The following theorem summarizes some of the most important properties of the exponential
series.

Theorem 2.99. a) exp(0) = 1.
b) Forall z,w € C it holds that

exp(z +w) = exp(z) - exp(w).

¢) Forall z € C it holds that
exp(—z) = exp(z) "L

d) exp(z) # 0 forall z € C and exp(x) € (0, +o0) forall x € R.
e) Foreach q € Q it holds that exp(q) = €.

f) Forall z € C it holds that exp(z) = exp(z).
Q) Foreacht € R it holds that | exp(it)| = 1.
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Proof. a) This is obvious.

b) Using Theorem 2.84 and the binomial theorem we compute that

exp(z) - exp(w) = ( i i_u) ' ( )» %

c) We derive from a) and b) that for every z € C it holds that

exp(z) -exp(—z) = exp(z —z) = exp(0) = 1.
The claim immediately follows.
d) The first part follows directly from c). For the second part,it follows from the definition of

exp that exp(x) € (0, +00) if x > 0, since each summand of the series is positive. For x < 0
we obtain by c) that exp(—x) = (exp(x))~! € (0, +0).

e) We first want to show by induction that exp(n) = ¢" forn € N.

The base case n = 1 is true by definition of e. For the induction step, we assume that
exp(n) = e" for some n € IN and derive from this hypothesis that

n+1

n.e=¢"",

exp(n+1) D exp(n)-exp(l) =e

which completes the induction step. Hence, exp(n) = ¢" for each n € IN. By c), this implies

exp(—n) = (exp(n)) ™' = (") T =",
which proves that exp(m) = e™ for every m € Z.
Let now n € IN be arbitrary. We compute that

e=-exp(l) =exp (Z) ® (exp (%))n,

where (x) is shown by induction in analogy with b). From d) and by taking n-th roots, this
shows that

exp (%) —ei VneN.

Finally, for g = %! € Q, we derive that

ept) = exp () = (exp (1)) = ()" = e

f) Lets,(z) be the n-th partial sum of exp(z), z € C. Then by the properties of complex conju-
gation

k
=1t

»|N|
E‘ N
|
| N
|
©w
2
—
N
N

sp(z) =1+ i
k=1
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Hence,

exp(2) = lim 5,(2) = lim 5,z) = exp(2),

which we wanted to show.*

g) By c)itholds forall t € R that

1 = exp(it) - exp(—it) ul exp(it) - exp(it) = |exp(it)|2.
The claim immediately follows.
O
4Here, we have actually cheated a little. We have not established yet that if lim, e 2, = z, then lim, 0 2, = Z.

However, this easiy follows from the properties of limits that we have discussed.
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Chapter 3

Functions and continuity

3.1 Definition and first properties of continuity

In this section we are going to introduce the next important fundamental concept of analysis:
continuity. In high school, continuity is often studied in a heuristic way, e.g. by saying that
a function is continuous if its graph can be drawn without having to lift the tip of the pen.
Roughly, a function f : D — C, where D C C is continuous in a point 4, if for all points
sufficiently close to a, the values of the function become very close to one another. Similar as in
the case of convergence, we will formalize this by using e-"neighborhoods" of points.

Definition 3.1. Let D C C.

a) A real function on D isamap f : D — IR. A complex function on D isamap f : D — C. Since
R C C, every real function on D is a complex function on D.

b) Leta € D. A complex function f : D — C is continuous in a if

Ve>0306>0: |f(x)— f(a)|] < eforeachx € D with |x —a| <.

c) f: D — Cis called continuous if f is continuous in a for every a € D.
See the lecture video to this section for a graphic illustration of this definition.

Example 3.2. (1) Every constant function f : C — C, f(z) = ¢, where ¢ € C, is continuous.
This is trivial since |f(x) — f(y)| =0 forall x,y € C.

(2) f:C —C, f(z) = z, is continuous.
Given a € C and an arbitrary € > 0 it follows for § = ¢ that

|f(x) — f(a)| = |x —a| < e for each x € D with |x —a| < 6.
(3) f:C — C, f(z) = 22, is continuous.
Let a € C. By the triangle inequality,
|x+a| = |x —a+2a| < |x—a|+2]a|
for all x € C. Hence, we derive that

f(x) = f(a)] = |x* —a®| = |x +a| - |x —a] < |x—a* +2Ja| - |x —al.
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For ¢ > 0 put ¢ := min{1, Mﬁ} Then for all x € C with |x — a| < ¢ we derive from § <1
and the above that

€

2o +1 " ©

[f(x) = f(a)] < |x —a| +2[a] - [x — a] < (2[a] +1)é < (2]a| +1)

Thus, we have shown that f is continuous in a.

The definition of continuity is sometimes hard to handle, since it might be highly non-trivial to
explicitly find a suitable § > 0 to each ¢ > 0. The following theorem not only provides a some-
times more practial criterion for continuity, but also connects continuity with the convergence
of sequences.

Theorem 3.3 (Sequential continuity). Let D C C and a € D. A complex function f : D — C is
continuous in a if and only if the following holds: For every convergent sequence (xy)yeN in D with
nlgn Xy, = a the sequence (f(xn))neN converges with nlgn f(xn) = f(a).

Proof. "=": Let f be continuous in a and let (x,),eN be a sequence in D with limy, ;e X, = 4.
By definition of convergence, we need to show that

!
Ve>03dng e N: |f(xn)— f(a)] <& Vn > ny.
Let e > 0. Since f is continuous in a there exists > 0, such that:
[x—a]l<d = |f(x)—f(a)] <e

Since (x,)neN converges to 4, there exists 19 € IN with |x, —a| < ¢ for all n > ny. Thus, by the
previous implication, |f(x,) — f(a)| < € for all n > ng. Since ¢ > 0 was arbitrary, (f(x»))neN
converges to f(a).

"«": Assume that f satisfies the sequence condition in 4, but is not continuous in 4. Then
there exists ¢y > 0, such that for each § > 0 there exists an x € D with |x —a| < 4, but
|f(x) — f(a)| > eo. In particular, for each n € N there exists an x, € N with |x, —a| < 1, but
|f(xn) — f(a)| > €p. By construction, the resulting sequence (x,),enN satisfies limy, o0 X = 4,
but since lim, o0 | f(xn) — f(a)| > €9 # 0 by Corollary 2.27, the sequence (f(x,))n,eN can not
converge to f(a). This contradicts the assumption, hence f is continuous in 4. O

Example 3.4. The Heaviside function®

0 ifx<0,
1 ifx>0,

f:R—=R, flx) = {
is not continuous in 0. Given a real sequence (x,),eN With x, < 0 for all n € IN and with
limy,, 0o X, = 0, it holds that
Tim f(x) =0 # 1= f(0).

Hence, f is not continuous in 0 by Theorem 3.3.

In the same way as we did for convergence in the previous chapter, we are next going to study
the behaviour of continuity with respect to algebraic operations on R and C.

IFun fact: This function is not named that way since it has a "heavy side" on [0, +o0), but it is indeed named after
the mathematician and physicist Oliver Heaviside (1850-1925).
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Theorem 3.5. Let D C C,a € Dandlet f,g: D — C both be continuous in a. Then:

a) f+9:D—=C, (f+g)(x) = f(x) + g(x), is continuous in a.

b) f-g:D—C,(f-9)(x) = f(x)-g(x), is continuous in a.

c) If f(x) #0forall x € D, then % :D—C, %(x) = ﬁ, is continuous in a.

@) Re(f) : D — R, (Re(f))(x) i= Re(f(x)), and Im(f) : D — R, (Im(f))(x) := Im(f(x)), are

continuous in a.

Proof. a) Let (x4)nen be a sequence in D converging to a. Then by Theorem 3.3 and Theorem
2.7.a) about sums of sequences:

Tim (f+) () = lim (£ (o) +8(x)) = lim f(xa) + lim g(x) = £(a) +g(a) = (f +8)(a).
Hence, f + g is continuous in a by Theorem 3.3.
b) This follows in analogy with part a) from Theorem 2.12.b) about products of sequences.

¢) This follows in analogy with part a) using Theorem 2.14.

d) This follows in analogy with part a) using Theorem 2.20.

Corollarzl 3.6. Every complex polynomial, i.e every complex function of the form f : D — C, f(x) =
Z,’jzo aiz", where D C C,n € N, ag,ay, .. .,a, € C, is continuous.

Proof. Apply Theorem 3.5.a) and b) to the functions from Example 3.2.(1) and (2). O

Theorem 3.5 will be used over and over in the course of this lecture. In the same way, we
will often use the following theorem about the compatibility of continuity and compositions of
maps.

Theorem 3.7. Let D1,Dy C C,leta € Dy andlet f : D1 — Dy and g : Dy — C be functions. If f is
continuous in a and g is continuous in f(a), then g o f : D1 — C is continuous in a.

Proof. Let (x,),eN be a sequence in D; converging to 4. Since f is continuous, it follows that
(f (xn))nen converges to f(a). Since g is continuous, it follows that

lim (g0 f)(xn) = lim g(f(xx)) = g(f(a)) = (g © f)(a).

n—o0
Hence, g o f is continuous in a by Theorem 3.3. O

We next want to introduce a stricter notion of continuity that is often much easier to check than
the original one. Nevertheless, it is stricter than the general definition as we shall see in Remark
3.11.

Definition 3.8. Let D C C. Amap f : D — Cis called Lipschitz-continuous if there exists L > 0,
such that

f) = fWl<L-[x=yl VYxyeD.
An L with this property is called a Lipschitz constant for f.
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Example 3.9. (1) f: C — R, f(z) = |z|, is Lipschitz-continuous with Lipschitz constant 1. One
derives from the triangle inequality that ||x| — |y|| < |x —y| for all x,y € C, which reads as

If(x) = fy)] <1-[x—y| x,y € C.

(2) The complex conjugation f : C — C, f(z) = z, is Lipschitz-continuous with Lipschitz
constant 1. This easily follows from Theorem 1.73.b).

(3) Givena,b e Cletf:C — C, f(x) = ax +b. Then for all x,y € C it holds that
f(x) = fW)] = lax +b—ay —b] = [a(x —y) = |a| - [x —yl,

hence f is Lipschitz-continuous with Lipschitz constant |a].
Theorem 3.10. Let D C C. Every Lipschitz-continuous complex function on D is continuous.

Proof. Let f : D — C and let L > 0, such that |f(x) — f(y)| < L-|x —y| forall x,y € D, and let
aeD.

Given e > 0, we put 0 := {. Then for each x € D with |x —a| < ¢ it holds that

£
L

Hence, f is continuous in a. O

[f(x) = fl@)| SL-[x—a| <L-+=e

Remark 3.11. The converse of Theorem 3.10 is false in that there are continuous complex func-
tions that are not Lipschitz-continuous. As an example consider the function

f:[0,40) - R, f(x) = Vx.

We will see in the next section that f is indeed continuous. However, assume that f was
Lipschitz-continuous with Lipschitz constant L > 0. Then, it would follow that

1 1 1
1 1
|f(z2) —fO) <L |3z -0 < L Sa ¢ 3 S

which is obviously false. Hence, f is not Lipschitz-continuous.
Corollary 3.12. Let D C Canda € D.
a) If f : D — Cis continuous in a, then |f| : D — R, |f[(x) := |f(x)

b) If f,g : D — R are continuous, then max(f,g) : D — R, (max(f,g))(x) := max{f(x),g(x)},
and (min(f,g)) : D — R, (min(f,g))(x) := min{f(x),g(x)}, are continuous.

W |

, 1S continuous in a.

Proof. a) By Example 3.9 and Theorem 3.10, g : C — R, g(x) = |x| is continuous. The claim
thus follows from Theorem 3.7.

b) One checks without difficulties that all x, y € R satisfy

max{x,y} = 2(x+y+|r—y),  min{xy} = (x+y—|x—y)).
2 2

This implies

(f+g—1f =g,

N~

max(f,g) = 5 (f+g+If =g, min(f,g) =

so the claim follows from part a) and Theorem 3.5.
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An important class of Lipschitz-continuous functions are power series Z;"ZO a,z", seen as func-
tions in z. For r > O welet D, := {z € C | |z] < r}. We further put Dy := {0} and D := C.

Theorem 3.13. Let ) ;° ;a,z" be a power series of radius of convergence p. Then for each r < p, the
map f : D, — C, f(z) = Yo anz", is Lipschitz-continuous.

Proof. Let s,(z) := Y}_, axz" be the n-th partial sum of f(z). As a polynomial, s, : D, — C is
continuous for each n € IN. Since f(z) = limy—« 54 (z) for each n € N, it holds that

£(2) = flw) = lim (su(z) ~su(@))  Vz,we Dy,
By Corollary 3.12.a), this implies
f(2) = f(w)] = lim [s,(2) = sn(w)]. (3.1)

By the triangle inequality,

[n(2) = sn(w)] =
for every n € IN. For each k € IN one checks that
k=1 ,
ZF—wk = (z—w)- ) 2wk,
j=0

Thus
' k=1 , k=1 ,
‘zk - wk’ <l|lz—w| ) |z |w|F177 < |z — w| Y P11 = |z —w)| - krF L
j=0 j=0

Inserting this into the previous computation, we obtain

n n
I5n(2) —su(@)| < Y lagllz — wlkr ™ = Y [aglkp* ! - |z —wl.
k=1 k=1

By (3.1), this implies

n o]

f(2) = f(w)] < lim Y Jaglkr" |z —w| = Y |anir|(n +1)r" - |z~ w].

k=1 n=0

It only remains to show that the series Y5 ; |a,|nr" ! converges to some L > 0, which is then a
Lipschitz constant for f. We compute that?

1 1
lim sup {/|ay|n = limsup {/|a,|¥/n = limsup {/|a,|- im {/n=~ 1= —.
n—00 n—o0 n—00 n—r00 1Y 1Y
Thus, the radius of convergence of } )° ; a,nx" is given by p as well. Since r < p, this shows the
convegence of Y7 |a,|nr", thereby showing the claim. O

2Here we use the fact that for a real sequences (x,),cn and a convergent real sequence (y, ) e it holds that
limsup(xy, - = limsup x, - lim y,.
nﬁoop( nYn) nﬁoop " ”H“’yn

We leave the proof of this simple fact to the reader.
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3.2 Continuous real functions on intervals

In this section, we want to focus on one of the most common cases appearing in practical appli-
cations, real-valued functions on intervals. We begin with an important theorem that has many
interesting applications.

Theorem 3.14 (Intermediate value theorem). Let a,b € R witha < band let f : [a,b] — R be
continuous. Then for every c between f(a) and f(b) there exists ¢ € [a,b] with f({) = c.

Proof. We assume w.l.o.g.3 that f(a) < f(b). (Otherwise, replace f by —f.)
Letc € [f(a), f(D)]. If c € {f(a), f(b)}, then the claim is obvious, so assume that f(a) < ¢ <
f(b) and consider the set

M:={xe€ab]|f(x) <c}.

M is non-empty since a € M. Since b is an upper bound, M is bounded from above. Thus,
by construction of R, M possesses a supremum ¢ := sup M. Since b is an upper bound for M,
¢ <b.Sincea e M,a <, thus¢ € [a,b].

By definition, ¢ is the smallest upper bound of M, hence for every n € IN there exists an x, € M
with ¢ — % < x, < . If we choose such a sequence (x,),enN it follows from the squeeze theorem
that lim, . x, = &. Since f is continuous, f(&) = lim,—« f(x,) and since f(x,) < ¢ for each n
by construction, it follows that f(§) < c.

To show the opposite inequality, we first note that since ¢ # f(b), it holds that { < b. Let
(Yn)neN be a convergent sequence with y, € (,b] for each n € IN and with lim,, e 4 = &.
Since y,, > ¢, it follows that y, ¢ M and thus f(y,) > ¢ for each n € IN. Since f is continuous,
this implies f(¢) = lim,—o0 f(¥1) > c. Thus, we have shown that f(¢) = c. O

Remark 3.15. The continuity of f is essential in the intermediate value theorem. For example,
the Heaviside function from Example 3.4 takes the values 0 and 1, but no element of (0,1) is
among its values.

Corollary 3.16. Let P : R — R be a real polynomial of degree n, i.e. P(x) = YI_, axxk, wheren € N,
ag,ay,...,an € Rwith a, # 0. If n is odd, then there exists xy € R with P(xy) = 0.

Proof. We assume w.l.o.g. that a, > 0. (Otherwise consider —P instead.) For every m € IN we
compute that
an

-1, n-2
m

a0

n
P(m) =Y apm* = m" (an +
k=0

Since limy, o m" = +o00, it follows from Sheet 4, Exercise 1.b), that lim,—sc P(m) = +o0. In
particular, there exists my € IN with P(m;) > 0. We further compute that

P(—m) = (—m)”(an LTS N (—1)””—0)

m2 mh
= —m" (an -

m
Ap—1 ap—2 n 40
i (—1 _)
m m2 (=1) mn)’

since n is odd. This shows analogously that lim, . P(—m) = —oo. Hence, there exists m, €
N with P(—mjy) < 0. It follows from the intermediate value theorem that there exists xo €
[—my, mq] with P(xp) = 0. O

3w.l.o.g. stands for: without loss of generality. This acronym is often used in mathematics, in situations where one
can restrict the proof by proving a special case only and has the remtaining directly following from that case.
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We can give another interpretation of the intermediate value theorem in terms of intervals. To
do so, we first investigate another way of characterizing intervals.

Theorem 3.17. Let D C R. Then D is an interval if and only if it has the following property: For all
x1, X2 € D with x1 < x it holds that [x1,x;] C D.

Proof. "=": This follows immediately from the definition of intervals.

"<": We first consider the case that D is bounded, i.e. a subset of a bounded interval. If D has
only one element, it is of the form {a} = [a, 4], hence an interval. Assume in the following that
D has at least two elements.

Let x € (inf D,sup D). Then x is neither a lower nor an upper bound of D, hence there are
x1,%2 € D with x; < x < xp. But since x € [x1, x3], it follows by assumption that x € D. Hence,

(inf D,sup D) C D C [inf D,sup D],

where the second inclusion is obvious.It follows from these inclusions that D is given by one of
the intervals

[inf D, sup D], (inf D,sup D), [inf D, sup D), (inf D,sup D],

hence D is an interval.

In the case that D is bounded from below, but not from above, the analogous argument shows
that (inf D, +00) C D C [inf D, 4+c0), such that D € {(inf D, +o0), [inf D, +00) }.

The case that D is bounded from above, but not from below is treated analogously, while if D is
neither bounded from above nor from below, it follows that D = IR = (—o0, +00). O

Corollary 3.18. Let I be an interval and let f : I — R be continuous. Then f(I) is an interval.

Proof. Letyy,y2 € f(I) withy; < y,. Then by the intermediate value theorem, every y € [y, 2]
lies in f(I) as well, i.e. [y1,y2] C f(I). Hence, f(I) is an interval by Theorem 3.17. O

Remark 3.19. The image of a continuous f : I — R does not have to be an interval of the same
type as I. For example, the image of

f:(-1,1) =R,  f(x) =212

is given by [0, 1), which is not open in contrast to (—1,1). Another example is

g:[l,+o0) =R,  g(x)=

R

Here, the domain of g is unbounded, while g([1, +o0)) = (0, 1] is bounded.

Our next aim is to investigate monotonic functions and their properties. This concept basically
transfers the notion of monotonicity from sequences to functions.

Definition 3.20. Let I be an interval and let f : I — IR be a real function.
a) f is monotonically increasing if for all x,y € I with x < y it holds that f(x) < f(y).
b) f is monotonically decreasing if for all x,y € I with x <y itholds that f(x) > f(y).

c) f is strictly monotonically increasing if for all x,y € I with x < y it holds that f(x)

(v)
(y)

< f(y)-
> f(y).

d) f is strictly monotonically decreasing if for all x,y € I with x < y it holds that f(x)
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f is called monotonic if it is monotonically increasing or monotonically decreasing and it is called
strictly monotonic if it is strictly monotonically increasing or stricly monotonically decreasing.

One derives from the definition that strictly monotonic functions are injective. Using this obser-
vation and the intermediate value thoerem, we can at this point a second, but notably shorter,
proof of Theorem 1.48 about the existence of roots.

Second proof of Theorem 1.48. Uniqueness: Consider the function f : [0,400) — R, f(x) = x" —
a. From the computational rules of ordered fields one derives that f is strictly monotonically
increasing on [0, +00). In particular, f is injective, so there can be at most one solution. xy of

f(x0) =0.
Existence: Since a > 0, it holds that f(0) = —a < 0. By Bernoulli’s inequality it further holds
that

fA4+a)=14a)"—a>1+n—-1)a>1

Since f is continuous, it follows from the intermediate value theorem that there exists xy €
[0,1 4 a] with f(xp) = 0, i.e. with x{j = a. O

For continuous functions, injectivity and strict monotonicity are more closely related.

Theorem 3.21. Let I be an interval and let f : I — R be continuous and injective. Then f is strictly
monotonic.

Proof. Assume that f is continuous and injective, but neither strictly monotonically increasing
not strictly monotonically decreasing. Then there are a,b,c,d € I witha < band ¢ < d, such
that f(a) < f(b) and f(c) > f(d). Consider the function

¢:[0,1] = R, g(t)=fla+t(c—a))—f(b+t(d—D)).

¢ is well-defined since a + t(c —a),b + t(d — b) € I for each t € [0,1] by Theorem 3.17.¢ is a
composition of continuous functions, thus itself continuous. We compute that

8(0) = f(a) = f(b) <0, g(1) = f(e) = f(d) > 0.
By the intermediate value theorem, there exists ty € [0,1] with
glt) =0 <  flatto(c—a))=f(b+t(d—D)).
Since f is injective, this implies
a+toy(c—a)=b+ty(d—b) < (1—tg)a+toc=(1—1ty)b+tod.

But since 2 < b and ¢ < 4, it follows that (1 — tg)a + toc < (1 — to)b + tod, so we have achieved
a contradiction. Thus, f is strictly monotonic. O

Remark 3.22. The conclusion of Theorem 3.21 is in general false if one does not assume conti-
nuity of f. For example, one observes that

l .
S I H

is injective (even bijective), but not monotonic.
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Theorem 3.23. Let I be an interval and let f : I — R be continuous and strictly monotonic. Then
J := f(I) is an interval and the inverse function f~1 : ] — I is continuous and strictly monotonic.
Either both f and f~1 are strictly monotonically increasing or both are stricly monotonically decreasing.

Proof. We assume w.l.o.g. that f is strictly monotonically increasing, the decreasing case is
treated analogously. By Corollary 3.18, | is an interval. By monotonicity, f is injective, hence
is bijective as a map I — J. Hence, f~! : | — I is well-defined and the definition of strict
monotonicity directly implies that it is strictly monotonically increasing as well. Let (y,)neN
be a convergent sequence in | with lim, . iz = Yo € J. As a convergent sequence, (1, )neN is
bounded, hence A := inf{y, | n € N} and B := sup{y, | n € N} are well-defined real numbers.

Claim: A, B € J.

Proof of claim. If A, B € {y, | n € N}, then the claim is clear. Assume that A ¢ {y, | n € N}. By
definition of the infimum, A is then an accumulation points of (y,),eN- By Theorem 2.55 there

is a subsequence (y,, )xen converging to A. But since (v ),en itself converges, this implies by
Theorem 2.19 that

A= i = B e =t €.

Analogously, one shows that B € |. u

Since ] is an interval, [A,B] C | = f(I) by Theorem 3.17. Let a,b € I with f(a) = A and
f(b) = B. Since f is strictly monotonically increasing, it follows that a < b and the interme-
diate value theorem yields f([a,b]) = [A, B]. Hence, (f ~'(yx))nen is a sequence in [a,b], so
it is particularly bounded, thus has a convergent subsequence (f~* (v, ))ren by the Bolzano-
Weierstrafl theorem (Theorem 2.48). Put a := f ’1(ynk) for all k € N and put a := limy_, a.
Since f is continuous, it follows that

fla) = kh_?(}of(ak) = kli_?;]/nk = nli_{l;loyn = Yo-

Since f is injective, it follows from f(a) = yo that a = f~!(y). Since this holds for every
convergent subsequence of (i, ),en, it follows that f~!(yo) is the only accumulation point of
(f "Y(yn))nen- Thus, applying Corollary 2.62, we obtain

timsup 1 (y) = liminf () = F'(00) = lim £ () = £ (0.
n—oo
It follows from Theorem 3.3 that f ! is continuous. O

Remark 3.24. If the domain of f is not an interval in the situation of Theorem 3.23, then its
inverse is not necessarily continuous. Consider the following illuminating example:

fi(=00,0/U(1,+0) = R, f(x):{i_l iiii?’

One checks that f((—o0,0] U (1, +0c0) = R, that f is strictly monotonically increasing, hence
injective, and that its inverse is given by

X if x <0,

R —00,0 L, / -
g:R — (—00,0]U (1, +00) 8(x) {x+1 if x > 0.

which is not continuous in 0.
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Corollary 3.25. For each n € N with n > 2, the function g : [0, +o0) — [0,+00), g(x) = /x, is
continuous.

Proof. This follows directly from Theorem 3.23, since ¢ = f~!, where f : [0, +c0) — [0, +00),
flx) = 2. O

3.3 Continuous functions on compact subsets

In this section we will investigate the special role of so-called compact subsets of R and C. In
particular, we will show that every real function on a compact subset possesses a maximum
and a minimum, which will justify the search for minima and maxima of functions that we will
tackle later in this lecture.

Definition 3.26. Let A C Ror A C C.
a) A is bounded if there exists an R > 0, such that |x| < R for all x € A.

b) A is closed if for every convergent complex sequence (a,),ecN With a, € A for every n € IN
it holds that lim,,,« a, € A.

c) We call A compact if it is closed and bounded.
Example 3.27. (1) Every interval of the form [a, b], where a,b € R, is compact.

(2) The interval (O, 1] is bounded, but not closed: the sequence a, = % satisfies a, € (0, 1} for
alln € N, but limy 001, =0 ¢ (0,1].

(3) An interval of the form [a, +00) is closed, but not bounded. Closedness holds since for
every convergent sequence (X,),eN in [a, +00) with x, > a for each n € IN it holds that
limy oo Xy > 4.

A more sophisticated example is discussed in the next theorem.
Theorem 3.28. Given zg € C and r > 0, the set
Di(z0) :={z€C||z—2z| <1}

is compact. (Geometrically Dy(z) denotes the interior and the boundary of a circle of radius r with
center zy.)

Proof. Let R := r + |zg|. Then for each z € D,(z) it holds by the triangle inequality that
|z| < |z —zo| + |20 <7+ 20| = R.

Hence, D, (z) is bounded.
Let (xn)neN be a convergent sequence in Dy(zg) and let xp := lim, 0 X,. Then (x, — 2z0)neN
converges to xg — zg and by Example 3.9.(1) and Theorem 3.10, it follows that

r}ggo|xn —zo| = |x0 — 20/

Since |x, — zg| < rfor all n € N, this implies |xg — zo|, i.e. that xy € D,(x¢). Hence, D,(xp) is
closed, thus compact. O
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Theorem 3.29. Let K C C or K C R be compact and let f : K — C be continuous. Then f(K) is
compact.

Proof. Let (yn)nen be a convergent sequence in f(K) and let (x,),en be a sequence in K with
f(xy) = yyu for each n € IN. Since K is bounded, (x,),en has a convergent subsequence
(xn, JkeN by the Bolzano-Weierstrafl theorem. Let xq := limj_,q, X, . Since K is closed, xo € K.
Then, by Theorem 2.19 and the continuity of f,
fm = i = f o) = ),

Hence, limy, e ¥ € f(K), which shows that f(K) is closed.

Suppose that f(K) was not bounded. Then for each n € IN there exists z, € f(K) with |z, | >
n. Let (wn)yen be a sequence in K with f(w,) = z, for all n € N. Since K is bounded,
(wn)nen has a convergent subsequence (wy, )ren by the Bolzano-Weierstrafl theorem, such that
by continuity of f, (f(wn,))ken = (2, )ken must be convergent. But this can not be the case,
since limy_, o |2y, | = +00 by construction, so (z, )keN is unbounded. Hence, we have achieved
a contradiction, which shows that f(K) is bounded. Thus, f(K) is compact. O

The previous theorem, which might not look all too spectacular upon first sight, has some im-
portant consequences for real functions.

Definition 3.30. Let D C C and f : D — IR be a real function.

a) M € Ris called the maximum of f and denoted by max f, if f(x) < M for each x € D and if
there exists xg € D with f(xg) = M. One says that f attains its maximum in xo. and calls xp a
maximum point of f.

b) m € R is called the minimum of f and denoted by min f, if f(x) > m for each x € D and if
there exists xg € M with f(xg) = m. One says that f attains its minimum in xy and calls xg a
minimum point of f.

Remark 3.31. (1) Not every continuous function possesses a maximum or a minimum. For
example, the function f : (0,1) — R, f(x) = x has neither of the two.

(2) One checks from the definition that f : D — IR possesses a maximum if and only if
sup f(D) € f(D), then max f = max f(D). Analogously, f possesses a minimum if and
only if inf f(D) € f(D), then min f = min f(D).

Theorem 3.32. Let K C C be compact and let f : K — R be continuous. Then f possesses a maximum
and a minimum.

Proof. By Remark 3.31, it suffices to show that sup f(K),inf f(K) € f(K). Put A := f(K). By
Theorem 3.29, A is a compact subset of IR. In particular, sup A,inf A € R. By definition of sup A,
for each n € IN there exists x, € A with sup A — % < xy < sup A. If we construct a sequence
(Xn)nenN In A in this way, it follows from the squeeze theorem that lim, . X, = sup A. Since A
is closed, this shows that sup A € A. Analogously, one shows that inf A € A, so by the above
reasoning, max f = sup A and max f = inf A both exist. O

Remark 3.33. (1) The hypothesis that K is closed is necessary in Theorem 3.32, see the example
of Remark 3.31.(1).

(2) The hypothesis that K is bounded is necessary in Theorem 3.32: consider f : [0, +) — R,
f(x) = ;7. Here, [0,+00) is closed and f is continuous, but f has no maximum since
sup f([0, +00)) = 1 which is nowhere attained.
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(3) The hypothesis that f is continuous is necessary in Theorem 3.32: Consider

FiEL1 SR, f<x>={1x‘ o

Here, [0, 1] is compact, but f does not have a minimum, since f([—1,1]) = (0, 1].

Theorem 3.34. Let K C C be compact and f : K — C be continuous and injective. Then f=! :
f(K) — K is continuous.

Proof. (This proof is not discussed in the lecture videos.)

This is shown similar to Theorem 3.23. Let (,),eN be a sequence in f(K) which converges to
yo € f(K). Then (f~'(yn))uen is a sequence in K. Since K is bounded, (f~!(yx))nen has a
convergent subsequence (f 1 (yu,))ken- Since K is closed, xq := limy 0 f ' (ys,) € K. Since f
is continuous, it follows that

Yo = lim yuy = lim f(f~}(yn,)) = f(x0)-

Since f is injective, it follows that f~1(yg) = xo. Since this is true for every convergent subse-
quence, it follows in analogy with the proof of Theorem 3.23, it follows that lim,cn f ' (y,) =
F~(yo). It follows that f~! is continuous.

Definition 3.35. Let D C C. A function f : D — C is called uniformly continuous if
Ve>036>0: |f(x)—f(y)] <e Vx,y € Dwith|x—y| <.

The definition of uniform continuity looks very similar to the one of continuity itself, so what is
the difference between these two notions? In the definition of continuity via &’s and ’s, we have
defined it in a point. We have fixed one particular point and demand that for each ¢ > 0 there
exists a suitable 6 > 0 that might depend on that point. For a uniformly continuous function we
demand that given £ > 0, one can choose the same & for any point in D. This shows in particular
that every uniformly continuous function is continuous.

To illustrate the difference, we discuss an example of a function that is continuous, but not
uniformly continuous.

Example 3.36. The function f : (0,1] — R, f(x) = 1, is not uniformly continuous. To show
this, we need to find an ¢y > 0, such that for each 6 > 0 there are x,y € (0,1] with [x —y| < J,
but [f(x) — f(y)| > eo. We want to prove this for ey = 1. We first compute that

f(x) = f)l =

1 1 |x—y]
;— y’ = xy Vx,ye (0,1]

Givené > 0,letn € Nwith 2 < 5. Letx = L and y = 2. Then [x — y| < 6, but

n

n _n 1
10 -F0l = 1 =32 5

Hence, f is not uniformly continuous.

See the corresponding lecture video for a graphical illustration of this example.
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Remark 3.37. Every Lipschitz-continuous function is uniformly continuous. This follows as in
the proof of Theorem 3.10, since for each € > 0 one can choose § = %, where L is a Lipschitz
constant for the function.

Theorem 3.38. Let K C C be compact and let f : K — C be continuous. Then f is uniformly
continuous.

Proof. Assume that f was not uniformly continuous. Then there exists ¢y > 0 such that for each
d > 0 there exist x,y € Kwith |[x —y| < dand |f(x) — f(y)| > €o. In particular, for each n € N
there exist x,, y, € K with |x, —y,| < d and |f(x,) — f(yn)| > €o. Since K is compact, hence
bounded, (x,),en has a convergent subsequence (X, )xen. Put a := limy_, xy,. Since K is
closed, a € K. Since limy_, o, ¥4, — Y, | < limy_e0 nlk = 0, it follows that limy_, yn, = a as well.
But since |f(xn,) — f(xn, )| > €0 for all k € N, the sequences (f(xy,))ken and (f(Vn, ) )ken can
not converge to the same value, such that f is not continuous in a. ¢

This contradicts the assumption on f, hence f is uniformly continuous. O

3.4 Limits of continuous functions

From its definition one can see that continuity is a local notion, i.e. the continuity of a function
at a point 2 depends only on its behaviour at points which are close to a and is independent of
all other points. We will make this statement formally precise in Theorem 3.42 which requires
some preparations.

Definition 3.39. Let D C C and x¢ € D. A subset A C D is called a D-neighborhood of x if there
exists an r > 0, such that
Br(xo) ND cC A.

where B, (xp) := {x € D | |[x — xo| < r}.
Remark 3.40. (1) B:(xp) is the set of points inside a circle of radius r centered at x. It differs

from the set D, (xp) which we introduced in Theorem 3.28 in that the boundary of the circle,
i.e. the circle line*, does not belong to B, (x), but to D;(xo).

(2) The sets B,(xp) indirectly appeared in the definition of continuity. Namely, by definition
f : D — Cis by definition continuous in a if

Ve>0 36>0: [f(x)—f(a)] <e Vxe& Bsa)ND.
Definition 3.41. Let X and Y be sets, let f : X — Y beamap andlet A C X.

a) The map
flazA=Y,  flalx) = f(x) Vxe A,

is called the restriction of f to A.

b) Letg: A — Y be amap. f is called an extension of g to X if f(x) = g(x) forall x € A, i.e. if
fla=g

The local character of continuity is expressed in the following theorem. Roughly stated, it says
that continuity of a map in a point is equivalent to the continuity of the restriction to a subset at
the point under the assumption that the subset contains all point of the domain that are "very
close" to that point.

“Not to be confused with the London underground line of the same name. (Sorry.)
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Theorem 3.42. Let D C Cand f: D — C. Let AC Danda € A.
a) If f is continuous in a, then f|4 : A — C is continuous in a.
b) Assume that A is a D-neighborhood of a. Then f is continuous in a if and only if f| 4 is continuous
in a.
Proof. a) Lete > 0. Since f is continuous, there exists 6 > 0, such that |f(x) — f(a)| < € for all
x € Bs(a) N D. Since A C D, this implies that
[fla(x) = fla(@)] = |f(x) = f(a)| <& Vx € Bs(a) N A.

Since € was arbitrary, this shows the continuity of f|4 in a.

b) "=" follows from part a), we only need to show "<".
Since A is a D-neighborhood of 4, there exists ¥ > 0, such that B,(a) "D C A. In particular,
B;(a) N A = B,(a) N D and thus B,,(a) N A = B,(a) N D forall ¥ € (0,r].

Let ¢ > 0. Since f| 4 is continuous in a, there exists § > 0 with

f(x) = f(@)] = |fla(x) — fla(a)| <e  Vx € Bs(a)NA.

Now let &' := min{§,r} > 0. Since &' < §, it particularly follows that |f(x) — f(a)| < ¢ for
all x € By (a) N A. Since ¢’ < r, it follows that By (a) N A = Bg/(a) N D, such that

|f(x)— f(a)|<e  Vxe&Bg(a)ND.

Since € was chosen arbitrarily, this shows that f is continuous in a.
O

Corollary 3.43. Let 2 anx" be a power series of radius of convergence p with p # 0. Then f :

n=0
o0

Bo(0) = C, f(x) = Y_ anx", is continuous. Here, B (0) := C.

n=0
Proof. Leta € B,(0), such that |a| < pand let R € (|a|, p). With 7 := R — |a| > 0, it holds for all
z € B,(a) by the triangle inequality that
lz| <l|z—a|+|a| <r+|a| =R,

which shows that B,(a) C Dg. Hence, Dy is a C-neighborhood of a. By Theorem 3.13, f|p, is
Lipschitz-continuous, hence continuous, so it follows from Theorem 3.42.b) that f is continuous
in a. O

Next we want to tackle extensions of continuous functions. Given f : D — Canda € C\ D,
we can of course define an extension

f:Du{a} —»C
of f as a map by simply assigning an arbitrary value of C. This gives rise to the following ques-
tion:

Can we find an extension of f to D U {a} which is continuous in a?

If a does not "touch" D in a sense that we will make precise momentarily, it is easy to see that
any extension of f to D U {a} is continuous, but if a "touches" D, such a continuous extension
must not necessarily exist. (We shall see some counterexamples below.)

Before studying this question, we need formalize the notion of points "touching" subsets of C.
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Definition 3.44. Let A C C.

(1) Let a € C. We call a an adherent point of A if for each ¢ > 0 there exists an x € A with
|x —a| <e¢ ie. if Bs(a) N A # & foreache > 0

(2) The set B
A = {a € C | ais an adherent point of A}

is called the closure of A.

Remark 3.45. (1) Every point in A is an adherent point of A, i.e. A C A, since Be(a) N A D
{a} # @ foralla € A and € > 0. Conversely, not every adherent point 2 of A must lie in A,
seee.g. A= (0,1]anda = 0.

(2) ais an adherent point in A if and only if there exists a sequence (x),cn in A which con-
verges to a. From this fact, one derives that A = A if and only if A is a closed subset of

C.

(3) Let f : D — C be continuous and let a € C \ D. If a is not an adherent point of D, then every
extension ¢ : DU {a} — C of f is continuous.

If a is an adherent point, then in general there might be no continuous extension of f to
DU {a} atall. A simple example is given by

1
f:R~{0} =R, f(x):}
Here, 0 is an adherent point of R . {0}, but there can be no continuous extension of f since
e.g. limy o0 f(1) = +oo.

Theorem 3.46. Let D C C, let f : D — C be continuous and let a € D. If there exists a continuous
extension g : DU {a} — C of f, then it will be unique.

Proof. If a € D, then ¢ = f, so the statement is obvious. Assume thata ¢ D. Let g1,%> :
DU {a} — C both be continuous extensions of f. Thenh : DU {a} — C, h(x) := g1(x) — g2(x)
is continuous. Moreover,
h(x) = {O %fx €D,
¢ ifx=a,
where ¢ := g1(a) — g2(a). Since h is continuous in 4,

Ve>0 36 >0: |h(x)—h(a)| <e Vx &€ Bs(a)ND.

Here, Bs(a) N D # o since a is an adherent point of D. Since h(x) = 0 for all x € D, this
implies that |0 — ¢| < ¢, i.e. |c| < ¢ for each ¢ > 0. This shows that |c| = 0 and thus ¢ = 0, i.e.

g1(a) = g2(a). g

Definition 3.47. Let D C C,a € D and f : D — C be continuous. We say that f has a limit in a
if there exists a continuous extension g : D U {a} — C of f. In this case, we write

lim f(x) := g(a).

X—a

(By Theorem 3.46, this expression is well-defined.)
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Example 3.48. (1) Let f: [0,1) U (1,4+) = R, f(x) = \f:ll We compute for all x € R~ {1}
that
Jr—1 Vr—1 1

=1 (Va+D)(a-1) Va+1
Hence, g : [0, +00) — R, g(x)
x € R~ {1} and we obtain

= ﬁ, which is continuous, satisfies g(x) = f(x) for all

. Jx—1 1 1
1 = ]_ = = —.
xlﬁn} x—1 g()

(2) Letn €e Nandlet f, : RN\ {0} = R, fu(x) = % We want to show that each f, has a
limit in 0 and compute it. For every x € IR, the binomial theorem implies

(1+x)" :é)(];)xk:H;:Zl (Z)x".

Using this identity, we compute that

=L (- () - E ()

where we performed an index shift in the final equality. Thus, the polynomial g, : R — R,
en(x) = ZZ;& ( kil)xk, is a continuous extension of f;;, which shows that

. n n!
lim fu(x) = gn(0) = (1) RO Vn € N.
The following theorem provides a justification for calling such a number the limit of a function.
Theorem 3.49. Let D C C,a € D, f : D — C be continuous and L € C. The following are equivalent:
(i) )lclgtlzf(x) =L.
(ii) For each sequence (Xp)neN in D with nlgn Xy = a, it holds that nlgn f(xy) = L.

Proof. This follows immediately from applying Theorem 3.3 to a continuous extension of f to
DuU{a}. O

The previous theorem enables us to transfer computational rules for sequences and continuous
functions to the limits introduced in thei section.

Theorem 3.50. Let D C Canda € D. Let f,g : D — C be functions which both have limits in a.
Then:

a) f+g:D — C hasalimit in a with
lim (f +g)(x) = lim £(x) + lim g(x).

X—a X—a

b) f-g:D — C has alimit in a with
lim(f - )(x) = (lim f(x)) - (lim g(x)).
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¢) Iflimy_,, g(x) # O, then there exists a D-neighborhood A of a with g(x) # 0 forall x € AN D and
L AnD—C, é(x) i= L pas a limit in a with

8" 8(x)
lim f(x) _ limy g f(x)
x—a g(x)  limyo, g(x)

Proof. This follows by applying Theorems 3.5 and 3.49 to the continuous extensions of f and g
to D U {a}. O

In the following theorem, we discuss a criterion for the existence of the limit of a function in an
adherent point without having to name an explicit number as the limit.

Theorem 3.51. Let D C C,leta € Dandlet f : D — C be continuous. f has a limit in a if and only if
Ve>036>0: |f(x)—f(y)| <e Vx,y € Bs(a) N D.

Proof. "=": Let g : D U {a} be a continuous extension of f and let ¢ > 0. Since g is continuous,
there exists 6 > 0 such that |g(x) — g(a)| < § forall x € Bs(a) N (D U {a}). In particular, for all
x € Bs(a) N D, this implies that |f(x) — G(a)| < §. Thus, by the triangle inequality,

() = F)l = |f(x) = g(a) = (F(y) = g(@)] < [f(x) — g(@)] +1f(y) —gla)| < 5 +5 =¢
forall x,y € Bs(a) N D. This is what we wanted to show.
"<": Let (x,),eN be a sequence in D with limy, e X, = a.
Let ¢ > 0 and let 6 > 0, such that [f(x) — f(y)| < e forall x,y € Bs(a) N D. Since (xn)neN
converges to a, there exists ny € IN such that x, € Bs(a) N Ds for all n > ny. By our choice of
delta, this implies

Lf(xn) — f(xm)| <e  Vm,n>ng.

Since € was chosen arbitrarily, we have shown that (f(x,)),ecnN is a Cauchy sequence in C, which
converges by Corollary 2.52. Put b := lim,_,« f (x5 ). We claim that the value of b is independent
of the choice of (x,),en. Namely, if (x),),cn is another sequence in D converging to a define a
third sequence (y)nen as (x1,X], x2,%5,...),1.e. by

) ifn=2k-1,
T\ x i =2k,

Then (v, )nen converges to a as well and the same argument as for (x,,),en shows that (f (1)) nen
converges. Since both (x,,),en and (x),),en are subsequences of (¥, ),enN, it follows that

. 12 . .
lim x;, = lim y, = lim x, = b.
n—oo n—oo n—oo

Thus, it follows from Theorem 3.49 that lim,_,, f(x) = b. O

Corollary 3.52. Let D C C. If f : D — C is uniformly continuous, then there exists a continuous
extension g : D — C of f to the closure D of D.

Proof. Let a € C be an adherent point of D and let ¢ > 0. Since f is uniformly continuous,
there exists & > 0, such that |f(x) — f(y)| < e for all x,y € D with |x —y| < 24. Since for all
x,y € Bs(a) N D itholds that |[x — y| < |x —a| + |y —a| < 6 + & = 26, this shows that

If(x) = f(y)| <& Vx,y € Bs(a)ND.

By Theorem 3.51, this shows that f has a limit in 4. Since f has a limit in every adherent point
of D, this shows that f has a continuous extension to D. O
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In the following we want to study limits of functions whose domains are subsets of R. Here,
we can study several phenomena that specifically occur in the real setting. For the first such
phenomenon, we take a look at a motivating example. Let

x ifx <0
‘R =+ R, = !
f - fx) {x+1 if x > 0.

Obviously, f is not continuous in 0. However, the restriction f|j 1 is continuous (while
fl(~co,0) is MOt). In other words, we obtain continuity in 0 if we only approach 0 "from the right-
hand side". This is a general phenomenon happening for real functions which are continuous
up to certain "jumps" and we shall formalize these notions in the following definition.

Definition 3.53. Let D C IR, let f : D — C be amap and leta € R. Put D_ := DN (—o0,a) and
Dy :=DnN(a,+o).

a) f has a left-sided limit in a if a is an adherent point of D_ and if f|p has a limit in a. We then

write
}clg}?f(X) = lim flp_(x).

b) f has a right-sided limit in a if a is an adherent point of D and if f|p, has a limit in a. We
then write

lim f(2) 1= lim flp, (x).

c) Assume thata € D. We call f left-continuous in a if it has a left-sided limit in a with li;n flx) =
xX/a
f(a).

d) Assume that a € D. We call f right-continuous in a if it has a right-sided limit in a with

lim f(x) = f(a)

Example 3.54. The Heaviside function from Example 3.4 is right-continuous in 0, but not left-
continuous in 0.

Theorem 3.55. Let D C R, a € Dand f : D — C. The following are equivalent:
(i) f is continuous in a.
(ii) f is left-continuous in a and right-continuous in a.

Proof. (This proof is not discussed in the lecture videos.)

(i) = (ii): This is obvious.

(ii) = (i): Assume that f was not continuous in a. Then there exists (x,),en be a sequence in
D with limy, ;e X, = a, but such that (f(x,)),en does not converge to f(a). Then there exists
eg > 0, such that the set M := {n € IN | |f(x,) — f(a)| > €o} is infinite. Then at least one
of the sets M N (—co0,a] and M N [a, +00) is infinite. If M N [a, +00) is infinite, then there exists
a subsequence (xy, )xeN With x,, > a for all k € N, limgen x4, = a, but |f(x,,) — f(a)| > &9
for all k € IN. This is a contradiction to right-continuity, hence f must be continuous in a. If
M N (—c0, 4] is infinite, the very same line of argument shows that left-continuity is violated,
hence f is continuous in a as well. O
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We want to study the situation that a function f(x) in a real variable approaches or tends to
some value as x tends to +co or to —co. We will extend the terminology of limits of functions to
this case.

Definition 3.56. Let D C Rand f: D — C.

a) Assume that D is not bounded from above. We say that f has a limit in +oo if there exists an
L € C, such that

Ve>03ReR: [f(x)—L|<e VxeDN(R,+c0).

In this case we write lim f(x) := L.
X——+00
b) Assume that D is not bounded from below. We say that f has a limit in —ooc if there exists an
L € C, such that

Ve>03dReR: |f(x)—L|<eVxeDnN(—oo,R).

In this case we write lim f(x) := L.
X—r—00

Example 3.57. (1) Letq € Q withq > Oand let f : (0,+00) = R, f(x) = &.
Let e > 0. By Corollary 1.53, there exists N € IN with % < e!/1 and thus % < % < ¢!/ for
each x € [N, +o0). This yields that

f(x)| == <e  Vxe& (N, +o0).

1
Since € was arbitrary, this shows that lim — = 0.
x——o0 x4

(2) Letn € N and consider® f : R\ {0} = R, f(x) = .
For e > 0let N € IN be chosen as in (1) with % < ¢/". For each x < —N it holds that

—x > N and thus —% < % For n odd, this yields that —% < %, while for n even,

% < % In both cases, we derive

1

xh

=< L <e Vx € (—oo, —N).

£l = o

This shows that lim L =0.
x——oco X
Remark 3.58. (1) The computational rules from Theorem 3.50 are valid for limits in +o0 or —oo
as well. (We will use this observation without proving it explicitly.)

(2) The previous definition generalizes the notion of the limit of a sequence. By definition,
a complex sequence is a map a2 : IN — C and if we construct the limit from part a) of
Definition 3.56 for D = IN, one easily realizes that limy_; 1 a(x) = limy, ;0 a5, i.€. that the
limit of 4 in +o0 coincides with the limit of (a,),en (in case they exist).

5Note that % is not well-defined for negative x if 4 ¢ IN since for ¢ = %, x1 = ({/x)™ and n-th roots are only
well-defined for non-negative numbers.
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Theorem 3.59. Let D C R, f: D = Cand L € C.
a) Assume that D is not bounded from above. Then ET f(x) = L if and only if for every sequence
X 0
(Xn)neN in D with nh_r}rgo Xy = oo it holds that ”11_I>rgof(xn) = L.
b) Assume that D is not bounded from below. Then 1_i>m f(x) = L if and only if for every sequence
X—r—00
(Xn)neN in D with lim x, = —co it holds that lim f(xn) = L.
n—oo n—oo

Proof. (This proof is not discussed in the lecture videos.)

We will only proof part a), since part b) is shown completely analogously, replacing right-sided
limits by left-sided limits in the line of argument below.

"=": This follows immediately from the definition of xlgn f(x).

"<": Claim: LetD’:= {x € C* |l e D}. Then f has alimit in +oo if and only if
g:D'=C  glx)=f(3)
has a right-sided limit in 0. In case of existence, the two limits coincide.

Proof of claim. "=": Put L := limy_, 1« f(x) and let ¢ > 0. By assumption, there eixsts R > 0
with |f(x) — L| < eforall x € (R, +00) N D. Putting 6 := % > 0, this implies that

g(x) —L| = ’f(%) —L[ <e Vxe(06)ND.

Since ¢ > 0 was arbitrary, this shows that lim,\ o g(x) = L.
"«<" Put L := limy\ o g(x). Then for all ¢ > 0 there exists & > 0 with [g(x) — L| < e for all

x € (0,6) N D'. Putting R := , this implies that
1
f(x)— L| = ’g(;) - L’ <e Vre(R+w)ND,
which shows that limy_, . f(x) = L |

Let (xn)n—c0 be a sequence in D N (0, +o00) which converges to 0. Then by Theorem 2.43,
(% JneN diverges to +co and by assumption
. . 1
Jim g() = Jim £(7) = L.
Since this holds for any such sequence (x;,),enN, it follows from Theorem 3.49 that lim g(x) = L

N\0
and by the claim proven above, this yields

Jim f(x) = }Clgg)g(x) =L

O

We want to take a look at real functions. Similar as for real sequences, if inequalities between
functions hold in a neighborhood of the point at which the limits, then this will lead to inequal-
ities between the limits.
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Theorem 3.60. Let D C Rand f,g: D — R.

a) Let a € D and assume that both f and g have limits in a. If there exists a D-neighborhood A of a
such that f(x) < g(x) forall x € A, then

lim f(x) < lim g(x).

X—a X—a

b) Assume that D is not bounded from above and that both f and g have limits in +oo. If there exists an
R € R, such that f(x) < g(x) forall x € DN (R, +0c0), then

X—+00 X—+o00

lim f(x) < lim g(x).
c) Assume that D is not bounded from below and that both f and g have limits in —oo. If there exists
an R € R, such that f(x) < g(x) forall x € D N (—oo,R), then

lim f(x) < lim g(x).

X——00 X——00

Proof. This follows from combining Theorem 2.26 about inequalities between sequences and
their limits with Theorems 3.49 and 3.59 describing limits of functions in terms of sequences.
We omit the details. O

Remark 3.61. In the same way that we derived the squeeze theorem for sequences (Theorem
2.28) from Theorem 2.26, one can derive a squeeze theorem for function from Theorem 3.60.
We refrain from giving the precise statement, but leave its formulation as a little exercise to the
reader.

We conclude this section by discussing so-called improper limits of functions. They are formal-
izing the notion of a function tending to +oo or to —co when approaching an adherent point
which is not in the domain of f. While parts a) and b) of the following definition could be for-
mulated for functions with domains in C as well, we shall stick with the real case for simplicity.

Definition 3.62. LetD C Rand f : D — R.

a) Leta € D\ D. We say that f has the improper limit +co in a if
VReR3IS>0: f(x) >R Vxe Bs(a)ND.
In this case, we write lim f(x) = +o0.
X—a
b) Leta € D \ D. We say that f has the improper limit —co in a if
VReR IS >0: f(x) <R Vxe Bs(a)ND.
In this case, we write lim f(x) = —oo.
X—a
¢) Assume that D is not bounded from above. We say that f has the improper limit +oo in 4-oo if
VReR3ICeR: f(x) >R Vxe (C,+o0)ND.

In this case, we write lim f(x) = 4o0.
X——+00

84



d) Assume that D is not bounded from below. We say that f has the improper limit —oco in +oo if
VReRICeR: f(x) <R Vxe (C,+o0)ND.

In this case, we write lim f(x) = —oo.
X—r+00

In analogy with c) and d), one defines improper limits in —co. We omit the details.
Example 3.63. (1) Let g € Q with g > Oand let f : (0,4o) = R, f(x) = . We want to
investigate lim,_,o f(x).

Let C € R. Then by Corollary 1.53 there exists an N € IN with % < L Puts:= % Then

cii
x < ﬁ for all x € (0,6). We compute that

<1 & ‘4<1<:>1>C
Y= <c o

Hence, we have shown that

% >C  Vxe(0,8) = Bs(0)N (0, +),

which shows that lim,_, f(x) = +co.

(2) For every k € N, it holds that lim (x%) = lim (x%) = +c0, while lim x*7! = —c0
X—»—00 X—>+00 X—r—00
and 1_1)rJIr1 x%=1 — 4 oo for each k € IN. We leave the proof of these facts as an exercise to
X oo
the reader.

3.5 The exponential function, logarithms and powers

In this section and the following one, we want to revisit the exponential series introduced in
Section 2.5 as a power series that converges on all of C. In this section, we want to view focus
on its restriction to IR. Using properties of this restriction, we will introduce a way of defining
powers with arbitrary real or complex exponents, generalizing our definition of powers with
rational exponents as we shall see below.

Definition 3.64. The functionexp : C — C, exp(x) = Y, ’:Z—';, is called the exponential function.
By Corollary 3.43, exp is continuous. We recall that we have shown in Theorem 2.99 that
exp(x +y) =exp(x) -exp(y) Vx,yeC. (3.2)

For each x € R we put ¢* := exp(x). By Theorem 2.99.e), this does not contradict the previous
notation. We want to investigate the behaviour of e* as x tends to +co or to —co.

Theorem 3.65. For each n € Ny, it holds that
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Proof. By definition, for x > 0 it holds that e* > (CE=M] +1)"

Since limy— 4o = 400, one easily derives that limy_, f(—f, = 400 as well. From the

X
(n+1)!
definition of limits of functions, it easily follows that

n
. nox 1 V=Y — (V1 }/_
XLII’EIDOX € ygl}goo( ]/) € ( 1) ygl}goo ey’

In analogy with Theorem 2.43, one derives from limy, ;—Z[ = +oo thatlimy,, 4 e Z—; = 0, which

shows the second claim. O

Remark 3.66. Loosely speaking, given any n € INj the first limit in Theorem 3.65 shows that e*
grows faster to +oco than x" for x — +o0.

Theorem 3.67. a) Ifx € R, then exp(x) € (0, +00).
b) expr : R = (0,400), expg(x) := exp(x), is continuous, strictly monotonically increasing and
bijective.
Proof. a) If x € [0, +o0), then
o0
X"
exp(x ; i

Since ’,‘1—7 > 0 for each n € N, it follows that exp(x) € [1+o0). If x € (—00,0), then by
Theorem 2.99.¢),

exp(x) = ﬁ > 0.

b) expp is well-defined by a) and continuous since exp itself is continuous. Let x,y € R with
x <y.By(3.2),
exp(y) = exp(y — x +x) = exp(y — x) - exp(x).
Since y — x > 0, it follows thatexp(y —x) =1+ Y7 4 =2 x) > 1, since each of the elements
of the series is positive. Hence, exp(y) > exp(x), so we have shown that exp is strictly

monotonically increasing, which also implies that expy,; is injective. It only remains to show
the surjectivity of expp.

By Theorem 3.65, it holds that Em expp(x) = 0 and ET expg(x) = +oo. Hence, for
X——00 X [ee]

each y € (0,+o0) there exist x1,x, € R with x; < xp, exp(x1) < y and exp(x2) > y. By
the intermediate value theorem, there exists { € [x1, xp] with exp(¢) = y, hence expy, is
surjective.

O

Definition 3.68. The natural logarithm is given as the inverse function
log := expg’ : (0, +0) — R.

log(x) is also often denoted by In(x).
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By Theorem 3.23, log : (0,+0) — R is continuous. The basic properties of the exponential
function imply properties of the natural logarithm which are summarized in the following the-
orem.

Theorem 3.69. a) log1 = 0andloge = 1.
b) log(x-y) =logx +logy forall x,y € (0,+o0).
c) log(x~1) = —logx forall x € (0, +00).
d) Leta € (0,400) and g € Q. Then
exp(q-loga) = af.
Proof. a) This follows from exp(0) = 1 and exp(1) =e.
b) Letx,y € (0, +00). We derive from (3.2) that
exp(log x +logy) = exp(logx) - exp(logy) = x - y.

Since expy, is bijective and since exp(log(x - y)) = x - y, this shows the claim.

c) Letx € (0,+00). Using Theorem 2.99.c) we compute that
exp(—logx) = exp(logx) ! = x~ 1.

Arguing as in b), this shows that —log x = log(x~1).

d) This is shown in complete analogy with Theorem 2.99.e) which discusses the case a = e. We
omit the details.
O

The observation of Theorem 3.69.d) motivates the following definition of powers whose expo-
nent is an arbitrary real or complex number.

Definition 3.70. Givena € (0, +o) and x € C, we define a* € C by
a* = exp(x -loga).

Theorem 3.71. Let a, b € (0, +c0).

a) a® =1.

b) a*tV =a*-aY forall x,y € C.

o) 3)¥=a""forallx € C.

d) (ab)* =a*-b* forall x € C.

e) log(a*) = xloga forall x € R.

f) a*¥ = (a*)¥ forall x,y € R.

Proof. a) By definition, a° = exp(0-loga) = exp(0) = 1.

b) We compute that

a* ™ = exp((x +y)loga) = exp(xloga + yloga) 22 exp(xloga) -exp(yloga) =a* - a¥.
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¢) By Theorem 3.69.c), (1) = exp(xlog(a~!)) = exp(—xlog(a)) = a~*.
d) By Theorem 3.69.b),

(ab)* = exp(xlog(ab)) = exp(x(loga +logb)) = exp(xloga + xlogb)

G2 exp(xloga) - exp(xlogb) = a* - b".

e) By definition, exp(xloga) = a* = exp(log(a*)). Since expy, is bijective, this implies log(a*) =
xloga.

f) Bye), (a*)Y = exp(ylog(a*)) = exp(yxloga) = a*V.
O

More generally, logarithms can be defined as inverse maps to maps of the form a*, where a > 0.
In the following Theorem /Definition, we summarize the construction and omit its proof which
is carried out in analogy with the natural logarithm.

Theorem/Definition 3.72. For each a > 0, the function
fa: R — (0, +00), f(x) =a* =exp(xloga),
is continuous, stricly monotonically increasing and bijective. Its inverse function
log, := f; ':(0,+00) = R.

is called the logarithm to base a. log, is continuous and satisfies

1
log, (x) = % Vx € (0, +00).
To see the last equality, consider f;, (%) = exp (% -log a) = exp(log(x)) = x. Since f; is

bijective, this shows the desired equation.

Remark 3.73. (1) The formula from Theorem/Definition 3.72 shows that any logarithm differs
only by multiplication with a constant value from the natural logarithm. In particular, prop-
erties b) and c) from Theorem 3.69 hold for logarithms to arbitrary bases, while log, 1 = 0
and log,a = 1foralla > 0.

(2) In physics, the logarithm to base 10 plays an important role. If two positive numbers, e.g.
measured values of an experiment, 2 and b are compared, then

o510 ()

is called the order of magnitude that a is bigger (or smaller) than b.

We conclude this section by discussing certain limits of logarithms and powers.

Theorem 3.74. a) limlogx = —co, lim logx = +oco.
\0 X—>—+00
b) Forall s > 0 it holds that
lim x° = 0. lim x°% = +o0.
N0 X—r+400
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c¢) Foralls € (0,+o00) it holds that
. logx
lim =
x—too X5

0.

Proof. a) By construction, log : (0, +o0) — R is bijective. By Theorem 3.23 and the monotonic-
ity of exp, log is strictly monotonically increasing. From these two properties, one easily
derives the claim.

b) Let (x4),en be a sequence in (0, +o00) with limy, e X, = 0. By a), lim, 0 slog(x,) = —oo,
so by Theorem 3.65,

nh_r)r;o x5 = nh_I;r.}o exp(slogx,) = 0.

Thus, it follows from Theorem 3.49 that lim,\ o x* = 0. The other limit is computed analo-
gously.

c) Let (x4)en be a sequence in (0, +o0) diverging to +oco. By a), the sequence (slog Xy )neN
diverges to +oo as well. Since for each n € IN it holds that

logx, 1 slogxy,

x5, s exp(slogx,)’
it follows from Theorem 3.49 that
lim 198% _ LY
n—oo x% S y—+oo Y

where the last limit is seen as in the proof of Theorem 3.65.

Remark 3.75. (1) Motivated by Theorem 3.74.b), we put 0° := 0 for all s € (0, +o0).

(2) Loosely speaking, Theorem 3.74 says that for x tending to +co, log x grows slower to +co
than any power x°, s € R. In particular, log x grows slower than {/x as x — oo for each
n € IN.

3.6 Trigonometric functions

In high school one encounters the sine and the cosine of an angle in Euclidean geometry when
studying right-angled triangles. We recall that for an angle « in a right-angled triangle, sine and
cosine are given by

length of opposite length of adjacent
p cosa = )
length of hypotenuse length of hypotenuse

sina =

In this lecture, we employ an entirely different definition of sine and cosine which is well-
defined within our rigid formal framework and which a priori looks very awkward and its
connection to triangles is not at all obvious.

Definition 3.76. We define the cosine function by
cos: R = R, cos(x) = Re(e'¥),
and the sine function by

sinR = R, sin(x) = Im(e™).
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Note that by definition Euler’s formula is satisfied:
e =cosx+isinx  Vx€R.

How is this connected to the geometric definition of sine and cosine of an angle? We have seen
in Theorem 2.99.g) that |¢”*| = |exp(ix)| = 1 for each x € R. Geometrically, viewing C as
a Euclidean plane, ¢'* lies on the unit circle, i.e. the circle of radius 1 around 0. Assume that
x € (0,%). In this case, one shows that ¢/ lies in the first quadrant (i.e. in {z € C | Re(z) >
0, Im(z) > 0}. Construct a triangle as follows:

e draw the line segment connecting 0 and e'*,
e draw a vertical line segment from e* to the x-axis (i.e. the Re(z)-axis),

e draw a horizontal line along the x-axis from 0 to the connection point of the vertical seg-
ment from before with the y-axis.

One realizes that the three line segments indeed form a right-angled triangle, whose hypotenuse
is the segment connecting 0 with ¢/, which has length 1. Hence, the "geometric" sine and the
cosine of the angle at 0 are given by the length of the opposite, which is Im(e*) = sin x, and the
length of the adjacent, which is Re(e’¥) = cos x, respectively. Thus, the angle of the triangle at
0 is indeed given by x (measured as radian)! In other words, ¢™* is the point on the unit circle
whose connecting line to 0 forms the angle x with the horizontal axis. (See the lecture videos for a
drawing.)

To get the connection to the sine and cosine for arbitrary right-angled triangles, one needs to
show that angles are invariant under shifts, rotations and rescalings of the triangle. Then one
easily sees that every triangle can be transformed into a triangle of the above form and defines
sine and cosine as the sine and cosine of the transformed triangle to re-obtain the geometric
definition. We will leave the details and proofs to the geometers and go on by studying the sine
and cosine and their properties assuming our new definition.

In the following, we will occasionally use the shorthand notation
sin” (x) := (sinx)" cos” (x) := (cosx)" Vn € N.
The next theorem summarizes several important elementary properties of sine and cosine.

Theorem 3.77. a) sin: R — R and cos : R — R are continuous.

eix + e—ix ) eix o e—ix
b) Cosx:f, smx:T Vx € R.
i

¢) cos?(x) +sin®(x) = 1forall x € R.
d) |sinx| < land |cosx| <1forall x € R.
e) cos(—x) = cosx and sin(—x) = —sinx forall x € R.

Proof. a) This follows from the fact that exp is continuous and from Theorem 3.5.d).

b) This follows from Theorem 1.70.b), since eit = ¥ = ¢~ix by Theorem 2.99.).
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¢) By Theorem 2.99.g), it holds for all x € R that
1= [e™> = (Re(e®))? + (Im(e'))? = sin(x)? + cos(x)?.

d) This follows directly from c).

e) This follows immediately from b).

Theorem 3.78 (Angle sum identities). Let x,y € R. Then

cos(x +y) = cosxcosy — sinxsiny,
sin(x 4+ y) = sinx cos y + cos x siny.

In particular,
cos(2x) = cos?(x) — sin?(x) = 2cos?(x) — 1, sin(2x) = 2sin x cos x.
Proof. Since ¢!(*t¥) = ¢i%el¥ by (3.2), it follows from Euler’s formula that

cos(x +y) +isin(x +y) = (cosx +isinx)(cosy +isiny)
= cos X cosly — sinx siny + i(sin x cos y + cos x siny)
by the rules of complex multiplication. Considering real and imaginary parts separately shows

a) and b). The latter formulas follow by taking x = y and using that sin?(x) = 1 — cos?(x) by
Theorem 3.77.c). O

We derive from their definitions via the exponential function, which is a power series, that sine
and cosine are described by power series as well.

Theorem 3.79. For each x € R it holds that

00 x2k x2 x4
cosx =Y (-1)F - =1—- 4+ — .
k;o (2K)! 20 4l

o 2k+1 3,5
inx = Y (_1)F% B
sinx = L (D gy =¥ 3 T

These series converge absolutely for all x € R.

Proof. Let x € R. By definition, ¢* = exp(ix) = Yo “3". For each k € Nj it holds that
i = (?)F = (~=1)F and #*+! = i(—1)F. Hence, we can split ¢/* into its real and its imaginary

part as follows:

i 0 i2kx2k s i2kx2k+1 00 2k 0 r x2k+1

=) iy 2k+1)!:2<_1)k(;k)!+iz(_l) 2kt )l

k=0 (Zk k=0 k=0

= (

This shows the claim by definition of cos and sin. The absolute convergence follows from the
absolute convergence of exp(ix). a
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Theorem 3.80. For each n € Ny and x € R it holds that

n 2k n ‘ x2k+l

L ) L ;o osinx =) (-1 o /
cosx = $ (1 G rnial), sine = 3 (1) G s
with .
(@) < 5l <mtn

for each m € IN with m > 2.

Proof. (This proof is not discussed in the lecture videos.)

We will only discuss the case of m even, the case of m odd follows analogously. By definition,

W= 3 (o
Tonao(Xx) = —1 = (-1 -1 g,
i At (2k!) 2n+2)! =
where ap := 1 and
2k
X Vk € N.

ay = (2n+3)(2n+4)_..(2n+2(k+1))

Then for all k € IN,
2

Y= M1 o 2k + 1) (2n + 2k +2)°

This shows that if |z| < 2n + 3, then (a,),enN is monotonically decreasing. Similar to the proof
of the Leibniz test (Theorem 2.72), one derives that 0 < Z}?:O(—l)kak < 1 and the claim follows
by taking absolut values. O

The previous estimate enables us to compute an important limit.

sin x
X

Corollary 3.81. lim =1
x—0

Proof. In the notation of Theorem 3.79, it holds for each x # 0 that

siny _ x+r3(x) _ 14 r3(x)

X X X

Thus, by Theorem 3.79 it holds for all x € (—4,0) U (0,4) that

: 2
O<‘s1nx_1‘: [r3(x)] <ﬁ‘
- x x| — 6
Since lim,_,( % = 0, it follows from Theorem 3.60 that lim,_ |Si;‘x — 1| = 0, which shows the
claim. O

We want to investigate the behaviour of sine and cosine as functions and study their properties.
Theorem 3.82. a) cos0 = 1and sin0 = 0.
b) sinx > 0 forall x € (0,2].
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c) cos|(gy is strictly monotonically decreasing and there is a unique xo € (0,2) with cos(xq) = 0.
Proof. a) This is obvious, since ¢ = ¢¥ = 1.

b) We have seen in Theorem 3.80 that sin(x) = x + r3(x), where |r3(x)| < @ if x| < 4. In
particular, r3(x) > —%3 and thus for x € (0,2]
3 2
X X 4 X
1 > _—= _— > - = = —=
sinx > x 6 x(l 6> _x(l ) 3>O.

¢) Letx,y € [0,2] with x < y and put u := *3¥, v := ¥-*. Then by Theorems 3.78 and 3.77

cos x —cosy = cos(u —v) — cos(u +v)
= cosucos(—v) —sinusin(—v) — (cos u cos v — sinu sin v)
= cosu cosv + sinusin(v) — cos 1 cos v + sin u sinv
. . h xX+y . y—x
= 2sinusinv = 2sin ( 5 ) sin ( N ) >0,
—— ——
€(0,2] €(0,2]
where the last inequality follows from a). Hence cos | (g ) is strictly monotonically decreasing.
In particular, cos is injective on [0,2]. Since cos0 = 1, the existence of a unqgiue xy € (0,2)
!
with cos(xg) = 0 follows from the intermediate value theorem if we can show that cos2 < 0.
By Theorem 3.80, it holds for x € [—5,5] that
cosx =1— x +r4(x), where |ry(x)| < 2[*
2 T HHT= g
This shows for x € [—5,5] that cos(x) <1 — % + % and in particular

4 16 2 1
< —_ = _— = — _ = —— .
cos2 <1 2-|-24 1+4 3<O

This completes the proof.
O

While the definition of sine of cosine may already have been awkward at first sight, the follow-
ing definition of the number 7t might look even more awkward to many of you.

Definition 3.83. We define 7w € R by
m:=2-min{x € (0,+o0) | cosx = 0}.

By Theorem 3.82.b) 7t is a well-defined real number with 0 < 77 < 4.
In your high school course on geometry, 7t was probably introduced in terms of circles. More
precisely, given an arbitrary circle in the Euclidean plane IR?, 7 is given by

__ circumference of the circle
" diameter of the circle

Of course one needs to show that this ratio is indeed the same for every circle. Here, it is indeed
possible to prove that our definition of 7t coincides with the geometric one, but we shall again
leave the details to the geometers.

Instead, we shall compute several values of sine and cosine related to 7.
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Theorem 3.84.

ei% =i eirr =1, ez%n = —i ei27r =1,
which implies the following values for sine and cosine:
x |0 2 7 3m 2m
smx |0 1 0 -1 0
cosx |1 0 -1 0 1

Proof. Since cos(%) = 0 by construction, it follows from Theorem 3.77.c) that sin®(¥) = 1 —
cos?(%) = 1. By Theorem 3.82.b) this yields sin(%) = 1 and thus

¢'7 = cos (3)+isin (%) =i.

Consequently,

. N2 3 N3 ‘ . aNE
e’”:(617> =i =1, elin:(elf) =3 =i 6127T=(€l2) =i =1.

Remark 3.85. As part of the previous theorem, we obtain Euler’s identity,
T +1=0.

In 1990 this equation was voted "the most beautiful theorem in mathematics" by readers of The
Mathematical Intelligencer. It unites the most important numbers in mathematics, 0, 1, ¢, i and
7T, in one concise formula and connects them by addition, multiplication and the exponential
function. Sheer beauty, don’t you think?

From the previous properties and equation (3.2) for the exponential function we derive period-
icity properties for sine and cosine.

Corollary 3.86. Let x € R. Then:

a) cos(x+2m) =cosx, sin(x+2m) =sinx.

b) cos(x+ m) = —cosx, sin(x+ )= —sinx.

c) cosx =sin(5 —x), sinx =cos(§ —x).

Proof. In all three parts, we apply Theorem 3.84 and the equality (3.2).

a) Forall x € R, e/(¥+27) = pix+i27 — ¢ixi27T — ¢iX Taking real and imaginary parts shows the
claim.

b) Forall x € R, e!(¥+70) = X HT — pixpim — _pi¥ Thys,
cos(x + 1) = Re(—¢™*) = —Re(e”*) = — cos x,
sin(x + ) = Im(—¢¥) = —Im(e*) = —sinx.
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c) Forallx € R, el(3 %) = plT p=ix = jo=ix — By Theorem 3.77.e),
ie™™ = i(cos(—x) 4 isin(—x)) = i(cos x — isinx) = sinx + i cos x.
Consequently,

cos (¥ — x) = Re(ie™™) = sinx, sin (F — x) = Im(ie”™) = cos x.

Corollary 3.87. Let x € R. Then:
a) sinx = 0ifand only if x € {krt | k € Z}.
b) cosx = 0ifand onlyif x € {21 |k € Z}.

Proof. a) Since sin0 = 0, it follows from Corollary 3.86.a) that sin(k7r) = 0 for all k € Z. We
know from Theorem 3.82 that sinx > 0 for x € (0, 5]. We derive from Theorem 3.82 and
Theorem 3.77.e) that cos x > 0 for all x € (—7%, 7). From this and from Corollary 3.86.c) that

sin(x) =cos (5 —x) >0 Vxe (% n).

Thus, sin(x) # 0 for all x € (0, 7). By Corollary 3.86.b), this implies sin(x) # 0 for all
x € (7,27) and by iterating this argument we obtain sinx # 0 for all x € (kr, (k+ 1)),
k € Z. Together with the above, this shows the claim.

b) This follows directly from a) and Corollary 3.86.c).
O

Using the previous information, we can draw graphs of the qualitative behaviour of sine and
cosine. See the lecture videos for such an illustration.

Corollary 3.88. For x € R it holds that e’ = 1 if and only if x = 2kt for some k € Z.
Proof. By Theorem 3.77.b),

: _ L —i%y _ e "2 ix
sin () = (€% — e = S -1
Since 672? # 0 for each x it follows that ¢ = 1 if and only if sin(}) = 0. The claim thus follows
from Corollary 3.87. O

Another important function involving sine and cosine that we will not discuss in detail at this
point is the following.

Definition 3.89. The fangent function is the function

sin x
cosx’

_r
2’2

tan : ( ) - R, tanx :=

tan x is well-defined since, as we already noted in the proof of Corollary 3.87, cos x > 0 for all
xe€(—%,%).
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Theorem/Definition 3.90. a) cos |(g  is strictly monotonically decreasing and maps [0, 7t| bijectively
onto [—1,1]. The inverse function

arccos := (cos |[0,7r])71 :[-1,1] — [0, 7T]
is continuous and is called the arccosine.

b) sin||_z x) is strictly monotonically decreasing and maps [— 75, 5] bijectively onto [—1,1]. The in-

272
verse function

arcsin := (sin|[_%’%])*l [-1,1] — (— %’%)
is continuous and is called the arcsine.

c) tan : (—%,%) — R is continuous, strictly monotonically increasing and bijective. Its inverse
function

—1 7T T
arctan :=tan™ " : R — (— —, —)
272
is continuous and is called the arctangent.
Proof. (This proof is not discussed in the lecture videos.)

a) By Theorem 3.82, cos || 7] is strictly monotonically decreasing. Thus, for x,y € [7, 71| with
x < y it holds that cos(7t — y) > cos(r — x) and thus by Theorem 3.77.e) and Corollary
3.86.b),

cos(x) = cos(—x) = —cos(m — x) > —cos(7r —y) = cos(y).

It follows that cos g ;1 is stricly monotonically decreasing. Since cos(0) = 1 and cos(7r) =
—1, the rest of the claim follows from Theorem 3.23.

b) Since sin(x) = cos(5 — x) forall x € R, sin(—%) = —1, sin(5) = 1, this follows from part
a).

c) The continuity of tan follows from the continuity of sin and cos. Let x,y € [0, %) Then as
seen in a) and b), sin x < siny and cos x > cosy, such that

sin x < siny
cosx  cosy

tanx =

= tan(y).
Hence tan |[0,%) is strictly monotonically increasing. Since

sinx  —sin(—x)
t = = = —t —_ ,
an(x) Cos x cos(—x) an(=x)

one derives that tan : (=%, 7) — R is strictly monotonically increasing, hence injective.

Claim: lim tanx = 4ocoand lim tanx = —oo.
x—=7 x—>—%
Proof of Claim. Let (x,)nenN be a sequence in (-7, 5) with lim, ;e ¥, = 5. Assume w.l.o.g.

that x,, > 0 for all # € N and put
._ €Os Xy

0 - .
Y sin xy,
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By Theorem 3.82, y,, > 0 for all n € IN and by the continuity of sine and cosine, it holds that

) limy e cosx,  cos(5)
lim y, = — - = —===0.
n—o0 limy, 00 SiN X sin(7F)

Hence, by Theorem 2.43, lim;, e tanx,; = lim; e yln

bitrary, lim, g tanx = +oo. Using tan(—x) = —tanx, one further derives obtains that
limxﬁ_% tanx = —oo. u

= +o00. Since the sequence was ar-

From this claim and Theorem 3.23 one obtains that tan is surjective as well.
|

See the lecture videos for sketches of the graphs of the functions from Theorem /Definition 3.90.

In the end of this section, we want to use the exponential function to derive a different way of
displaying complex numbers than their usual description by real and imaginary parts.

Theorem 3.91 (Polar coordinates). For every complex number z € C there are numbers r € [0, +00)
and ¢ € R, such that

z = re'?.
Ifr1 # 0, then
1e? =rel?? & r=r, A 3k € Zwith ¢; = ¢y + 2km.

Remark 3.92. (1) For z = re'? it holds that |z| = r|e/?| = r. This shows that r is the length of
the line segment from the origin to z.

(2) By the explanations on sine and cosine above, ¢ is the the angle between the line segment
from 0 to z and the x-axis. (See the illustration in the lecture videos.) ¢ is also called the
argument of z.

(3) These observations yield a geometric interpretation of complex multiplication. If z; = r el
and z, = re'?2, then o ‘
Zl -Zp = rlr2el(plel¢2 J— 7’17’261((P1+(p2)-

Thus, z; - zp is the complex number, whose absolute value is the product of the absolute
values of z; and z; and whose angle to the x-axis is the sum of the angles of z; and z,. (See
the illustration in the lecture.)

Proof of Theorem 3.91. 1f z = 0, then z = 0 - ¢'¢ for all ¢ € R. Assume z # 0 and put r := |z| and
w := %, such that [w| = 1. Let a := Re(w) and b := Im(w). Then

a2 4+ b? = |w* =1, (3.3)

such that |a| < 1. Hence, a := arccos(a) € [0, ] is well-defined. Then cosa = a4, such that by

(3.3), |b] = |sina|. Put
e if b = sing,
P=1-a ifb=—sina

Then cos ¢ = cosa = a and sin ¢ = b, such that, by Euler’s formula, w = ¢/# and thus z = re?.
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Let 71691 = rpe'?2 with 7y # 0. Then

i1 .
2 _ ¢ _ Lilgi—g2)
1 ely2

Since [¢/(?1-92)| = 1, this yields r, = r; and ¢/(?1-92) = 1. The claim thus follows from Corollary
3.88. O

From Euler’s formula and from the proof of Theorem 3.91 one can directly derive for the rep-
resentation z = x + iy and representations of the form z = re’Y how one gets from one to the
other:

e If z = re!? is given, then x = rcos ¢ and y = rsin ¢.

arccos( ;) ify >0,

Ifz = iy 1s g1 , th = = 2 2and ¢ =
o If z = x 4 iy is given, thenr = |z| = \/x?> + y? and ¢ {—arccos(%) ify < 0.

We conclude this section by deriving a result about complex solutions of a simple, but important
equation.

Corollary 3.93. For each n € N the equation
z' =1
has precisely n distinct solutions {zo,z1, . ..,zy—1} in C. Explicitly,
zk:eiznﬂ vk € {0,1,...,n—1}.
Proof. (This proof is not discussed in the lecture videos.)

Let z € C with z" = 1. By Theorem 3.91 there are r € (0, +0) and ¢ € R with z = re'?. Since
z" =1, itholds that |z|" = 1, which implies r = |z| = 1,50 z = ¢'?. Then

1= ()" = ¢"? = cos(ng) + isin(ng).

In particular, sin(ng) = 0 and thus, by Corollary 3.87 there exists m € IN with ng = m7t. Since
it also needs to hold that cos(n¢) = 1 and since by Theorems 3.84 and 3.84

1 if m is even,
—1 if misodd,

cos(mm) = {

it follows that m must be even. Hence "¢ = 0 if and only if there exists k € Z with

_ 2km

ne = 2k & [ p

Put z = ¢!%i" for each k € Z. It follows from Theorem 3.84 that

2(k+n)m i( 2k i 2k7 i 2kt
Zk-‘r}’l = el n _= el( n +27T) _= el n 827'(1 = el A — Zk

for each k € Z. This implies the claim. O
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Chapter 4

Differentiation

4.1 Differentiability and derivatives

In this section, we will finally introduce the notion of differentiability which many of you might
have expected to see much earlier in this course and that you have already used in the physics
classes. We shall see that its formal definition indeed requires limits of functions, so we will use
the formalism from the previous chapter.

Definition 4.1. Let I be an interval, xo € I and f : I — C. f is differentiable in x if the limit

s = fiy L0 =S

exists. f'(xp) is then called the derivative of f in xg or the differential quotient of f in xo. We call f
differentiable if it is differentiable in every xg € I.

Remark 4.2. (1) The differential quotient is also characterized by

f’(Xo) = lim f(X) _f(xo)

X— X0 X — xO

7

which many authors use to define f/(x).

(2) Geometric interpretation of the differential quotient:
Let I be an interval, f : | -+ R and x¢ € I. Given h # 0, the number

f(xo+h) — f(xo)
h

m(xg; h) :=

is the slope of the line in IR? going through (xo, f(x0)) and (xo + h, f(xo + h)). Such a line
is called a secant line of the graph of f. f'(xg) = limy,_,o m(xo; k) is thus given as the limit of
the slopes of the secant lines going through (xo, f(xo)) as the second point wanders along
the graph of f towards (xg, f(xg)). (See the illustration in the lecture videos.) This yields
that f/(x) is the slope of the tangent line to the graph of f at x, i.e. the line which most closely
approximates the graph of f at xp. This will be made more precise in Theorem 4.6 below.
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(3) Let I be an interval, u,v : I — Randlet f : I — C, f(x) = u(x) +iv(x). Then f is
differentiable in xy € I if and only if both u and v are differentiable in x. It then holds that

f'(x0) = ' (x0) +iv' (xo).
This is easily seen since splitting the differential quotient into real and imaginary part.

The following theorem contains computations of the derivatives of the most elementary func-
tions that we have seen in this course.

Theorem 4.3. a) A constant function f : R — C, f(x) = c for all x € R, where ¢ € C, is differen-
tiable with f'(x) = 0 forall x € R.

b) Letn € N. f : R — R, f(x) = x", is differentiable with

fl(x) =nx"!  VxeR.
) f:(0,4+00) = R, f(x) = L, is differentiable with
f(x) = —2 Vx € (0, +00).

d) Letc € C. Then f : R — R, f(x) = e, is differentiable with
fl(x) =ce™ VYxeR.
Proof. a) For each x € R we compute that

hmw — 1imﬂ =1im0 =0,
h—0 h h—0 h h—0

which shows the claim.

b) For all x,h € R with i # 0 we use the binomial theorem to compute:

f(x+h21_f(X) _ (x+h})l"—x2 _ %(i (Z)xn—khk_xn) _ %kizl (Z)xn—khk

k=0

- ”) n—kyk—1 "1< n ) “1—kpk

=) MR =) X" K~
=1 <k o \k+1

where we performed an index shift in the final step. Hence,

£(x) = lim flath) - f&x) _ . nil <k i 1)xn—l—khk _ (';) 1 = a1

h—0 h h=0 =

Fox+h) —f(x)  wm—x _ x—(x+h) 1

h hx(x+h) — x(x+h)

Thus Fxth) - F() | |
, X+ —f(x) .

f(x):h—m h _hlir(l)<_x(x+h))_ 2
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d) We first compute that for /1 # 0:

eCh_l 1 ¢S] Cnhn 1 9] Cnhn (¢S] Cnhnfl 0 Cn+]hn

where we performed an index shift in the final step. By Corollary 3.43, i.e. by the continuity
of power series, this yields

ech — ©  ntlpn ©  cntlgn c
h—0 h h—>0n§6(n+1)' 7;)(7’1-}—1)' 1!
For each x € R we thus derive:
c(x+h) _ ,ex cx ,ch _ ,ox ch ch _
! . e e : ee € : CX CX 13 € CX
x)=lm-———=1lim —+— = lime = e lim = ce*”,
f< ) h—0 h h—0 h h—0 h h—0 h

which shows the claim.

Corollary 4.4. a) exp : R — R is differentiable with exp’ (x) = exp(x) forall x € R.
b) Leta € (0,+00). Then f : R — R, f(x) = a*, is differentiable with
f'(x) = (loga)a®  Vxe€R.
c) sin,cos : R — R are differentiable with
sin/(x) = cosx,  cos'(x) = —sinx VxeR.
Proof. a) This is Theorem 4.3.d) with ¢ = 1.

b) This follows immediately from Theorem 4.3.d) with ¢ = log a, since a* = €!°8%* forall x € R.

c) By Theorem 4.3.d), the function f : R — C, f(x) = ¢'* = cos x + isin x, satisfies f'(x) = ie'®
for all x € R. By Remark 4.2.(3) this yields

cos’(x) 4+ isin’(x) = i(cosx +isinx) = —sinx + i cos x.

Comparing real and imaginary parts shows the claim.
O

Example 4.5. The function f : R — R, f(x) = |x|, is not differentiable in 0. Let h, = (_;)" for
each n € IN. Then lim,, , h;; = 0, but

f(h) = fO) | x
fim = = Ty - GO

which is divergent. Hence, lim;,_, M does not exist.

Theorem 4.6. Let I be an interval, f : I — C and a € 1. The following are equivalent:
(i) f is differentiable in a,
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(ii) thereare c € C and ¢ : I — C with limy_,, &xg = 0, such that

f(x) = f(a)+c(x—a)+ ¢(x) Vx €1,
In this case, c = f'(a).

(iii) there is a function r : I — C which is continuous in a, such that
f(x) = fla) +r(x)(x —a). (4.1)
In this case, (a) = f'(a).
Proof. (i) = (ii): Put c := f’(a). and define ¢ : [ — C, ¢(x) := f(x) — f(a) — f'(a)(x — a). Then
tim 25 _ iy (M - f’(a)) S R C) B S

x—ax—a x—a X—a x—a X—a

(ii) = (iii): The function

c ifx =a,

[UCI
r(X) = {C+ x—a if x 7é a,

has the desired properties.
(iii) = (i): If such an r exists, then

lim M = lim w = limr(x) = r(a).

X—a X —a X—a X —a X—a
Hence, f is differentiable in a with f’(a) = r(a). O

Remark 4.7. The key consequence of Theorem 4.6 is that fis differentiable in x if and only if it can be
locally approximated near x by an affine-linear function.! Here, an affine-linear function f : R — R
is a function of the form f(x) = ax + b, where a,b € R, i.e. a polynomial of degree one. Hence,
to differentiate a function means to approximate a possibly very complicated function by a
simple one. This approached will be further exploited in the course of this chapter.

Corollary 4.8. Let I be an interval and f : I — C. If f is differentiable in a € I, then f is continuous
ina.

Proof. This follows immediately from Theorem 4.6, since the right-hand side of (4.1) is continu-
ousina. O

As we have seen in Example 4.5, there are continuous functions which are not differentiable,
hence the converse of Corollary 4.8 is false in general.

4.2 Rules of differentiation

In the previous sections we have computed the derivatives of certain functions explicitly by
studying differential quotients. For more complicated functions, this is not a feasible method,
since these differential quotients may not at all be easy to determine. In this section, we will
discuss computational rules that allow us to compute derivatives of many important functions
from our knowledge of derivatives of simple ones.

I This idea should be tattooed on your celebral cortex and is something that will be generalized to higher dimensions
in next semester’s Math lecture.
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Theorem 4.9 (Algebraic operations and differentiation). Let I be an interval, a € I, and let f, g :
I — C be differentiable in a. Then:

a) (Linearity) f + g: I — Cis differentiable in a with
(f+8)'(a) = f(a) +8'(a).
Foreach A € C the function Af : I — C is differentiable in a with
(Af)'(a) = A~ f'(a).
b) (Productrule) f-g:I — Cis differentiable in a with
(f-8)'(a) = f'(a) - g(a) + f(a) - ¢’ (a).

¢) (Quotient rule) If g(x) # 0 forall x € I, then {é : I — C is differentiable in a with

o gl - f@)g(a)
<§) @="""Twr

Proof. a) By Corollary 4.8, f and g are continuous in a. The claim thus follows directly from the
corresponding properties of limits of functions from Theorem 3.50.

b) We compute that

i @t Mglath) — flath)g(a) + fla+h)g(a) — f(a)g(a)
h—0 h

— lim (f(a+h)g<a+h> —g(ﬂ) + f(a+h> _f(a)g(a))

h—0 h h
glath) —gla)
h

= li h)-li
Pk iy
= f(a) - 8'(a) + f'(a) - g(a).
Here, we have used that f is continuous in a by Corollary 4.8.

c) We first consider the case of f(x) =1 forall x € I. Then:

1 1
1\ e g@ . g(a) —gla+h)
(§> (u)_l?g(l)g h : _lig})h~g(a+h)-g(a)

_ ym 8t —gla) 1 40

h—0 h h—0 g(a+h)g(a)  (g(a))?

AN o= (11 () = £l L 1y’
L) @=(r3) @=rogg+f@(3) @
_f@)_ fg) _ fase -~ f@)ge)
$@ (3@ (s(a)?
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n
Example 4.10. (1) Let f : R — R, f(x) = Z akxk, where ag,a1,...,a4, € R, be a real poly-
k=0
nomial. Then by Theorem 4.9.a) and the computations from Theorem 4.3.a) and b), f is
differentiable with

n
fl(x) =Y akx*1  vxeR
k=1

(2) By Theorem 4.3.b) it holds for f : (0,+) — R, f(x) = & = x™", where n € N, by the
quotient rule that

-1
/ _ _ nx" o n _ —n—1.
fix)=— (x1)2 Ty T yntl T —nx

for each x € (0, +o0).

(3) By the quotient rule and Corollary 4.4.c), we compute for each x € R that

cos?(x) N cos?(x) ~ cos?(x)’

COs

tan’ (x) = (sin)’ (x) = COS¥COST = sinx - (—sinx)  cos?(x) + sin?(x) 1

Next we investigate the behaviour of differentiation with respect to the composition of func-
tions.

Theorem 4.11 (Chain rule). Let I and ] be intervals. Let f : I — Rand g : ] — Rwith f(I) C J. If
f is differentiable in a € I and if g is differentiable in f(a), then g o f : I — R is differentiable in a with

(8 f)(a) =8'(f(a))- f'(a).

Proof. Since g is differentiable in f(a), by Theorem 4.6 there exists a map r : | — C with
r((f(a)) = ¢’ (f(a)) thatis continuous in f(a), such that

8W) —g(f(a) =r(y)(y—fla)) Vye]

For x € I with x # g, this yields

SU) (@) _ e ) = l0)

X —a X —a

Since r(f(a)) = ¢’(f(a)) and since f is differentiable in 2, we conclude

(g0 ) (a) = lim SN 28U _ () 1im =IO _ 50y ().

X—a X —a X—a X—a X —a

O

Example 4.12. Let f : R = R, f(x) = e Then f = goh, where g : R — R, g(x) = ¢*, and
h:R — R, h(x) = —x?%. Both of them are differentiable, hence f is differentiable by Theorem
4.11 and it holds that

F(x) =g (h(x)) - h(x) = e (—2x) = —2x¢ ¥ VxeR.

We conclude this section by investigating the differentiability of inverse functions.
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Theorem 4.13 (Derivatives of inverse functions). Let I be an interval consisting of more than one
point and let f : I — R be continuous and strictly monotonic. Put | := f(I). If f is differentiable in
a € Twith f'(a) # 0, then its inverse function f~1: | — I is differentiable in b := f(a) with

1 1
fr@a) — ffHD)
Proof. Since f is differentiable in a, by Theorem 4.6 there exists r : I — R which is continuous
in a, such that r(a) = f’(a) and

f(x)=f(a)+r(x)(x—a) Vxel.

Since f'(a) # 0and since f is strictly monotonic, r(x) # 0 for all x € I. Thus, the above equation
is equivalent to

(') =

x—a= s (@)~ S e,

which yields
1

r(f1 )
By Theorem 3.23, f ! is continuous in b which yields that
Theorem 4.6, it follows that f —1 is differentiable in b with

fHy) - 1) = (y—b) Vye]

1
rof*1

is continuous in b. Hence, by

O

Example 4.14. (1) log : (0, +c0) — R is the inverse function of exp : R — RR. By Theorem 4.13,
log is differentiable with

1 1 1
~exp/(logx)  exp(logx)  x x € (0, +c0).

log'(x)
(2) Leta € Cand let f : (0,+00) — C, f(x) = x”. Since by definition f(x) = exp(alogx), it
follows from the previous example and the chain rule that

/ — "(al a_ 1 E_x_a_ a—1
f(x)—exp(a ng>~x_exp(1;l ng).x_ p = ax )

Hence, the formulas from Theorem 4.3.b) and Example 4.10.(1) generalize to arbitrary expo-
nents.

(3) arctan : R — (—7, %) is the inverse function of tan : (—75, %) — R. By Theorem 4.13 and
Example 4.10, arctan is differentiable with

1

= —————— = cos’(arctan x) Vx € R.
tan’ (arctan x)

arctan’ (x)

We want to simplify this expression. Fix x € R and put y := arctan x. Then

2 o2
2 = (tany)? = sin"(y) _ 1—cos®(y) 1 1

cos?(y)  cos’(y)  cos?(y)
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Hence, cos?(arctan x) = cos?(y) = ﬁ, which yields

1
arctan’(x) = " Vx € R.

(4) arcsin : [~1,1] — [=7F, 7] is the inverse function of sin |[f%,%]' Since sin is differentiable

with sin’(x) = cosx # 0 forall x € (-7, %), it follows from Theorem 4.13, arcsin is differ-
entiable in each x € (—1,1) with

T 1 _ 1 _
arcsin'(x) = sin’(arcsin(x))  cos(arcsin(x)) vx e (-11).

Since cos(a) is positive for all a € (—75, 5 ), we derive that

cos(arcsin(x)) = \/1 — sin?(arcsinx) = /1 — 22,

Hence,
1
arcsin’ (x) = —— Vx € (-1,1).
W=r= (=1.1)
Along the same lines one shows that arccos’ (x) = ——-— forall x € (—1,1).

V1-x2

4.3 Local extrema and the mean value theorem

We want to begin this section by investigating the connection of derivatives to minima and
maxima of functions. Same as continuity, one realizes that differentiability of a function at a
point is a local notion, i.e. the derivative of a function at a point only depends on the behaviour of the
function in a neighborhood of the point and not on the function as a whole.

As a consequence, it is too much to expect that derivatives can be used to study minima and
maxima of functions on their whole domains. However, we can indeed use derivatives to detect
so-called local extrema which we shall introduce next.

Definition 4.15. Let D C C, f : D — R and x9 € D. We say that f has a local maximum
(local minimum) in x if there exists a D-neighborhood A of x, such that f|4 has a maximum
(minimum) in xp. The value f(xg) € R is then called a local maximum (local minimum) of f
and xj is called a local maximum point (local minimum point) of f. We further say that f has a
local extremum in xq if f has a local maximum in x¢ or a local minimum in xg.

Obviously, every maximum (minimum) of a function is a local maximum (minimum).

Remark 4.16. By definition of a maximum (minimum) and of a D-neighborhood, one observes
that f has a local maximum (local minimum) in x if and only if there exists § > 0, such that

f(x) < f(xo) Vx€Bs(xo)ND  (f(x) = f(x0) Vx € Bs(x0) D).

Theorem 4.17 (Fermat). Let I be an open interval and let f : I — R be differentiable. If f has a local
extremum in a € I, then f'(a) = 0.
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Proof. We assume w.l.0.g. that a is a local maximum point of f. (Otherwise, consider — f instead
of f.) Consider the continuous functiong: I \ {a} — R,

f(x) = fla).

X—a

q(x) :=

Since I is open, there exists a 6 > 0 with (a —J,a+ 6) C I and such that f(x) < f(a) for all
x € (a—90,a+09).

For x € (a,a+ 0), it follows that g(x) < 0. Likewise, for x € (a — ¢, a) we obtain g(x) > 0. Since
by assumption, limy_,, q(x) = f’(a) exists, it follows from these inequalities that f'(a) = 0. O

Remark 4.18. The converse of Theorem 4.17 is false in general. For example, f : R — R,
f(x) = x3, satisfies f(0) = 0, but 0 is neither a local minimum point nor a local maximum point
of f, since f|(_; 5) has both positive and negative values for all § > 0.

As the previous example shows, Fermat’s theorem provides a necessary condition on a point to
be a local extremum point, but not a sufficient one. Later on in this chapter, we will see criteria
that ensure that a point with f'(x) = 0 is indeed a local extremum point.

The following theorem presents a criterion for the existence of points with vanishing derivative.

Theorem 4.19 (Rolle?). Let a,b € Rwitha < band let f : [a,b] — R be continuous and f|, ) be
differentiable. If f(a) = f(b), then there exists & € (a,b) with f'(&) = 0.

Proof. If f is constant, then the claim follows by Theorem 4.3.a). Assume that f is non-constant.
Since [a, b] is compact and f is continuous, f has a maximum and a minimum by Theorem 3.32,
i.e. there exist xg, x1 € [a, b], such that

f(xo) < f(x) < f(x)  Vx€abl.

Since f(a) = f(b), but f(xo) < f(x1) by assumption, it follows that xo € (a,b) or x; € (a,b).
In particular, there exists ¢ € (a,b), such that f has a local extremum in ¢ and it follows from
Fermat'’s theorem that /(&) = 0. O

Rolle’s theorem is used in the proof of the following important theorem whose consequences
and applications we will discuss throughout the rest of this section.

Theorem 4.20 (Mean value theorem). Let a,b € R witha < b. Let f : [a,b] — R be continuous
and f|, ) be differentiable. Then there exists § € (a,b) with

g(b) = f(b) — (b— ”)M

a

= f(b) = (f(b) = f(a)) = f(a).

2This theorem might look quite unspectacular and there is even a nice xked comic about it: https://xkcd.com/
2042 /. However, its use should not be underestimated.
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Hence, g(a) = g(b), so by Rolle’s theorem, there exists § € (a,b) with

0= = () - W1,

which shows the claim. O

Remark 4.21. The mean value theorem has an insightful geometric interpretation, connected
to Remark 4.2. The ratio % is the slope of the secant line of the graph of f that is going

through (a, f(a)) and (b, f(b)) in R?. The mean value theorem says that there exists some point
along the graph at which the tangent line to the graph has the same slope as this secant line.
(See the illustration in the lecture videos.)

The mean value theorem as a lot of interesting and not at all obvious consequences. The first
one connects the monotonicity of differentiable function with their derivatives.

Corollary 4.22. Let f : [a,b] — R be continuous and f|, ) be differentiable. Then:
a) f is monotonically increasing if and only if f'(x) > 0 for all x € (a,b).

b) f is monotonically decreasing if and only if f'(x) < 0 forall x € (a, b).

o) If f'(x) > 0 forall x € (a,b), then f is strictly monotonically increasing.

d) If f'(x) < Oforall x € (a,b), then f is strictly monotonically decreasing.

Proof. a) "=":If f is monotonically increasing and x¢ € (a,b), then one checks that

a(x) = L) S 0 oy e a5 {xo).
X — X0
Hence, f'(xg) = limy_,x, g(x) > 0.
"«<": Let x1,xy € [a,b] with x; < xp. By the mean value theorem, there exists { € (x1,x2)

with
f(x )_f(x ) o
ﬁ =f'(¢) = 0. (4.2)

Since xp — x1 > 0, this implies that f(x2) — f(x1) > 0,i.e. f(x1) < f(x2). This shows that f
is monotonically increasing.

b) This is shown along the same lines as a).

c) If f/(x) > Oforall x € (a,b), then the argument from (4.2) in part a) shows that % >
0if x; < xp, which then implies the strict monotonicity of f.

d) This is shown along the same lines as c).
O

Remark 4.23. The converses of parts c) and d) of Corollary 4.22 are false in general. The function
f:R — R, f(x) = x3, is strictly monotonically increasing, but f’(x) = 0, while —f is strictly
monotonically decreasing with —f/(0) = 0.

It further follows from the mean value theorem that differentiability implies Lipschitz continu-
ity under certain conditions.
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Theorem 4.24. Let f : [a,b] — R be continuous and f|, ; be differentiable. If there exists L > 0 with
|f'(x)| < Lforall x € (a,b), then

f)=fWI<L-lx=yl  VYxyeclab]
i.e. f is Lipschitz-continuous with Lipschitz constant L.
Proof. Letx,y € [a,b] with x < y. Then by the mean value theorem, there exists ¢ € (x,y) with

f)—fx)| o
’y—ix =[f (¢ <L,

which implies |f(x) — f(y)| < L-|x —y| and |[f(y) — f(x)| < L-|y — x|. This proves the
claim. 0

This theorem has several interesting consequences about functions whose derivatives are re-
lated.

Corollary 4.25. a) Let f : [a,b] — R be continuous and f|, ;) be differentiable. Then f is constant if
and only if f'(x) = 0 forall x € (a,b).

b) Let f,g : [a,b] — R be continuous and f|, y) and g|(, y)be differentiable with

flx)=¢'(x) Vxe(ab)
Then there exists ¢ € R with g(x) = f(x) + c forall x € (a,b).

c) Let f : R — R be differentiable and assume that there exists c € R with
fl(x)=cf(x) VxeR.

Then
f(x) = Ae™* Vx € R,
where A := f(0).
Proof. a) "=": This was shown in Theorem 4.3.a).

"<"If |[f'(x)] = O0forall x € (a,b), then it follows from Theorem 4.24 that | f(x) — f(y)| <0
forall x,y € [a,b]. Hence, f(x) = f(y) forall x,y € [a,b], ie. f is constant.

b) This follows by applying a) to F : [a,b] — R, F(x) := g(x) — f(x).
c) Consider the function F : R — R, F(x) = f(x)e~“*. By Theorem 4.9.b), F is differentiable

with
F(x) = f/(x)e™ — f(x)(=ce™) = (f'(x) —cf(x))e* =0 VxeR

By part a), it follows that F is constant. Since F(0) = f(0) = A, it follows that A = F(x) =
f(x)e=“* for all x € R. Multiplication by e“* shows the claim.
O

Remark 4.26. Note that we can use Corollary 4.25.c) to give an alternative characterization of
the real exponential function: exp : R — R is the unique differentiable function f : R — R that
satisfies f'(x) = f(x) forall x € Rand f(0) = 1.
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There is a more general version of the mean value theorem that we shall discuss next. Our main
purpose of introducing it is its application to the subsequent proof of 'Hospital’s rule that can
be used to compute certain intricate limits of functions with the help of derivatives.

Theorem 4.27 (Generalized mean value theorem). Let f, g : [a,b] — R be continuous and let f|, ;)
and g |, be differentiable. If ¢’ (x) # 0 for all x € (a,b), then there exists ¢ € (a,b) such that

f'@) _ f(b) = f(a)

§'(¢)  gb)—g(a)
Proof. Consider the function ’ : [a,b] — R,

Then } is continuous, |, ) is differentiable and
h(a) = (g(b) = g(a))f(a) = (f(b) = f(a))g(a) = g(b)f(a) — f(b)g(a),
h(b) = (g(b) —8(a)) f(b) = (f(b) — f(a))g(b) = —g(a)f(b) + f(a)g(b),
so h(a) = h(b). By Rolle’s theorem, there exists § € (a,b) with
0="1(¢) = (3(b) = &(a)) f'(&) — (f(b) - f(a))8'(Z)-

Since g'(x) # 0 for all x € (a,b), it follows from the mean value theorem that g(a) # g(b),
hence the above implies

Theorem 4.28 (L'Hospital’s rule). Let a,b € Rwitha < band let f,g : (a,b) — R be differentiable
with §'(x) # 0 for all x € (a,b). Assume that one of the following holds:

(i) )lclgbf(x) = 0and jlcllgg(x) =0,
(ii) jlcgr}lf(x) = +ooand )lclg{llg(x) = +o00,
Ifé—: has a limit in a, then Jgr has a limit in a with

lim f(x) = lim f(x)

g )’

The analogous statement holds for limits in b, in +co and in —oo.

Proof. We first consider case (i) and consider f and g as defined on [a,b) with f(a) = 0 and
g(a) = 0. Let (x4)neN be a sequence in (a,b) with limy, ;e X, = 4. By Theorem 4.27, for each
n € IN there exists &, € (a, x,,) with

f'(Gn) _ f(xn) Vn € N.

g'(Cn)  glxn)




By the squeeze theorem, (§,),en converges to a. Thus, if limy_, £ ,E % exists, then by Theorem

3.49 , ,
i g () o g'(E)  n g1(x )
Since (x,),eN was chosen arbitrarily, the claim follows from Theorem 3.49.

We move on to case (ii). This part of the proof is not discussed in the lecture videos.

Put L := lim,_,, é ,E g and let ¢ > 0. Then there exists §; > 0 with

flx) e
7 L| < > Vx € (a,a+ 61).
Let x,y € (a,a + 61). Then by the generalized mean value theorem there exists ¢ € (a,a + J1)
f’(@) — f(X) f(y)
with 7@ = =5 and thus
fx) = f(y) ‘ f'(©) ‘ e ,
—L| = —L| <= Vx,y€ (aa+d)withx .
s —sty) | |g@ "t Tz Tevelmatiwinay

fx) f(x)
With y € (a,a + 1) fixed, it holds by assumption that
V)]
lim =L
fx)

hence there exists J, > 0 with d; < y — a, such that

‘f(x) _f) —f(y)'
(x) s

1)y | £ _ S0 ft0)

g(x)

Since € > 0 was arbitrary, it follows that limy_,, £ E g = L, which shows the claim.
The case of x — b is proven completely analogously, while the cases of x — 400 and x — —o0

£Q) .

follow by studying the limit of oD

1
Example 4.29. We want to compute lim < — ;) Forallx € (0,%),

AN\0 \ sinx
1 1 x —sinx
sinx x x-sinx
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x —sinx and g(x) = x - sin x are differentiable with

lim (x —sinx) =0, lim x - sinx = 0.
\,0 2\,0

Moreover, by the product rule g’(x) = sinx 4+ xcosx # 0 for all x € (0, ). Thus, it follows by
I"'Hospital’s rule that
. 1 1 . 1—cosx
lim|{——--) =lim ———
N\0 \sInx x 2\0 SIN X + X COS X

assuming the limit on the right-hand side exists. We compute that lim,\ (1 — cosx) = 0 and
lim, o(sinx + xcosx) = 0. Both 1 — cos x and /(x) := sin x + x cos x are differentiable with

W' (x) = cosx +cosx + x(—sinx) = 2cosx — xsinx.  Vx € <O,g)

Since lim o 7' (x) =2cos0—0 = 2 # 0, there exists 5 > ¢ > 0 with #’(x) # 0 forall x € (0,4).
Thus, it follows by another application of 'Hospital’s rule that

. 1—cosx ) sin x sin0 0
hm - - = O
A\0 SIN X + X COS X

xli%Zcosx—xsinx ~2c0s0-0 2

Thus, we have shown that
: 11
lim(——-—-) =0.
N\O0\sinx x
4.4 Higher order derivatives and Taylor’s theorem

Next we want to iterate the differentiation procedure. Given a differentiable function f : I — C,
we want to view the derivative as a function f' : I — C and ask if this function is again
differentiable. This is the starting point for considering derivatives of higher order which we
shall define recursively.

Definition 4.30. Let I be an interval and and f : I — C be differentiable. Put f(%) := f.
a) We call f': I — C the derivative® of f. We also denote f(1) := f'.

b) fis twice differentiablein a € Iif f' : I — C is differentiable in a. We then put f'(a) := (f')’(a)
and call f'(a) the second derivative of f in a. We say that f is twice differentiable if it is twice
differentiable in every a € I. We also denote f(?) := f"/.

c) Letk € IN with k > 3. f is k times differentiable in a € I if f is k — 1 times differentiable and
if fk=1) . T — C is differentiable in a. In this case we put f*)(a) := (f*~1)’(a) and call
f®)(a) the k-th derivative or derivative of k-th order in a. We say that f is k times differentiable if
it is k times differentiable in every a € I.

d) f is smooth if it is k times differentiable for all k € IN.

We will occasionally denote the third and fourth derivative of a function f by f"" and """, resp.

3In case you are thinking "Didn’t we already define this before?", the answer is yes and no. Yes, we have defined the
derivative of f in a point, but we haven’t formally defined "the" derivative as a function I — C.
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Example 4.31. (1) Let f : R — R, f(x) = x", where n € N. Then f is smooth and its k-th order
derivative is given by

f(k)(x):n(n—l)...(n—k—}-l)x”*k ifk<mn
and f®)(x) = 0 forall k > n.

(2) Consider ¢ : R — R, g(x) = sinx. Then g’(x) = cos x is again differentiable with g"(x) =
cos’(x) = — sinx. One proves by induction that g is smooth with

f(Zk)(x) = (-1)Fsinx, f(2k+1)(x) = (=1)¥cos x vk € N.

Even without new results, we can already derive an important inequality using higher deriva-
tives.

Theorem 4.32 (Inequality of arithmetic and geometric means). Forall aj,a,...,a, € [0,+00),
where n € IN, it holds that
a a Y
Yaray . ..a; < 1t 2—; +a".
Moreover, equality holds in this inequality if and only if a1 = ap = - - - = a,. ({/a1ay .. . ay is called the
geometric mean of ay, . .., a, while w is called the arithmetic mean of ay, . .., a,.)

To use a more concise name, we will refer to the inequality from Theorem 4.32 as the AM-GM
inequality.

Remark 4.33. (1) In the case of n = 2, the AM-GM inequality can be proven much more ele-
mentarily. Let a,b € [0, 4+00). Then 0 < (a — b)? = a? — 2ab + b*>. Adding 4ab to both sides
of the inequality yields

4ab < a®>+2ab+b> <= ab<

Taking roots shows that

Vab < “erb.

(2) The arithmetic mean of n numbers is the number we usually consider as the "average" of
these n numbers, e.g. in computing the average grade of an exam or the average price of an
item that is available to buy in n different shops.

The geometric mean is less intuitive, but usually occurs in considering growth rates. For
example, consider a population of a species that is observed over n years. Assume that
the population grows or shrinks by a factor of 4; in year i. Then after n years, the average
growth rate a of the population would be the geometric mean of ay,...,a, in the sense
that the population after n years would be the same if the growth factor would have been
constantly equal to a in each year.

Proof of Theorem 4.32. We will prove the claim by induction over #.

The base case of n = 1 is obviously nothing more than a; < a5 for all a1 € [0, +00), which is
obviously true.

For the induction step, we assume that for a certain n € IN the inequality

ap+ay+---+ay
n

Yaray . ..a, <
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holds for all a3, ...,a, € [0,400) with equality if and only if a; = a, = - -+ = a,. We want to
derive that

Layptay+ -+ ayy

Yaray .. a4 <

Vay,... ;A1 € [0, +oo)

n+1
with equality if and only if a; = ap = - - - = a;,41.
If a; = 0 for some i € {1,2,...,n+ 1}, then the claim is obvious, so it suffices to consider

ai, ..., an, 4,41 € (0,4+00). We choose and fix positive numbers ay,...,a, and consider the
function

a+---+ap+x
n+1
a+---+ap+x

1
= 4+ (aq...a,)nt1xntl,
n+1 (a1 2

f:(04e0) =R, fx) = — /A X

We want to show that f(x) > 0 for all x € (0, +-c0). We observe using our previous computa-
tions and the chain rule that f is twice differentiable with

1 1 1 _.n

1) = 5~ g (@) P
e " n 1 _2u4l
fi(x) = m(m vl ) TIXT T,

which particularly shows that f”/(x) > 0 for all x € (0,4o00). Thus, by Corollary 4.22.c), f :
(0,4+00) — R is strictly monotonically increasing. In particular, there is at most one point
xo € (0,40c0) with f/(xg) = 0. More precisely, we compute

0=f'(x0) = —— — ——=(ar...a,) " 1xy, "

1 __n

& 0=1—(a1...a,)71xy, """

n_
e xjt = (ay...a,)"

By the strict monotonicity of f/, it follows that

fl(x) <0 ifx e (0,x0),
f(x)>0 if x € (xp, +0).

By Corollary 4.22.c) and d), this yields that f| , is strictly monotonically decreasing while
flixy,+0) 18 strictly monotonically increasing. Both of these observations combined show that f
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attains its minimum in xo with f(x) > f(xo) if x # x9. We compute that

1 1
a1 +---+agp+(ay...ay)n 1\ 7T
fxg) = 1 n”+1( 1 n) —(al...an(al...an)n> B
1
a+---+a,+(ap...a,)n 1 _1
= nn+1( ! ) —(ay...ay)" T (ay ... a,) 00
1
ay+---+agp+(ap...ay)n n+l
— 1 nf’l+ 1( 1 T’l) —(111 an),,(,1+1)

_ap+--tay 1 1
= ] +(n+1 1)(a1...an)

_n apt---tan
_n—i—l( - (ay...ay)

S=
N——

Hence, by the induction hypothesis, f(xg) > 0and thus f(x) > 0 forall x € (0, +c0). Moreover,
by the induction hypothesis f(xo) = 0if and only if a1 = ay = - - - = a, in which case it follows
that xo = a; as well. This completes the induction step, hence the proof of the claim. O

As we have carried out in the previous sections, the purpose of the derivative of a function to
approximate a function near a particular point by an affine-linear function, i.e. a polynomial of
degree one. We want to generalize this idea.

In the same spirit as before, we next want to use higher order derivatives to locally approximate
an n times differentiable function near a point by a polynomial of degree n.

As a guideline and as a motivational idea we assume that f : I — C is n times differen-
tiable, take @ € I and want to find a polynomial P, : R — C, Py(x) = Y./'_,¢;(x — a)”, where
co,--.,cn € C,such that

fO@) =P @)  vke{o1,...,n}
One derives from Example 4.31.(1) and the usual differentiation rules that

Zcrr (r—1) r—k—i—l)(x—a)’_k,

forallk € {0,1,...,n}, which particularly implies that
P,gk) (a) = cik!.

Hence, to obtain P,(,k) (a) = f®)(a) forallk € {0,1,...,n}, we need to put ¢, = Y1) ( ) for each k.

Definition 4.34. Let I be an interval, let f : I — C be an n times differentiable function and let
a € 1. The n-th Taylor polynomial of f in a is given by

(x —a)k.

n
Tof(x,a) Z
Example 4.35. Let f : (—o0,0) = R, f(x) = % =x2

fx)=—2v3, f'(x) = (-3)(-x 4, ...,



and one proves by induction that f is smooth with

k(k+1)!

FRO(x) = (=DF(k4+1)! - x7F2 = (—1) T Vx € (—0,0), k € N.

Leta = —1. Then f(—1) = 1 and

e = oS g e
Thus,
Tif(x,~1) =14 4 (x+1) =142 +1) = 2x +3,
Tof (x,—1) = 1+2(x+1)+%(x+1)2 =14+2(x+1)+3(x+1)*> =3x> +8x +6,

n

Tuf(x,~1) = Y (k+1)(x+1)f  VneN.
k=0

The following fundamental theorem shows that the Taylor polynomials of a function in a point
are the best approximations of the function by polynomials in that point.

Theorem 4.36 (Taylor). Let I be an interval, a € I and let f : I — C be n times differentiable in a,

where n € IN. Then
f(x) =Tuf(x,a) + @u(x),

where @, : I — C satisfies

en(x)
x—a (x —a)" =0

Before we prove this theorem, we prove a helpful statement used in its proof.
Lemma 4.37. 4 Let I be an interval, a € I and let f : I — C be n times differentiable in a, where
n € N, with f(k)(a) =0forallk € {0,1,...,n}. Then

R
}[ll)r’llm—o VkE{l,Z,,n}

Proof. We will show the claim by induction over k.
Base case: Since f("~1) is differentiable in 4, it follows from Theorem 4.6 that
FUV ) = fOD @)+ f @) (x—a) +r(x)  Vxel

where v : [ — C satisfies limy_,, r(—x; = 0. Since f*V(a) = f(a) = 0, it follows that

T
F =1 (x) = r(x), which immediately proves the case of k = 1.

Induction step: Assume that for some k < n it holds that

lim % =0. 4.3)

4A lemma is a mathematical statement that is not all that interesting in its own right, but that is mostly used to prove
another more important statement afterwards.
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Let (x,)yen be an arbitrary sequence in I with lim,_,e X, = 4. By the mean value theorem, for
each n € N there exists ¢, € (a,x,) U (x5, a) with

FUFD () = FE () = fE D (a) = D) (3 — ).
One checks without difficulties that lim;, .« ; = a as well. Thus,

f(nikil)(x”) — lim M < lim W

(oo — )T | T e S R g, —af

()
G o)t

. (4.3)
lim =
n—oo

. . . . (n—k=1)
Since (x,),eN Was arbitrary, it follows that limy_,, f(xT)H(f)

tion step. O

= 0, which completes the induc-

Proof of Theorem 4.36. Define P, (x) := T, f(x,a) and ¢,(x) := f(x) — Py(x) for all x € I. Then
@n is n times differentiable in a and by the linearity of derivatives,

o @) = fOa)—PPa) vxel ke{1,2... nh.
By the above computations, () (a) = P,gk) (a) forallk € {1,2,...,n}, hence

oP@)=0 Vke{12,...,n}.
The claim follows immediately from the case k = n of Lemma 4.37. O

Remark 4.38. (1) The version of Taylor’s theorem that is Theorem 4.36 is also called the Péano
form of Taylor’s theorem.

(2) The limit property of ¢, in Taylor’s theorem is the key of the statement: it tells us that the
n-th Taylor polynomial of f in a is the best local approximation of f near a by a polynomial of
degree n, since everything that remains goes faster to 0 than (x —a)" as x — a.

(3) Unfortunately, even the best approximation of f by a polynomial does not need to be a good
approximation as the following example shows: Let

1
"2 ifx #0
‘R — R, x)=¢¢" 1 g
/ f&) {0 ifx=0,
and let 4 = 0. One can check (exercise) that f is indeed smooth and satisfies f k) (0) = 0 for
all k € N. In particular, T, f(x,0) = 0 for all n € IN, x € R, which shows that the Taylor
polynomials of f at 0 don’t tell us anything about the behaviour of f near 0.

4.5 Computations and examples of Taylor’s theorem

In the following example we study two important examples of how to approximate complicated

functions by polynomials.

Example 4.39. (1) Consider f : (—1,4+) — R, f(x) = log(1+ x). Since f'(x) = 15 isa
rational function, i.e. a quotient of polynomials, one checks that f is indeed smooth. Up to
third order, its derivatives are computed by the quotient rule as

1 1

f’(x) —1 Ty f”(x) = —m/ f”l(x) =

(1+x)3
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One shows by induction that

O (x) = (—1)"1H Vk € N,x € (—1,+c0).
In particular,
f0)y=0, fO@O) = (-1 (k—1)! VkeN,

so the Taylor polynomials of f in 0 have the form

n (_1)k 1(k 1 n k—1 x2 x3 xh
T — ANV G —y— T (=1
wf(x,0) k; i k; ik =x > +3 +(-1) ”
Hence, by Taylor’s theorem,
n k-1

Frr(x)  Vxe(=1,+0),

log(1+x) = Z

where r,, : (—1,+c0) — R satisfies lim,_,o %) = 0.

(2) We want to study the Taylor polynomials of arctan : R — R in 0. By Example 4.14.(3),
arctan is differentiable with
1
arctan’(x) = T2 Vx € R.
Similar to part (1), one concludes that arctan is indeed smooth. To obtain a general formula
for its k-th derivative, we need to employ a little trick We interpret arctan’ as a complex
function by computing

1 1/1—ix +1+ixy 1, 1 1
t / - e — - 5 :
arctan’(x) (1+ix)(1 — ix) 2((1+ix)(1—ix)) 2<1+1x + 1—ix)

From the usual rules, we compute that

" - 1 —1 i
arctan (X) =3 ((1-)—ix)2 + (1 —ix)2> ,
arctan”’(x) = % <((_21>(—1) " 2i-1 ) .

1+ix)3  (1—ix)3

More generally, one proves by induction that

k—1)! [ (—i)*! i1
arctan® (x) = ( 5 ) <(<1 —l-)ix)k + = ix)k> VkeN, x € R.

In particular,

(k—1)!- k1

arctan®) (0) = (i)t k) = >

(-1 41).

This shows that arctan(2") (0) = 0 for all n € N, while

(2n)! - 2"

arctan®"*1) (0) = 5

(1% +1) = 2n)(-1)"  ¥n e N
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Thus, for each n € INy we obtain the following Taylor polynomials of f = arctan in 0:

n @D pr _ o (S 0 !
T J0) =Y Al L a2kl oy L ) a2l e T (=) _
2n41f(%,0) ,;0 2k+1)r " kg{)Zk+1x T3 TV
Consequently, for each n € INy,
5 (=DF ain
arctanx = kg{) T + ronr1(x),
where 17,11 : R — R satisfies lim,_,g rz;’;i(lx) =0.

Remark 4.40. Further examples can be obtained from power series. As we shall see in the next
semester, if f : (—r,7) = C, f(x) = Y7o anx" is well-defined, then f is differentiable and

n
Tuf(x,0)= Y axk VneN.
k=0

Taylor’s theorem can be used to compute limits as the following example shows.

Example 4.41. We want to compute

. arctanx —x . arctanx —x
lim ———— and lim —F—.
x—0 X x—0 X
As seen in Example 4.39,
JC3
arctanx = x — 5 +r3(x),
where lim,_,g r3x(3x ) — . Thus,
3
arctanx — x —% +r3(x) 1 r3(x) 1
lim ————= = lim — " — lim | —= =—=
x—0 x3 x—0 x3 x—0 + x3
and ,
arctanx — x —% +r3(x) 1 r3(x)
e T lim—3 " —lim | —Zx+x =0.
x—0 x2 x—0 x2 x—0 3 + x3

Note that we still don’t know if the Taylor polynomials from Example 4.39 are good approxi-
mations of log(1 + x) and arctan x, resp. To answer questions like these, we need to estimate
the difference between a function and its Taylor polynomials. For this purpose, we establish the
following version of Taylor’s theorem.

Theorem 4.42 (Lagrange remainder form). Let I be an interval, a € I, n € Ngand let f : I — C be
n + 1 times differentiable. Then for each x € I there exists { € I between a and x with

f(n+1) (‘:) (x _ a)n+l‘

f(X) = T”f(x/a) + (}’1 + 1>|

Proof. For x = a the statement is obvious, so we assume x # a. We further assume w.l.o.g. that
x > a, the other case is proven completely analogously. Let M € IR be uniquely defined by

f(x) = Tuf(x,a) + M(x —a)" 1,
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Put p,(t) := Tuf (t,a) and consider
g:1=C,  g(t):=f(t) — pult) — M(t —a)" L.

Then g is n + 1 times differentiable. Since p, is a polynomial of degree 1, the usual rules of
differentiation show that

gD (1) = FOHD () - M(n+ 1)1t —a)° = FOFD (1) — M(n + 1)1
Moreover,
¢®@) = fR@a) - pPy=0 vke{01,...,n}.
By choice of M, it further holds that g(x) = 0. Since g(a) = 0, it holds by Rolle’s theorem that
there exists & € (a,x) with ¢’(¢1) = 0. Since g’(a) = 0, it again holds by Rolle’s theorem that

there exists ¢» € (a,¢1) with g”(&2) = 0. Iterating this argument 1 + 1 times, we obtain that
there exists ¢ € (a,x) with

(n+1)
_ o) (my — (1) (xy | _ fU(E)
0= V@) =@ M+ 1)t e M=l
which shows the claim. O
Corollary 4.43. Let I be an interval, n € N and let f : I — C be n + 1 times differentiable. If
F0H)(x) = 0 for all x € I, then f is a polynomial of degree at most n.

Proof. By Theorem 4.42, it holds under the asumption that f(x) = T, f(x,a), where a € I is
chosen arbitrarily. O

We apply the Lagrange remainder formula to the functions studied in Example 4.39.
Theorem 4.44. a) For all x € [0,1], it holds that

log(1+x) = i

in particular

e (= 1 1
logZ—n;1 . =1 2—|—3 4—|—5

b) Forall x € [—1,1] it holds that

t _ - (_1>n 2n+1
arcanx-rgbzn+1
In particular,
e}
B (-1 1 1 1
LR BY e i Gl Rt

Proof. a) Letf:[0,1] = R, f(x) =log(1+x). Put R,(x) := f(x) — T,.f(x,0) for each x € [0, 1].
We want to show that (R, (x)),en converges to 0 for all x € [0,1]. By Theorem 4.42 and the
computations of Example 4.39.(1), for each n € IN and x € [0, 1] there exists ¢ € [0, 1] with

FOED@) ]
T =

1 |n+1 1 1

1= Grnara S e S

Hence, by the squeeze theorem, lim, . |Ry(x)| = 0 and thus lim, e R, (x) = 0 for each
€ [0,1], which shows the claim.
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b) Let f(x) = arctanx and let Ry, 11(x) := f(x) — Topy41f(x,0) for all n € IN. By Theorem
4.42 and the computations of Example 4.39.(2), for each n € IN and x € [—1,1] there exists
¢ € [-1,1] with

(_i)2n+1 i2n+1

A (9] e 1
= 7 x| 2 < (1+ ig)2n+2 + (1—ig)2n+2

|R2n+1(x)| <2n+2)! - 2(2?1 +2)

1 | _ i|2”+l |i|2n+l
< - + -
= 2@+ 2) (|1+z¢|2"+2 1 —zx\2"+2>

1 1 1
< .
—2(2n+2) (|1 +ig|2+2 + 1 —ix|2”+2>

Since |1 +i&| = [1 —i¢| = \/1+ &% > 1, it follows that [Rpy11(x)| < 5 forall x € [—1,1]
and n € IN. This shows the claim in analogy with part a). To obtain the claimed identity for
7, we observe that sin(§) = cos(F) and thus tan(Z ) = 1 by Exercise 3 from Sheet 8. Hence,
7t = 4arctan 1 and the identity follows from the proven formula for arctan x with x = 1.

O

Remark 4.45. The equation from of Theorem 4.44.a) actually holds true for all x € (—1,1],
which requires some additional effort.

To conclude this section, we want to revisit local extrema of differentiable function. Fermat’s
theorem established a necessary condition for a point to be a local extremum point. With the help
of Taylor’s theorem we can now establish sufficient conditions for a point to be a local maximum
point or a local minimum point.

Theorem 4.46. Let I be an open interval, a € I and n € N withn > 2. Let f : I — C be n times
differentiable. Assume that () : I — C is continuous and that

fla)=f"(a)="---=f""V(a)=0, fOa)#0.
a) If nis odd, then f does not have a local extremum in a.
b) Ifniseven and f")(a) < 0, then f has a local maximum in a.
¢) If n is even and ") (a) > 0, then f has a local minimum in a.

Proof. Since f(")(a) # 0and f( is continuous, it follows as in Exercise 1.a) of Sheet 6 that there
exists & > 0, such that f(") (x) # 0 forall x € (a — 6,a + &) N I. Since I is open, we may choose &
so small that (a — 6,a + &) C I. It follows directly from the assumptions that T;,,_1 f (x,a) = f(a)
forall x € I, so by Theorem 4.42, for each x € (a — J,a + ¢) there exists { € (a — J,a + §) with

(n) (n)
O =f+ 86 e - @=L e wy

n! n!

a) If n is odd, then (x —a)" is positive for x > a and negative for x < a. Hence, by (4.4) the
expression f(x) — f(a) takes both positive and negative values in any I-neighborhood of a.
Hence, a is neither a local maximum point nor a local minimum point of f.

b) By construction of 4, it follows that f(”) (x) < Oforall x € (a—4,a+d). Since n is even,
(x —a)" > 0 for all x € I, hence it follows from (4.4) that

fx)—f(a) <0 < f(x) < f(a) Vx € (a—95,a+9).

Hence, f has a local maximum in a.
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c) This follows in analogy with part b).
O

Example 4.47. We want to find the local extrema of f : R — R, f(x) = x%¢~2*. f is a product of
differentiable functions, hence itself differentiable, and by the product rule

f(x) = 3x%e 2 —2x%e 2 = (3x% — 2x3)e 2 = (3 — 2x)x%e &

By Fermat’s theorem, the only possible local extremum points are the solutions of f/(x) = 0,
which are x = 0 and x = % f is again differentiable with

F(x) = (6x — 6x%)e > —2(3x% — 2x%)e % = (6x — 12x* + 4x%)e > = 2x(3 — 6x + 2x%)e .

We compute that

f70)=0 f"(3)=3(3-9+3) = —ge_?’ <0.

27

By Theorem 4.46, 3 is a local maximum point and f(3) = e~ is alocal maximum of f.

f" is again differentiable and we compute that
" (x) = (6 — 24x + 12x2)e™2¥ —2(6x — 1242 + 4x3)e ™%,

from which we see that f"”/(0) = 6¢” = 6 # 0. Hence, f has neither a local maximum nor a local
minimum in 0 by Theorem 4.46.
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Chapter 5

Integration

5.1 Definition of the Riemann integral

The graph of a function f : [a,b] — R is formally defined as
Graph(f) i= {(x, f(x)) € R? | x € [a,1]}.

We want to measure the surface area of the subset of R? that is enclosed by Graph(f), the x-axis
and the two vertical lines going through x = a and through x = b. (See the lecture video for an
illustration.)

The strategy to compute the area of this particular set is to approximate the area by considering
only subsets of R> whose areas are easy to compute, namely rectangles. We want to construct
families of rectangles whose union is close to the original set in the first place and then study
families of thinner and thinner rectangles to approximate the original set. (See again the lecture
video for an illustration.) These unions of rectangles are formalized in the following definition.

Definition 5.1. Leta,b € R witha < b.
a) A finite family of real numbers (xg, x1,...,x,), where n € IN and
a=x9<x < Sxp g Sxp=b
is called a partition of [a, b] We denote the set of all partitions of [a, b] by P([a, b]).

b) Let P = (xp,...,x) € P([a,b]). A partition P’ = (yo, ..., ym) € P([a,b]) is called a refine-
ment of P if x; € {yo,...,ym} foralli € {0,1,...,n}. If P;,P, € P([a,b]) are given, then
P € P([a,b]) will be called a common refinement of P; and P, if P is both a refinement of P;
and a refinement of P;. (One easily checks that any two partitions of [4, b] have a common
refinement.)

c) Let f: [a,b] - R bebounded and let P = (xg,x1,...,x,) € P([a,b]). The upper sum of f over
P is given as

U(FP) =Y sup f(x)-(x;—x-1).

j=1 XE[XJ‘,],XJ']

The lower sum of f over P is given as

L(f, P) = 2 inf f(x) : (x] — x]-_l).

n
j=1 X€[xj-1%]]
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(See the lecture video for an illustration.)
Theorem 5.2. Let a,b € R witha < band let P € P([a,b]).
a) L(f,P) < U(f,P).
b) If P' € P([a, b)) is a refinement of P, then
LUf,P)SL(f,P) and  U(f,P) > U(f,P).

Proof. a) This is obvious.

b) Let P = (xo,...,xx) and P’ = (yo,...,ym). Foreach j € {0,...,n} letk; € {0,...,m} such
that x; = yy;. Then

n—1 n—1
L(f,P) = inf x) (X1 —x;) = inf x) - (Y. . — Y.
R e I W AR
n—1 k/‘+1 1 1k/+1 -1
=), inf  f(x) Y} (Wir1—y) Z inf  f(x)- (Yiy1 — i)
j:oxe[ykj/ykj+1] i=k; =0 i=k; xe[ykj/yij]

where we used that the additional sum over i is a telescopic sum. By Exercise 1 from Sheet

2,itholds forallj € {0,1,...,n —1} and i € {kj,kj +1,...,kj41 — 1} that

inf - f(x) = inf f(lyi,, yig,)) < infF(lyivinl) = _inf f(x).

Y€ [Yk; Vi XE[Yiyisl
Inserting this into the above yields
n—1kjt1-1
Py<) ), _inf f(x) (yir1—vi)
=0 i=k; X€lyiyil
m—1 ,
=Y inf f(x)-(yig1 —vi) = L(f, P'),
iz0 XEWYiYit]

which we wanted to show. The inequality U(f, P) > U(f, P’) is proven analogously.
O

Using upper and lower sums, we next introduce the notions of upper and lower integrals which
are the abovementioned approximations of the area of the surface "below a graph".

Definition 5.3. Leta,b € R witha < band let f : [4,b] — R be bounded.

a) The upper integral of f is given by

/uhf(x) dx = inf {U(f,P) | P € P([a,b])}.

The lower integral of f is given by
b
/a f(x) dx :=sup{L(f,P)|P e P([ab])}.
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b) f is Riemann-integrable, or simply integrable, if

Zf(x) dx :/Lbf(x)dx.

In this case, we put fubf(x) dx := f_abf(x)dx and call it the integral of f over [a, b].
c) Weput R([a,b]) := {f : [a,b] - R | f is Riemann-integrable }.

Example 5.4. (1) Let f : [a,b] — R, f(x) = ¢, be constant, where ¢ € R. Then for each P =
(x0,x1,...,%xn) € P([a,b]) it holds that

n—1 n—1
U(f,P) = L(f,P) = ZO c(xjy1 —xj) =c g(xm —xj) =c(b—a).
= =

Thus, f is Riemann-integrable with [ ab f(x)dx = c(b—a).
(2) Consider the function

1 ifxeQ,

01 R, ﬂw={OiwéQ.

Since every non-empty open interval (a,b) contains both rational and irrational (i.e. real,
but not rational) numbers, it holds that sup,(, ;) f (x) = 1and inf,¢(,p) f(x) = O for each

such interval. From this observation, it follows that for each P = (xo, ..., x,) € P([0,1])
n—1

L(f,P) =0, U(f,P)=Y 1-(xj—x_1)=1-0=1.
=0

Consequently, fol f(x) dx = 0, while f_ol f(x) dx =1, such that f is not Riemann-integrable.

Theorem 5.5. Let a,b € Rwitha < band let f : [a,b] — R be bounded. Then

/ubf(x) dx < ff(x) dx.

Proof. Let Py, P1, P, € P([a,b]), such that Py is a common refinement of P; and P,. Then by
Theorem 5.2,

L(f,P1) < L(f,Py) < U(f,Py) < U(f,P).

Thus, for fixed P,, the number U(f, P,) is an upper bound of {L(f,P) | P € P([a,b])}, which
implies

[ £ dx = sup{L(£,P) | P € Plla,b])} < U(f, )

Thus, fabf(x) dx is a lower bound of {U(f, P) | P € P([a,b])}, which in turn implies

b b
/af(x) dxginf{u(f,P)|P€’P([a,b])}:/uf(x) dx.
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Example 5.6. Let f : [a,b] — R be a step function, i.e. assume there exista = xp < x7 < -+ <
xn=bandcy,...,c; € R with

f(x)=c1 Vx€[axq], f(x)=cj1 Vx € (xj,x11], j€1{0,1,...,n =1}

One checks that for P = (x,...,x,) € P([a, b]) it holds that

n—1
L(f,P) = U(f,P) =} cjr1(xj41 — X))
j=0
Thus, by Theorem 5.5,
n—1

b b n—1
i1l =) < [0 dr < [ dx = X el = )
L ]:

=0
Hence, f is Riemann-integrable with fabf(x) dx = Z]’-’z_ol Civ1(xjr1 — xj)-

The following theorem provides a tangible criterion on a function to be Riemann-integrable.

Theorem 5.7. Let a,b € R witha < band let f : [a,b] — R be bounded. f is Riemann-integrable if

and only if
Ve > 03P € P([a,b]): U(f,P)—L(f,P)<e.

Proof. "=": Let e > 0. Since f is Riemann-integrable, there are Py, P, € P([a,b]) with
b P b P
| fax—Lg ) <5, uthR) - [ f) <3
Let Py be a common refinement of P; and P,. Then, by Theorem 5.2,

U(f,P) <U(f,P) < /abf(x)dx+§ < L(f,P)+e<L(f,Py) +e¢,

which shows the claim.
"<": By construction and by Theorem 5.5, it holds for each P € P([a, b]) that

L) < [ feode < [ ot < ugr,p)
Givene > 0and P € P([a,b]) with U(f,P) — L(f, P) < ¢, we derive
0< ff(x)dx - /hf(x)dx <U(f,P)—L(f,P) <e.

Since this shows that 0 < f—abf(x)dx — fubf(x)dx < eforall e > 0, it follows that fahf(x)dx =
— Ja. Ja.
[; f(x)dx. O

Let’s apply this criterion to a specific example.
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Example 5.8. Let b > 0, and consider f : [0,b] — R, f(x) = x. Foreachn € N let P, =

(x0,...,xu) € P([0,b]) be given by x; = Lb for each j € {0,1,...,n}. We compute the lower
and upper sums of f with respect to P, as

U(f,Py) = sup x Hle %b)
j=0 xe[ L, Lp]
n—1 - n—1 2 2 1\1,2
+1 ) b nn+1) b 1+ )b
=) —b =) (j+1)5= = n_,
o = n? 2 n2 2
n—1 n—1 13,2 2 1\1,2
N J, b b*  n(n-1) b* _ (1—3)b
LU, Bu) = - ”b no Z]nz 2 n? 2
j=0 j=0
where we have used Theorem 1.62. We derive that
2p2  p?
u(ffpn)—L(f/Pn):ng Vn e N,

hence limy, e (U(f, Px) — L(f, Px)) = 0. From this observation and Theorem 5.7, one derives
that f is Riemann-integrable and that

b
Jo %= B L Be) = i UG Br) = Jim =5 = 5
Using the criterion from Theorem 5.7, we will next show that two big classes of functions are
Riemann-integrable.

Theorem 5.9. Let a,b € R with a < b. Every continuous function f : [a,b] — R is Riemann-
integrable.

Proof. Lete > 0. By Theorem 3.38, f is uniformly continuous, hence there exists § > 0, such that

If(x) — f(y)] < ﬁ Vx,y € [a,b] with |x — y| < 6. (.1)

Let P = (xo,x1,...,%n) € P([a,b]) be given, such that xj,; —x; < d forallj € {0,1,...,n —1}.
Then by Theorem 3.32,

. . (5.1) e
sup f(x)— inf f(x)= max f(x)— min f(x) <

xe[xj,xj11] X€E[x},xj41] X€E[xj,xj11] X€E[x),xj11] b—a

forallj € {0,1,...,n —1}. Consequently,

n—1

U(f,P) =L P) =Y ( sup f(x)— _inf  f(x))(xj41— )

j=0 " x€[xj,xj41] XE[xjxj41]
e " € €
< b—a Jg(xjﬂ —xj) = m(xn —Xx0) = b_a(b—‘l) =&
Thus, f is Riemann-integrable by Theorem 5.7. O
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Theorem 5.10. Let a,b € R with a < b. Every monotonic function f : [a,b] — R is Riemann-
integrable.

Proof. (This proof is not discussed in the lecture videos.)
Assume throughout the proof that f is monotonically increasing, the monotonically decreasing
case is proven along the same lines. If f(a) = f(b), then f is constant and the statement was

shown in Example 5.4, hence assume that f(a) < f(b).
Lete > 0. Given n € IN we define a partition P, = (xo, x1,...,X,) by

xj:u+£(b—a) Vjie{0,1,...,n},

such that xj 1 — x; = hn;” forallj € {0,1,...,n —1}. Since f is monotonically increasing,

sup  f(x) = f(xj41), [inf flx)=f(x)) Vie{01,...,.n—1},

x€[xj,xj41] xX€[xjxj 4]
such that
n—1 n—1 b—a
U(f, Pn) = ) fxj00) (301 = %) = ) f(xj41)——,
j=0 j=0
n—1 n—1 b—a
L(f,Pu) = Y f(xj)(xj41 —xj) = Y f(x)) ”
j=0 j=0
Hence,

U(f, Pu) = L(f, Pn)

I
/
]
~~
—~

=
T
-

I
0]
=
=

~—r
=

Thus, if n € N is chosen so big that % < W, then U(f,P,) — L(f, P,) < ¢. Since

€ > 0 was arbitrary, the claim follows from Theorem 5.7. O
5.2 Properties of the Riemann integral

Having established the definition of the Riemann integral and having shown the integrability
of large classes of functions, we want to study basic properties of the Riemann integral, like its
compatibility with algebraic operations.

The following theorem summarizes the most important computational properties of the Rie-
mann integral that will be frequently used in the rest of this chapter.

Theorem 5.11. Let a,b € Rwitha < band let f,g € R([a,b]). Then:
b b b

a) f+g€R(ab]) and/ (f+9)(x)dx = / f(x) dx—l—/ g(x) dx.
a a a

b) Forall A € R it holds that Af € R([a,b]) and /b(Af)(x) dx = A/hf(x) dx.
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b
o) If f(x) < g(x) forall x € [a,b], then/ f(x) dx < / (x) dx.

d) If c € (a,b), then fl,,q € R([a,c]), flicp) € R(lc,b]) and

/abf(x)dx:/acf(x)dx—i—/cbf(x)dx

e) Ifm, M € Rsatisfym < f(x) < M forall x € [a, b], then
b
m(b — a) g/ F(x) dx < M(b —a).

Proof. (The proof of parts b) to e) are not discussed in the lecture videos.)
a) Let P = (xg,x1,...,%n) € P([a,b]). Then foreach j € {0,1,...,n —1}

sup (f+8)(x) = sup (f(x)+g(x)) < sup f(x)+ sup g(y)

x€[xj,xj11] x€[xjxj 1] x€[xj,xj11] YEXjxj11]

and analogously,

inf (f+g)(x)> inf f(x)4+ inf g(y).

X€E[x},xj41] x€[x),xj41] YE[x)xj41]
From these inequalities, one straightforwardly derives that

U(f+g P) <U(f,P)+U(gP),  L(f+gP)=L(f,P)+L(gP)

Lete > 0. Since f and g are Riemann-integrable, by Theorem 5.7 there exist P;, P, € P([a, b)),
such that U(f,P;) — L(f,P1) < 5 and U(g,P,) — L(g,P.) < 5. Let Py € P([a,b]) be a
common refinement of P; and P,. By the previous inequalities and by Theorem 5.2,

U(f+g,Po) — L(f +8 Po) <U(f,Po) +U(g Po) — L(f,Po) — L(g, Po)

< U(f,Pl)—L(f,P1)+ll(g,P2)—L(g,Pz) < §+§:€'

Hence, f + g is Riemann-integrable by Theorem 5.7. By choice of P; and P, it holds that
U(f,Py) < U(f, Py) < [” f(x) dx + §and U(g, Py) < [ g(x) dx + § and thus

[+ 90 dx < UlF+ ) < UG + UG Po) < [ f0x) et [ g(x) e

Since € > 0 was arbitrary, it follows that

[ [ f@ s [ g dx

The opposite inequality is derived analogously, using that L(f,Py) > |, ab f(x) dx — 5 and
b
L(g, Po) > [, g(x) dx — 5.
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b) Let A € R. As one easily sees, it holds that
U(Af,P) = AU(F,P), L(Mf,P) = AL(f,P) VP € P([a,b]).

From this observation and the properties of supremum and infimum, one derives that

/;’Af(x) dx = inf{AU(f, P) | P € P([a,b])} = Ainf{U(f, P) | P € P([a,b])} = /\ff(x) dx

and analogously, [ ab)\ f(x) dx = AJ ab f(x) dx. Consequently, since f is Riemann-integrable,
b b b
f_a}\f(x) dx = [[Af(x)dx=A [] f(x) dx.

c) If f(x) < g(x) for all x € [a,b], then for each P = (xy,...,x,) € P([a,b]) we compute that

n—1 n—1
U(f,P)=13, sup f(x) (xjp1—x) <), sup g(x)-(xt1—x;) =U(g,P).
j=0 XE[Xj,Xj+1] j=0 XG[Xj,Xj+1]

From this observation and the properties of the infimum, we derive
b b
[ £ dx = inf{U(£, P) | P € P(la,b))} < inf(U(g, P) | P € P(la, b))} = [ g(x) dx.
a a

d) If P = (x0,x1,...,%:) € P([a,c]) and P, = (yo,y1,---,ym) € P([c,b]). Then Py :=
(x0,-- -, Xn,Y1,---,Ym) € P([a,b]) and it obviously holds that

u(f|[a,c]/p1) + u(f|[c.b]/p2) = U(f, Py), L(f|[u,c]lpl) + L(f|[c.b]rp2) = L(f/PO)'

Let P’ = {P = (xq,...,x4) € P([a,b]) | Tk € {0,1,...,n} with x; = c}.

Let ¢ > 0. Since f is Riemann-integrable, there exists P € P([a, b]) with U(f,P) — L(f,P) <
e. Let P’ be a refinement of P with P’ € P’. Then U(f, P’) — L(f,P’) < e as well.

If P = (xo,...,x,) with x; = ¢, it holds that

Py :=(xg,...,x¢) € P([a,c]) and Py:= (xg,...,xn) € P([c,b])
and one easily checks that U(f, P) = U(f|(4,¢, P1) + U(f|[cp), P2) and L(f, P) = L(fl{4,¢), P1) +
L(thm,fﬁ).Thus,

U(flia,e)r Pr) = L(flia,qr Pr) + U(fliep), P2) = LS, P2) <€

and since the two differences are non-negative, this yields U(f(5,¢, P1) — L(flj4, P1) < €
and U(f|(cp), P2) — L(fljcp), P2) < e. Since € was arbitrary, this shows that f|, . and f|.
are Riemann-integrable and a simple computation that is left to the reader shows the claimed
formula for the corresponding integrals.

e) Let P = (xp,...,xn) € P([a,b]). Then

n—1 n—1

U(f,P)=3), sup f(x) (xj1—x) <MY (xj11—x) =M(b—a),
j=0 X€[xj,xj11] j=0
n—1 n—1

LP) =Y. inf  f(x) - (xj =) > m Y (41— %) = m(b — a).
]:0 xe[xj,xjﬂ] i—=0
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Thus, by definition of the Riemann integral,
b
m(b—a) < L(fP) < [ f(x)dx < U(L,P) < M(b—a).
a

O

In contrast to the compatibility of continuity and differentiability with the composition of func-
tions, the composition of two Riemann-integrable functions does not necessarily have to be
Riemann-integrable. Such "non-examples" are usually not very intuitive and we refrain from
giving an explicit example. Instead we prove that a slightly stricter assumption ensures the
Riemann-integrability of a composition.

Theorem 5.12. Let a,b € R witha < b and let I C R be an interval. If f : [a,b] — I is Riemann-
integrable and g : I — R is continuous, then g o f : [a,b] — R is Riemann-integrable.

Proof. Since f is Riemann-integrable, it is bounded and we can assume w.l.0.g. that I is compact.
Let e > 0. Since I is compact and g is continuous, g is uniformly continuous by Theorem 3.38.
Hence, there exists 6 > 0, such that

€ .
lg(x) —g(y)| < 2—a) Vx,y € I with |[x —y| <. (5.2)

g is also bounded by Theorem 3.7 and we put C := sup,.; |¢(x)|. Since the claim is obvious for
g = 0, we assume that C > 0. We further assume w.l.o.g. that J is chosen so small that

5 < %. (5.3)

Since f is Riemann-integrable, there exists P = (xo, ..., x,) € P([a,b]), such that

U(f,P) — L(f,P) < &%

Put
Mj= swp f(x), M= swp (gof)x),
x€E[xj,xj11] XE[x),Xj41]
mj:= inf f(x), mj:= _inf (gof)(x) Vje€{0,1,...,n—1},
X€E[x),xj11] XE[xj,xj41]

A={je{01,...,n—1}|Mj—mj<s}, B:={0,1,...,.n—1}\A.

For each j € A we compute that

(.2) e
M —m; < sup (g(f(x)) —g(f(y))) < :
j j xyels] 2(b—a)
Hence,
e e € _ 3 =
qu(Mj m; ) (Xj41 x])SZ(b—a) jg(xﬂrl xj) =

For j € B it holds that M;—m; > 6. Thus,

8y (x4 — %)) < Y (Mj —mj) (x40 — xj) < U(f,P) = L(f,P) < &,

jEB jEB
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which shows that };cp(xj1 — xj) < J. Using this inequality and that

Mj—mj < sup  g(f(x)) —g(f)l < sup  ([g(f(x))[+Ig(f(w))]) <2C

XYE[x)xj41] xYE([xj,xj41]

~

holds for each j, we derive that
(53) ¢
Y (M} =7 (xj30 = xj) < 2C Y ()30 — %)) <2C8 < -,
jeB j€B

Thus,

N
|
—_

U(go f,P) = L(gof,P)

I
g

(M} —m;})(xjs1 — x;)

-
Il
o

e €
(M} —m})(xj41 — xj) + Z(M]* —m;)(xjp1 —xj) < 7 t5=¢
jeB

>

j€
Since € was chosen arbitrarily, it follows from Theorem 5.7 that g o f is Riemann-integrable. [
Theorem 5.13. Let a,b € Rwitha < band let f,g € R([a,b]). Then:
a) f-g & R([a,b]).

D) 1f] € R(la,b]) and \ [ s < [ 1)jax

Proof. a) In the case of f = g, i.e. for f2 = f- f : [a,b] — R, the claim follows from Theorem
5.12, since f2 = ¢o f, where ¢ : R — R, ¢(x) = x2.
In the general case, we observe that f - g = 3((f + g)*> — f*> — g%) and derive from the previ-
ous observation and Theorem 5.11.a) and b) that f - ¢ is Riemann-integrable.

b) Since |f| = ¢ o f, where ¢(x) = |x|, it follows from Theorem 5.12 that |f| is Riemann-
integrable. Let

1 if [P f(x)dx >0,
-1 if fubf(x)dx <0.

Then by Theorem 5.11.b),

'/abf(x) dx zc/abf(x) dx:/abcf(x) dx.

Since cf(x) < |f(x)| for each x € [a, b], it follows from Theorem 5.11.e) that | fab f(x) dx| <

JPIf(x)] dax.
O

Remark 5.14. Note that while the product of two Riemann-integrable functions is again Riemann-
integrable by Theorem 5.13.a), it is not clear how the different integrals are related to each other.
Later in this chapter, we will study the technique of integration by parts, which will enable us
to compute the integrals of product in certain situations.
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The following theorem is similar in spirit to the mean value theorem for derivatives that we
have seen in Section 4.3.

Theorem 5.15 (Mean value theorem for integrals). Leta,b € Rwitha < b. Let ¢ € R([a,b]) with
@(x) > 0forall x € [a,b]. Then for each continuous function f : [a,b] — R there exists { € [a, b] with

b b
| F@e@dx = £@) [ oz

Proof. By Theorems 5.9 and Theorem 5.13.a), f - ¢ is Riemann-integrable. Since f is continuous
and [a, b] is compact, f has a minimum and a maximum by Theorem 3.32 and we put

mi= xgl[lar})}f( x),  M:= o f(x).

Then by Theorem 5.11.b) and e)

m/ dx—/am(p( dx</f dx</M(p dx—M/ ) dxx.

Thus, there exists y € [m, M], such that [ ab fX)p(x)dx=p [ ab ¢(x) dx. But by the intermediate
value theorem, there exists ¢ € [a, b] with f(&) = p, which shows the claim. O

Corollary 5.16. Let a,b € Rwitha < band let f : [a,b] — R be continuous. There exists § € [a, D]

with )
| fdx = £@) 0 = a).
Proof. This is Theorem 5.15 in the special case of ¢(x) = 1 for all x € [a, b]. O

Remark 5.17. Given f € R([a,b]), the quantity M(f) := ;- f f(x) dx is called the mean of f.
It is interpreted as the average value that f takes on [a b] For a contlnuous function f, Corollary
5.16 says that this average value is always contained in the set of values of f.

Likewise, given ¢ € R([a,b]) with ¢(x) > 0 for all x € [a, b], the number

b
Jo f(X)g(x) dx
b
[ @(x) dx
is called the weighted mean of f with respect to ¢. Here, ¢ is interpreted as a function prioritizing

certain parts of the interval, e.g. indicating a distribution of probabilities. Theorem 5.15 says
that for continuous f every weighted average of f is among the values of f.

My(f) ==

5.3 Integration and differentiation

Throughout this section, let I be an interval containing more than one point.

Definition 5.18. Leta,b € R witha < band let f € R([a,b]). We put

/bgf(x)dx::—/abf(x) dx

For each ¢ € [a,b] we further let [* f(x) dx := 0.
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One checks using Theorem 5.11.d) that with this convention

/abf(x) dx:/acf(x) dx-l-/cbf(x) dx

holds for all a,b,c € I.

So far, the constructions of derivatives and of integrals have been completely independent of
each other. However, they are intimately connected as the following important theorem shows,
which, in the lecturer’s opinion, is one of the most beautiful theorems in mathematics.

Theorem 5.19 (Fundamental theorem of calculus). Let a € I and let f : I — IR be continuous.
a) The function
F:I>R,  F(x) =/axf(t) dt,
is differentiable with F'(x) = f(x) for each x € I.
b) Let F : I — R be an arbitrary differentiable function with F' = f. Then

[ )= Fb) ~F@)  Vabel

Proof. a) Letx € I. For h # 0 with x + h € I we compute that

x+h X X
F(x+h21—F(x) _ L f®) dth [o f(t) dt :%/x +hf(t) .

By Corollary 5.16 there exists ), € [x, x + h| U [x + h, x| with

w - %f(gh)(erh —x) = f(&n)- (5.4)

Now let (h,),en be a sequence with x + hy, € I for all n € N and with lim, e h, = 0. For
each n € IN let §,, := ¢, be given as in (5.4). Since (h,),eN converges to 0, it follows that
limy, 0 ¢ = x. Thus, since f is continuous,

lim Plx+hn) = F(x) _ lim £(&,) = f(x).

n—00 hy, n—00
Since (hy,),eN was arbitrary, this shows that

Fl(x) = }lﬂw = f(x).

b) Let Fy : I = R, Fy(x) = [ f(t) dt. By a), Fj(x) = f(x) for all x € I. By Corollary 4.25.b),
there exists ¢ € R with F(x) = Fy(x) + ¢ for all x € I. Hence,

F(b) — F(a) = Fo(b) + ¢ — (Fo(a) + ¢) = Fo(b) — Fo(a)

= [ ey [ fde= [ )
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Definition 5.20. An antiderivative of f : I — R is a differentiable function F : I — R with
F'(x) = f(x) for all x € I. An antiderivative of f is also denoted by [ f(x)dx.

By part a) of the fundamental theorem of calculus, every continuous function f : I — R pos-
sesses an antiderivative. In the following we will always denote

F(x)|L := F(b) — F(a).

Example 5.21. Our computations of derivatives in Chapter 4 give rise to some explicit an-
tiderivatives, which in turn allows for the computation of integrals using the fundamental the-
orem of calculus. Let a,b € R witha < b.

b yr+1
e Forr € R~ {—1} it holds that/ X' dx = ——
a r+1

thata > 0orb < 0.

b

, where in the case of » < 0 we assume
a

! = — (~log(—x)) || =

a

b
o Ifa >0,thenfub%dleogx‘ JIfb <0,thenfab%dx: - [
a

a

b
log(—x)| . Both cases are summarized by
a
b1 b
/—dleog(|x|)' if 0 ¢ [a,b].
a X a
b eCx (b
o/e”‘dx:— Ve € R~ {0}.
a C la
b b b b
. / sinx dx = —cos x and/ cosx dx = sinx| .
a a a a
7T 7T b 1 b
o If [a,b] C (—7,7),then/u mdx:tanx r
b1 p b
—— dx = arct .
./u T3 2 9% =arctanx|
If [a,b] C (~1,1), then | ——— 4 ’
abl C (-1,1),t en/ —— dx = arcsinx| .
* a \/1—x2 a

Our next strategy is to find formulas for integrals of more complicated functions by "inverting"
some rules of differentiation that we have established in Chapter 4, more precisely the product
rule and the chain rule. Before doing so, we introduce one more bit of terminology.

Definition 5.22. We call f : [ — C continuously differentiable (or of class C') if f is differentiable
and its derivative f' : I — C is continuous.

Theorem 5.23 (Integration by parts). Let a,b € Rwitha < b. Let u,v : [a,b] — R be continuously

differentiable. Then
b

b b
/a u'(x)o(x) dx = u(x)o(x) —/a u(x)v'(x) dx.

Proof. By the product rule, u - v is again differentiable with

a

(u-v)(x) =u(x)o(x) +u(x)d'(x) < u'(x)o(x) = (u-v)(x) —u'(x)o(x).
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Since (u - v)’ is again continuous, it follows from the fundamental theorem of calculus that

Example 5.24. (1) Let 0 < a < b. We want to compute | ab log x dx. For this, we apply integra-

tion by parts to the functions u(x) = x, v(x) = log x, which satisfy u'(x) = 1and ¢/(x) = 1.

Thus, integration by parts yields

b b , 1
/ logxdx:/ 1-logxdx:xlogx|u—/ x-—dx
a a a X

b b
= xlog x|l —/H 1dx = (xlogx — x) = blogh —b—aloga +a.

(2) Letc € R~ {0}. We want to compute [ ab e sinx dx. We apply integration by parts with
u(x) = e, v(x) = sinx, such that u’(x) = ¢*, v/(x) = cosx for all x € R, and obtain:

b 1 b
— —/ e“* cos x dx.
C Ja

e“¥sinx
c

b
/ e sinxdx =
a

a

The integral on the right-hand side is computed analogously with u(x) = e and v(x) =

COs X as ,
CX
e“* cos x
/ e cosx =
a C

Inserting this into the above yields

b 1 b )
+—/ e sinx dx.
C Ja

a

b Cre i cx b b
. e‘xsinx  e“* cosx 1 .
/ e sinxdx = — 5 - e sin xdx
a [ C a = Ja
1 b . eX(csinx — cosx) |b
& 1+ /ecxsmxdx: ( 5 )
C a C a
b

e (csinx — cos x)
1+c?

b
= / e““sinx dx =
a

K
In the following theorem, we use the chain rule "backwards" to obtain a result about integrals.

Theorem 5.25 (Integration by substitution). Let a,b € R witha < b. Let f : I — IR be continuous
and let ¢ : [a,b] — R be continuously differentiable with ¢([a,b]) C I. Then:

[ remg o= [T )

Proof. Let F : I — R be an antiderivative of f, which exists by the fundamental theorem of
calculus. Then F o ¢ : [a,b] is continuously differentiable and by the chain rule,

(Fog)'(t)=F(p(t)¢'(t) VtE€ la,b].
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Thus, by the fundamental theorem of calculus,

[ Flo)gwyat = [[(Fogy() di = (Fog)b) ~ (Fog)(a)

(b)
= Flp)) ~ Flp@) = [ f(x) x.

#(a)

Corollary 5.26. Leta,b € Rwitha < b.
a) Letc € Randlet f : [a+c,b+ c] — R be continuous. Then

b b+c
/ F(t+c)dt = / F(x) dox.
a a+tc
b) Letc € R~ {0} and let f : [ca,cb] — R be continuous. Then
b 1 fcb
/ Fetydt =~ [ f(x) dx.
a C Jea
c) Let f : [a%,b%] — R be continuous. Then
b 1 ¥
/ EF(£2) dt = —/ () dx.
a 2 Jg2

d) Let ¢ : [a,b] — R be continuously differentiable with ¢(t) # 0 for all t € [a, b]. Then

ACIS b
[, Eigy e =tos(lo()D)]

Proof. a) Apply Theorem 5.25 with ¢(t) =t + ¢, hence ¢'(t) = 1forall t € R.
b) Apply Theorem 5.25 with ¢(t) = ct, hence ¢'(t) = c for all t € R and thus

[ ey a=1["enear=1 [ fownewyar=1 [ ) ax.

c) Apply Theorem 5.25 with ¢(t) = 2, hence ¢/(t) = 2t for all t € R.
d) Apply Theorem 5.25 with f(x) = 1. Then

b g/ (t b o(b) 1 ¢(b)
[ e = [ stopwngeya= 7L ax=1og(lx)| = log(lp(b)]) ~log(lg(a)])
a ¢(t) a ola) X 9(@)
O
Example 5.27. (1) We want to compute | ab arctan x dx. We first apply integration by parts with
u(x) = x, v(x) = arctan x, such that u’(x) = 1, o'(x) = H% Then

b b boob
/ arctanx dx = / 1-arctanx dx = xarctanx| — / — dx.
a a a a 1+x
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In the integral on the right-hand side, we substitute ¢(x) = 1+ x2, ¢’(x) = 2x and obtain:
by 1 b 1+6% 1 1
ot - 1 VAN 2 .
/u 23 1+x2 Z/uz y W= 3los(1+b7) — 7 log(1+a)
Inserting this into the above, we obtain

b 1 b
/ arctan x dx = (x arctan x — 3 log(1+ x2)>
a

a

We want to compute f_ll V1—x2 dx. One checks that the graph of f : [-1,1] — R,

f(x) = /1 — x2 is the upper half circle of radius 1 around the origin, so from the geometric
viewpoint, the result should be half of the area of a circle of radius 1 - which we know from
high school to be 7. Let’s see.

This time we use Theorem 5.25 "the other way round". Let ¢ : [-7, 5] — [-1,1], ¢(t) =
sint and let —1 < a < b < 1. Then, via integration by substitution, with u := arcsina and
v := arcsin b it holds that

/\/1fx2dx—/ \/1—sin?(t) cost dt = / \/cos?(t) cost dt = /COS2()dt,

since cost > 0 for all t € [—%, ]. By Theorem 3.78, cos?(t) = 1(cos(2t) + 1) holds for all

t € R, hence
b 1 v /2
/ \/1x2dx:—(/ cos(2t)dt+/ 1dt)

a 2 u —7/2

—E/ZUCOS d+v—u
4 —2u yay 2

- 1sin . + 228 1sin(2 arcsinx) + 1arcsinx ’
T, T T G 2 ]

For each t € [-7, 7] we compute by Theorem 3.78:

sin(2t) = 2sintcost = 2sinty/1 — sin?(t).
Consequently,
sin(2arcsinx) = 2xv1—x%2  Vx e [-1,1].
Inserting this into the above computation yields

b
/ V1—x2dx = (%x\/l —x2 4 %arcsinx)
a

b

a

In particular,

1 1 1 1 1
/ V1—x2dx = 5\/1 -1+ Earcsin(l) - E\/l -1- Earcsin(—l) =
-1

NI =

which coincides with our geometric reasoning. Yay!
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5.4 Improper integrals

In this section, we want to study questions like the following one: Let f : [4,+c0) — R be
a continuous function with limy_, . f(x) = 0. Geometrically, the graph of f approaches the
x-axis as x — —+oco. So if we interpret the integral as measuring the area below a graph, for very
large values of r; and r,, one might expect that the values of [ f(x) dx and [} f(x) dx are

very close to each other. This leads to a simple question: if we view the integral [ ; f(x)dxasa
function in r, does this function converge as r — +00? Questions like these are formalized by
so-called improper integrals.

Definition 5.28. a) Leta € R, b € (a, +o0) U {+oo} and let f : [a,b) — Rwith f|, ) € R([a,c])
for every c € (a,b). If the following limit exists, then we put

b r
dx = lim [ f(x)d
|| ) = tim [ fx) dx
and say that [ ab f(x) dx converges.

b) Letb € R, a € {—c0o} U(—o0,b) and f : (a,b] — R, such that f|., € R([c,b]) for every
¢ € (a,b). If the following limit exists, then we put

b b
/ f(x)dx:=1lim [ f(x)dx
a rNa Jr
and say that [ ab f(x) dx converges.

c) If the limit does not exist in the situation of part a) or b), we say that [ Hb f(x) dx diverges.

d) Leta € {—0} UR, b € (a,+00) U{+oo}and f: (a,b) — R, such that f|. 4 € R([c,d]) for
allc € (a,b) and d € (c,b). Let xg € (a,b). If both [ f(x) dx and fxl; f(x) dx converge,
then we put

/abf(x) dx := /;mf(x) dx—i—/:f(x) dx

and say that | ab f(x) dx converges. (It follows from the computational rules for integrals that

the value of | ab f(x) dx does not depend on the choice of x.)
Integrals of one of the forms introduced in a), b) and d) are called improper integrals.

Remark 5.29. Leta,b € Rwitha < b.If f : (a,b) — R is continuous and admits a continuous
extension f : [a,b] — R, then it is derived from the fundamental theorem of calculus that

! f(x)dx = ! f(x) dx.
/ /

Example 5.30. (1) Let f: (—=1,1) = R, f(x) = . One easily sees that

V1i-a2'
lim f(x) = lim f(x) = +o0.
x——1 x—1

However, we will show that f El ﬁ dx converges. We consider

1 1 0 1 'l 1
dx:/ 7dx—|—/ —dx
/—1 V1—x2 -1vV1—2x2 0 V1—x2
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and compute, since arcsin is an antiderivative of f,

T
dx = lim arcsin x

1 1
L [
/0 V1—x? rfl 1—x r,/1

= lim

0 1
/—1 1—x2 r\ 1/ \/1—x

= lim arcsin x
r\fl

. . . 7T
= limarcsinr = arcsinl = —,
0o r M 2

T
1 — i = — i — 1 = —.
L=, \111{11 (—arcsinr) arcsin(—1) 5

Hence,
/ ' o dx =2 + X en
1V1I-x2 0 2 2
Analogously, one may use the behaviour of the arctangent to derive that

+o0 1
/,m T2 ™=

(2) Lets € R~ {—1} and consider the improper integral f1+°° % dx. We compute for r > 1 that

r 1 1 1 1
1_1—s<r51_1> Cs—1 (1_r51>‘

“+00 r
/ lalx— lim ldx— lim ! (1—L>.
1

xs r—+o J1 xS r—+o0 s —1 rs—1

Hence,

Since lim;— ;o 7%1 exists if and only if s — 1 > 0, one derives that f1+°° % dx converges if
and only if s > 1. In this case,
too ] 1
/ —dx = .
1 x5 s—1

(3) Letagains € R~ {—1} and consider fo + dx. Forr € (0,1) we compute

11 L
- — _ 1— 1—5.
/r xS dx = 1—slr 1—5( r)

Since lim,_,q 71 7% exists if and only if 1 —s > 0, we derive that fol % dx converges if and
only if s < 1. In that case,

11 11 1 1
—dx =1i = li 1—rl7%). = .
/0 x5 = r{’% xS r\Ol—S( ) 1-s
(4) Using the properties of log x one further sees that both fol 1 dxand f1+°° 1 dx diverge.

Theorem 5.31. Leta € R, b € (a, +00) U {+oo} and let f : [a,b) — Rwith f|(, € R([a,c]) forall
€ (a,b). Assume that there is a function ¢ : [a,b) — [0,+00) with |f(x)| < ¢(x) forall x € [a,b)
and for which | ab @(x) dx converges. Then |, ab f(x) dx converges.
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Proof. Let F,® : [a,b) — R, F(r) := [] f(x) dx, ®(r) := [  ¢(x) dx. We need to show that
lim; ~, F(t) exists. For all s, t € ( b) we compute usmg Theorems 5 11.c) and 5.13.b) that

FO) = FO = | [ 1] < [ 1@ 1ax < | [ o) as

Let (ty)neN be a sequence in [a,b) with limy, s« t, = b. By assumption, (®(t,)),en converges,
thus is a Cauchy sequence. By (5.5), (F(ty))nen is a Cauchy sequence as well and thus con-
vergent in R. It only remains to be shown that lim,_,. F(t,) is independent of the choice of
(tn)nenN- If (Sn)nen is another sequence in [a,b) with lim,, e 5, = b, then

= |®(t) —®(s)|.  (55)

lim [F(t) — F(sn)| £ Tim [®(ts) — B(s,)| = 0

n—oo n—oo
by convergence of ®. Thus, lim, e F(s,) = limy, e F(t,), which shows the claim. O

In the next result, we revisit the convergence of series. It turns out that using improper integrals
we can establish another convergence test for series.

Theorem 5.32 (Integral test). Let f : [1,+00) — [0, 4-c0) be monotonically decreasing. Then Y f(n)

n=1

“+o00
converges if and only if / f(x) dx converges.

Proof. Define g1,87 : [1,+00) — [0,+00) by
g1(x)=f(n+1), g(x)=f(n) Vxe€[nn+1), neN.

Since f is monotonically decreasing, it holds that f(n +1) < f(x) < f(n) for all n € IN and
x € [n,n+1). This yields

§1(x) < f(x) < ga(x)  Vx € [L,+o0).
Moreover, in analogy with Example 5.6, one shows that for each N € IN with N > 2, it holds

that N N-1 N N N-1
| a@ax= Y foe) =Y fm), [T eamdx= Y fn)
n=1 n=2 n=1

and thus by Theorem 5.11.c)

N N N-—1
Y f(n) g/ fx)dx< Y f(n) YNEN,N>1. (5.6)
n=2 1 n=1

If fl ) dx converges, this yields that Y\, f(n) < | T f(x) dx for all N > 2, hence

Yo f(n ( ) converges by Theorem 2.66.

Conversely, if } 7" ; f(n) converges, it follows that ( le f(x) dx)nen is bounded from above.
Since f is non-negative, the sequence is monotonically increasing as well, hence convergent.
For x € R let again |x| = sup{k € Z | n < x} and put [x] := inf{k € Z | x < k}. Letf

(rn)neN be an arbitrary sequence in [1, +o0) with limn_>Oo rn = +o0. Then (flv”J f(x) dx)pen

and ([} [r,J x) dx)neN are subsequences of ( fl (x) dx)nen, thus they are convergent with

}}grgo/lr" F(x) dx:nli_r)r;o/l " ) dx:I\lliir})o/le(x) dx.
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Since f is non-negative,

/1Lrnj f(x)dx < /1r,, f(x) dx < 1“”] f(x)dx  VneN,

so it follows from the squeeze theorem that lim; e flr" f(x) dx = limy_e0 le f(x) dx. Since
(rn)n—N was chosen arbitrarily, this shows that f1+°° f(x) dx converges. O
Example 5.33. (1) Combining our observations from Example 5.30 with Theorem 5.32, we can

generalize an observation from Chapter 3 and show:

| oo ]
) — converges & / — dx converges < s> 1.
— nS 1 xS

1
(n+1)(log(n+1))s
flx) = W is monotonically decreasing, the integral test implies that the series

(2) Consider the series Z , where s € R. Since f : [1,+00) — [0,+0),

converges if and only if

+oo 1 p
) ey
converges. For r > 1 we compute by substitution of ¢(x) = log(x + 1), ¢/(x) = +1; that

/r 1 p log(r+1) 1 p
X = — as.
P GADogr A DF T o

. —+o00 1
One derives that [| (TG
that the integral converges if and only if s > 1. Hence,

X = flzgo; uls du, so it follows from Example 5.30.(1)

ad 1
n; (n+1)(log(n+1))s

converges < s> 1.

(3) We want to study the methods of proof of Theorem 5.32 for f(x) = % in greater detail. Since
le % dx =log N —log1 = log N, the inequalities (5.6) then read as

L

Slr—‘
I/\

Roughly, this says that the sequence of partial sums (YN, %) NenN of the harmonic series
diverges to +oco as fast (or as slow) as log N as N — +oc0. For a more precise statement, put

N
1
YN = — —logN VN € N.
En s
The above inequalities imply — ZN 1< JogN < -yN,1 L forall N € N. Adding
vy, L yields

< <1 VN €N,



s0 (7YN)NeN is bounded. Moreover, for each N € IN we compute

1
— =— -1 N+1 log N
YN+1 — IN N1 og(N +1) +log

1 N+1 1 N+1 1 1
= — — — - <
N+1 /N e /N <N+1 x> dx <0,
1

since 1 > glq forall x € [N,N +1]. Thus, (yn)neN is monotonically decreasing and
bounded, hence convergent. Its limit

N1
= lim Zg—logN

N—oc0 =1

is called the Euler-Mascheroni constant. To this day, it is an open problem in mathematics to
find out whether + is a rational or an irrational number.!

Dear reader,

you have reached the part of the lecture notes that will not be relevant for the written exam
to this course. Everything above the double line might be part of the exam, while everything
below will definitely not be part of the exam. You are however encouraged to continue reading,
since there are beautiful computations waiting for you in the following section.

5.5 Integration of rational functions
There is an old saying among mathematicians that
"Differentiation is mechanics, integration is art.”

Knowing the derivatives of the most elementary functions, the product rule and the chain rule,
one is able to derive all functions that are given in terms of these elementary function by simply
following the rules of differentiation.

Integrating an arbitrary function tends to be way more complicated and the knowledge of inte-
grals of elementary functions does not at all enable us to integrate arbitrary functions that are

. . . 42 . . . .
given in terms of them. There are even functions, for example e, for which there is no explicit
form of their antiderivatives. It is also not straightforward to find the right approach of which

method of integration to us and it might be very difficult to see which trick to use?.

In this section, we will consider integrals of rational functions, which is an important class of
functions that so far we have not studied in detail.

1 As a number, v is approximately given by y = 0.5772156649... In May 2020, the first 600,000,000,100 digits of the
value of 7y have been computed by (bored) mathematicians.
2See also https://xkcd.com/2117/.
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Definition 5.34. A (real) rational function is a function of the form

. _ px)
f.D—)]R, f(x)—ml

where p,q : R — R are polynomials and where D C R~ {x € R| g(x) = 0}.

By our rules of differentiation, we know that any such rational function is differentiable with

£(x) p'(x)q(x) — p(x)q'(x) VxeD,

which is again a rational function.

In contrast, an antiderivative of a rational function is much harder to find and not necessarily

a rational function as the simple examples of f(x) = 1 and f(x) = 1:7 already show. In the

following, we will carry out step by step how to find integrals of an arbitrary rational function
p(x)

x) = 5. We will further denote the degree of a polynomial P by deg P.
(%) 8 poly y aeg

Step 1: degree reduction

First of all we observe that if degg = 0, i.e. g is constant, then f is a polynomial, which we can
already integrate. It remains to consider the case of degg > 0.

Theorem 5.35. Assume that degp > degq > 0. Then there are polynomials g and p; with deg p1 <
degq, such that

p(x) =g(x)-g(x) +p1(x) VxeR

This theorem can be shown using elementary methods, but here we refrain from giving a proof.
With r and p; as in the theorem, we obtain for [a,b] C D that

’ _ ') T " pa(x)
Af(x)dx—L de-/ﬂg(x)dx—l-/ﬂ ﬁdx.

Since g is easily integrated as a polynomial, it suffices to find a way to integrate | ab ’;1(—(;)) dx. The
difference to the original setting is now that the degree of the numerator polynomial is smaller

than the one of the denominator polynomial.

Thus, in the following we will only consider the case of f(x) = % with deg p < degg.

Step 2: summary of known results

We have seen various examples of integrals of rational functions f(x) = % in the previous

sections. If g is constant, then f is a polynomial which is easily integrated. If p is constant, then
we can use our previous knowledge to integrate the function in some cases.

1
1+x2

Combining our previous computations for | ab % dx and | ab dx with Corollary 5.26.a) we

derive for arbitrary ¢ € R that

1y ! T k1 b
/ (x— o)k x_(l—k)(x—c)k—1’a ifk>1c¢ [ab]
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‘/b L dx=log(x—c)°  ifc¢[ab]
° = - .
i X—¢C & a !

b

b 1
. /u TT = on dx = arctan(x — ¢)

(x—0¢) a

These computations will be the building blocks for our discussion of the general case.

Step 3: rational functions with quadratic denominator

In the case of degg = 1, p is constant and this case is covered by the integrals from Step 2. In
this step we take a closer look at the case of degg = 2, such that the desired integral has the

general form
b
/ _pxtv dx,
a X2 42rx+s

where u,v,7,5 € R. We further assume in this step that x2 + 2rx + s has no solutions in R, or
equivalently, that s > r>. (The general case will be considered in Step 4.)

With g(x) = x? + 2rx + s we compute that '(x) = 2x + 2r. Assume that s # 0. Then
_ N (e 2
yx+v-2(2x—|—y> 2(q(x)~|—y Zr).

Hence, using Corollary 5.26.d),

b b /
| ax ”/ 7 dx+”/ dx
a x2+2rx+s x2+2rx+s
H 2 V—TU
=1 2 _
og(x” + rx+s)a 2 X242rx+s

b +2rb+s b 1
= Flog (212075 _ 1y
2 Og<a2+2ra+s>+(v W)/a 2o ts

One immediately sees that this last formula is valid in the case of 4 = 0 as well. To compute the
remaining integral, we rewrite x> 4+ 2rx +s = (x +r)? +s — r2. Then

= N

/h ! dx—/ ! dx
a X24+2rx+s  Ja s—12+ (x+7)?

1 b 1 1 b 1
:s—rz/ (x41)2 dx:s—r2/ 7 4%,
a 1+W a 1+(x+r>

Now substitute ¢(x) = \/str—rrZ’ ¢ (x) = ﬁ Then

b 1 (b+r)/( \/ﬁ) 1
/ 5 dx = ——du
a X*+2rx—+s Vs —12 Ja+r)/(Vs=2) 14u

= # (arctan <ﬂ> —arctan( atr ))
Vs —r? Vs —r? Vs—r?

b
s—1? Vs —r?

a
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Inserting this into the above computation yields:

b+ L arctan( R )
a  \s—r2 Vs —12

Not exactly obvious and not exactly beautiful to look at, but a very interesting computation (in
the lecturer’s point of view).

b
pux +v K ’
/a P dx = 2log(x +2rx +s)

(5.7)

a

Step 4: partial fraction decomposition

The general case of a rational function f(x) = % with degp < degg can now be derived
by combining the results of Steps 2 and 3 with an elementary decomposition result for rational

functions. We begin by presenting an elementary factorization result for polynomials whose
proof we omit.

Theorem 5.36 (Factor decomposition of real polynomials). Let g : R — R be a real polynomial of
degree n € IN. Then there exist k € {1,2,...,n} and real polynomials q, . . ., q; with degq; < 2 for
all j € {1,2,...,k}, such that

g(x) =q1(x) - qa(x) - ... - qr(x) Vx € R
and such that q;(x) # 0 for all x € R if degq; = 2.

Remark 5.37. One shows that if 2 € R satisfies q(a) = 0, then g; in Theorem 5.36 can be chosen
as q1(x) = x —a. By polynomial long divison, a technique you might be familiar with from
high school, one can find an explicit polynomial p; with p = g7 - p1. One may then iterate the
process by finding a4; € R with py(a;) = 0.

Example 5.38. (1) Let p(x) = x* — 1. Then
p(x) = (2 +1)(x* 1) = (2 +1D)(x+1)(x—1) x € R.
which has the properties of Theorem 5.36, since x> + 1 # 0 for all x € R.
(2) Let p(x) = x® — 1. Then p(1) = 0. The geometric sum formula yields

x3—1_1—x3

_ .2
-1 - 1_+ =x"+x+1,

hence x3 —1 = (x — 1)(x®> + x + 1) for all x € R. Since
PHx+1=0 & (x+1)P2+3=0,
the equation x? + x + 1 = 0 has no real solutions, so our decomposition satisfies the condi-
tions of Theorem 5.36.
For our rational function f(x) = % we can apply the factor decomposition theorem to g, such
that f is of the form

o) = p(x)
f) q1(x) - q2(x) - qr(x)”
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where degg; < 2and g;(x) # O forall x € Rifdegq; =2forallj € {1,2,...,k}. Explicitly, this
means that there are m,r € N, ky,...,k, € N and c,ay,...,am,b1,...,br,¢1,...,¢r € R, such
that

gx) =c-(x—a)M(x —a)2 .. (x —ap) - (P 20 x 4 1) .. (K24 2bx + ).

The following theorem now provides a way of using this decomposition to write f as a sum of
rational functions with much simpler denominators.

Theorem 5.39 (Partial fraction decomposition). In the above situation, there are numbers A;; € R,
ie{l,2,....m},je{1,2,....ki}, u1,..., pr,v1,..., vy € R, such that

kq /\1 km r . .
My Hix + Vi
)=c¢ Z - -+c E E .

(x —ay) m) = X2 4 2bix + ¢

::fl(x) ::fz(x)

The part of f denoted by f; might look complicated, but this part can now directly be integrated,
since all of its summands are of a form that we considered in Step 2:

/abfl(x)dx:é/ab<kl » >dx—22/\,]/x%ai>jdx

]=1 i=1j=1

ke

StepZi b
= ) Aiplog(lx —aif)
i=1 L e NGy ) x—a)J !

It remains to integrate the summands of the function f, from Theorem 5.39. All summands of
f2 are of a form considered in Step 3. Using (5.7), we obtain

b
B Wix + v;
/afZ(x) = Z/ x2+2bx+cdx

=Y (% log(x* + 2b;x + ¢;)

i=1

' + LAk} biti arctan il bi
a Ci - bz Ci — b2

Combining the two computations for the integrals of f; and f,, one finally obtains an explicit

formula for | ab f(x) dx, so following Steps 1 to 4, we can compute the integral of any rational
function.

Example 5.40. (1) Let
1
xt =1’
and leta < b € Rwith [a,b] C R\ {—1,1}. Using the computation of Example 5.38.(1), we
want to compute its partial fraction decomposition which is of the form

f:RN{-11} = R, f(x) =

A " B n C
2+1 x+1 x-—-1°

flx) =
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We compute explicitly that

1
flx) = R+n(2—1)

1 1
<x2—1_x2+1>
1/ 1 1 1
(5 (x—l_x+1)_x2+1>
1 1 1
4(x—1) 4(x+1) 2(x2+1)

1
2
1
2

and thus

b b 1 1 /b 1
/ - dx — = [ — dx
a x4—1 4 x—l e x+1 2Ja 1+ x2
b
1
= (Zlog|x—1|—Zlog|x+1|—§arctanx>

a

Let f : RN {1} = R, f(x) = ﬁ and leta < b € R with [2,b] C R~ {1}. By Example
5.38.(2), the partial fraction decomposition of f is of the form

A Bx+C

flx) = x—1+x2+x—|—1

for some A, B,C € R. By multiplying the equation with x> — 1 we obtain that
1=A(*+x+1)+(Bx+C)(x—1)=(A+B)x*+(A—B+C)x+A—-C Vx€R,

which implies
A+B=0 AN A-B+C=0 AA-C=1

By a technique you will learn in Mathematics 2, one derives that A = %, B=— %,C = — %,
such that , 42
X
= — A R~ {1}.

f(x) -1 32 ixid) x e R~ {1}

Hence,
/b / x+2
p x3—1 3 x—1 3 x2+x+1

x+2
— Zlog(|x - 1)) /
3og(|x | . 3 x2+x—|—1

Applying 5.7) withy =1, v=2,r = % and s = 1, we compute that

+ 2_arctan | —2—
i\

1 b 2 1\ b
=5 log(x* + x + 1)‘u + /3 arctan (%) r

b

b x+2 1 )
/{; de—zlog(x +x+1)

a

Combining the previous computations, we obtain

?_1 1 1, 2 1 2x+1
/a x3_1dx <§108(|X—1|)—610g(x +x+1)—%arctan( 7 )>
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Depending on one’s personal taste, one might reformulate the logarithms on the right-hand
side in a more conside way. By the computational rules for logarithms,

1 1 1
3 log(lx — 1)) - Zlog(x* +x+1) = 3 (1og(|x— 1)) —log(\/x2+x+1))

_110 < |x_1| >
38\ Va2 rxr1)’
such that
b

/b ! dx = (110 ( x— 1| ) 1 arctan(2x+1)>
a x3—1 3 8 Vx4 x+1 V3 V3
These examples hopefully underline the saying from the beginning: "Differentiation is mechan-
ics, integration is art."

a
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Chapter 6

Vector spaces

6.1 Vector spaces and linear subspaces

This chapter is the first of the mathematics course that explicitly deals with linear algebra. In
your theoretical physics course, you have studies points in IR” as vectors and discussed the
addition of vectors, their multiplications by scalars and the geometric intuition behind them.
We will now introduce an abstract setting of so-called vector spaces that generalizes the corre-
sponding properties of IR”. While it might not be apparent for you at this point why physicists
are interested in studying other vector spaces than R” or C", it will become clear to you in fu-
ture lectures that e.g. in quantum mechanics certain infinite-dimensional vector spaces will be
required to properly formulate some results mathematically.

Definition 6.1. Let K be a field. An tuple (V, +,m) is called a vector space over K (or a K-vector
space) if (V,+) is an abelian group and if m : K x V' — V is a map, usually denoted by A - v :=
m(A,v) or simply by Av, for all A € K and v € V, with the following properties:

i A+p)-v=A-v+p-vforallA,y € Kandv € V.

() A-(v4+w)=A-v+A-wforallA € Kandv,w € V.

(i) A-(p-v)=(Au)-vforallA,u € Kandov € V.

(iv) 1-v =vforallv € V, where 1 € K is the neutral element of multiplication.

m is called the scalar multiplication of V. Elements of a vector space are also called vectors. A
vector space over R is called a real vector space and a vector space over C is called a complex
vector space. One mostly just writes V instead of (V, +,m) and assumes that addition and scalar
multiplication are defined on V.

Remark 6.2. In most applications in physics, one only studies the cases of K = R and K = C.
Vector spaces over other fields are nevertheless useful in several other applications, e.g. in
cryptography, where parts of it can be formulated in terms of vector spaces over fields with
finitely many elements.

Example 6.3. Let K be a field.

(1) Foreachn € N
Kn—K A K— Jeeey yoeeoy K
X X {(x1 Xn) | X1 x, € K}

n times
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is a vector space over K with the operations

(x1/x2/-~-/xn)+(]/1/--~/yn) = (xl +]/1/-~-/xn +yn)/
A (x1,x2,. .., %) = (Axq,Ax2, ..., Axy)

for all A, xq,...,Xn,Y1,...,¥n € K. One derives from the field axioms that (V,+) is an
abelian group and that - is indeed a scalar multiplication. In particular, K = K! is a vector
space over itself.

(2) Let V be a vector space over K and let M be a set. Then
VM= {f|f: M — Visamap}
is a vector space over K via

(f+8)(x):=f(x) +g(x)  (A-f)(x):=A-f(x)

forall f,¢ € VM, A € Kand x € M. The vector space properties of V™ can hereby be
derived from the vector space properties of V.

(3) As a special case of (2), consider RN as a real vector space. By definition,
RN = {(an)nen | an € R Vn € N},

i.e. RN is the vector space of real sequences.

Similar as we did with fields in Section 1.2, we can derive further computational properties of
vector spaces straight from the axioms.

Theorem 6.4. Let K be a field, let V be a vector space over K and let Ox € K and Oy € V denote the
respective neutral elements of addition. Then:

a) Ox v =0y forallv e V.

b) A-0y =0y forall A € K.

c) (-1)-v=—vforallveV.

d) Let A € Kandv € V with A -v = Qy. Then A = Og or v = Oy.

Proof. Let A € Kand v € V. Then (where small roman numerals refer to Definition 6.1):

a) Og-v=(0g +0k) v 9 Ok - v + Ok - v, which shows the claim.!

b) A-0y = A-(0y +0y) @ 5. Oy + A - 0y, which shows the claim.

v+ (-1)-v W4 (-1)-v 9 (14+(-1)-v=0¢-v 2 Oy. Analogously, one shows that
(=1)-v+v=0,such that (—1) - v = —o.

d) Assume that A - v = Oy, but A # 0g. Then

v @1 0= ) 0 @A Aoy =210y 2oy

Uf this argument looks familiar to you, compare it with the proof of Theorem 1.32.
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In the following we will denote both Ox and Oy simply by 0 in case it is clear from the context
which of the two we are referring to.

Definition 6.5. Let K be a field and V be a vector space over K. A non-empty subset U C V is
called a linear subspace of V (or vector subspace of V) if it satisfies the following conditions:

(i) Forall v,w € U it holds thatv + w € U.
(ii) Forall A € Kand v € U it holds that Av € U.

Remark 6.6. By definition of linear subspaces, for a linear subspace U of a K-vector space
(V,+,m), we can restrict + to a map U x U — U and m to a map K x U — U, such that
U together with these restrictions becomes itself a vector space over K.

Example 6.7. (1) If K is a field and V is a vector space over K, then {0} and V are linear sub-
spaces of V. These are called the trivial subspaces of V.

(2) Let K be a field, V be a vector space over K and v € V. Then
K-v:={AveK'|AeKuveK"}

is a linear subspace of V. Property (ii) of a linear subspace is obvious, while for property
(i) we observe that Aqv + Ao = (A; +Ay) -v € K- v forall A;,A; € K. For example, for
V = K", V; is a linear subspace of K" for each i € {1,2,...,n}, where

v;={(0,...,0, x ,0,...,00eR"|xeR} =R-e;.
i-th entry

Here, ¢; = (0,...,0,1,0,...,0) € K" with 1 being in the i-th entry.

(3) Linear subspaces are often defined in terms of linear equations, as we will see in detail
below. For example, for V = IR? as a real vector space

u= {(xl,xz) € R? | X1+ xp2 = 0}
is a linear subspace: if (x1,x2), (y1,y2) € U, then (x1 +y1) + (x2 + y2) = 0, hence (x1,x2) +

(y1,¥2) € U. For A € R, it further holds that Ax; + Ax; = A(x7 + x2) = 0, hence A(x1,xp) €
U. In contrast to this,

U := {(X1,XZ) € ]RZ ‘ Xy = x%} and U, := {(xl,X2) € ]Rz | X1 > O}.
are no linear subspaces of IR?, as the reader can easily check.

(4) Consider again the vector space of real sequences RN. Then it follows from Theorem 2.7
that

{(an)nen | (an)nen is convergent}, {(an)nen | nh_r)l;lo ay =0}
are linear subspaces of RN, while {(a,)nen | limy— 0 2y = 1} is not.
(5) Let I be an interval and let K = R or K = C. consider the K-vector space K!. Then:

e C(I,K):={f:1— K| f is continuous} is a linear subspace of K! by Theorem 3.5.
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e CK(I,K) := {f : I — K| fis k times differentiable and f*) is continuous} is a linear
subspace of K! for each k € IN. This can be derived from Theorem 4.9.a).

e Given a,b € R with a < b, R([a, ]]) is a linear subspace of R** by Theorem 5.11.a)
and b).

Theorem 6.8. Let K be a field and V be a vector space over K. Let I be a set and (U,);c be a family of
linear subspaces of V. Then

u:=Uu;
i€l

is a linear subspace of V.

Proof. Since 0 € U; for all i € I, it holds that 0 € U, such that U # @. Letv,w € U and
A € K. Then v,w € Uj; for each i € I and since each U, is a linear subspace of V it follows that
v+ w € U;and Av € U; for each i € I as well. Hence, v+ w € U and Av € U, such that U is a
linear subspace of V. O

Remark 6.9. In contrast to intersections, the union of linear subspaces of V is in general not a
linear subspace of V. Consider V = IR? with the two linear subspaces

U; = {(x1,0) | xy e R} =R~ (1,0), U, ={(0,x2) | x, € R} =R-(0,1).
Then (1,0) € U, (0,1) € Uy, but
(1,0)+(0,1) = (1,1) ¢ U; U Uy,
such that Uy U U, is not a linear subspace of R2.

Definition 6.10. Let K be a field, V be a vector space over K.

a) Let E C V be an arbitrary subset. Let P := {U C V | U is a linear subspace of V with E C
U}. The span of E (or linear hull of E) is given by

span(E) := [ U.
uep

b) If U C V is a linear subspace of V and S C V is a subset with U = span(S), then S is called
a generating set of U.

Remark 6.11. Let K be a field, V be a vector space over Kand E C V.
(1) By Theorem 6.8, span(E) is a linear subspace of V.

(2) span(E) is the smallest linear subspace of V which contains E: if U is an arbitrary linear
subspace of V with E C U, then by definition span(E) C U.

(3) In the case of E = &, we obtain span(&) = {0}.
(4) Note that by construction, if E C F C V, then span(E) C span(F).
Theorem 6.12. Let K be a field, V be a vector space over K and E C V with E # @&. Then

span(E) = {Z/\ivi ev

i=1

neN, Aq,..., A, €K, vq,...,0, € E}.

153



Proof. We denote the right-hand side of the equation we want to show by U.
"C" Letv =Y A, w = ):]’.":1 ujw; € U, where vy,...,vy, w1, ..., wy € E. Then it immedi-
ately follows that
n m
vtw=Y Avi+ ) pjw; € U.
i=1 j=1
Moreover, for all A € K,

n n
Ao =AY A=Y (AA)v; € UL
i=1 i=1

Hence U is a linear subspace of V. Moreover,v =1-v € U forall v € E, hence E C U. Thus, by
definition of span(E), we immediately obtain that span(E) C U.

"D": Let W C V be an arbitrary linear subspace with E C W. Then for all v1,7, € E and
A1 € Kit holds that v1 + v, € W and Ajv; € K. Iterating these properties, we obtain that
Mvr+ -+ A0, € Whoralln € N, vyq,...,0, € Eand Aq,...,A; € K, i.e. U C W. Since
span(E) is a linear subspace of V with E C span(E), it follows that U C span(E). O

Definition 6.13. Let K be a field, V be a vector space over K and let v, ...,v, € V, wheren € IN.
Any vector of the form

v = Av1+ Aoy + - -+ Ay, A, ..., Ay €K,
it called a linear combination of v4, . .., vy.

In this terminology Theorem 6.12 says that span(E) is the set of all linear combinations of vec-
tors in E.

Definition 6.14. Let K be a field, V be a vector space over K and (U;);c; be a family of linear
subspaces of V. The sum of (U;);c; is given by

ZU,- = span <U U,-) .
i€l i€l

If I ={1,2,...,n} is finite, then we also write Uy + Uy + - - - + Uy, := E u;.
i€{1,2,..,n}

Theorem 6.15. Let K be a field and V be a vector space over K. Let n € N and let Uy, ..., Uy, be linear
subspaces of V. Then

U1+U2+'”+unZ{U1+Uz+"‘+vn€V|Ui€U,'VZ'€{1,2,...,I’Z}}.

Proof. Let U denote the set on the right-hand side of the equation. Let v := vy + - - - + vy, w :=
wy + - +w, € U wherev;,w; € U; foralli € {1,2,...,n}. Since the U; are linear subspaces,
v; + w; € U; for each i, hence

v+w=(v1+wy)+ (va+wp) +...(vn +wy) € U.
Let A € K. Since the Uj; are linear subspaces, Av; € U; for each i and thus
A=A+ 4vy) =Avp+ -+ Av, € UL

Thus, U is a linear subspace of V. With this observation, we prove both inclusions.
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"C": Since obviously U; C U foralli € {1,2,...,n} it follows that
Uy +- -+ U, =span(Uy U---UU,) C U.

"D" If W C V is an arbitrary linear subspace of V with U; C V foralli € {1,2,...,n}, then it
particularly holds for all v, w € U; U --- U U, that v + w € W. Iterating this observation shows
thatv; +---+v, € Wforallv; € U, i € {1,2,...,n} and thus U C W. In particular, this
implies that U C span(E). a

6.2 Bases and dimensions of vector spaces

In physics one often considers configurations of mechanical systems as points in IR” for some
suitable n € IN, e.g. the position and momentum of an object as a point in the phase space of a me-
chanical system in Hamiltonian mechanics. Here, we use the notion of "n-dimensional space"
as intuitively clear, the dimension is roughly seen as the number of coordinate axes. In order to
obtain a formal definition of dimension, we need to study bases of vector spaces. Intuitively, a
basis of a vector space V is a subset of V that contains precisely the "coordinate directions" of
V in the sense that all elements of V' can be expressed in terms of these coordinate directions as
we shall formalize below.

Throughout this section, let K be a field and let V be a vector space over K.

Definition 6.16. A subset E C V is linearly independent if the following holds: if v1,...,v, € E
and Aq,...,A,; € K, where n € N, are such that

n
Z /\ﬂ)i =0,
i=1

then Ay =0, A =0, ..., Ay = 0. A subset of V which is not linearly independent is called
linearly dependent.

Example 6.17. (1) Letn € IN and let againe; = (0,...,0,1,0,...,0) € K", where 1 is in the k-th
entry of e;, forall i € {1,2,...,n}. Then {ey,...,e,} C K" is linearly independent: given
A, Ag, ..., Ay € K, it holds that

AMep+ ...+ A, =0 & (Al,/\z,...,)\n)zo S M=A=...=A,=0.
(2) {(1,0,0),(2,0,0)} is linearly dependent in R3, since
2-(1,0,0) +(-1)-(2,0,0) =0.

(3) Let fi, f»: R = R, fi(x) = x, f2(x) = x2. Then {f1, f»} is linearly independent in C°(R, R):
if A1, Ay € R satisfy A1 f + A f, then

0= A1f(x) + Aofo(x) = Aix + Aox® = x(A + Azx) VX ER,
whose only possibility is A1 = A, = 0.

Remark 6.18. We summarize some general observations on the linear (in)dependence of subsets
of V.
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(1) Letv € V. Then {v} is linearly independent if and only if v # 0. Since A -0 = 0 for each
A € K, {0} is linearly dependent, while the other direction is obvious.

(2) E = @ is linearly independent, since there is no linear combination of elements of E which
equals 0.

(3) If E C V is linearly dependent, then any F C V with E C F is linearly dependent as well.
With (1) this shows that if E C V is linearly independent, then 0 ¢ E.

(4) If E C V is linearly independent, then any F C V with F C E is linearly independent as
well. This is obvious.

Theorem 6.19. Let E C V be a subset. The E is linearly independent if and only if the following holds:
Forany v € span(E) there are unique n € IN, vy, ...,v, € Eand Ay, ..., A, € K, such that

n
0= Z )Ll“U,'.
i=1

Proof. "=": Letv € span(E). Then we can write v = }_,cr Ace, where A, = 0 for all but finitely
many ¢ € E. Assume there are numbers y, € K, e € E with y, = 0 for all but finitely many
e € E, such that v = Y ,cf pee as well. Then

O=v—v= EAge—Zyge: Z(Ag—ye)e.

ecE ecE ecE

Since E is linearly independent, this is equivalent to j, = A, for all e € E. Hence, the represen-
tation of v as a linear combination of vector in E is unique.

"<" Letn € N,Ay,...,Ay € K, vq,...,0, € E,such that }' ; Ajv; =0.Since0 =Y} ; 0-v;, it
follows by assumption that A; = 0 foralli € {1,2,...,n}. Hence, E is linearly independent. [

Another more concise, but more abstract criterion for linear independence is the following.
Theorem 6.20. Let E C V. The following statements are equivalent:

(i) E is linearly independent.

(ii) Forall F C E with F # E it holds that span(F) # span(E).
Proof. (i) = (ii): Let F C E with F # E. Assume there exists v € E \ F, but v € span(F). Then
by Theorem 6.12 there are vy,...,v, € F, A1,..., Ay € K, such that

v =

M-

I
—

n
;= Zx\ivi—l-v:O.
i=1

1

Butv # 0since v ¢ F. Since vy,...,v,,v € E, this is a contradiction to the linear independence
of E. Thus, v ¢ span(F) for all v € E \ F, which shows that span(F) # span(E).
(ii) = (i): Suppose E was linearly dependent. Then there exist A, € K, e € E, with ) ,cp Ace =0
and with A, # 0 for some ¢y € E. But then:
1
Y dee=0 & Ageo=— Y, A & e=-—-— Y  Aecspan(E~ {e}).

ecE ecE~{e} /\30 ecEx{e}

Consequently, span(E) = span(E \ {¢p}), which contradicts the assumption. Hence, E is lin-
early independent. O
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Definition 6.21. A subset B C V is called a basis of V if span(B) = V and if B is linearly
independent.

Example 6.22. (1) @ is a basis of {0}.

(2) In the notation of Example 6.17.(1), {e1,...,e,} is a basis of K". This basis is called the
canonical basis or standard basis of K"

(3) {(1,2),(0,1)} is a basis of R?: We can write any (x1,x) € R? as
(xl,X2) = X1 (1,2) + (Xz — 2x1) . (0,1),
hence span({(1,2),(0,1)}) = R%. Moreover, {(1,2), (0,1)} is linearly independent, since

AM-(1L,2)+A-(0,1) =0 < (A,2A14+42) = (0,0) & A=A =0.

(4) Let K[x] := {f : K — K| f is a real polynomial in the variable x}. Then K is easily seen to
be a linear subspace of KX, hence a real vector space. Then

B = {l,x,xz,x3,...,x”,...}

is a basis of K[x]. It is obvious that span(B) = K][x], while the linear independence of B
follows from some elementary results about polynomials that we shall omit. Elements of B
are also called monomials.

(5) Let X be an infinite set and consider the real vector space RX. For each x € X define

1 ifx=y,
0 ifx#y.

Then {6, € RX | x € X} is not a basis of RX. For example, the function f : X = R, f(x) =1
for all x € X can not be written as a linear combination of the J,, since linear combinations
are by definition finite sums. However, since {dy € R¥ | x € X} is easily seen to be linearly
independent, it is a basis of the linear subspace

0 : X = R, (5x(y):{

U := span <{5x eRX |x ¢ X}) ={f: X = R| f(x) = 0 for all but finitely many x € X}.

Lemma 6.23. Let E C V be linearly independent with span(E) # V. Then for all v € V ~\ span(E),
the set E U {v} is linearly independent.

Proof. Let A, € K for each e € E, such that A, = 0 for all but finitely many e and let u € K with

Y Aee+ pv = 0.

ecE
If u #0,thenv = —Y %e € span(E), which contradicts the assumption, so y = 0, which
implies ) ,cg Ace = 0. Since E is linearly independent, this yields A, = 0 for each e € E. Thus,
E U {v} is linearly independent. a

Theorem 6.24. Let B C V. The following statements are equivalent:
(i) Bisabasisof V.
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(ii) Bis a minimal generating set of V, i.e. span(B) = V, but span(B’) # V for all B" C B with
B’ # B.
(iii) B is a maximal linearly independent subset of V, i.e. B is linearly independent and every E C V

with B C E and B # E is linearly dependent.

Proof. The equivalence of (i) and (ii) is a special case of Theorem 6.20, since V = span(B), so it
suffices to show that (i) and (iii) are equivalent.

(i) = (iii): LetE C V with B C E,but B # E and letv € E \ B. Since B is a basis of V, there are
U1,...,0n € B, Aq,...,A; € K, such that
n
U= Avp & Z)\,’Z)i—l-UZO.
i=1

M-

I
A

1

Since vy, ...,v,, v € E, this shows that E is linearly dependent, which shows the claim.

(iii) = (i): Let B be a maximal linearly independent subset of V and suppose B was not a basis
of V, i.e. that span(B) # V. Then for v € V \ span(B) it follows from Lemma 6.23 that BU {v}
is linearly independent. This contradicts the maximality property of B, hence B is a basis of
V. O

Theorem 6.25. Assume that V has a finite generating set E and let A C E be linearly independent.
Then there exists a basis B of V with A C B C E.

Proof. Let
F(A,E):={F C E| A C F and F is linearly independent}.

First of all, 7(A,E) # @ since A € F(A,E).

Let F; € F(A,E). be given. If F; is not a basis of V, i.e. if span(F;) # V = span(E), then by
Lemma 6.23 there exists F, € F(A,E) with F; C F, and F; # F. If F, is not a basis of V, then
analogously there exists F3 € F(A, E) with F, C F3 and F, # F3. Defining F3, Fy, - -- € F(A,E)
by proceeding iteratively, since E is finite, there must be a k € {1,2,...,n} with span(F) =
span(E) = V. Then F; is a basis of V. O

Remark 6.26. In fact, Theorem 6.25 holds true for every vector space V and the assumption of a
finite generating set can be dropped entirely. However, a proof of the general statement (which
we will not need in this course) requires the use of the famous and infamous Zorn’s lemma
about partially ordered sets from set theory.?

We next summarize several important consequences of Theorem 6.25. Since they follow straight-
away from that theorem, we omit their proofs.

Corollary 6.27. Assume that V has a finite generating set. Then:

a) V has a basis.

b) If F C V is linearly independent, then there exists a basis B of V with F C B.
c) Every finite generating set of V contains a basis.

Another important consequence is discussed separately in the following theorem.

Zhttps://en.wikipedia.org/wiki/Zorn%27s_lemma
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Theorem 6.28 (Basis extension theorem). Assume that V has a finite generating set E and let A C E
be finite and linearly independent. Then there exists B’ C E, such that AU B’ is a basis of V.

Proof. Since A is finite, A U E is another finite generating set of V. Thus, by Theorem 6.25, there
exists a basis B of V with A C B C A UE. The claim thus follows with B’ := B ~ A. O

In the remainder of this section we want to take a closer look on bases of V in the case that V
has a finite generating set. We shall see that this condition on V is equivalent to an existence
condition for bases.

Lemma 6.29 (Exchange lemma). Let B be a basis of V and E be a generating set of V. Then for each
b € B there exists e € E, such that
(B~ A{b}) U e}

is a basis of V.

Proof. Let b € B. By Theorem 6.20, span(B ~\ {b}) # span(B) = V, hence B \ {b} is not a
generating set of V. Thus, there exists e € E with e ¢ span(B \ {b}) and by Lemma 6.23, the set
B’ := (B~ {b}) U {e} is linearly independent in V.
To show that B’ is a generating set of V, it suffices to show that b € span(B’), since then
span(B’) = span(B) = V. Since e ¢ span(B \ {b}), but B is a basis of V, there are vy,...,v, €
B~ {b}and Ay,..., Ay, u € Kwith u # 0, such that

n noA
e=Y Avitub o b= %e Y %v,» € span((B~ {b}) U {e}) = span(B'),
i=1 i=1
which implies V = span(B’), such that B’ is a basis of V. O

Given a finite set M we let | M| denote the number of elements of M.

Theorem 6.30 (Steinitz’s exchange theorem). Assume that V has a finite generating set E and let
B be a basis of V. Then there exists a subset B' C E, such that B' is a basis of V and |B'| = |B|. In
particular, |B| < |E].

Proof. Let by € B. By Lemma 6.29 there exists e; € E, such that
By := (B~ A{b1}) U{er}
is a basis of E. Let b, € B\ {b;}. Then again by Lemma 6.29 there exists e, € E, such that
By := (By ~{ba})U{ea} = (B~ {by,b2}) U{e, e2}.

is a basis of V. Further iterating this procedure shows that for any {by,...,bx} C B, k € N,
there exists {ey, ..., e} C E, such that

By = (B N {b1/-~ .,bk}) U {61,. . .,ek}
is a basis of V. Assume that |B| > |E| =: n. Then there is {by,...,b,} C B, such that
B, = (B~ {by,...,by})UE
~—_———
A0

is a basis of V. But then, by Theorem 6.24, span(E) # span(B,) = V, which is a contradiction.
Thus,  := |B| < |E| and so, after r iterations, we obtain B’ = {ey,...,¢;} C E, such that B, is a
basis of V with |B'| =r. O
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The most important consequence of Theorem 6.30 is the following corollary.

Corollary 6.31. Assume that V has a finite basis B. Then every basis of V is finite and it holds that
|B'| = |B| for all bases B' of V.

Proof. Let B’ be another basis of V. Since B’ is linearly independent, it holds by Theorem 6.30
that |B’| < |B|, in particular that B’ is finite. Another application of Theorem 6.30 with the roles
of B and B’ reversed shows that |B| < |B/|. O

The previous corollary motivates the following condition.

Definition 6.32. We call V finite-dimensional if it has a finite basis. The number of elements of
any (hence every) basis of V is called the dimension of V and denoted by dim V.
If V does not have a finite basis, then we call it infinite-dimensional.

If V is finite-dimensional, then Theorem 6.30 provides us with a simple criterion for a linearly
independent subset of V to be a basis.

Corollary 6.33. Let V be finite-dimensional, and let F C V be linearly independent. Then |F| < dim V
and F is a basis of V if and only if |F| = dim V.

Proof. By the basis extension theorem, there exists A C V, such that F U A is a basis of V, hence
|F| < |FUA| = dimV by Corollary 6.31. If F is a basis of V, then the same corollary yields
|F| = dim V. Conversely, if |[F| = dim V, then it follows that |F| = [FU A|,i.e. A C F, which
implies that F is a basis of V. O

Remark 6.34. Note that V is finite-dimensional if and only if it has a finite generating set. While
"="1is trivial, the other implication follows from Corollary 6.27.c).

Example 6.35. (1) dim K" = n for each n € IN, since the canonical basis {ey, ..., e, } of K" has
precisely n elements.

(2) dim{0} = 0, since the empty set is a basis of {0}.

(3) dim C¥(I,R) = +oo for each interval I and each k € INj. Since R[x] C C*(I,R) is a linear
subspace which contains the infinite linearly independent set {x" | n € Ny}, this follows
from Corollary 6.33.

END OF MATHEMATICS FOR PHYSICISTS 1
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6.3 Complements and direct sums of linear subspaces

In this section we want to formalize the notion that a vector space can be "decomposed" into
suitable linear subspaces. We shall see applications of such decompositions later in this course.

Throughout this section let K be a field and let V be a vector space over K.

Definition 6.36. Let LI C V be a linear subspace. A linear subspace W C V is called a complement
of Uin V if
V=U+W and UNW ={0}.

If W is a complement of U, then we also write
V=UoW
and call V the direct sum of U and V.

With regards to the introduction of this section, a direct sum V. = U @ W is interpreted as a
"decomposition" of V into the linear subspaces U and W.

Example 6.37. (1) V is a complement of {0} in V and V is a complement of {0} in V.

(2) LetU; = {(x,0) € R? | x € R} and Uy = {(0,y) € R? |y € R}. Then R? = U; @ Uy:
Obviously, U; N Uy = {0} and (x,y) = (x,0) + (0,y) € U; + U, for all (x,y) € R?, hence
U, + U, = R%

(3) Let Uz = {(y,y) € R? | y € R}. Then R? = U; & Us:
U; NU; = {0} is obvious and (x,y) = (x —y,0) + (y,y) € Uy + Uz for all (x,y) € R2.
This example shows that complements of linear subspaces are in general not unique.

4) Let W; = {(x,1,0) € R®| (x,y) € R*}, W, := {(0,y,z) € R®| (y,z) € R?}. Then
R3 = Wy + Wy, but R3 # W; & Wa, since W; N W, = {(0,4,0) | y € R} 2 {0}.

(5) Let A; = {f € C°(R,R) | f(0) = 0} and let Ay := {c, € C°(R,R) | c,(x) =aVx € R,a €
R} be the set of constant functions.. One checks without difficulties that both A; and A,
are linear subspaces of C°(IR, R) and obviously, A; N Ay = {cp}, which is the zero vector in
C%(R,R). Moreover, for each f € CO(RR,R) it holds that

f=(f—cs0)) Tcfo) € A1+ Az,
——r

€A
hence CO(R,R) = A1 @ A,.

If a vector space is given as the direct sum of linear subspaces, this has an interesting conse-
quence for the individual vectors in this vector space.

Theorem 6.38. Let Uy, Uy C V be linear subspaces with V- = Uy @ Uy. Then for all v € V there are
unique uy € Uy and up € Uy with
U= Uy + Uj.

Proof. Letv € V. Since V = Uj + Uy, the existence of such u; and u; follows from Theorem
6.15. Let u1,v1 € Uy and up, vy € Up be such thatv = uy + up = v1 +vp. Thenuy — v = up — v;.
Since uy — vy € Uy, uy — vy € Uy, this shows that uy —v; € Uy NU; = {0}, hence u; — vy =
up — vy = 0, which yields u#; = v and up = v,. So u; and u; are indeed unique. O

161



So far we have seen examples of complements of linear subspaces, but we have not discussed
the existence of complements. For finite-dimensional vector spaces this question is answered
by the following result.

Theorem 6.39. Let V be finite-dimensional. Then every linear subspace of V has a complement in V.

Proof. Let U C V be a linear subspace. One derives from Corollary 6.33 that U is finite-
dimensional, thus has a basis By C U by Corollary 6.27.a). By the basis extension theorem,
there exists B C V with By N By = &, such that By U B, is a basis of V. Put W := span(B;). We

want to show that V L U@ W. Letv € UNW. Then there are A, jic € K for each b € By and
¢ € By, such that

vo=Y Ab=) pecc = Y Apb+ Y (—p)-c=0.

beB, cEBy beB, cEBy

But since B; U By is linearly independent, this yields A, = O for all b € B; and thus v = 0.
Hence, UNW = {0}. Since B; U B; is a basis of V, we further obtain that

Remark 6.11.(4)
VOU+W =span(UUW) D span(B; UBy) = V.

This shows that V = U + W, so we have shown that W is indeed a complement of U. O

To conclude this chapter, we will show a useful formula for the dimension of a (not necessarily
direct) sum of linear subspaces in finite-dimensional vector spaces.

Theorem 6.40 (dimension formula®). Let V be finite-dimensional and let Uy, U, C V be linear
subspaces. Then
dim(Uy + Up) = dim U + dim Up — dim(U; N Uy).

Proof. By Theorem 6.8, U; N U, is a linear subspace of V, it has a (finite) basis By = {by,...,b,},
where r = dim(U; N Up). Since Uy N Uj is a linear subspace both of Uy and Uy, we can apply
the basis extension theorem and extend By to

abasis By = {by,...,by,v1,...,0,} of Uj
and a basis By = {by,...,by,wy,..., wy} of Uy,

for suitable m,n € IN. Then the set By U By = {by,...,b;,v1,...,04,w1,..., Wy} has two impor-
tant properties:

(1) By U By is a generating set of Uy + U.

If v € Uy + Uy, then there are uy € Uy and up € Uy with v = uq + up. Since B; is a basis of
U;fori € {1,2}, thereare Ay,..., Apyn, 1, ..., hrem € Kwith

r n r m
up =Y Aibi+ Y Apjuj, otz =Y pibi+ Y peyjw;
i=1 j=1 i=1 j=1
r n m
= 0=) (Ai+ui)bi + Y Aryjoj + Y Hryjw;j € span(By U B).
i=1 j=1 j=1

3Unfortunately, there are several results in linear algebra that go by the name "dimension formula". We will already
see another dimension formula in the next chapter, but it should always be clear which one we are referring to.
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(2) By U By is linearly independent.
Assume that Ay, ..., Ay, pi1, ..., 4n,v1,. ..,V € Kare given such that

r n m
Z Aib; + Z Hjvj + Z viwy = 0. (6.1)

Then

n

m r
Z VW = — Z Aib; — Z Hjv; € span(Bl) = Uy,
k=1 i=1 j=1

while Y}, viwy € U, by definition. Hence, Y /' ; vywy € U; N U, = span(By), so there
are ¢y,...,6, € K, such that } J' ; viwy = Y7, &;b;. But since B is linearly independent, it

follows that{; = -+ =&, =v1 = -+ = 1, = 0. Inserting this into (6.1) yields
r n
Z)\ib,‘ + Z Hjvj = 0.
i=1 j=1
Since Bj is linearly independent, it follows that A} = --- = A, = yy = - -+ =y, = 0. Thus,

(6.1) has only the trivial solution, such that B U B; is linearly independent.
We have shown that B; U B is a basis of Uj + U; and derive:
dim(Uy + W) =r+n+m=(r+n)+ (r+m) —r =dimU; + dim U, — dim(U; N Uy).
O

Corollary 6.41. Let V be finite-dimensional and let Uy, Uy C V be linear subspaces of V with V =
Uy + Up. Then V = Uy @ Uy if and only if

dim V = dim U; + dim U,.

Proof. "=": This is the special case of dim(U N V) = 0 of Theorem 6.40.
"<=" If dim V = dim U; + dim Uy, then by the dimension formula

dim(Uy NUp) =dimU; +dimU, —dimV =0 = U3 NU; = {0},
which we needed to show. O

Remark 6.42. If V is finite-dimensional and U C V is a linear subspace, then Corollary 6.41
particularly implies that all complements of U have the same dimension dim V — dim U.
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Chapter 7

Linear maps

7.1 Definition and first properties of linear maps

In this section we want to introduce the notion of a linear map between vector spaces. Roughly
speaking, a linear map is a map that is "compatible" with the vector space structures of its do-
main and its codomain. With respect to additions and multiplications by scalars, a linear map
maps sums to sums and scalar multiples to scalar multiples as we shall formally define in the
next definition.

Throughout this section, let K be a field.

Definition 7.1. Let V and W be vector spaces over K. Amap f : V — W is called a linear map
or a homomorphism if

(i) f(v1+v2) = f(v1)+ f(v2) forall vy, v €V,

(i) f(A-v)=A-f(v)forallA € Kandv € V.
The set of all linear maps from V to W is denoted by L(V, W) or Hom(V, W).
Remark 7.2. Let V and W be vector spaces over K and let f : V. — W be a linear map.

(1) By iterating properties (i) and (ii) of Definition 7.1, one shows for all n € IN that
n n
f(z)\ivi> 22/\1'][(01') \V/)\l,...,/\HEK, U1,...,0p € V.
i=1 i=1

(2) Every linear map satisfies f(0) = 0: this follows from property (i), since

£ =f0+0) 2 f0) +£(0) = fFO)=0.

(3) In the case that V and W are infinite-dimensional, f is sometimes also called an operator.

Example 7.3. (1) Let V and W be vector spaces over K. The zeromap z : V — W, z(v) = 0, and
the identity map idy : V — V,idy (v) = v, are linear maps.
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(2) Let V be a vector space over Kand a € K. Then f : V — V, f(v) = av, is linear:

flo+w)=a(v+w)=av+aw = f(v)+ f(w) Vo,weV,
f(Av) = a(Av) = (ad)v = (Aa)v = A(av) = Af(v) VA €K velV.
is linear, where we used the field properties of K and the vector space properties of V.

(3) Consider R? as a vector space over R and let
fiR* = R?%,  f(x,y) = (2x+y,x —5y).
Then f is linear: for each A € R we compute that

f(A(x,y)) = f(Ax,Ay) = (2Ax + Ay, Ax — 5Ay)
= (M2x +y), A(x —5y))
=AM2x+y,x—5y) = Af(xy),

while for all (x1,y1), (x2,¥2) € R?> we compute that

f((x1,y1) + (x2,92)) = f(x1 +x2,y1 +y2)
= (2(x1 +x2) +y1 +y2,x1 +x2 = 5(y1 +y2))
= (2x1 +y1 +2x2 +y2,x1 — 5y +x0 — 5y2)
= (201 4+ y1,%1 —5y1) + (2x2 + Y2, X2 — 5y2) = f(x1,y1) + f(x2,12).

(4) Let I C R be an open interval, let K = R or K = C and let C!(I,K) and C%(I, K) be given as
in Example 6.7.(5) as vector spaces over K. The map D : C}(I,K) — C°(I,K), D(f) = f,is
linear. This follows directly from Theorem 4.9.a).

(5) Leta,b € Rwitha < b. Themap I : R([a,b]) — R, I(f) = fabf(x) dx, is linear. This
follows directly from Theorem 5.11.a) and b).

(6) A counterexample: Given vy € V withvg # 0, themap f : V — W, f(v) = v+ vg is not
linear: for all v, w € V we compute

f(0) + f(w) =v+w+2vy #v+w+v9 = f(v+w).

In the following theorems, we explore some elementary properties of linear maps.
Theorem 7.4. Let V and W be linear subspaces over K.
a) If f,g 1 V — Warelinear, then f + ¢ : V — W is linear.
b) If f : V= Wislinear and A € K, then Af : V.— W is linear.
Moreover, together with addition and scalar multiplication of maps, L(V, W) is a vector space over K
Proof. a) Letv,w € V and A € K. Then, since f and g are linear,

(f +8)(v+w) = f(v+w)+g(v+w)

= f(v) + f(w) +8(v) + g(w) = (f +¢)(v) + (f
(f +8)(Av) = f(Av) +g(Av) = Af(v) + Ag(v) = A 8

165



b) follows by analogous computations.
As discussed in Example 6.7.(2), the space WV of all maps from V to W is a vector space over K.
By a) and b), L(V, W) is a linear subspace of WV, hence itself a vector space over K. O

Theorem 7.5. Let U, V and W be vector spaces over K and let f : U — V and g : V. — W be linear
maps. Then go f : U — W is a linear map.

Proof. Letvy,v; € U. Then

f linear g linear

(gof)(v1+v2) =g(flor+v2))" =" g(f(01) + f(v2)) " =" g(f(01)) +8(f(v2))
= (80 f)(v1) + (g0 f)(v2)-

For A € Kand v € U we further compute

g linear

fli
(80 )W) = g(f(A0)) " =" g(Af(2) T =7 Ag(f(2)) = Mg o f) (@)
Hence, g o f is linear. O
Theorem 7.6. Let V and W be vector spaces over K and let f : V — W be a linear map.

a) If U is a linear subspace of V, then f(U) = {w € W | Ju € U with f(u) = w} is a linear subspace
of W.

b) If U' is a linear subspace of W, then f~1(U') = {v € V | f(v) € U’} is a linear subspace of V.

Proof. a) Letw;, w, € f(U) and let uy, up € U with f(uq) = wq, f(u) = wy. Since U is a linear
subspace of V, it holds that u; 4+ up € U. Then

f linear

wy+wy = f(ur) + f(uz) " =" flur +uz) € f(U).
Moreover, for all A € K it holds that Auy € U and thus

f linear

Awy = Af(u) " =" f(Au) € f(U).
Thus, f(U) is a linear subspace of W.

b) Let v, v; € f~1(U'). Then uy,up € U’, where uy := f(v1), up := f(v3). Since U’ is a linear
subspace of U’, u; + u € U’ and thus

f linear

flor+v)" = flo)+(m)=u+uwm el = v +vecf(U).
Moreover, for all A € K it holds that Au; € U’ and thus
f(Av) = Af(n) = A e U’ = Avg e fHU).

Thus, f~1(U’) is a linear subspace of V.

There are two interesting special cases of Theorem 7.6 that tell us a lot about a linear map.
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Definition 7.7. Let V and W be vector spaces over K and let f : V — W be a linear map. The
kernel of f (or null space of f) is given by

kerf:= {0 € V| f(0) = 0} = F({0}),
The image of f (or range of f) is given by
imf:=f(V)={weW]|3IveVwith f(v) = w}.

Corollary 7.8. Let V and W be vector spaces over K and let f : V- — W be a linear map. Then ker f is
a linear subspace of V and im f is a linear subspace of W.

Proof. Since {0} is a linear subspace of W, it follows from Theorem 7.6.b) that ker f = f~1({0})
is a linear subspace of W.

Since V is a linear subspace of itself, it follows from Theorem 7.6.a) that im f = f(V) is a linear
subspace of V. O

Example 7.9. (1) Let V and W be vector spaces over a field Kand let f : V — W, f(v) = 0 for
allv € V. Then f is linear with

kerf=V  and im f = {0}.

(2) Let V be a vector space over a field K and consider idy : V — V. Then

keridy = {0} and imf=V.

(3) Letv € R*\ {0}. Then f : R — R3, f(t) = tv, is a linear map between real vector spaces.
Obviously, ker f = {0}, while im f = span({v}) is the unique line in R that goes through
v and the origin.

(4) Let p: R3 — R3, p(x,0,0). One checks without difficulties that p is linear. Then

kerp = {(0,y,z) € R®| (y,z) € R®} = {0} x R* (the y-z-plane in R%),
imp = {(x,0,0) e R® | x € R} =R x {(0,0)} (the x-axis in R?).

(5) Letay,ap,a3 € R such that a; # 0 for some i € {1,2,3}. Then
f R3 & R, f(x1,x2,x3) = a1x1 + axxy + asxs,
is a linear map. Then
ker f = {(x1,x2,x3) € R® | ayxy + apxs + azxz = 0}

is a linear subspace of IR3. One observes that it is geometrically given as a plane in R3
containing the origin.

(6) Let I be an open interval and let again D : C!(I,R) — C°(I,R), D(f) = f'. By Corollary
425.a),
ker D = {constant functions I — R}.

For each f € C°(I,R) the fundamental theorem of calculus implies that there exists F €
CY(I,R) with D(F) = f, hence
imD = C°(I,R).
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(7) Consider RN, the space of real sequences as a real vector space, as in Example 6.7.(3). Con-
sider the map

S: IRN — IRN, S((xn)neN) = (xn+1)n€N, ie. S(Xl,X2,X3,. . ) = (x2, X3,X4, . ..),

which "cuts off" the first element of the sequence. One checks that S is linear!, which is left
to the reader as an exercise. Then

kerS = {(x,0,0,0,...) e RN | x € R}
and im S = RN, since for each (x1,%2,x3,...) € RN it holds that

5(0,x1,x2,x3,...) = (X1,X2,X3,X4,...).

The next theorem shows a part of the significance of kernel and image.

Theorem 7.10. Let V and W be vector spaces over K and let f : V. — W be a linear map.

a) f is surjective if and only if im f = W.

b) f is injective if and only if ker f = {0}.

c) f is bijective if and only if ker f = {0} and im f = W.

Proof. a) This is obvious.

b) "=": If f is injective, then there exists at most one vy € V with f(vg) = 0. But since f is
linear, it must hold that f(0) = 0 by Remark 7.2.(1). Hence, ker f = {0}.

"«<"1 Letvy,vp € V with f(v1) = f(v2). Then f(v1) — f(v2) = 0 and since f is linear, it
follows that f(v; — v2) = 0. Since ker f = {0}, it follows that v; — v, = 0, i.e. v; = v,. This
shows that f is injective.

¢) This follows from combining parts a) and b).

Bijective linear maps are particularly important and will be given a special name.

Definition 7.11. Let V and W be vector spaces over K. A bijective linear map f : V. — W is
called an isomorphism. We call V and W isomorphic and write V = W if there exists an isomor-
phism from V to W.

Theorem 7.12. Let V and W be vector spaces over K and let f : V — W be an isomorphism. Then
f~1: W — V is an isomorphism as well.

Proof. Since f is bijective, its inverse map f~! : W — V is well-defined and bijective. It only
needs to be shown that f~! is a linear map as well. Let wy, w, € W. Since f is bijective, there
are unique vectors vy, v, € V with f(v1) = wy and f(v2) = wy. Then

Fl w4 w) = FUF01) + £(02) T F U (F (01 4 02)) = 0140 = F N (w1) + L (wa).

Moreover, for all A € K we compute

f linear

fHAwy) = FUAf(01) " = (A1) = Aoy = AfHwy).

Thus, f —1is a linear map, which shows the claim. O

1S is also called a shift operator.
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Corollary/Definition 7.13. Let V be a vector space over K and let
GL(V) := {f € Hom(V, V) | f is an isomorphism}.
Then (GL(V), o) is a group, called the general linear group of V.

Proof. Let f,g € GL(V). Since a composition of bijective maps is bijective, g o f is bijective.
By Theorem 7.5, g o f is linear, so g o f € GL(V), so the composition of maps restricts to a
well-defined map o : GL(V) x GL(V) — GL(V).

By Theorem 7.12, f~! € GL(V) for all f € GL(V). By definition, fo f~! = f~lo f = idy.
Moreover, idy o f = f = foidy for all f € GL(V). Since the composition of maps is obvi-
ously associative, this shows that (GL(V), o) is a group with neutral element idy and where the
inverse element of f is given by the inverse map f~! for each f € GL(V). O

We conclude this section by showing that every linear map can be restricted to an isomorphism
if we restrict both domain and codomain accordingly.

Theorem 7.14. Let V and W be vector spaces over K and let f : V. — W be linear. If U C V isa
complement of ker f, then the restriction

f‘u U - imf
is an isomorphism.

Proof. We need to show that f|i; is injective and surjective. Let w € im f and v € V with
f(v) = w. Since
V=U®kerf,

Theorem 6.38 yields that there are unique v; € U and v, € ker f with v = v; 4 v,. By linearity

of f,
flu(v1) = f(v1) = f(v1) + f(v2) = f(v1 +02) = f(v) = w.

Hence, for each w € im f|y;, such that f|; is surjective.
If u € U satisfies f|y(u) = 0, then f(u) = 0, such that u € U Nker f = {0}, i.e. u = 0. Hence,
ker f|i; = {0} and Theorem 7.10.b) yields that f is injective. a

7.2 Linear maps and generating sets

Our main focus in the next chapters will lie on linear maps between finite-dimensional vector
spaces. In order to understand their behaviour, we first want to investigate the interaction of
linear maps with bases and dimensions of vector spaces.

Throughout this section, let K be a field.

We first take a look at arbitrary generating sets of vector spaces in interaction with linear maps.

Theorem 7.15. Let V and W be vector spaces over K and let E be a generating set of V. Let f : V. — W
be a linear map.

a) f(E) is a generating set of im f, i.e. span(f(E)) = im f.
b) f is uniquely determined by f|g, i.e. if g : V — W is a linear map with f(e) = g(e) for each e € E,
then f = g.
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Proof. a) It follows by Remark 6.11.(4) that span(f(E)) C span(f(V)) = f(V) = im f, soitonly
means to show the other inclusion. Let v € V. Since V = span(E), there are vy, ...,v; € E,
A, ..., Ar € K, such thatv = Zile Ajv;. Since f is linear, we derive that

k k
£©) = f( A1) = LA (@) € span((E)),

hence im f = f(V) C span(f(E)).

b) Let g : V — W be linear with f|g = g|g and let v € V be arbitrary. Asina), letvy,...,vx € E
and Aq,..., Ay € Kwitho = Zf-‘zl A;v;. Since both f and g are linear maps and since f(v;) =
g(v;) foreachi € {1,2,...,k} by assumption, we derive

M-

K
f(o) =) Aif(vi) = g/\ig(vi) = g(v).

i=1

This shows that f = g.

In the case of bases, we can make an even stronger statement.

Theorem 7.16. Let V and W be vector spaces over K and let B be a basis of V. For everymap F : B — W
there exists a unique linear map f : V.— W with f(b) = F(b) for each b € B.

Proof. Uniqueness: Since every basis is a generating set, the uniqueness of such a map follows
from Theorem 7.15.b).

Existence: Letwv € V. Since B is a basis, there are unique A, € K, b € B, with Ap = 0 for all but
finitely many b, such that v = ) ;g Ayb. Then put

f(0) ==} ApF(b).

beB

We obtain a well-defined map f : V — W and still need to prove its linearity. If w = Y ,cp upb €
V, then

flo+w) = f( X+ m)b)

beB
=Y (Ap+up)F(b) = Y_ ApF(b) + Y upF(b)
beB beB beB
:f([jZB/\bb) +f(bZB}lbb) :f<v)—|—f(w)

For &« € K we further compute

f(av) :f( ) zx)\bb) =Y aAyF(b) =a Y AF(b) = af(v).

beB beB beB

Hence, f is linear. O
Remark 7.17. We can rephrase Theorem 7.16 in the following way: given a basis B of V the map
L(V,W) = WB,  fs flp,

is a bijection. (Recall that W2 = {maps B — W}.)
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In other words, given a basis of its domain, a linear map is completely determined by its values
on the basis. In the following results, we will express the injectivity and bijectivity of a linear
map purely in terms of bases.

Theorem 7.18. Let V and W be vector spaces over K and let B be a basis of V. Let f : V. — W be linear.
Then the following statements are equivalent:

(i) f is injective.
(ii) f(B) is a basis of im f.

Proof. (i) = (ii): By Theorem 7.15.a), f(B) is a generating set of im f, so it suffices to show that
f(B) is linearly independent. Let by, ..., by € Band Aq,...,A; € K such that Z?:l Aif (b;) = 0.
Since f is linear, this yields

f(i/\ibi) -0 2 f);\ibi =0.
i=1 i=1

Since B is linearly independent, this yields Ay = - -+ = Ay = 0. Thus, f(B) is linearly indepen-
dent.

(ii) = (i): By Theorem 7.10.b), it suffices to show that ker f = {0}. Let v € ker f. Since B is a
basis of V, there are by,...,by € B, Aq,..., At € K, such thatv = Zé‘:l A;b; and by linearity of f
we obtain

0=f(v)=£7\if(bi) @ A= =A=0.
i1

Hence, ker f = {0}. a

Corollary 7.19. Let V and W be vector spaces over K and let B be a basis of V. Let f : V. — W be
linear. Then f is an isomorphism if and only if f(B) is a basis of W.

Proof. If f is an isomorphism, it follows from Theorem 7.18 that f(B) is a basis of im f = W.
If f(B) is a basis of W, then W = span(f(B)) = im f, hence f is surjective. By Theorem 7.18, f
is also injective, hence an isomorphism. O

Theorem 7.20. Let V and W be vector spaces over K and assume that V is finite-dimensional. Let
f 'V — W be an isomorphism. Then
dimV = dim W.

In particular, W is finite-dimensional.

Proof. Let B be a basis of V. By Corollary 7.19, f(B) is a basis of W. Since B is finite, f(B) is
finite, so W is finite-dimensional. Since f is bijective, it follows that

dimV = |B| = |f(B)] = dim W.
O

Remark 7.21. Consider K" as a vector space over K for each n € IN. Then K" and K" are
isomorphic if and only if m = n. While "<" is trivial, "=" follows from Theorem 7.20

Theorem 7.22 (dimension formula for linear maps). Let V and W be vector spaces over K and
assume that V is finite-dimensional. If f : V. — W is a linear map, then

dim V = dim(ker f) + dim(im f).
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Proof. Since V is finite-dimensional, ker f has a complement U by Theorem 6.39. Then by Corol-
lary 6.41
dim V = dim U + dim ker f.

By Theorem 7.14, the restriction f|; : U — im f is an isomorphism, hence
dimU = dimim f
by Theorem 7.20. Inserting this into the previous equation shows the claim. O

Corollary 7.23. Let V and W be vector spaces over K and assume that V is finite-dimensional. Let
f 'V — W bea linear map.

a) If f is injective, then dim V < dim W.
b) If f is surjective, then dim V > dim W.
c) IfdimV = dim W and if f is injective or surjective, then f is an isomorphism.

Proof. a) If f is injective, then the dimension formula yields dim(im f) = dim V. Since im f is
a linear subspace of W, dim W > dim(im f) = dim V.

b) If f is surjective, then the dimension formula yields dim V = dim(ker f) + dim W > dim W.

c) If f is surjective and dim V = dim W, then dim(ker f) = {0}, hence ker f = {0}, hence f is
injective as well by Theorem 7.10.b). If f is injective and dim V = dim W, then dim(im f) =
dim W by the dimension formula. But then by Corollary 6.33, every basis of im f is a basis
of W, which shows thatim f = W, so f is surjective.

O

So far, we have observed in this section that any two isomorphic finite-dimensional vector
spaces over K are necessarily of the same dimension. We want to study the converse: are any
two finite-dimensional vector spaces over K isomorphic? The answer is indeed yes as we shall
see below. The key observation for this statment is that any n-dimensional vector space over K
is indeed isomorphic to K".

Definition 7.24. Let V be a finite-dimensional vector space over K. An ordered basis of V is a
basis B = {by,by,...,b,} of V together with a total order of its elements. We denote an ordered
basis by (b1, by, ..., by), where the order of the tuple coincides with the total order of the basis.

In the following we will let (eq,e,...,e,) again denote the canonical basis of K" as defined in
Example 6.22.(2), seen as an ordered basis where the order is given by the index.

Theorem 7.25. Let V be a finite-dimensional vector space over K and let n = dim V. For each ordered
basis (b1, by, ..., by) of V there exists a unique isomorphism ¢p : V. — K", such that

gbg(bl') =e¢; Vi e {1,2,...,7’!}.
Moreover, the map
F : {ordered bases of V} — {isomorphisms V — K"}, F(B) = ¢,

is a bijection.

172



Proof. Given an ordered basis B = (by, by, ..., by), it follows from Theorem 7.16 that there exists
a unique linear map ¢p : V. — K" with ¢(b;) = ¢; for each i € {1,2,...,n}. Since ¢p(B) =
{e1,...,en} is a basis of K", it follows from Corollary 7.19 that ¢ is an isomorphism.

By the uniqueness property of the ¢p, the map F is injective. Conversely, if ¢ : V — K" is an
isomorphism, then By := (¢~ (e1), ¢ 1(e2),...,¢ 1 (en)) is an ordered basis of V by Corollary
7.19 and it holds by definition that F(By) = ¢. Hence, F is surjective. O

Remark 7.26. Note that given an ordered basis (by, ..., by,) of B, one computes that the isomor-
phism ¢p : V — K" from Theorem 7.25 is explicitly given by

n
¢B<Z/\ibi> = (A A An) VAL A, An €K
i=1
Corollary 7.27. Let V and W be vector spaces over K and assume that V is finite-dimensional. Then

V = Wifand only if dimV = dim W.

Proof. "="is Theorem 7.20.

"<": Put n := dimV = dim W. By Theorem 7.25, there are isomorphisms ¢y : V — K" and
¢w : W — K". By Theorem 7.12, 4)@1 : K" — W is again an isomorphism, so gb;vl opy: V=W
is a composition of isomorphisms, hence an isomorphism itself. This shows that V = W. O

We conclude this section by observing that the vector space of linear maps between any two
finite-dimensional vector spaces is again finite-dimensional.

Theorem 7.28. Let V and W be finite-dimensional vector spaces over K. Then L(V,W) is finite-
dimensional with
dimL(V,W) = (dim V) - (dim W).

Proof. (This proof is not discussed in the lecture videos.)

Putm := dimV and n := dim W. Let {vq,v, ..., vy, } be abasis of V and let {wy, w>, ..., w,} be
abasis of W. Fori € {1,2,...,m}andj € {1,2,...,n} welet fij : V. — W be the unique linear

map with
fl](Z)l> = ZU]', ﬁ](vk) =0 fork 75 i
(Such a unique map exists by Theorem 7.16.) Let
B:={fije L(V,W)|ic{L2,...,m}, je{1,2,...,n}}.
We claim that B is a basis of L(V, W). It is easy to see that B is linearly independent, so we will

only show that B is a generating set of L(V, W).
We observe that by definition.

fi]‘( i)‘ivz) = f%fz‘j()\ivi) = Aw; = f(Av;). (7.1)

Let f : V — W be an arbitrary linear map. Let y;; € K, where i € {1,2,dots,m},j € {1,2,...,n}
be given such that

n
flo)) =Y wijw;  Vie{l,2,...,m}, je{1,2,...,n}.
j=1
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(Such numbers exist and are unique by Theorem 6.19 , since {wy, ..., w, } is a basis of W.)
Letv =Y ", Ajv; € V, where Ay, ..., Ay € K. Then by linearity of f,

f(v) = Z Aif (vi) = i Ai i Hijw; = Z Z Aipijw; = Z Z )Lzl/‘z]fz] v;)

i=1 i=1 j=1 i=1j=1 i=1j=

= Z Z HijAifii(vi) = ﬁ i wijfij(Aiv;) :1) i,”qfl]

i=1j=1

[\13

I
N
o
I
A
I
N
=
i
A
I\

Hence, f € span(B), so W = span(B), which we wanted to show. So B is a basis of L(V, W)
and consequently
dimL(V,W) = |B|=m-n = (dimV) - (dim W).

7.3 Linear equations

In this section we want to go back to something that some people might consider the core of
mathematics: equations and their solutions. We will use the previous results to study equa-
tions involving linear maps and develop some general observations about their solutions. We
will also go back to single-variable calculus and apply the results to so-called linear ordinary
differential equations.

Definition 7.29. Let K be a field, let V and W be vector spaces over Kand let f : V — W be a
linear map. For b € W the equation

flx) =0
is called a linear equation. The equation is called homogeneous if b = 0 and inhomogeneous other-

wise. The set Ly}, := {x € V| f(x) = b} is called the solution set of the equation.

Theorem 7.30. Let K be a field, let V and W be vector spaces over K and let f : V — W be a linear
map. If b € W and xo € V with f(xg) = b, then

Lfy=xo+kerf:={xg+v€eV|vekerf}.
Proof. "O": Letv € ker f. Then by linearity of f
flxo+v) = f(x0) + f(v) =b+0=0

and thus xo +v € Ly .
"C" Letxg € Lyyp. Then for each v € L), we obtain by linearity of f that

flo—x0) = f(v) = f(x0) =b—-Db=0,
so v — xg € ker f. Hence, v = xg + (v — x) € xo + ker f. O

Remark 7.31. Note that Lo = ker f in Theorem 7.30. In particular, this means that the solution
set of a homogeneous linear equation is a linear subspace of the domain of f.

In the following, we want to study two classes of linear equations in greater detail.
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Linear ordinary differential equations with constant coefficients

Since we have already worked our way through almost two chapters of abstract linear algebra,
we want to take a little detour in this subsection and consider an application of the previous
results in single-variable calculus, which we are already familiar with.

Let I be an open interval and let K = R or K = C. In analogy with Example 7.3.(4), for each
k € N the map D : C¥(I,K) — C*"(I,K), D(u) = u/, is a linear map. For each n € N and
k > nwe put
D":=DoDo---oD:CKIK)— C""(I,K)
n times

By Theorem 7.5, each D" is a linear map.

Definition 7.32. Letag, ay,...,a, € Kwith a, # 0 and consider the map
L:C"(I,K) = C%I,K), L(u)=ayD"(u)+a,_1D" (u)+---+a;D(u) + aou,
which is linear by Theorem 7.4. A linear equation of the form
Lw)=b < au™ () +a,_u V() + - +and (t) +aou(t) =b(t) Vel  (7.2)

where b € C%(I,K), is called a linear ordinary differential equation with constant coefficients of order
n.

By Theorem 7.30, the solution set of (7.2) is given by uy + ker L, where 1y € C"(I,K) satisfies
L(ug) = b. In particular, this means thatif uy, ..., u € C"(I, K) satisfy L(u;) = 0 for each i, then

k
Uy + Z Aju;
i=1

is a solution of L(u) = b for all Ay,..., Ay € K. This observation is interpreted in physics as the
superposition principle, which occurs for example in the consideration of wave interferences.

Example 7.33. (1) Given g € C°(R,R), the equation
D(f)=g < f(t)=g(t) vtel (7.3)

is a linear ordinary differential equation (ODE) of first order. As we have seen in Corollary
4.25.a), Lp = ker D is precisely the set of constant functions. By the fundamental theorem

of calculus, the function fy : I = R, fo(t) = fot g(s) ds, is a solution of (7.3). Using Theorem
7.30 it follows that

£D,g:{/0tg(s)ds+c’c€]R}.

(2) Letc € Rand L : C'(R,R) — C°(R,R), L(u) = u' — cu. As we have seen in Corollary
4.25.c), the homogeneous linear differential equation of first order

Lu)=0 < u'(t)—cu(t)=0 VteR
has the solution set
Lio={fs € CY(R,R)|ac R}, where f,(t) =ae’ VteR.

From this description one easily checks explicitly the observation that we have made ab-
stractly in this chapter that £ o = ker L is a linear subspace of C! (R, R).
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(3) Letag,a; € Rwithag > 0and a; > 0 and consider
H:C*(R,R) —» CR,R),  H(u)=u"+ayu +apu.
Let ¢ € C°(R,R) and consider the linear differential equation of second order
Hu)=g¢ < u"(t)+au/(t) +aou(t) =g(t) VteR

In the homogeneous case, i.e. for ¢ = 0, this equation describes the motion of a damped
harmonic oscillator, as you should have encountered in the lecture Theoretical Physics 1.
In the inhomogenenous case, this equation describes a driven damped harmonic oscillator,
where ¢ encodes the effect of the externally applied force on the oscillator..

The following theorem shows that solutions of linear differential equations are uniquely deter-
mined by so-called initial conditons on their values and the values of their derivatives at one
specific point.

Theorem 7.34 (Uniqueness theorem for linear ODEs). Let uy,uy : I — K be solutions of (7.3). If
there exists tg € I with

u(ty) = wa(ty), wh(to) = wh(to), ..., wl"V(to)=ul""(to),

then uy(t) = uy(t) forall t € I.
To prove this theorem, we need the following slightly technical lemma.

Lemma 7.35. Let I be an interval and let f : I — R be differentiable. If there exist ¢ > 0 and ty € I,
such that

f(Ol <clf(t)] Vel and f(to) =0,
then f(t) = 0forall t € I.

Proof. We first consider the case that f(t) € [0,
cf(t) forallt € I. Thenputg: I — R, g(t) :=
is differentiable and by the product rule

(1) = F(De e —cf(H)e = (f(1) — cf(D)e Veel.

By assumption, this yields ¢’(t) < 0 for all t € I, hence g is monotonically decreasing by
Corollary 4.22.b). Since g(ty) = f(to)e ™ = 0 and g is non-negative, this yields that g(t) = 0
for all t > ty and thus f(t) = 0 for all t > t.

Analogously, if we consider § : I — R, §(t) = f(t)e. Since —f'(t) < |f'(t)| < cf(t) for all
t € I, we derive analogously that

§(t) = (f'(t) +cf (1) >0,

so § is monotonically increasing by Corollary 4.22.a). Since § is non-negative and §(tp) = 0, this
shows that §(f) = 0 and thus f(t) = 0 for all t < tg. Thus, in the case of non-negative f, we
have shown that f(t) = 0forall t € I.

If f : I — R takes negative values as well, put i : [ — [0, +00), h(t) := (f(t))?. Then h(ty) =0

and

W ()] = 12f (1) f' ()] = 2 f (1) - |f'(D)] < 2¢[ f(£)[* = 2c|n(1)].
Applying the previous argument to 1 instead of f then shows h(t) = 0 and thus f(t) = 0 for all
tel O

+oo) for all t € I, such that in particular f/(t) <
f(t)e=c!. Then g(t) > 0 for all t € I. Morever, g
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Proof of Theorem 7.34. Put u : I — K, u(t) := uy(t) — up(t) for all t € I. By Theorem 7.30, u
satisfies the homogeneous linear differential equation

agu™ (£) + ap, qu" V() 4 au’ (F) +aou(t) =0 Vel (7.4)
Put

FiI—1[0,400),  f(t)=|u®))?+ W' (B)]>+ -+ [u( Zu Hu®) (£)

By assumption on the derivatives of u; and u; it holds that u%)(ty) = 0 forall k € {0,1,...,1n —
1}, hence f(tp) = 0. Moreover,

k() < \/f(t) Vke{0,1,...,n—1},tel (7.5)

Thus, with A := max{ laol ] , ‘“Z—;ll‘} > 0, it follows from (7.4) that for all ¢ € I,

lan|” |an]”’

=
—_

1 n=

|u( | 2 ak||u( (<A 2 |u (1) <nAy/f( (7.6)

Since conjugates of differentiable functions are differentiable, one sees that f is differentiable
with

£ =T (0D (0 + 9 (a5

k=0
Thus, by the triangle inequality of | - | and by the properties of absolute value, see Theorem 1.73,

|f/(t)| < ”§2|u(k+1)(t)| . |u(’<)(t)| +2|u(")(t)| . |u(”—1)(t)|

k=0

Oy 2\/7 VE® +2na\Jf (0 -5 )

< Z(n—l)lf( )| +2nA[f(8)] = 2(n =1+ nA)|f(1)].

Hence, if we put C :=2(n — 1+ nA) > 0, then |f'(t)| < C|f(t)| forall t € I. Since f(tp) = 0, it
follows from Lemma 7.35 that f(¢) = 0 for all t € I. This particularly yields that u(¢t) = 0 and
thus uq () = up(t) forall t € I. O

Corollary 7.36. Let I be an open interval and ty € I. Let K = Ror K = Cand let L : C"(I,K) —
C(1, K) be given as in (7.2) Then the map

¢:kerL — K", ¢(u) = (u(ty), ' (t),...,u"" "V (t)),
is linear and injective.

Proof. It follows straight from the linearity of derivatives that ¢ is linear. By Theorem 7.34, ¢ is
injective. O

Corollary 7.37. Let I be an open interval, K = R or K = C and let ag, a1, ...,a, € Kwith a, # 0.
The solution set of

anu™ () + ap_qu" V() 4+ -+ agu(t) = 0

is a linear subspace of C" (I, K) of dimension at most n.
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Proof. Since the solution set is given by ker L in the situation of Corollary 7.36, it follows from
that corollary and from Corollary 7.23 that dimker f < dim K" = n. O

In fact, it holds in Corollary 7.36 that ¢ is an isomorphism and thus in Corollary 7.37 that the
dimension of the solution set is precisely . We will not prove these statements at this point, but
(hopefully) derive them from a much more general statement towards the end of this course.

Linear systems / Systems of linear equations

Let K be a field, let m,n € N and let {ay,...,a,} C K™. One checks (this is left to the reader as
an exercise) that the map

A:K'"—= K", A(x1,...,x5) =x1-a1+ -+ x4 -ay,

is linear.
Given b € K™ we can then investigate linear equations of the form

A(x) =b.

Such an equation for maps between K" and K" can always be rephrased as a family of linear
equations in K. Foreachi € {1,2,...,m} weletay;, ay;, ...,a,; € K denote the components of a;,
ie. a; = (ay;,ay,...,a,;) and by, ..., by € K denote the components of b. Then, one computes
that A(x) = b if and only if all of the following equations hold:

a11x1 + appxy + - - 4 a1, xn = by
Ay X1 + axpxy + - - -+ ayxy, = by

A X1+ AypXo 4+« -+ Ay Xy = by,

Such a family is called a linear system or a system of linear equations. In the following chapters,
we will learn a technique of how to solve such systems, the so-called Gaussian elimination
or Gaussian algorithm that you might have already seen in high school. In the next chapter,
we will introduce a convenient formalism to handle such linear systems and other questions
regarding linear maps K" — K.
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Chapter 8

Matrices

8.1 Matrices and linear maps K" — K™

In this section we introduce the formalism of matrices. A matrix is first of all a smart way of
arranging numbers in rectlangles, such that the numbers can be used to study linear maps as
we shall see later on.

Definition 8.1. Let K be a field and m,n € IN.

a) Anm x n-matrix over K is a family of numbers a;; € K, wherei € {1,2,...,m},j€{1,2,...,n},
which is organized as a rectangular array

a1 412 43 ... A1p
a1 dxp Az ... Ay

A= |91 a3 433 ... a3 (8.1)
Am1 Am2 Am3  --- Amn

We sometimes denote A by (ai]-) 1<icm OF sSimply (a,-]-).
1<j<n

b) We call the a;; the entries of A, i the row index and j the column index of a;;.

¢) A1lxn-matrix (by by ... by) is called a row vector. With respect to A from (8.1), the row
vectors (a1 ap a3 ... aj), wherei € {1,2,...,m}, are called the row vectors of A or
simply rows of A.
by
by
An m x 1-matrix | , | is called a column vector. With respect to A from (8.1), the column
b
alj
an;
vectors ,] ,where j € {1,2,...,n}, are called the column vectors of A or simply columns
amj

of A.
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d) The set of all m x n-matrices over K is denoted by M(m x n, K).

e) An m X n-matrix over IR is called a real m x n-matrix, while an m x n-matrix over C is called
a complex m x n-matrix.

Example 8.2. _11 ; ?)) isareal 2 x 3-matrix whose rows are givenby {(1 2 3),(-1 3 0)}
. 1 2 3
and whose columns are given by { (_1> , <3> , <0> }
141

hj 4 ) is @ complex 2 x 2-matrix, whose rows are {(@1+i 5),(2i —4)} and whose

! 1+i 5
columns are 2 )\ Za)

Similar to elements of K", we can add matrices and multiply them by scalars. Not only that, the
addition and scalar multiplication then form vector space structures on sets of matrices.

Theorem 8.3. Let K be a field and m,n € IN. Then (M (m x n,K),+, -) is a vector space over K, where
+: M(mxn,K)x M(mxn,K) — M(mxn,K)and - : Kx M(m x n,K) — M(m x n,K) are
given by

ann a4 ... aiy byt by ... by a1 +byy anp+bi ... a4y +by
ary axp ... Ay byr byn ... by Ay +by  ap+axn ... ay+by
. . + . . . = . . . p
Aml Am2 .- Amn bml b ... bum A1 + bml A2 + by oo Amn + b
an app ... Aiu )\6111 Aau PN /\aln
an1 ax ... dan Aa21 )\a22 e /\azn
Ao . ) = ) )
Al A2 -+ Amn Ay Adyp ... Adgg

The proof of this theorem is left to the reader as an exercise.

Remark 8.4. Let K be a field and m,n € IN. One checks without difficulties that the maps

@1 : M1 xn,K) =K', ®(a1 ar ... ay) = (ay,82...,4,),
ai
az

Py: M(mx1,K)— K" Py | . | =(ay,a2,...,4m),
am

are isomorphisms of vector spaces over K. In the following, we will thus occasionally identify
K" with M(1 x n,K) or M(n x 1,K) by implicitly using these isomorphisms.

The first observation showing the importance of matrices is the following theorem, which basi-
cally shows that matrices can be seen as linear maps K" — K™ and vice versa.

Theorem 8.5. Let K be a field and let m,n € IN.
a) Let A € M(m x n,K) and let (ay,...,a,) be the columns of A. Then

n
fA : K" — Km, fA(xl,.. .,xn) = le’q>2(al'),
i=1

is a linear map, where ®, : M(m x 1,K) — K™ is given as in Remark 8.4.
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b) Given a linear map f : K" — K™, there exists a unique A € M(m x n,K) with f = fa.
Proof. a) This is shown by a straightforward computation and left to the reader as an exercise.

b) Let (e, ...,e,) be the canonical basis of K". Since f is linear, it holds for all (xy, ..., x,) € K"
that

fxq,...,xn) :f(éXiei) = Xn;xif(ei)-

i=

Thus, if we let A denote the matrix whose column vectors are (®, ' (f(e1)),..., D5 (f(en))),
then f = f4 by definition of f4. Moreover, A is uniquely determined by this condition.
O

Remark 8.6. (1) Let A € M(m x n,K) and let {ey,...,e,} be the canonical basis of K". Up to
identifying column vectors with elements of K™, it follows from its construction that f4(e;)
is precisely the j-th column vector of A foreach j € {1,2,...,n}.

(2) As shorthand notation, given A € M(m x n, K) we will write
Av:= fa(v) YoveK",
where f,4 is given as in Theorem 8.5.

Example 8.7. (1) Let m,n € IN. The zero map z : K" — K™, z(x) = 0 is induced by the zero
matrix, i.e. the matrix for which every entry is 0.

(2) Let K be a field. The identity map idg» : K" — K" satisfies idx» = f],, where

1 00 ... 0
010 ... 0
IneM(nXTl,K), In: 001 ... 0
0 0O 1

I, is called the identity matrix of size n.

(3) Let f : R2 — R?, f(x,y) = (2x +y,x — 4y). Then, up to identifying column vectors with

elements of R?,
2 1
flxy) = X<1> +y(_4>,

hence f = f4, where A = <% _14)

Theorem 8.8. Let m,n € Nand A € M(m x n,K). Let {ay,...,a,} denote the set of column vectors
of A. Then fu : K" — K™ has the following properties:

a) fa is injective if and only if {ay, ..., a} is linearly independent.
b) fa is surjective if and only if {ay, ..., a,} is a generating set of K™ (= M(m x 1,K)).
c) fa isan isomorphism if and only if m = nand {aq,...,a,} is a basis of K".

Proof. Let {ey,...,e,} be the canonical basis of K". By Remark 8.6, up to identifying columns
with points in K™, it holds that {ay,...,a,} = {fa(e1),...,fa(en)}. We can thus trace the
statements back to results from the previous chapter.
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a) This follows from Theorem 7.18.
b) This follows from combining Theorem 7.15.a) and Theorem 7.10.a).
¢) This follows from Corollary 7.19.
O

Theorem/Definition 8.9. Let {,m,n € N and let A = (a;;) € M({ x m,K) and B = (b;j) €
M(m x n,K). Let fa : K™ — K¢ and fg : K" x K™ be the linear maps induced by A and B. Then

faeofs=fc
where fc : K" — K' is the map induced by C = (cij) € M(€ x n,K), where

m
Cij = Eaikbkj \V/l'G{1,2,...,5},]'6{1,2,...,1’1}.
k=1

This matrix C is called the matrix product of A and B and denoted by C = A - B.

Proof. First of all, by Theorem 7.5 f4 o fg : K" — K' is a linear map, so by Theorem 8.5 there
exists C € M(¢ x n,K) with f = fc, hence C is well-defined. If we denote the entries of C by
C = (cjj), then by definition

Cj ZZ:1 XjC1j
fc(xl,...,x,,) = Zx] . = . . (8.2)
j=1 : :
ng Z;lzl X]‘ng
forall (x1,...,x,) € K". We further compute:
a1k
n n n n ok
(fA OfB)(xl, cen ,xn) = fA( Z x]'bl]', Z x]'sz, ceey Z ijmj) = Z ( Z ijkj) .
=1 j=1 j=1 k=1 " j=1 :
ek
Y1 (X xjbij)ank Y1 Xj ity a1kby
| D= (e xbx) a2k Y1 Xj Lt a2kby
Lk=1(Xjq xjbxj) ack i1 %j L1 Aokbyj
Comparing this with (8.2) shows the claim. O

Remark 8.10. Let {,m,n € N, A € M(¢ x m,K) and B € M(m x n,K).

(1) Note that in the shorthand notation introduced in Remark 8.6.(2), the matrix product of
satisfies
A(Bv)=(A-B)v  YoveK"

One often writes simply AB := A - B for the matrix product.
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(2) In order for the product of two matrices to be well-defined, the number of columns of the first
factor must coincide with the number of rows of the second factor. In particular, this shows that
while A - B is well-defined, B - A would only be well-defined if ¢ = n.

(3) The definition of the coefficients of A - B already gives us a method of computing them.
The (i, j)-entry of A - B, i.e. the entry with row index i and column index j, is obtained by
multiplying the entries of the i-th row of A one-by-one with the entries of the j-th column of
B and add up all the product of the entries, as the following example will (hopefully) make
clear.

Example 8.11. We consider the matrices A € M(3 x 3,R) and B € M(3 x 2,R) given by

2 1 -3 1 -1
A=1[1 0 5], B=14 2 |.
3 -1 4 7 =2

Then A - B € M(3 x 2,R) is computed by the scheme of Remark 8.10.(3) in the following way.

1 -1
4 2
7 -2

1 -3 (2-1+1-4—3.7 2.(—1)+1'2+(—3)-(—2)) (—15 6)
0 5 [1-1+0-4+45.7 (~1)+0-245-(=2) | =3 -11].

[CSIN N \S]

1.(=
-1 4 3-1-1-44+4-7 3-(-1)—1-2+4-(-2) 27 —13

-15 6
Hence, A-B=| 36 —11|.

27 —13
Theorem 8.12. Let k,¢,m,n € IN.
a) Let A€ M(kx ¢,K), Be M({ xm,K)and C € M(m x n,K). Then

(A-B)-C=A-(B-C) € M(k xn,K).
b) Let A € M(m x n,K). Then
Iy-A=A-I, = A.

Proof. a) Since A - B induces f4 o fp and B - C induces fg o fc by Theorem/Definition 8.9, it
follows that (A - B) - C induces (f4 o fg) o fc while A - (B-C) induces f4 o (fg o fc). Since
the composition of maps is associative,

(faofs)ofc=fao(fsofc)

which shows the claim.!

b) Since I, induces idg» by Example 8.7.(2), it follows from Theorem 8.9 that A - I, induces
fa oidgn while I, - A induces idgm o f4. The claim thus follows, since

fA o idKn = id[(m OfA = fA.
O

I The reader is invited to perform an alternative proof of this part via a long, but straightforward computation using
nothing but the definition of the matrix product.
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For the rest of this section we shall study matrix representations of isomorphisms.

Definition 8.13. Letn € N and A € M(n x n,K). Such an A is called a quadratic matrix. We call
A invertible if f4 : K" — K" is an isomorphism. If B € M(n x n,K) is the matrix with ;! = fg,
then we call B the inverse matrix of A and put A~ := B. The set

GL(n,K) := {A € M(n x n,K) | Aisinvertible}
is called the general linear group of degree n over K.

Remark 8.14. Let K be a field and n € IN. Then by Theorem 8.8.c) a matrix A € M(n x n,K) is
invertible if and only if the column vectors of A form a basis of K".

Theorem 8.15. Let K be a field, let n € N.
a) Let A€ GL(n,K). Then A-A~ ' = A1 A=TL,and (A"l = A
b) Let A,B € GL(n,K). Then A-B € GL(n,K) and (A-B)"! =B~1. AL

Proof. a) By Theorem/Definition 8.9, A - A~! is the matrix inducing f4 o f;l, while A71- A
induces f, ! o f4. Since
faofal=fi'ofa=idkn,
the first claim follows from Example 8.7.(2). The second claim follows from the evident
statement (f; )71 = fa.

b) Since fa, fp : K" — K" are isomorphisms, f4 o fp is an isomorphism as well. It is induced by
A - B, hence (A - B)~!induces (f4 o f5) ! = fz' o f,!. By definition, fz ! o f,! is induced
by B~! - A~!, which shows the claim.

]

Corollary 8.16. (GL(n,K), ) is a group for each n € N
Proof. By Theorem 8.15.b), the matrix product restricts to an operation
-:GL(n,K) x GL(n,K) — GL(n, K).

The associativity of - and the existence of a neutral element follow from the two parts of Theo-
rem 8.12, while the existence of inverses is a consequence of Theorem 8.15.a). O

There are indeed methods of explicitly computing the inverse of a given invertible matrix. These
methods require some additional preparations, but we will learn about them later in this course.

8.2 Matrix representations of linear maps

Throughout this section, we let K be a field and V and W be finite-dimensional vector spaces over K and
putn =dimVand m = dim W.

We recall from Theorem 7.25 that each ordered basis B of V defines an isomorphism from V to
K", which displays the coefficients of a vector with respect to the basis B as coordinates in K".
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Definition 8.17. Given an ordered basis B = (b4, ..., b,) of V, we call the isomorphism

n
¢p:V — K", ¢B( EAjbj) = (A1yee, An),
j=1
the coordinate representation of B.

If B is an ordered basis of V and C be an ordered basis of W and if ¢p : V — K" and ¢c : W —
K™ are their coordinate representations, then for each f € L(V, W), the map

¢cofopy : K" — K"
is a composition of linear maps, hence linear. By Theorem 8.5, it is thus induced by a matrix.

Definition 8.18. Let B be an ordered basis of V, let C be an ordered basis of W and let f <
L(V,W). The unique matrix A € M(m x n, K) with

fa=dcofopy!
is called the matrix representation of f with respect to B and C. We will also denote it by
Mpc(f) := A.

Remark 8.19. A common way of writing the relation of maps in the previous definition is in the
form of a so-called commutative diagram as

v Lo ow

3 |#c

Kn Mgc(f) Km

Commutativity here means that following the arrows from the top-left corner to the bottom-
right corner in both possible ways gives the same result, i.e. ¢c o f = Mpc(f) o pp (Where we
identify Mp ¢ (f) with the linear map K" — K™ that it induces).

Theorem 8.20. Let B = (by,...,by) be an ordered basis of V and C = (c1, ..., cm) be an ordered basis
of Wand let f € L(V,W). If Mpc(f) = (a;j) € M(m x n,K), then

m
f(b)) = Zaijci Vie{l1,2,...,n}.
i=1
Proof. By Remark 8.6.(1), the j-th column of Mp ¢ (f) satisfies

(a1j, 83j, .- amj) = (@c o fodpt)(e) = pc(f(b))) Vi€ {L,2,...,n}.
Thus, by Remark 7.26,
f(b) = 4’61(111]‘,112]‘,- e ) = Zaijci.
i=1
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Example 8.21. We will now use Theorem 8.20 to compute our first example of matrix represen-
tations. Assume that dimV = 2. Let A € Kand let f € L(V,V), f(v) = Avforallv € V.
Let B = (by,by) be a basis of V and define another basis C = (c1,¢2) of V by ¢; := —by and
¢y := 2by. Then

A
Thus,

Mac() = (75 3)-

2
If we define another basis D = (dq,dy) of V by di = by, dp = by + by, then

f(bl) =Aby =A-d1+0-dy, f(bz) =Aby = —Aby+A(by+by) = —A-dy+ A-dy.

Mgp(f) = (3 _)\/\> :

Since ¢c; = —dy, ¢ = 2(dp — dq), we further obtain from

Hence,

fler) =Acy = —Ady = —A-dy+0-dy,  f(c2) = Aca =2A(dy —dy) = —2A -dy +2A -dy,

that
Mo = (o o)

We next want to investigate a special case of matrix representations, which abstractly describes
the change of coordinates in a vector space. Roughly speaking, such a transformation matrix, as
we shall call it, contains the information requires to take vectors given in terms of one basis and
translate them into vectors given in terms of another basis.

Definition 8.22. Let B = (by,...,b;) and B' = (b, ...,b},) be ordered bases of V. The matrix
representation
Tpp := Mpp (idgn) € GL(?’I, K),

i.e. the matrix inducing the map ¢/ o idgn o 4751 = ¢pr o ¢pp : K* — K", is called the transforma-
tion matrix from B to B'.

Corollary 8.23. Let B = (by,...,by) and B' = (b}, ..., by) be ordered bases of V. If Tp pr = (t;;) €
GL(n, K) is the transformation matrix from B to B'. Then

n
b]: Zt”b; V]E {1,2,,1’1}
i=1

Proof. This follows directly from Theorem 8.20 with f = idg». O

Remark 8.24. By definition of transformation matrices, it holds for all ordered bases B and B’

of V that
T = Ty p-
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Example 8.25. Let V = K3, let B = (ey, €3, ¢3) the canonical basis of K* and let
B = ((1,0,0), (1,1,0), (1,1,1)).

One checks that B’ is linearly independent with |B’| = 3 = dim K3, hence B’ is a basis of K3. Let
y P

tin tip f13
Tgp = (t21 try taz | € M(3 x 3,K) be the transformation matrix. Then, by Corollary 8.23,
ta1 f3 f33
1 1 1 1
0l =e1=t11 |0+t 1| +1t31 (|1
0 0 0 1

Evidently, the unique solution of this equation is t1; = 1, tp; = 0 and t3; = 0. Moreover,

0 1 1 1
1] ==t (0| +tn 1]+t |1],
0 0 0 1

which yields t3p = 0, tp» = 1 and t;p = —1. Analogously,

0 1 1 1
0| =es=t13 |0 +t3 (1] +t3|1],
1 0 0 1

which is uniquely solved by t33 = 1, t3 = —1 and t13 = 1. Thus,

1 -1 0
Tgw=|0 1 —1].
0 0 1

111
In the same way, one computes that Tp p = (0 1 1) , which is left to the reader as an
0 01

exercise.

We have seen how linear maps can be represented as matrices with respect to choices of coordi-
nates and we have seen how changes of coordinates can be describes in terms of matrices. This
leads to a question combining these two constructions: How are the matrix representations of
different bases, i.e. of different choices of coordinates, related to each other?

Theorem 8.26. Let B and B’ be ordered bases of V and C and C' be ordered bases of W. Let f € L(V, W)
and let Mg c(f), Mp o/ (f) € M(m x n,K) be the corresponding matrix representations. Then

Mg (f) = Teor - M (f) - Ty -
Proof. Mg c/(f) is the matrix which induces ¢¢s o f o cpg,l € L(K",K™). We compute:

¢cr o fodg' = de oidw o foidy o ¢yl
=poropclopcofopglopgopy’
= (¢pcr oidw O(i)El) o(¢cofo ¢>§1) o(¢ppoidyo (pg,l),
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By Theorem/Definition 8.9, the latter composition is induced by

Mc,cr(idw) - M c(f) - Mp g(idy) = Te,cr - Mpc(f) - Tp,g = Te,cr - M,c(f) - TE,};/-
O

It turns out that as a generalization of the constructions of the previous section, matrix repre-
sentations of compositions are given as products of matrix representations.

Theorem 8.27. Let X be another finite-dimensional vector space over K and let { = dim X. Let B be
an ordered basis of V, let C be an ordered basis of W and let D be an ordered basis of X. Then for all
feL(V,W)and g € L(W, X) it holds that

Mpp(go f) = Mcp(g) - Mpc(f) € M(£ x n,K).
Proof. By definition, Mg p(g o f) is the matrix inducing the map
gpogofoy' =gpogoidyofopy’ =(ppogodc’)o(pcofops).

By Theorem/Definition 8.9 and the definition of the two matrices, the latter composition is in-
duced by Mc p(f) - Mp,c(f), so the claim follows from the uniqueness of the matrices inducing
linear maps. O

Our next aim is to show that each linear map V' — W can be represented by a matrix in a
particularly simple way for convenient choice of bases of V and W. For this purpose, we need
to introduce some additional terminology.

Definition 8.28. a) Let f : V — W be linear. The rank of f is given by
rank f := dim(im f).

b) Let A € M(m x n,K) and let (a4, ...,a,) denote its column vectors. The rank of A is given by
rank A := dim(span({ay,...,an})).
Remark 8.29. (1) If A € M(m x n,K) and f4 : K" — K" is the induced linear map, then
rank A = rank f4.
This follows straight from the definitions.

(2) Letagain A € M(m x n,K) and let (ay,...,a,) denote its column vectors. Then {ay,...,a,}
is a generating set of im f, so by Corollary 6.27.c) there exists B C {ay,...,a,} which is a
basis of im f, i.e. such that B is linearly independent. Then rank A = |B|, so rank A is the
maximal number of linearly independent column vectors of A.

(3) Therank of f € L(V, W) satisfies
rank f < min{dim V, dim W}.

Evidently, rank f < dim W, since im f is a linear subspace of W. If B is a basis of V, then by
Theorem 7.15.a), f(B) is a generating set of im f, hence rank f < |f(B)| < |B| = dim V.

We want to generalize the equation rank A = f4 by showing that the rank of a linear map
V — W coincides with the rank of each of its matrix representations.
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Theorem 8.30. Let V' and W' be finite-dimensional vector spaces over K, let p : V. — V' and ¢ : W —
W' be isomorphisms and let f € L(V,W). Then

rank(¢ o f o ¢p) = rank f.

Proof. Since ¢ is an isomorphism, it restricts to an isomorphism im(f o ¥) 5 im(¢po fo),
hence rank(f o i) = rank(¢ o f o). Since ¥ is an isomorphism, ker(f o ) = ker f, so by the
dimension formula for linear maps

rank(f o) = dim V — dim(ker(f o ¢)) = dim V — dim(ker f) = rank f.
(]

Corollary 8.31. Let B be a basis of V, let C be a basis of W and let ¢pp : V — K" and ¢c : W — K™ be
their coordinate representations. Let f € L(V,W). Then

rank f = rank(¢c o f o p5') = rank Mp c(f).
Proof. This follows from combining Theorem 8.30 with Remark 8.29.(1). O
In particular, the rank of Mp ¢(f) is independent of the choices of bases B and C.
Definition 8.32. Let k,/,m,n € N. Let A = (a;;)) € M(k x m,K), B = (b;;) € M(k x n,K),
C = (¢j) € M({ xm,K)and D = (d;;) € M(£ x n,K). We define a matrix (Ié g) €
M((k+¢) x (m+n),K) by

air a2 ... 4w by bz ... by
az1 dxp ... Aoy b21 bzz e b2n
A B _ ail A ... Ay bkl ka ‘e bkn
C D 11 C12 ... Cim dn d12 ce dln
€1 €2 ... Com dy dxp ... dy
cn € oo Cpm dp dpo.. dpy

i.e. by putting all the entries of A, B, C and D into one big matrix according to the scheme
indicated by the notation (é g) . A matrix given in this form is called a block matrix.

In the following theorem we let O,.;, € M(k x £,K) denote the zero matrix with k rows and ¢
entries for all k, ¢ € IN.

Theorem 8.33. Let f : V — W be a linear map and let r := rank f. Then there are bases B of V and C
of W, such that

1 0 00 0
01 00 0

MBC(f)—(Ir O)—( I Orx("fr) )— 00 ... 10 ... 0 +<—r-throw
' 00/ \w—rxr Ow—rxt-n/ o 0 ... 0 0 ... 0
00 00 0
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Proof. Since V is finite-dimensional, there exists a complement U of ker f and by Theorem
7.14, f restricts to an isomorphism f|y : U — im f. Let (cy,...,¢,) be a basis of im f. Then
(by,...,by) is a basis of U, where b; = (f|u1)'(c;) for each j. By the dimension formula for
linear maps, dim(ker f) = n —r and we let (b,41,...,b,) be a basis of ker f. Then B :=
(b1,...,br,byyq, ..., by)isabasis of V. By the basis extension theorem, we can extend (cy, ..., cr)
toabasis C := (c1,...,Cr,Cri1,---,Cm) Of W.

Let Mpc(f) = (a;;). Then by Theorem 8.20 it holds for all j € {1,2,...,r} that

m
cj = f(bj) = )_ajjci,
i=1
which shows that

1 ifi=j, , ,
al-j:{o fit] Vie{1,2,...,m}, je{1,2,...,r}.

If j > i, then again by Theorem 8.20,
m
0= f(b]) = Ea,-jc,-.
i=1
Since C s linearly independent, this yields a;; = 0 whenever j > r. Together, these computations

show the claim. O
Remark 8.34. In the situation of Theorem 8.33 the special form of the matrix representation
implies that
(¢pc ofO(pgl)(xl,xz,...,xn) = (x1,x2...,%,0,0,...,0).
The observation from Remark 8.34 has some interesting consequences in certain special cases.
Corollary 8.35. Let f € L(V,W).
a) If f is injective, then there will be ordered bases B of V and C of W, such that
(¢pc ofo¢>§1)(x1,...,xn) = (x1,...,%,0,...,0) V(xq,...,x,) € K™

b) If f is surjective, then there will be ordered bases B of V and C of W, such that

(¢c ofogbgl)(x],...,xn) = (X1,.+,Xm) V(x1,...,x,) € K",
c) If f is an isomorphism, then there will be ordered bases B of V and C of W, such that

¢C o f o (Pgl = id[(n.

Proof. a) If f is injective, then n < m by Corollary 7.23.a) and rank f = n by the dimension
formula. By Theorem 8.33, there are B and C, such that

1 0 ... 0
o1 ... 0
0 0 1
MB,C(f): 00 0
0 0 0
0 0 0
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One computes that ¢c o f o gbgl then takes the desired form.

b) If f is surjective, then n > m by Corollary 7.23.b) and rank f = m. By Theorem 8.33, there
are B and C, such that

1 0 0 0 0 0
0 1 0 0 0 0
Mpc(f) = S e
o0 ...1T00 ... 0

and the claim follows in analogy with a).

c) If f is an isomorphism, then n = m by Corollary 7.23.c) and rank f = n. By Theorem 8.33,
there are B and C, such that Mg c(f) = I, which shows the claim.
|

To conclude, we shall study some consequences of Theorem 8.33 for matrices.

Corollary 8.36. Let m,n € N, A € M(m x n,K) and put r := rank A. Then there are S € GL(m, K)

and T € GL(n, K) with
(L 0
sar = (5 9)

Proof. Consider the linear map f4 : K" — K™. By Theorem 8.33 there are bases B of K" and C
of K™, such that ¢c o f4 0 (,bl;1 is induced by

I, 0

0 0./’
where ¢p : K" — K" and ¢¢c : K" — K™ are the coordinate representations. These are again
induced by matrices. If T € GL(#n,K) induces ¢p and S € GL(m, k) induces ¢c, then, by the

previous results of this chapter, ¢c o fa o ¢§1 is induced by S - A - T~!. By uniqueness of the
matrix inducing a linear map K" — K™, this shows the claim. O

Corollary 8.37. Let m,n € N and A,B € M(m x n,K). Then rank A = rank B if and only if there
are S € GL(m,K) and T € GL(n, K) with

SAT™! = B.

Proof. "<=": This follows by applying Theorem 8.30 to the induced maps.
"=": Put r := rank A = rank B. By Corollary 8.36, there are matrices S1,S, € GL(m, K) and
Ty, T» € GL(n,K), such that

I, 0

SIAT, ! = (0 0

> =S,BT,! = S,;'S$1AT;'T, =B.

So the claim follows with S := $1S;! € GL(m,K) and T := T, 'T; € GL(n,K), since by the
properties of Theorem 8.15,

T =(T,'T) ' =T, () =T, ' T
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8.3 Dual spaces and transposes of matrices
Throughout this section, let K be a field.

We have already seen that sets of linear maps between vector spaces are themselves vector
spaces. In this section, we want to focus on a particular case of spaces of linear maps and see
some results about matrix representations for these spaces.

Definition 8.38. Let V be a vector space over K. We call
V*:= L(V,K) = Hom(V,K)
the dual space of V. Elements of V* are called linear forms.

Remark 8.39. By Theorem 7.4 applied to W = K, the dual space V* is a vector space over K
with respect to pointwise addition and scalar multiplication. If V is finite-dimensional, then V*
is finite-dimensional with

dimV = dim V*

by Theorem 7.28.
Example 8.40. Let ¢ € (K")* = L(K",K). By linearity,

n n
@(x1,...,%n) = go( inei) =) xi¢(e) V(xi,...,x4) € K"
i=1 i=1

Conversely, by Theorem 7.16 for all ay,...,a, € K there exists a unique ¢ € (K")* with
o(x1,...,x) = Y g aix; forall (xq,...,x,) € K". Consequently,

n
(K")* = {q) K" - K ’ Jay,...,ap € Kwith ¢(xq1,...,x,) = Zajxi V(xq,...,x4) € K”}.
i=1

Theorem/Definition 8.41. Let V be a finite-dimensional vector space over K and let (by, ..., b,) bea
basis of V. Then (b, ..., by,) is a basis of V*, where for each i € {1,2,...,n} welet b : V. — K be the
unique linear map with

b

1

1 ifi=j, .
b)) =6 = 1,2,...,n}.
(]) ij {0 ifi #j, V]E{ i’l}

(b3, ..., b;) is called the dual basis to (b, ..., by ). The symbol 6
the Kronecker delta.

ijs defined as above, is sometimes called

Proof. (This proof is not discussed in the lecture videos.)
One checks that the dual basis is a special case of the basis constructed in the proof of Theorem
7.28, so the claim follows as a special case of that theorem. O

Example 8.42. Consider the ordered basis B = (by,b,) of R? as a real vector space, where
by = (2,1), by = (3,1). We want to find the dual basis B* = (¢1, ¢2) to B of (R?)*, where
@1 := b] and ¢, := b3. To write @1 and ¢, in a form described in Example 8.40, we recall that

@(x1,x2) = x19(1,0) + x29(0,1)  V(x1,x2) € R?.
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Since (1,0) = by — by and (0,1) = 3b; — 2by, we compute from the linearity of ¢ and ¢, that

91(1,0) = @1(b2) —g1(b1) =0—-1= -1,

91(0,1) =3¢1(b1) —2¢1(b2) =3-1-2-0=3,
92(1,0) = @2(b2) — @2(b1) =1-0=1,

$2(0,1) =3¢2(b1) = 2¢2(b2) =3-0—-2---1 = -2,

Hence, 91, ¢> : R — R are given by
P1(x1,x2) = —x1+3x2,  @a(x1,x2) =x1 —2x2 V(x1,x2) € R2.

The following result explores the connection between dual bases and matrix representations of
linear maps.

Theorem 8.43. Let V and W be finite-dimensional vector spaces over K and let f € L(V,W). If
B = (by,...,by) isabasis of Vand C = (c1,...,cm) is a basis of W, then Mp c(f) € M(m x n,K) is
given as Mpc(f) = (a;j), where

a; =ci(f(b;)) Vie{l,2...,m}, je{1,2,... n}
Proof. Let Mpc(f) = (a;j) € M(m x n,K). By Theorem 8.20,

m
b]) = kzlakjck V] S {1,2,...,71}.

Thus, by linearity of the ¢, we obtain foralli € {1,2,...,m} and j € {1,2,...,n} that

m m m
i (f(b)) = Cf‘(kz ﬂkjck) = kz axjci () = kz ayjOkj = aij.
-1 —1 -1

[

O

A crucial property of dual spaces is that any linear map between vector spaces induces a linear
map between the dual spaces of these spaces, but goint "in the other direction".

Definition 8.44. Let V and W be vector spaces over K and let f € L(V,W). The map
frowr = v, fie) =gof,

is called the transpose of f. (Note that f! is well-defined, since the composition of linear maps is
again linear.)

Theorem 8.45. Let V and W be vector spaces over K and let f : V. — W be a linear map.
a) The transpose f': W* — V* is linear.
b) Let X be another vector space over K and let ¢ € L(W, X). Then (go f)! = flogh: X* — V*.
Proof. a) Let @1, 92 € W* = L(W,K). Then forallv € V:
(f'(g1+ 92)(0) = (91 + @2) (f(0)) = 91(f(2)) + @2(f(0)) = (f (1)) () + (f'(92))(2).
Thus ff(p1 + ¢2) = f'(¢1) + f'(¢2). Moreover, for all A € Kand v € V we compute
(f'(Ap1)(v) = Ag1(f(0)) = A(f'(91))(v),
which implies ff(Ap;1) = Af!(¢1). Thus, f! is linear.
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b) We compute for all ¢ € X* that
(gof)(9) =9ogof=flpog)=f(s(g)=(fog)(p)
O

Let f € L(V,W), let B be a basis of V, let C be a basis of W and let B* and C* denote the corre-
sponding dual bases of V* and W¥*, respectively. Then f : V — W has a matrix representation

M (f) € M(m x n,K)

with respect to B and C. Since dim V* = dim V = n and dim W* = dim W = m, the transpose
f': W* x V* has a matrix representation

Mc+ g+ (f') € M(n x m,K)

with respect to C* and B*. In the following, we want to investigate the relation between Mg ¢ (f)
and MC*,B* (ft)

Definition 8.46. Let m,n € N and A = (a;;)) € M(m x n,K). The transpose of A is the matrix
Al = (a;) € M(n x m,K) given by

agj:aj,- vie{1,2,...,n}, j€{1,2,...,m}.

. 2 4
Example 8.47. (1) If A = (i 711. 351) € M(2 x 3,C), then A = (1 7i) € M(3x2,C).
3i 5

(2) For each n € N it holds that I}, = I,,.

Theorem 8.48. Let V and W be finite-dimensional vector spaces over K. Let B be an ordered basis of
V, C be an ordered basis of W and let B* and C* denote the corresponding dual bases of V* and W*,
respectively. Then

Mec: g+ (f') = (Mg, ()"

Proof. Let A := Mpc(f) € M(m xn,K), A = (a;;) and A = Mcsp<(f") € M(n x m,K),
A= (@ij). Then by Theorem 8.20,

n
i) = Zﬁkib,’; Vie{1,2,...,m}.
k=1
By Theorem 8.43, this yields for alli € {1,2,...,m} and j € {1,2,...,n}.
/ n n
aij = c; (f(bj)) = (c] o f)(bj) = f(ci)(by) = Y Axibi (b)) = Y, agi; = -
k=1 k=1

Consequently, A = Af, which we wanted to show. O
Theorem 8.49. Let /,m,n € IN.
a) Forall A € M(¢ x m,K) and B € M(m x n,K) it holds that

(A-B)! =B Al
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b) Forall A € GL(n,K) it holds that A* € GL(n,K) with (A")~1 = (A~1)".
c) Forall A € M(m x n,K) it holds that

rank A = rank A’

Proof. a) Let A = (a;;), B = (bjj) and put C := A- B = (c;j). Put A" = (a;), Bt = (bj;) and

Ct = (c;]) By definition, ¢;; = Y} ajxbyj, hence
m
C;] = le' = Z Cl]'kbkl' Vi e {1,2,...,1’1}, ] S {1,2,. ,K}
k=1

We further compute that B - A" = (d;;) is given by

m m m
_ /o _ _
dij =Y bjga; = Y buaje = ) ajb = cjj
k=1 k=1 k=1

foralli € {1,2,...,n}andj € {1,2,...,¢}. Hence, C' = B! - A"

b) By a), it holds that
Al (A Y = (ATA) =1 =1,

Analogously, (A~1)!- A = (A- A1) = I, hence (A~ 1)! = (A!)~L.
c) Letr := rank A. By Corollary 8.36, there are S € GL(m, K) and T € GL(n, K) with SAT~! =

(g 8) =: C. Since C = C!, this shows that

C = (SAT Ht = (T HtAls!

by part a). By Corollary 8.37, this shows that rank A’ = rank C = r.
O

We conclude this section with a statement that might not look particularly exciting, but that we
will make use of in the following section.

Corollary 8.50. Let m,n € N and A € M(m x n,K) and let (a},a}, ..., a},) denote the row vectors
of A. Then
rank A = dim(span({a},a5...,a,})),

i.e. rank A is the maximal number of linearly independent row vectors of A.

Proof. By definition of Al up to identifying row vectors with column vectors, (aq, ap, ..., ay,) is

given by the set of column vectors of A’. Hence, the claim follows from Theorem 8.49. O

8.4 Gaussian elimination and systems of linear equations

Throughout this section, we let K be a field.

In this section, we will study a method which helps us solve various computational problems
occurring in linear algebra, for example:
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e Find the solution set of a system of linear equations.
e Compute the rank of a matrix.
e Let A € GL(n,K). Compute A~ explicitly.

Moreover, many questions of linear algebra like the linear independence of a finite set of vectors
in K", constructions of dual bases etc. can be formulated as a study of solutions of systems of
linear equations, as you will see in the exercise sheets.

8.4.1 Computation of the rank of a matrix
We begin by introducing some basic operations one can perform to the rows of a matrix.
Definition 8.51. Let m,n € N and let A € M(m x n,K).

a) Foralli,j € {1,2,...,m} withi < jweletS;; : M(m x n,K) — M(m x n, K) be the following
map: if A € M(m x n, K) has row vectors (aj, ... ,a;_l,a?,alﬁrl, e ,a;_l,u]f, a]’.+1, ...,ah), then
Sij(A) has the row vectors

(af,.. .,alr»_l,a]’-, alﬁrl, . ,a]’-_l,af, a]r-H,. e )
i.e. 5;;(A) is obtained from A by swapping the i-th and the j-th row.

b) Foralli € {1,2,...,m} and A € K~ {0} we let M} : M(m x n,K) — M(m x n,K) be
the following map: if A € M(m x n,K) has row vectors (ai,...,al_q,al, “;+1/ ...,al), then
M?(A) has row vectors

(ay,...,ai_y, A-al,ai q,...,a4y),

i.e. M; (A) is obtained from A by multiplying its i-th row by A.

c) Foralli,j€ {1,2,...,m}and A € K~ {0}, let EiA,]' : M(m x n,K) — M(m x n,K) be given as

follows: if A € M(m x n, K) has row vectors (af, . ..,af_l,af,alﬁrl,. ..,ah), then E;\]- has row

vectors

r r r r r r
(ay,...,a;_q, 4 +A-aj,ai+1,...,am),

ie. E{}j(A) is obtained from A by adding the A-fold multiple of the j-th row of A to its i-th
row.

A map of one of one of the three forms given in a)-c) is called an elementary row operation.

Let A,B € M(m x n,K). We say that B is obtained from A by elementary row operations if there
exists k € IN and elementary row operations Ty, . . ., Ty, such that

B=(TioTyo---0T)(A).

In this case we also call A and B row-equivalent.

1 10
Example 8.52. Let A = (1 0 1) € M(3 x 3,R). Then
011

01 1 1 1 0 11
Sig(A)={1 0 1], M3A)=(-3 0 =3|, E5HA=|10
110 0 1 1 2 1



The following result shows the relevance of elementary row operations for rank computations.

Theorem 8.53. Let A,B € M(m x n,K). Let (a},...,ay,) be the row vectors of A and (b}, ..., b},) be
the row vectors of B. If A and B are row-equivalent, then

span({ay,...,ay,}) = span({b},..., b}, }).

In particular,
rank A = rank B.

Proof. (This proof is not discussed in the lecture videos.)

Once the equality of the spans has been established, the equality of the ranks follows directly
from Corollary 8.50, so we only need to show the first equation.

To do so, it suffices to show the claim in the case that B is obtained from A via one elementary
row operation.

e If there are i < j, such that B = S; ;(A), then by construction
{by,..., b} = {a{,...,af?l,a]’.,alfﬂ,...,a]’;l,af,a]r.ﬂ,...,afn} ={ay,...,a,},
which obviously implies the claim.
o Iftherearei € {1,2,...,m} and A € K\ {0}, such that B = M}(A), then
{by, b, ..., by, = {ay,ay,...,4;_y,Aaj,a; q,...,a4,}

Every linear combination E}"Zl U ja]’. can be written as

=

i—1 . i—1
wah = Y bl + %b{ + Y bl € span({b}, ..., b)),
j=1 j=1 j=1

hence span({a},...,a},}) C span({b],...,b},}). The other inclusion is shown completely
analogously, which proves the claim.

o If therearei,j € {1,2,...,m}and A € Kwith B = E{}j(A), then bj, = aj for all k # i, while
b; = aj + Aa]’-. Then for every linear combination } " ; Hiay, Y1, - - -, wm € K, one computes
that

m j—1 m
Yo mkap = ) b+ (= Ap)bi+ ) by € span({bf,m..., by, }).
k=1 k=1 k=j+1
Hence span({af,...,ay,}) C span({b},...,b},}). The other inclusion is shown completely
analogously, which proves the claim.

Since in the general case, B is obtained from A by applying finitely many elementary row oper-
ations, one can successively apply the corresponding items out of this list and prove the claim
in the general case. U

This theorem gives as an idea to compute the rank of a matrix A: apply a number of elementary
row operations to A to obtain a matrix whose rank is "easy to determine".

Definition 8.54. Let m,n € IN. A matrix A = (a;;) € M(m x n,K) is in row-echelon form if it has
the following properties:
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e there exists r € {1,2,...,m}, such that a;; =0 whenever j > r. (i.e. all entries below the
r-th row of A are vanishing.

e foreachi € {1,2,...,r} there exists j; € {1,2,...,n} witha;; = 0forall j < jand a;;, # 0
foralli € {1,2,...,r}, and it holds that

j1<j2<"'<jr-

Explicitly, A is of the form

0 ... 0 aljl ce al(jz—l) ﬂ]jz cee al(jr_l) 17!1]‘, .o A1
0 ... 0 0 ce 0 azjz cee “2(;’,—1) Elz]‘r o Aop
A=]l0 ...0 0 ... 0 0 ... 0  a ... am
o ... 0 0 ... 0 0o ... 0 o ... 0
o ... 0 0 .. 0 0o ... 0 0o ... 0

The numbers Ajj;, wherei € {1,2,...,r}, are called pivots or leading coefficients of A.

Example 8.55. The following matrices are in row-echelon form:

1 2 3 1 2 3 4 0 01 23 45
0 4 5], 0 05 6/, 0 00 06 7 8].
0 0 6 000 7 0 00 0O0O09

1 0 2
Thisoneisnot: |0 3 4.
5 6 0

Remark 8.56. If A € M(m x n,K) is in row-echelon form and r is given as in Definition 8.54,
then rank A = 7, since the properties of the pivots imply that the first » rows, which are the only
non-vanishing ones, must be linearly independent.

The key observation is now contained in the following theorem.

Theorem 8.57 (Gaussian elimination). Let m,n € N and A € M(m x n,K). There is a matrix B €
M(m x n,K) in row-echelon form, such that B can be obtained from A by elementary row operations.

Proof. (The method of this proof is called Gaussian algorithm and is crucial to solving explicit prob-
lems in linear algebra.)

Putji ;= min{j € {1,2,...,n} | a;; # O forsomei € {1,2,...,m}}, ie. the column index of the

first column of A that has a non-zero entry. Leti € {1,2,...,m} with ajj, # 0 and consider A’ =
/

:,'l and add the A;-fold multiple of the
1

first row of A’ to the i-th row of A’. Call the resulting matrix A” := Eé‘zl(Eg\31 (... Egl'l”l(A’) o))
Then A” is of the form

(afj) = 51(A). Foreachi € {2,3,...,m} put A; := —

O “ee 0 bl]l bl(]1+1) e bln
A// O “ee 0 0 b2(11+1) “ee b2n
0 ... 0 0 bygin) - bum
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b2(jl+1) .o bZn

Put A; := : .. ¢ |.If weapply the same method to A; that we applied to A, we
bun(jr41) -+ Dmn
obtain a matrix of the form
0 0 C1j1 coe Cl(]'zfl) Cljz Cl(j2+l) oo C1p
0 0 0 . 0 Cij CZ(j2+l) ... Cop
0 0 0 0 0 C3(j2+1) ... C3p
0O ... 0 0 0 0 Cm(j2+l) v Cmmn
C3(j2+1) ... C3y
Put A; := : .. ¢ |. We can iterate this procedure and apply the same method to
Cm(jp+1) -+ Cmn
A, and go on and on and on. After finitely many iteration steps, we ultimately obtain a matrix
8 y y P y
in row-echelon form that is obtained from A via elementary row operations. O

Remark 8.58. Note that in the situation of Theorem 8.57 the matrix B is not unique. For example,
if B is in row-echelon form, then M{‘ (B) is in row-echelon form as well for alli € {1,2,...,m}
and A € K~ {0}.

We can combine Theorems 8.53 and Theorem 8.57 to get an explicit method of computing the
rank of a matrix.

Method to compute the rank of A € M(m x n,K):

e Use the Gaussian algorithm to transform A by elementary row-operations into a matrix B
in row-echelon form.

o The rank of A is the index of the lowest row of B which contains a non-zero entry.

Example 8.59. Consider the following matrixA € M(4 x 5,R):

0 0 0 -4 -3 0 2 -1 1 0 02 -1 1 0

A:O—4223MO—4223i00043
0 6 -3 1 1 0 6 -3 1 1 06 -3 1 1
0 2 -1 1 0 0 0 0 -4 -3 00 0 -4 -3
02 -1 1 0 02 -1 1 0\ , /02 —-110

§00043%000433€>00043
00 0 -2 1 00 0 -2 1 00 0 0 3
00 0 -4 -3 00 0 0 O 00 0 00

Since this last matrix is in row-echelon form and has rank three, we derive that

rank A = 3.
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8.4.2 Computation of the inverse of an invertible matrix

Recall that every invertible matrix is necessarily a quadratic matrix, so we will mostly focus on
these in this subsection. Before doing so, we want to give an alternative approach to elementary
row operations. It turns out that every elementary row operation of a matrix A is given by the
matrix product of A with a matrix of a particular form. The proof of the following result will be
omitted, but can be given by purely elementary methods and explicitly computing the matrix

products that occur.

Theorem/Definition 8.60. Let m,n € N and A € M(m x n,K) and let again I,,, € GL(m, K) denote
the identity matrix of size m. If T is an elementary row operation, then

A matrix of the form T (I,,), where T is an elementary row operation, is called an elementary matrix.

For the sake of completeness, we write down the three types of elementary matrices explicitly.

T(A) = T(Ly) - A.

a) (Swapping two rows) Leti,j € {1,2,...,m} withi < j. Then

P € M(m x m,K),

is given by

ij —

0

where the only 1’s that are not on the diagonal have row-column indices (i, j) and (j, 1).

b) (Multiplying a rowby A) Leti € {1,2,...,m}and A € K~ {0}. Then

0

0

OO .-

o

0

Q) € M(m x m,K),

is given by

—_
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Qz)\ = M?(IM)/
0 0 0
0 0 0
0 0 0
A0 0
01 0
0 0 1.

Pij:=S;j(Im)
0 0O
0 0O
010
0 00
1 00
0 0O
0 01
0 00
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c) (Adding the A-fold multiple of a row to another row) Leti,j € {1,2,...,m} and A € K. Then

R} € M(mxm,K), R} :=E}(In)
is given by
10 0 00 0 00 0
01 0 00 0 00 0
00 100 0 00 ... 0
00 010 0OA 0 ... 0
N 0 0 0 01 0 00 ... 0
R = :

00 000 100 0
00 0 00 0 10 0
00 0 00 0 0 1 0
00 ..000..0©0@0..1

where A is in position (i, j). (A short and more sophisticated way of writing this matrix is as

Rl):] =Ly+A- Aij/
1 if (k0) = (i),
0 else.

where Ajj = (ag) € M(m x m,K) is given by ay, = { )

Let us now focus on quadratic matrices. Before using elementary matrices, we observe in the
following result that the invertibility of a quadratic matrix can be read from its row-echelon
form.

Theorem/Definition 8.61. Let n € N and A € M(n x n,K). Then A is invertible if and only if it is
row-equivalent to a matrix B = (b;;) € M(n x n,K) of the form

bi1 b b1z ... by,
O bzz b23 oo bZn
0 0 b3z ... b3y
0 0 0 ... bu

i.e. with bjj = 0 whenever j > i and with b;; # 0 forall i € {1,2,...,n}. A matrix which is of this
form is called upper triangular.

Proof. "<=": One immediately derives from its properties that rank B = n. Hence, rank A = n
by Theorem 8.53, which means that rank f4 = # and thus that f4 : K" — K" is surjective.
Corollary 7.23.c) then implies that f4 is an isomorphism, so that A is invertible.

"=": By definition, A is invertible if and only if the map f4 : K" — K" is bijective which yields
that rank A = rank f4 = n. By Theorem 8.57, there exists B = (b;j) in row-echelon form and
row-equivalent to A, which satisfies rank B = n by Theorem 8.53. Thus, for eachi € {1,2,...,n}
there is a pivot element b;;;, with 1 < j; < j» <--- < j, < n. But the only possibility for this to
happenisthatj; =1, j» =2,...,j, = n, which shows that B is of the above form. O
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As a next step, we make a useful observation about elementary matrices.

Theorem 8.62. Each elementary matrix is invertible and its inverse is again an elementary matrix.
More precisely, the following holds for all m € IN and the elementary matrices in M(m x m, K):

a) Pt = Pyforalliyj € {1,2,...,m}.

1
b) (QM) 1 =Qf foralli€ {1,2,...,m} and A € K~ {0}.
c) (Réj)_1 = R;jAforall i,je{1,2,...,myand A € K.

Sketch of proof. This follows from explicit computations of matrix products or from meditating
about the associated elementary row operations. More generally, one might show that

QM -Ql =M Vie{L,2...,m}, AueK~{0}

and N "
1 o .
Ri’]-~R§fj:Ri/j} Vi, je€{1,2,...,m}, A,y € K.
We omit the details. O

The key to explicitly computing the inverse of an invertible matrix is the following observation.

Theorem 8.63. Let m € IN. Then every invertible m x m-matrix is given as a product of finitely many
elementary matrices.

Proof. By Theorem 8.57, there exist k € IN and elementary matrices Ey, ..., E;, such that B :=
E1E;...E,Ais an upper triangular matrix. If B = (b;;), then we can proceed by further elemen-
tary row operations as follows:

e Foreachie {1,2,...,m—1} put
bim

bmm

Aig 1= —

and add the A;,,-fold multiple of the m-th row to the i-th row, i.e. subsequently multiply
B with Rl’.\’,’;” and call the result

. pMmpAam /\(m—l)m
Cm = Ry iRy - Ry~ B-

Then the only non-zero entry in the m-th column of Cy, is in position (m, m).
o Letke {2,3,...,m} and let C; = (cf]) be given. For eachi € {1,2,...,k — 1} put
k
X
Ajg o= ——&

k
Crk

and add the Aj-fold multiple of the k-th row of Cj to the i-th row, i.e. subsequently mul-
tiply Cy with R?;;" and call the result
Mk pA Ak
Ceo1 = RIFR¥ . R G

Then for each j > k the only non-zero-entry in the j-th column of C; is in position (j, j).
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Following this iterative construction, one obtains a matrix C;, which is of the form

dq 0 0 ... 0

0 d 0 ... 0
c=|0 0 d ... 0]

0 0 0 ... dy

where d; # 0 foralli € {1,2,...,n}. Then

ayl o g1 4,1
Mll M22 oM Cpo= Iy

Thus, by applying a (possibly large, but) finite number of elementary row operations, one can
transform A into I, i.e. there are k € IN and elementary matrices By, . .., By, such that

Iy = B1By ... BYA
and thus by Theorem 8.15.b),
A= (BiBy...B) ' =B '...B,'B .
By Theorem 8.62, each Bi—1 is again an elementary matrix, which shows the claim. O

Using the previous theorem and observations from its proof, we obtain a method for explicitly
inverting a quadratic matrix.

Method of computing the inverse of a given invertible quadratic matrix:
Letm € N and A € GL(m, K).

e Apply a sequence of elementary row operations to A after which one obtains ;.
e Apply the same elementary row operations to I, and call the result B.

Since B is then given as the product of those elementary matrices which "turn A into I,;", it
follows that B = A~

01 —4
Example 8.64. Let A= |1 2 —1] € M(3 x 3,R). One computes that its rows are linearly
11 2

independent, such that A is invertible. We compute the steps of the Gaussian algorithm for A

and I3 simultaneously:

01 —4
1 2 -1
11 2
1 2 -1 010
01 —4 1 00
11 2 0 01

1 S12 1512
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—1 -1
+ E3,1 + E3,l

1 2 -1 0 1 0
0 1 -4 1.0 0
0 -1 3 0 -1 1

VE}, LE3,
12 -1 0 1 0
01 —4 1.0 0
00 -1 1 -1 1

Now that the left-hand matrix is upper triangular, we apply the method from the proof of The-
orem 8.63.

Myt Myt
1 2 -1 0 1 0
01 —4 1 0 0
0 0 1 -1 1 -1
LE3s LE3s
1 2 -1 0 1 0
01 0 -3 4 -
0 0 1 -1 1 -1
LEis LEis
1 2 0 -1 2 -1
010 -3 4 -
0 01 -1 1 -1
VE; VE;
1 00 5 —-6 7
010 -3 4 -
0 01 -1 1 -1
5 -6 7
Since we have arrived at I3 on the left-hand side, it follows that A~ = | =3 4 —4
-1 1 -1

8.4.3 Solution sets of systems of linear equations

Finally, we are going to study solution sets of linear systems and how to determine them making
use of the methods that we studied in this section. As defined in Section 7.3 a linear system or
system of linear equations is a family of equations

a1 x1 +apxy + -+ ayx, =b
Ax1X1 + AxpXp + -+ - + dopXy =b

) ) ) ) ) (8.3)
A1 X1 + AgpX2 4 - - - 4+ ApnXy = by,

where a;;,b; € Kforalli € {1,2,...,m}and j € {1,2,...,n}. The brace indicates that we are
searching for those (xy,...,x,) € K" which satisfy all of these equations simultaneously. Now
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that we have etablished the terminology of matrices, we can rewrite such a system in a more
concise way.

Definition 8.65. Consider a linear system of the form (8.3). The matrix A := (a;;) € M(m x n,K)
is called the coefficient matrix of the linear system.

With b := (by,...,by) € K™ and A being the coefficient matrix, the linear system (8.3) is equiv-
alent to
Ax=b <& fa(x)=b,

where x € K". We denote its solution set by L4 := Ly, , = {x € K" | Ax = b}. If xg € K"
satisfies Axyp = b, then by Theorem 7.30

EA,b = X9+ 'CA,O-
If T € GL(m,K), then obviously Ax = b is equivalent to TAx = Tb, so
EA,b = ‘CTA,Tb VT € GL(m, K)

We will make use of this observation by applying the Gaussian elimination method. A conse-
quence of the previous discussions, in particular of Theorem 8.57 and its proof, it the following
statement.

Corollary 8.66. Let m,n € IN. For each A € M(m x n,K) there exists S € GL(m,K), such that
S~ A is in row-echelon form.

This corollary can be employed to study the existence of solutions of linear equations of the form
Ax = b. Obviously, any homogeneous equation Ax = 0 possesses the solution xg = (0,0, ...,0),
but what about inhomogeneous linear equations?

Theorem 8.67. Let A € M(m x n,K) and b € K™ and let r = rank A. Let S € GL(m, K), such that
S~1A is in row-echelon form and put b’ := S~b. The following are equivalent:

(i) Ax = b has a solution.
(ii) b, = 0 foralli > r, where b’ = (b},...,by,).

Proof. (i) = (ii): The matrix B = (bi]-) := S~ Ais in row-echelon form, hence b;j = 0foralli >r
and allj € {1,2,...,n}. Since Ax = b has a solution, Bx = b’ has a solution x = (x1,...,x,) as
well. Then for i > r the equality of the i-th row of Bx = I’ reads as

n
bz/ = E bZ]x] =0.
j=1

(ii) = (i): Let] := {ji,...,jr} be the set of column indices of the pivots of B := S~!A, labelled
such that j; <jp < --- < j. Let
Uy :={(x1,...,xn) €K"|x;=0if j & ]} = span({ej,ej,,---,¢}),

where the ¢; denote the elements of the canonical basis of K". Hence U] is a linear subspace of
K". We want to show that the equation Bx = b’ has a unique solution in Uj.
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If x = };_; xxej, € Uj, then, since by assumption the last m — r equations of the corresponding
linear system are trivially satisfied, Bx = b’ is equivalent to

blh Xq + blszQ + -+ bl]’,xr = bi
b2f2x2 +---+ sz,xr = b&

b,:

1,/
vy Xr = by

Since the pivots satisfy bkjk # 0foreachk € {1,2,...,r}, one derives that this linear system has
a unique solution in the following way: The last of the above equations yields
b,

Xy = ——.

brj,
Inserting this into the second-to-last equation, which reads as
br—1)j, 4 Xr—1 F by, Xr = by 4

we obtain a formula for x,_1, which is thus uniquely determined as well. Proceeding iteratively,
we compute all of the x; and finally obtain a unique x € Uy which is a solution of Bx = b’ and
thus of Ax = b. O

We not only want to confirm the existence of solutions of linear systems, but also to find all of
their solutions. Assuming the existence of a solution, we establish the following general method
for determining solution sets. As it was the case for earlier results, the proof of this theorem will
provide us with a method of explicitly computing solution sets.

Theorem 8.68. Let A € M(m x n,K) and let r = rank A. Let b € K™, such that Ax = b admits a
solution. Let B be a matrix in row-echelon form that is row-equivalent to A and let | C {1,2,...,n} be
the set of column indices of the pivots of B. Let Uy, V; C K" be given by U; = span({e; | j € J}) and
V; =span({e; | j € {1,2,...,n} \J}). Then there exists c € K" and amap g : V; — ¢ + Uy, such
that

Lap=1y+38y) K[y eV}
Proof. Let S € GL(m,K) such that B= S~!'A and put b’ := S~'b. Then for every x € K"
Ax=b <& Bx=V.
Let K}, := K" x {0} = {(xq,...,%,,0,...,0) € K" | (x1,...,x,) € K"}, which is obviously a
linear subspace of K™. As argued in the proof of Theorem 8.67 for each q € KJ, there exists a
unique x € Uj with B(x) = g, hence the restriction
B] = fB|U] : UI — K:n

is an isomorphism.
Let y € V}. By the row-echelon form of B, it holds that —By € Kj,. Since Bj is an isomorphism,
there exists a unique x,, € Uj, such that

xy = —B; 'By.
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Then B(xy, +y) = B(xy) + By = 0. Thus, the following map is well-defined and linear:
G:Vi— Lo, Gly)=y+x,=y— BBy

Assume that G(y) = 0. Theny = Bj_lBy € Uy, hence y € Uy NVj = {0}, which yields y = 0.

By Theorem 7.10.b), this shows that G is injective. By the dimension formula for linear maps,

dim Lpg = dimker fg = n —rank fg = n —r. Since |J| = r, itholds that dim V; = n — dim U} =
n — r as well. Thus, by Theorem 7.10.c), G is an isomorphism. Thus,

Lao=Lpo={y—B;'BycK"|yeV}

As discussed above, £ 4, = Lp . By construction, B;l (V') € L 4. Combining this with the set
of homogeneous solutions,

Lap={y—B;'By+B;'(t))eK"|yeVj} ={y+B; (V' ~By) eK" |y € Vj}.
The claim thus follows with ¢ := Bj_l(b’) and g(y) =c— Bj_lBy. O

This result and the methods of its proof now lead us to the desired method of determining so-
lutions of general systems of linear equations.

Method for finding the solution sets of systems of linear equations:

e Interpret (8.3) as an equality between matrices Ax = b, or explicitly

ai app ... A1y X1 b1
an azxp ... dyy X2 bz
Ayl A2 - A Xm by,

Apply elementary row operations to both A and b to transform A into a matrix in row-
echelon form B, such that Ax = b is equivalent to Bx = ¥'.

Use Theorem 8.67 to check if the system has a solution. If not, the solution set is empty.

Find U; and Vj as defined in Theorem 8.68.

For each y € Vj find the unique solution x, € Uj of B(x,) = —By + b’ by Gaussian
elimination and the methods of Section 8.4.2.

Then ﬁA,bZ{y+Xy€Kn |y€V]}.

Example 8.69. Consider the linear system

X1+ 6x3 + x4 =3
X2 — 8X3 =-5
4xy —16x3 —3x4 = —7
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which is equivalent to

10 6 1 il 3
01 -8 0 xz =|-5
0 4 —-16 -3 x3 -7

—4 —4
E3,2 ‘I’ E3,2 ‘l’

10 6 1 il 3

01 -8 0 x2 =|-5

00 16 -3 3 13
X4

We call the the left-hand matrix B. Then B is in row-echelon form with | = {1,2,3}, hence
Uy = {(x1,x2,x3,0) € R* | (x1, %, %3) € R%} and V; ={(0,0,0,x4) € R* | x4 € R}.

For y € R we now need to solve the equation of matrices

X1 0 3
X2 0

B =-B +1-5
X3 0 13
0 y

As a linear system, this becomes
X1 +6x3=-y+3

X2 — SX3 =-5
16x3 = 3y + 13.

The last row yields x3 = 1 + 12. Inserting this into the second row shows

X ——5—0—§ +E_§ —i—§
2= T TV Ty

Inserting the third into the second row yields

18 78 17 15

A A T LA

Consequently, the solution set of Ax = b is given by

Lar={(= g5y~ 1y 2¥* 2367 1) X [y R

{5 21e0) (- 157 3p7) SRy o)
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Chapter 9

Properties of endomorphisms

Throughout this chapter, let K be a field.

Before discussing new mathematics, let us explain the headline of this chapter.

Definition 9.1. Let V be a vector space over K. A linear map f : V — V is called an endomor-
phism of V. A bijective linear map f : V — V is called an automorphism.

In other word, an endomorphism is a homomorphism for which domain and codomain are the
same, while an automorphism is an endomorphism which is also an isomorphism.

9.1 Definition and construction of the determinant

In this section, we want to discuss a map which we first define by demanding it to have certain
properties. We will give an explicit definition of that map below.

Definition 9.2. Let n € IN. The determinant is a map
det: (K")" =K"x K" x---x K" - K
with the following properties:
(1) detis multilinear: Foralli € {1,2,...,n},v1,...,v,,w; € K"and all A, y € K it holds that

det(vy,...,v;_1,Av; + HW;, Vi11, ..., Vn)
= Adetvy,...,0,_1,0;,0i41,...,0n) + pdet(vy, ..., 01, Wi, Viz1, ..., Un).

(2) detisalternating: Letvq, v, ..., v, € K". If therearei,j € {1,2,...,n} withi # j, butv; = vj,
then det(vq, vy,...,v,) =0.
(3) detis normed: det(eq, ey, ...,e,) =1, where (eq,...,e,) is the canonical basis of K".

So far, the properties in Definition 9.2 are merely a wishlist. We don’t know at this point if there
actually exists a map which has all of these properties. Indeed, we will show in this section that
there exists a unique map which has all of these properties and derive an explicit formula. We
first make an observation that follows straight from the defining properties.
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Theorem 9.3. Letn € Nandi,j € {1,2,...,n} withi < j. Then
det(vq,...,vn) = —det(vl,...,'Ui_l,'Uj,'Ul‘_;,_],...,'Uj_],'(]l‘,v]‘_;,_],...,Un) Yoi,...,0, € K",

Proof. By the defining properties of det, it holds that

02 det(vy,...,0i-1,9; + 0}, i1, .-+, 0j-1,0i + 0}, Vjs1,- -+, On)
@ det(vy,...,0i-1,9,...,0j-1,0; + 0j,...,Un) +det(vy,...,0;_1,0,...,0j1,0; + 0}, ..., Un)
@ det(vy,...,0i1,0i...,0j-1,0;,...,0n) + det(v1,...,0i 1,0 ..., 0j_1,0),...,Un)
+det(vy,...,0i-1,0j,...,0j-1,0j,...,0n) +det(vy,...,0;_1,0j,...,0j_1,0;,0j41,.-,Vn)

@ det(vy,...,0i-1,9i,-..,0j-1,0j,...,0n) +det(vy,...,0i_1,0j,...,0j_1,0j,. .., Un).

Bringing one term to the other side shows the claim. O

Finding an explicit formula for det requires some combinatorial preparations.

Definition 9.4. Letn € IN.

a) The permutation group of degree n is given by

Sp={c:{1,2,...,n} = {1,2,...,n} | oisbijective}.

together with the composition of maps. By Exercise 2 of Sheet 0 from Mathematics for Physi-
cists 1, (Sy, 0) is a group.

b) Elements are of S, called permutations of {1,2,...,n}.
c) T € Sy, is called a transposition if there are i,j € {1,2,...,n}, such that
(i) =, T(j) =1, (k) =k Vke{1,2,...,n}~{ij},
i.e. if T swaps two elements and keeps the rest of them unchanged.
We will use the following simple fact from group theory without proving them.
Theorem 9.5. a) Given n € IN, the permutation group S, has precisely n! elements.
b) Every o € S, is given as the composition of finitely many transpositions.
Definition 9.6. Letn € Nand o € S,,. If 1y, T, .. ., Ty € Sy, are transpositions with
C=T]0T0- 0T,

then we call ;

sign(c) := (—1)".
the sign of .

Remark 9.7. (1) In general, there are various ways of obtaining a permutation as a composition
of transpositions, so it is not immediately clear that sign(c) is well-defined. To see this, one
needs to show thatif o € S, and it 7y, ..., %, p1,...,0¢ € Sy are transpositions, such that

U:Tlo"'oTk:PlO"'OPEr

then either both k and /¢ are even or both k and ¢ are odd. This is indeed the case and we
take this assertion for granted in this lecture without giving a proof.
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(2) It follows straight from the definition of the sign that for all 01,0, € S;, it holds that
sign(oy 0 o) = sign(oy) - sign(oa).

Theorem 9.8 (Uniqueness and existence of the determinant). Let n € IN. There exists a unique

map
det: K" x---x K" = K

which has all three properties from Definition 9.2. If ay, . .., a, € K" have entries a; = (aj, ap, ..., Aiy)
forallie {1,2,...,n}, then

det(ay, ..., ay) = Y sign(0)aio(1)820(2) - - - ng(n)- (9.1)

oESy

Proof. Let det : (K")" — K have properties (1), (2) and (3) from Definition 9.2. Since a; =
27:1 ajjej for each i € {1,2,...,n}, we compute that

n
det(ay,...,ay) = det( ) 611]'161'1,612,---,&;1)
=1

1 n
@ Y ayj, det(ej, az, ..., a,)
i1=1

= Z a1, det (eh’ Z B2jpCiar -1 1 )

h= =1

1 n n
@ Z Z ayj,azj, det( eh,e]z,ag,, e, y)

n
Z a1j,02j, - - - Anj, det(ejl,ejz, e ,8]'“).

I
I [\13 :

By property (2) of det, it holds in particular that det(e;, ej,,...,¢;,) = 0 if there are k, ¢ €
{1,2,...,n} with k # ¢ and ji = j,. Thus, the only non-vanishing summands in the above
big sum occur if jy # j, whenever k # ¢. Equivalently, the corresponding summand is non-
vanishing if and only if the map ¢ : {1,2,...,n} — {1,2,...,n}, o(k) = ji, is a permutation.
Vice versa, with every permutation we can associate a unique non-vanishing summand of the
above sum. We derive:

det(al, e ,lln) = E 111(7(1)02(7(2) e ung(n) det(ea(l), 60(2), e /e(f(n))‘ (92)

oceSy,

It remains to clarify the relation between det(e, (1), - .-, €,(,)) and det(ey, ..., en) D1 Leto e Sn

be fixed. Let 7,0’ € S, be such that 7 is a transposition and such that ¢ = 7o ¢’. Then by
Theorem 9.3

det(ea(l), ooy ea(n)) = det(eT(U/(l)), . /e'r(a'/(n))) = — det(ea/(l), oo ,60/(;,,)).

Hence, if cis givenas o = 1y o - - - o T, where 7y, ..., Ty € S;; are transpositions, then

det(es(1),-- -/ €o(n)) = (=1)kdet(ey, ..., en) = (=1)F = sign(0).
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Inserting this into (9.2) yields

det(ay, ..., an) = ) Sign(0)a14(1)A20(2) - - - Ano(n)-
oESy,
So we have shown that if a determinant map exists, it must necessarily be given by this expres-

sion. It remains to show that the map defined by this expression actually has properties (1), (2)
and (3) of a determinant.

(1) (Multilinearity) Leti € {1,2,...,n}, A,y € Kand b; = (bjy, ..., b;,,) € K". Then:

det(ay, ..., a;_1,Aa; + ub;,a;4q,...,an)

Y sign(0)ae() - - a-1)0(i—1) Aio(i) + Hbio(i))A(i41)0(i4+1) - - - Ino(n))

eSS,

=AY sign(0)arp() - - Ai—1)o(i-1)Bio () H(i+1)0(i+1) - - - no(n))

TES,

+u Y sign(0)ao() - - A-1)o(i-1)bio () B (i+1)0(i41) - - - Ano(n))
o€eSy

= Adet(ay,...,a;_1,a;,0i41,...,4n) +pdet(ay, ..., a;_1,b;,ai11,...,an),

which we wanted to show.

(2) (Alternation) (This part of the proof is not discussed in the lecture videos.)

Leti,j € {1,2,...,n} withi # jand a; = aj,ie. aj = aj forallk € {1,2,...,n}. Lett € S,
be the transposition with 7(i) = j and 7(j) = i. One can divide S, into those permutations
that are obtained by first applying T and those which are not: there exists A, C S, with
A,NB, =&, where B, ={cot €S, |0 € A}, suchthatS, = A, UB,. Then

det(ay,...,a,)

= ) sign(0)a1o(1)A20(2) - - Ano(m) + Y SIS0 )a107(1) 207 (2) - - - Bt ()

oEA, o’'€By,

= Z sign(a)alg(l) . antT(n) + Z sign(a @) T)alo(r(l)) ce aig(r(i)) . ajv(”r(j)) e aW(T(n))

gEA, TEAy

Rem.:9.7.(2) Z

sign((r)alg(l) e am,(n) - Z sign((f)alg(l) e aia(j) e ajtf(i) e ﬂna(n) =0,
oEA, TEA,

since a;,(j) = Ajy(;) and ajo(j) = () forall o € S, by assumption and thus ay,(1) .. . 5(s) =
A15(1) - - - Aig(j) - - - Ajo(i) - - - Ano(n) fOT all o € Sy. Hence, det is alternating.

(3) (Normed map) If a; = ¢; for every i, then a;; = 6;; = {1 ifi =j,

0 ifi;éj.' Hence, for o € S, we

compute

1 ifo(i)=iVie{1,2,...,n},
0 else.

Me(1)P20(2) -+ - no(n) = {
Hence, withid :=idf; 5} € Sn, the formula (9.1) becomes
det(alr cee /an) = sign(id)a11a22 ey = 1.

This shows that the map det, given by (9.1), is the unique map having all three properties of
Definition 9.2. O
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9.2 Determinants of matrices and endomorphisms

The determinant that we constructed in the previous section had n vectors in K" as inputs.
We can now define the determinant of an # X n-matrix by simply considering its row vectors as
inputs.

Definition 9.9. Let n € N and A € M(n x n,K). Let (af,...,a},) be the row vectors of A and
view them as a] € K" foreach i € {1,2,...,n}. The determinant of A is given by

det A :=det(a], ..., a;,) € K.
One also writes |A| := det A.

Please keep in mind that the determinant is only defined for quadratic matrices. Explicitly,

an ain e a1n
a 4z ... a2y
det| . . | =) sign(0)an)Aa() - - Bno(n)-
: : . . oESy,
ﬂnl ﬂnz e Ann

Note that each of the expressions ay4(1)82¢(2) - - - Ao (n) CONtains precisely one entry from each row
and precisely one entry from each column of the matrix.

Remark 9.10. We want to elaborate on three cases in which we can derive concise explicit for-
mulas for det A from its description in (9.1).

(1) Let (”“ ”12> € M(2 x 2,K). Evidently, S, = {id, T}, where 7 : {1,2} — {1,2} is given

a1 422
by 7(1) = 2 and 7(2) = 1. Since 7 is a transposition, sign(7) = —1. Hence,
ay a
det ( H 12) = a1142 — A12471.
a1 A

a1 412 413
(2) Let [ a1 ax ax | € M(3 x 3,K). By Theorem 9.5.a), S3 has precisely six elements!. A
az1 4azy 4as3
thorough computation of signs then shows that

aip a1z 413
det [ ap1 ax ax | = a11a20a33 + a12a23431 + 413021432 — A13022031 — (12021433 — 411423032
az] aszp ass

This formula is also called the Rule of Sarrus and is easy to recall by a little visual memoriza-
tion trick, see the explanations in the lecture video.

(3) Letn € N and let A € M(n x n,K) be upper triangular, so that a;; = 0 whenever i > j. If
o € S, is a permutation with ¢ # id, then one shows that there exists ani € {1,2,...,n}
with i > ¢(i). In particular, since A is upper triangular, for each ¢ # id there exists i €
{1,2,...,n} with a;,(;) = 0. This shows that all summands but the one for id vanish in (9.1)
and thus

det A =apaxy...a..

LA little fun exercise: list them all and find their signs.
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To study properties of determinants of matrices, we want to investigate what effects applying
elementary row operations has on the determinant of a matrix.

Theorem 9.11. Let n € Nand A € M(n x n,K).

a) Leti,j € {1,2,...,n} withi < j. Then det(S;;(A)) = — det A.

b) Leti € {1,2,...,n}and A € K~ {0}. Then det(M}(A)) = Adet A.
) Leti,j€{1,2,...,n} and A € K. Then det(Egj(A)) = det A.

Proof. Let (af,...,a};) be the row vectors of A.

a) By Theorem 9.3,

det(Si,j(A)) = det(ay, ... ,af?l,u]’., A g, .,a]ll,af, a}H,. oo, ay)
= —det(al,...,a),) = —detA.

b) By the multilinearity of det,

det(M}(A)) = det(a},...,al_y,Aa},al 4, ... a})

n

= Adet(ay,...,aj_y,a},a; q,...,a,) = Adet A.
c) Since det is multilinear and alternating,
det(El{‘j(A)) =det(al,...,al_y,a] + )\a;, i, 4y)

=det(ay,...,a;_y,a;,a; ,...,an) +Adet(a{,...,af_l,a]’-,alﬁrl,...,a]’-,...,a:,)
=detA+ A-0=detA.

O

So far, we have talked about invertible matrices and observed that not every quadratic matrix
is invertible. We can even invert a matrix if we know that it is invertible, but we have not
yet found a method of finding out whether a given matrix is invertible or not. The following
theorem shows that we can do so by using the determinant.

Theorem 9.12. Let n € Nand let A € M(n x n,K). The following statements are equivalent:
(i) A is invertible.

(ii) rank A = n.

(iii) det A # 0.

Proof. The equivalence of (i) and (ii) was already discussed in the previous chapters, so it suf-

fices to show the implications "(i) = (iii)" and "(iii) = (ii)".

(i) = (iii): By Theorem/Definition 8.61, we can transform A by elementary row operations

into an upper triangular matrix B = (b;j)with b;; # 0 for alli € {1,2,...,n}. By Remark 9.10,
det B = by1byy ... by, # 0.

Since B is obtained from A by elementary row operations, Theorem 9.11 yields det A = y det B
for some u € K~ {0}, hence det A # 0 as well.
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(iii) = (ii): We will prove the claim by contraposition. Assume that rank A < n. By Theorem
8.53, there is a matrix B = (b;;) in row-echelon form obtained from A via elementary row
operations with rank B = rank A < n. As in the previous implication, det A = u det B for some
i € K. But since B is in row-echelon form and rank B < n, its n-th row vanishes entirely, i.e.
byj = 0 forall j € IN. But since every summand of det B in the explicit formula (9.1) contains
a factor of the form by, this implies that det B = 0. Hence, det A = 0. By contraposition, this
shows that det A # 0 yields rank A = n. O

We want to study determinants of matrix products. Before carrying on, we habe to insert an
important result about the matrix product that the lecturer simply forgot to include into Section
8.1 where it actually belongs...

Theorem 9.13. Let {,m,n € N. Let A,B € M(¢ x m,K) and C,D € M(m x n,K). Then
A(C+D)=AC+AD and (A+B)C = AC+ BC.

Proof. We will only prove the first equation, since the second one is proven analogously. Let
fa, f : K" — Kfand fc, fp : K" — K™ be the linear maps induces by A, B, C and D, respec-
tively. It follows from the definition, that C + D induces the map fc + fp, so by Theorem 8.9,
the matrix A(C + D) induces the map f4 o (fc + fp). For each x € K" we compute by linearity

OffA:
(fao(fe+fp))(x) = falfc(x)+ fp(x)) = falfc(x)) + fa(fp(x)) = (fao fc)(x)+ (fao fp)(x).

Hence, fa o (fc+ fp) = fao fc+ fa o fp and since the right-hand map is induced by AC + AD,
this shows the claim. O

It turns out that the determinant behaves well with respect to products of matrices, which will
turn out to be immensely useful.

Theorem 9.14. Forall A, B € M(n x n,K) it holds that
det(A - B) = det A - detB.

Proof. (We will not prove this theorem by an explicit computation, but use the uniqueness prop-
erty of the determinant in a smart way.)

Let B € M(n x n,K) be fixed. If B is not invertible, then a standard computation shows that
A - Bis not invertible for any A € M(n x n,K), so in that case both side of the equation vanish.
If B is invertible, then det(B) # 0 and we define

dg: M(nxmK) =K, dg(A):= %

We want to show that dp has all three defining properties of the determinant. Let A € M(n x
n,K) and let (ay,...,a,) be its row vectors. A standard computation of matrix products then
shows that the row vectors of AB are given by

(al-B,...,an~B).
(1) Let A, € Kand letb; € M(1 x n,K). Then
dg(ay, ..., ai—1,Aa; + ubj,a;q, ..., an)

1
= mdet(al -B,...,a;_1-B,(Aaj+ub;)-B,aj;1-B,...,a, - B).
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By property (1) of det, this yields

dB(Lll,.. a1, Aa; + ub;, a4, .. .,an)

det(ay,...,a;_1,a;,8i11,.-.,ay) + det(ay, ..., a;_1,b;,ai41,...,a,)

I "
~ detB detB
= AdB(al/ B /an) + ]/ldB<al/ o /ai—lrbi/ Ait1s--- /an)-

This shows that dp has the multilinearity property of the determinant.

(2) Let A € M(n x n,K) and let (ay,...,a,) be its row vectors and assume that there are i # j
with a; = a;. Then a; - B = a; - B, so it follows from property (2) of det that

_ det(a; - B,...,a,-B)

dg(ay,...,a,) dotB =0.
(3) We compute thatdg(ey,...,e,) = de{;gt”ég) = ggzg =1, so dp is normed.

Since dp has all three properties from Definition 9.2, it follows from the uniqueness part of
Theorem 9.8 that dg(A) = det A and thus det(AB) = det(AB) forall A € M(n x n,K). O

Corollary 9.15. a) Let A € GL(n,K). Then det(A™!) = (detA)~\. F
b) Let A,B € M(n x n,K) and assume there exists P € GL(n, K), such that

B = PAP L.
Then det A = det B.

Proof. a) Let again I, be the identity matrix of size n. Since I, is upper triangular, we derive
from Remark 9.10.(3) that det I, = 1. Since A is invertible, det A # 0 by Theorem 9.12. Since
AA~1 = I,,, we derive from Theorem 9.14 that

1
= e . -1 = . -1 -1 = —
1=detl, =det(A-A7") =detA-det(A™") < detA qotA”

b) Applying Theorem 9.14 twice yields

detB = det(P-A-P) =detP-detA-det(P1) D detP-detA - (detP)~! = det A.
O

Corollary/Definition 9.16. Let SL(n,K) := {A € M(n xn,K) | detA = 1}. Then SL(n,K) isa
group with respect to multiplication of matrices. It is called the special linear group of degree n over
K.

Proof. By Theorem 9.12, SL(n,K) C GL(n,K). By Theorem 9.14, it holds for all A, B € SL(n, K)
that det(AB) = (det A)(detB) = 1, hence AB € SL(n, K). By Corollary 9.15.a) it further holds
that det(A~!) = (det A)~! = 1forall A € SL(n,K). Moreover, det I, = 1, hence I,, € SL(n,K).
The claim then follows in analogy with Corollary 8.16. O

Theorem 9.17. Let n € N. Forall A € M(n x n,K) it holds that

det A = det(A").
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Proof. (This proof is not discussed in the lecture videos.)

Let A = (a;j). By definition of A’, we compute that

det(At) = Z Sign(U)ﬂU(l)laU(z)Z ce ﬂg-(n)n.

oESy,
For each o € S,, it holds that
Ag(1)19(2)2 - - - Ao(n)n = Mo-1(1)P20-1(2) - - - Ino—1(n) 9.3)

since if (k) = iy for each k € {1,2,...,n}, then ¢~ (i}) = k, such that Ay(kyk = digk = @
Since every a

iro (i)
appears exactly once in the right-hand side of (9.3), this shows the validity
1

i1 (i)

of that equation. Putting T := ¢~ in each summand, we obtain

det(At) = Z Sign(a‘)alg—l(l)azg—l(z) e ﬂno.—l(n)

oEeSy,

=) Sign(T_l)ﬂh(l)QZT(Z)""ZnT(")'

TES)

Since To 71! = id and since sign(id) = 1, we obtain from Remark 9.7.(2) that sign(t) =
sign(t~!) for each T € S,. Inserting this into the above shows that det(A") = det A. O

As a next aim, we want to define the determinant of an endomorphism of a finite-dimensional
vector space. Such a determinant will be defined as the determinant of one of its matrix rep-
resentations. To make this well-defined, we will first establish using the previous observations
and our knowledge on matrix representations that this determinant is independent of the choice
of a basis.

Definition 9.18. Letn € N and A, B € M(n x n,K). A and B are called similar (or conjugate) if
there exists P € GL(n,K) with B = PAP~L.

Let n € N, let V be an n-dimensional vector space over K and let f : V — V be an endomor-
phism. Given an ordered basis B of V we can study the matrix representation

MB(f) = MB,B(f) S M(I’Z X I’Z,K).

of f,i.e. we can choose the coordinate representation with respect to the same basis on domain
and target of f.

Theorem 9.19. Let V be a finite-dimensional vector space over K and let f : V — V be an endomor-
phism. If B and C are ordered bases of V, then Mp(f) and Mc(f) are similar.

Proof. Let n := dimV and let T € GL(n,K) be the transformation matrix from B to C. By
Theorem 8.26, it then holds that

Mc(f) = Mcc(f) = Tsc - Mp(f) - Ty = P(Mp ()P~
with P = Tp ¢. Hence, Mp(f) and Mc(f) are similar. O

Definition 9.20. Let V be a finite-dimensional vector space over K and let f : V — V be an
endomorphism. Given an ordered basis B of V, we put

det f := det(M3p(f))

and call it the determinant of f. (By Corollary 9.15.b) and Theorem 9.19, this number is indepen-
dent of the choice of B, hence well-defined.)
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The properties of determinants of matrices that we discussed in this section evidently have con-
sequences for endomorphisms. The following theorem summarizes all of these consequences.
Its proof traces them back to the corresponding statements for matrices.

Theorem 9.21. Let V be a finite-dimensional vector space over K and let f, g € L(V, V). Then:
a) det(idy) = 1.
b) f is an automorphism if and only if det f # 0.
c) det(go f) = (detg)(det f).
d) Let f*: V* — V* be the transpose of f. Then det(f*) = det f.
Proof. (This proof is not carried out in the lecture videos.)
a) Letn = dim V. For every ordered basis B of V, it holds that
Mp(idy) = Mpg(idy) = I,.
Hence, det(idy) = det(I,) = 1.

b) fisanautomorphism if and only if it is surjective, i.e. if rank f = n. It follows from Corollary
8.31 that f is an automorphism if and only if rank Mp(f) = n for every ordered basis B of V.
The claim thus follows from Theorem 9.12.

c) Let B be an ordered basis of V. By Theorem 8.27, it holds that

Mpg(go f) = Mp(g) - Mp(f).

The claim thus follows from Theorem 9.14.

d) This follows by combining Theorem 8.48 with Theorem 9.17.

9.3 Computations using determinants of matrices

There are certain situations in which we can tackle some computational problems studied in
Section 8.4 like solving linear systems or computing the inverse of a matrix using determinants
instead of Gaussian elimination. In this section we want to study two such methods and also
give an approach to computing determinants of large matrices by computing determinants of
smaller ones.

Theorem 9.22 (Cramer’s Rule). Let A € GL(n,K) and b € K". Let (ay,...,a,) be the column
vectors of A. Foreachi € {1,2,...,n} let AY € M(n x n,K) be the matrix whose column vectors are

(alr s, i1, b/ Aiy1,--- /al’l)/

i.e. the matrix we obtain from A by replacing its i-th column by b. Then the unique solution x =
(x1,...,%n) of Ax = b is given by

B det A?
YT et A

Vie{1,2,...,n}.
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Proof. Since A is invertible, Ax = b has a unique solution given by x = A~!b. Viewing b as a
column vector, we obtain

n
. lxja]-:Ax:b.

]

Using the multilinearity property of det and Theorem 9.17, we compute for eachi € {1,2,...,n}
that

detAf? = det(AZ-b)t = det(al, . ,lll'_l,b, Ait1s-- .,an)

n
= det (al, e, i1, Z Xjj, Aitq, - - ,an)
j=1

n
= ij det(al,...,ai,l,aj,a,grl,...,an).
j=1
By the alternating property (2) of det, all but one of the summands in the above sum vanish and
we obtain:
detAf’ = x;det(ay,...,a;_1,a;,ai41,...,a,) = x;det A" = x; det A.
Since A is invertible, det A # 0 by Theorem 9.12 and the claim immediately follows. O

Remark 9.23. For large n € N, it turns out that applying Cramer’s rule to solve a system of
linear equations will take more computational steps than applying Gaussian elimination as in
Section 8.4.3.

In the same spirit, we can use determinants to derive an alternative approach to computing the
inverse of an invertible matrix.

Theorem 9.24. Letn € Nand A € M(n x n,K). Let (ay,...,a,) be the row vectors of A. Then
A-A=(detA)l,,
where A = (@) is given by
i = det(al,...,aj_l,ei,aj+1,...,an) Vi, je{1,2,...,n}.

In particular, if A is invertible, then
1 -
-1
— . A
det A

Proof. Using the alternating property of det, we compute foralli,j € {1,2,...,n} that

detA ifi=j,

T —deta oy
0 ifi #j,
Since a; = Y}, ajxex, where we view the e as row vectors, we derive from the multilinearity of
det that

det(al,...,aj,l,ui,ujJrl,...,an) = {

n
det A - (5,'j = det (al, e, Z AikCl, Aj 41, - - .,an>
k=1

n n
= Z ajk det(al,...,aj,l,ek,aj+1,...,an) = Z Ajglig-
k=1 k=1
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By definition of the matrix product, this last sum is the (i, j)-entry of A - A. Since I, = (éij), this
yields (det A) - I, = A - A. If A is invertible, then det A # 0 by Theorem 9.12 and we obtain

A (g25 - A) = I, which show by the uniqueness of inverses that A~! = ;1 - A. O

In the following, we want to work out a nicer formulation of the coeficients 4;; in the situation
of Theorem 9.24. We first establish some additional formalism.

Definition 9.25. Letn € Nand A = (al-j) € M(n xn,K).Fori,je {1,2,...,n} we define

an R Lll(];l) 611(]'+1) BN a1y

Aij € M((n—1) x (n=1),K), A= | 601 0 SEDG) B e B |
(+n1 - BEHNG-1) 0 BERD G+ e B Dn
anl ces ﬂn(];l) an(jJrl) “e Apn

i.e. A;;is the matrix that we obtain from A by deleting the i-th row and the j-th column of A.

Lemma 9.26. In the situation of Theorem 9.24, it holds for all i,j € {1,2,...,n} that
ﬁ,']' = (—1)i+j detA]‘,,'.
Proof. (This proof is not discussed in the lecture videos.)

By definition and by Theorem 9.11.a),

al ayg a1p 0 1 0
ai e ay; .o a1y
) ﬂ(]',l)l v a(]',l)i ST a(]',l)n -
a;j = det 0 1 0 = (=17 det|aj-1y1 --- aj-1i --- G-
aG+1)1 -e- A3+ e A3+ aG+n)1 e A3+ e A3+1)n
Ay N Ay “e Ann (22751 oo Ay e Ann

Applying Theorem 9.17 and Theorem 9.11 then shows

0 ann ... a(]‘,l)l ’1(]‘+1)1 Lo A
ﬁijZ(—l)jfldet 1 a

i oo-ee A1) A3+ - ni

0 A1y .- a(]’fl)n Ll(jJrl)n e Aun
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1 aq; e a(jfl)i Ll(jJrl)i e Ay

0 an R Aj+1)1 B
— (~1)"*2det | 0 ﬂ1(i.—1) a(j—ll)(i—l) “(j+l.)(i+1) an(i:—l)

0 ayiv1) -+ AG-1)6+1)  AG+1)3+1) Ap(it1)

0 ay, ... u(]-_.l)n Aty --- Ann
= (—1)"" det (é X];z) :

Here, the latter is a block matrix with

!/

a = (ali a(]-_l)l- a(]-H)l- Clm‘)EM(1><(i’l—1),K).

Using the explicit form of the determinant in (9.1), one realizes that every summand which has

an entry of ' among its factors vanishes as it must an entry in position (k, 1) for some k > 1.
/

1 a
From the remaining summand and Theorem 9.17, one computes that det (0 A.T.> = detA;;,
jii

which shows the claim. O

Corollary 9.27. Let A = (Z Z

a1 1 d —b _ 1 d —b
detA \—c a ad —bc \—c a )’
Proof. In this situation, we compute that A1, A1, A21, Azp € M(1 x 1,K) are given by
Arq = (d), A1 = (c), Azq = (b), Azp = (a).

By Theorem 9.24 and Lemma 9.26, we obtain

A_l o 1 (—1)l+l detALl (—1)1+2 detA2,1 _ 1 d —b
T detA \(—1)%t1detAy; (—1)*"2detAzs)  detA\-c a )’

) € GL(2,K). Then

O

An important tool to compute determinants of large matrices by an iterative method from the
determinants of smaller matrices is the following theorem.

Theorem 9.28 (Laplace expansion theorem). Let n € IN and A € M(n x n,K). Then for all
ie{1,2,...,n}:

n .
a) (Expansion by the i-th row) detA = Z (—1)"*a; det Ajf.
k=1

n .
b) (Expansion by the i-th column) det A = Y (—1)""*ay,; det Ay.
k=1

Proof. a) We obtain from Theorem 9.24 and Lemma 9.26 that for eachi € {1,2,...,n}:

n n )
detA =detA-J; = Z Ay = Z(—1)1+k{1ik det Ai,k'
k=1 k=1
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b) Since det A = det AT by Theorem 9.17, this follows from part a) applied to AT instead of A.
O

2 5 1 =2
1 0 3 =2
4 -1 -2 -1
3 -5 2 4
expansion by the second row. By the Laplace expansion theorem,

Example 9.29. We want to find the determinant of A = € M(4 x4,R) by

detA = (—1)*"11-det Ay; + (—1)>720 - det Agp + (—1)*"33 - det Ag3 + (—1)2*(—2) - det Ayy
= —det A2,1 — 3det Apz—2 det A2,4.

Here,
5 1 -2 2 5 =2 2 5 1
AZ,] = -1 -2 -1 , A2,3 =14 -1 -1 , A2/4 =14 -1 =2
5 2 4 3 -5 4 3 _5 2

Using the Rule of Sarrus, one computes that
det A2,1 =3, det Apz = —79, det A2,4 = —111.

Hence,
detA=-3+4+3-7942-111 = —3 + 237 + 222 = 456.

(This might be a surprisingly huge number on first sight, but it shows that the determinant of a
matrix is not at all easy to estimate from its entries.)

9.4 Eigenvalues and diagonalizability

In Theorem 8.33, we have seen that every linear map f : V. — W between finite-dimensional
vector spaces has a matrix representation of the form

Mgc(f) = <g 8) ,

where r = rank f, for suitably chosen ordered bases B of V and C of W.

If we study an endomorphism f : V — V, we would of course prefer to use the same coordinate
representation, i.e. the same basis, on the domain and the codomain of f. In other words, we
would prefer matrix representations of f of the form Mg(f) = Mpp(f) as we already did in
Section 9.2. Since it is important in the proof of Theorem 8.33 to have flexibility in our choices
of B and C, it is not at all clear if there exists an ordered basis B of V, for which Mp(f) has
a particularly simple form. Our main objective for the rest of this chapter is to investigate
this question and to find criteria on f to admit a matrix representation Mg (f) of a particularly
simple form. Before we make this more precise, we introduce some additional terminology for
endomorphisms.

Definition 9.30. Let V be a vector space over K and let f : V — V be an endomorphism. A
number A € K is called? an eigenvalue of f if there exists v € V with v # 0, such that

f(v) = Av.

2The term eigenvalue is probably one of the strangest in all of mathematics. It is a semi-translation of the German
word Eigenwert, which loosely translates as "own value", a value that belongs to the endomorphism itself.
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The vector v is then called an eigenvector of f corresponding to A. The set

Ex(f) ={ve V| f(v) = Av}
is called the eigenspace of f associated with A.
Remark 9.31. Let V be a vector space over K and let f € L(V, V).
(1) Evidently, 0 is an eigenvalue of f if and only if ker f # {0}. Then Ey(f) = ker f.

(2) Let A € K be an eigenvalue of f. Then, by Theorem 7.4, f — Aidy : V — V is an endomor-
phism as well and by definition

Ex(f) = ker(f — Aidy).
In particular, E, (f) is a linear subspace of V.
Example 9.32. Let V be a vector space over K.

(1) Leta € Kandlet f : V — V, f(v) = av, which is an endomorphism. Then 4 is an eigenvalue
of fwith E,(f) = V.

(2) Let f : R?> — R?, f(x) = (2x, —4y). Evidently f = fy4 is linear, where A = 3 _04> We
observe that 2 is an eigenvalue of f, since f(1,0) = (2,0) = 2-(1,0), and one checks that
E>(f) = R x {0}. Also, —4 is an eigenvalue of f, since f(0,1) = (0,—4) = —4-(0,1) and
one checks that E_4(f) = {0} x R.

(3) Let f : R> = R?, f(x,y) = (y, —x). Then f is an endomorphism. If A € R was an eigenvalue
of f, then

= Ax,
foy) =Mxy) & (y—x) =Mty < {y _
—x = Ay.
Combining the two equations yields x = —A?x and y = —A?y, which only has the trivial

solution x =y = A = 0. Hence, f does not have any eigenvalues.

(4) Given an interval I C R we put

C®(LR):= CK(I,R) = {f : I = R | f is k times differentiable for every k € N}.
kelN

C*®(I,R) is a linear subspace of C°(I, R), hence a real vector space. The map D : C*(R,R) —
C®(R,R), D(f) = f’, is an endomorphism, see Example 7.3.(4). By Corollary 4.25, every
A € R is an eigenvalue of D with

Ex(D) = {fa(x) = ae™* |a € R}.
Our motivation for the study of eigenvalues was that we aim for matrix representations of

endomorphisms that take a particularly simple form. This will be made more precise in the
following definition.
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Definition 9.33. Let n € IN.

a) A = (a;;) € M(n x n,K) is called a diagonal matrix if a;; = 0 whenever i # j, i.e. if A is of the
form

ai 0 cee 0
0 an» 0

A= _
0 0 Ann

b) Let V be an n-dimensional vector space over K and let f : V' — V be an endomorphism.
We call f diagonizable if there exists an ordered basis B of V, for which Mp(f) is a diagonal
matrix.

Theorem/Definition 9.34. Let V be a finite-dimensional vector space over K. An endomorphism f :
V' — V is diagonalizable if and only if there exists a basis of V which consists of eigenvectors of f. Such
a basis is called an eigenbasis for f.

Proof. This is evident, since one derives straight from Theorem 8.20 that for an ordered basis B
of V the matrix Mp(f) is diagonal if and only if B consists of eigenvectors of f. O

Example 9.35. The map from Example 9.32.(2) is obviously diagonalizable, while the map from
Example 9.32.(3) is not diagonalizable by Theorem/Definition 9.34, since it does not have an
eigenbasis.

Theorem 9.36. Let n € Nand A € M(n x n,K). Then fu : K" — K" is diagonalizable if and only if
A is similar to a diagonal matrix.

Proof. "=": Let B = {by,...,b,} C K" be an eigenbasis for f4, which exists by Theorem/Defi-
nition 9.34. For each i € {1,2,...,n} let A; € K be the eigenvalue with b; € E, (f). Let

S € GL(n, K) be the matrix whose inverse S~! has column vectors (b1, ...,b,). Then S~le; = b
and thus Sb; = e, for eachi € {1,2,...,n}. Consequently,

SAS le; = SAb; = S(Aib;) = AiSb; = Aje; Vi€ {1,2,...,n}.

A 0 ... 0
Ap ... 0

Hence, SAS™! = L , which is a diagonal matrix.
0 0 ... Ay

"<" LetS € GL(n,K), such that SAS~! is a diagonal matrix and let (by, ..., by,) be the columns
of S~1. Letdy,...,d, € K be the entries of the diagonal of SAS~L. Then

fa(b) = AS™e; = STH(SAS )er) = ST (dje;) = d;STe; = djby.

Hence, b; is an eigenvector corresponding to d; for each i € {1,2,...,n}, such that {by,...,b,}
is an eigenbasis for f4. O

To state a criterion for diagonizability, we will first generalize the notion of a direct sum of linear
subspaces from two subspaces to finitely many.

Definition 9.37. Let V be a vector space over K and let U, ..., U, C V be linear subspaces. We
call the sum Uy + Uy + - - - + Uy, the direct sum of Uy, . . ., Uy, if the following holds:
Ifuy ey, up €Uy, ..., u, € Uy satisfyu1 +uy+---+u, =0, then

Uy =up=---=u, =0.
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Remark 9.38. (1) For n = 2 the notion of direct sum from Definition 9.37 coincides with the
one introduced in Definition 6.36.

(2) Let V be a vector space over K and let Uy, ..., U, C V be linear subspaces. If U; @ - - - & Uy,
is a direct sum, then

n
dim(Uy @ U ® -+~ d Uy,) = ) dim U;.
i=1

This follows by induction over n using Corollary 6.41 for the induction step.

Lemma 9.39. Let V be a finite-dimensional vector space over K and let f : V' — V be an endomorphism.
If Ay,..., Ay € Kare pairwise distinct eigenvalues of f, i.e. with A; # A; whenever i # j, then the
eigenspaces Ey (f), ..., E) (f) form a direct sum

Ex,(f) ®Ex,(f) @ - D E)(f)

Proof. We need to show that if v; € E, (f) for each i € {1,2,...,k} are chosen such that v; +
vy + - +7vr =0, thenv) = vy = -+ = v = 0. We will do so by induction over k.

In the base case of k = 1, the statement is obviously true. Assume nowas induction hypothesis
that the sum E, (f) @ --- @ E,,_, (f) is direct. Since f is linear, if we apply f to both sides of

v+ ++ =0, (94)
we obtain
f(o1) + f(02) +---+ f(o) = f(0) & Aor+A00 4+ Ao = 0. 9.5)
Taking the Ai-fold multiple of (9.4) and subtracting it from (9.5) yields
(A1 = Ao+ (A2 — Ao+ + (A1 — A)vg—1 = 0. (9.6)

Since eigenspaces are linear subspaces, (A; — Ax)v; € E) (f) foreachi € {1,2,...,k—1}. By the
induction hypothesis, we thus derive from (9.6) that (A; — Ax)v; = Oforeachi € {1,2,...,k—1}.

Since by assumption A; # A for each i # k, we derive that vy = vp = - - - = v;_1 = 0. Inserting
this into (9.4) shows that vy = 0 as well. This completes the induction step and thereby the
proof. O

The previous lemma has an immediate consequence that is important to keep in mind.

Corollary 9.40. Let V be a finite-dimensional vector space over K and let f : V. — V be an endo-
morphism. If A,...,Ax € K are pairwise distinct eigenvalues of f and if v; € V is an eigenvector
corresponding to A; for each i € {1,2,...,k}, then {v1,vy, ..., v} is linearly independent.

Proof. Let uy, ..., 1ux € K, such that Y5, p0; = 0. Then p;v; € Ej(f) for eachi € {1,2,...,k}
and it follows from Lemma 9.39 that y;v; = 0 for each i € {1,2,...,k}. Since eigenvectors are
by definition non-zero, this yields y; = pp = --- = pp = 0, which shows that {vq,..., v} is
linearly independent. O

Theorem 9.41. Let V be a finite-dimensional vector space over K and let f : V. — V be an endomor-
phism. The following statements are equivalent:

(i) f is diagonalizable.
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(ii) There are pairwise distinct eigenvalues Ay, ..., Ay € K of f, such that
V=E\(f)®Ey(f) @ ®Er(f)
(iii) There are pairwise distinct eigenvalues A1, ..., A, € Kof f, such that

dimV = dimE,, (f) +dimE, (f) + - - -+ dim E,, (f).

Proof. (ii) = (iii): This follows immediately from Remark 9.38.

(iii) = (i): Letn; := dimE,,(f) and B; be a basis of E,,(f) for each i € {1,2,...,k}. From the
linear independence of the B; and from Corollary 9.40 we derive that B := B UB, U - - - U By is
linearly independent. Since B has nq + 1 + - - - + 1 = dim V many elements, it follows from
Corollary 6.33 that B is a basis of V. Hence, V possesses an eigenbasis for f.

(i) = (ii): By Theorem/Definition 9.34, V has an eigenbasis B for f. Let A1,...,A; € K be the
pairwise distinct eigenvalues of f. For each i € {1,2,...,k} we let B; := BNE, (f). Using
Corollary 6.33, it follows that B; is a basis of E, (f) for each i € {1,2,...,k}. This shows that
V =Ej (f) +---+ E) (f) and it follows from Lemma 9.39 that the sum is direct. O

This already gives us the diagonalizability of a map under a condition on the eigenvalues.

Corollary 9.42. Let V be a finite-dimensional vector space over K, let n = dimV and let f : V — V
be an endomorphism.

a) f has at most n pairwise distinct eigenvalues.
b) If f has n pairwise distinct eigenvalues, then f is diagonalizable.

Proof. Let Ay,...,Ax € K be pairwise distinct eigenvalues of f. For each i let v; # 0 be an
eigenvector corresponding to A;. Since span({v;}) C E,,(f), it follows that dim E, () > 1.

a) Using Lemma 9.39 and Remark 9.38.(2), we compute
k
k<Y dimE, (f) = dim(Ey, (f) ® - D Ey (f)) < dimV =n.
i=1

Hence, k < n.

b) If k = nin the situation of part a), then the chain of inequalities becomes a chain of equalities,
in particular dimV = Y , dimE A, (f). By Theorem 9.41, this implies that f is diagonaliz-
able.

O

So far, so good. Using Theorem 9.41 we can decide whether an endomorphism is diagonalizable
by studying its eigenspaces. But to do so for a given endomorphism, we still need to find
methods for finding the eigenvalues of an endomorphism. We are going to develop such a
computational method using the determinant of an endomorphism and of a matrix.

Theorem 9.43. Let V be a finite-dimensional vector space over K. let f : V' — V be an endomorphism
and let A € K. Then A is an eigenvalue of K if and only if

det(f — Aidy) = 0.
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Proof. First of all, we note that f — Aidy is again an endomorphism. We derive from Theorem
9.21.b) and Corollary 7.23.c) that det(f — Aidy) = 0 if and only if f — Aidy is not surjective, i.e.
if and only if rank(f — Aidy) < dim V. But by the dimension formula for linear maps (Theorem
7.22), this is in turn equivalent to

dimker(f — Aidy) = dim V — rank(f — Aidy) > 0.

This holds true if and only ker(f — Aidy) contains some v # 0, which is equivalent to the
existence of an eigenvector corresponding to A. O

Since the determinant of an endomorphism is defined via its matrix representations, we will in
the next section reformulate the condition that det(f — Aidy) = 0 in terms of determinants of
matrices.

9.5 Characteristic polynomials of endomorphisms and matri-
ces

If we restrict the considerations from the previous section to maps of the form f : K" — K",
where A € M(n x n,K), we can associate eigenvalues and eigenvectors with matrices.

Definition 9.44. Letn € N and let A = (a;;) € M(n x n,K).

a) We call A € K an eigenvalue of A if A is an eigenvalue of f4 : K" — K", i.e. if there exists
v € K" with v # 0, such that
Av = Av.

v is then called an eigenvector of A corresponding to A and E)(A) := E (fa) is called the
eigenspace of A associated with A.

b) We call A diagonalizable if A is similar to a diagonal matrix.

¢) The function

app —t ap a1y
an1 ap—1t ... doy,
xa:K—=K, xa(t)=det(A—t-I,) =det . . . . ,
an ) ee. Opp—t

is called the characteristic polynomial of A.
Remark 9.45. Letn € Nand A € M(n x n,K).

(1) Ais diagonalizable if and only if f4 : K" — K" is diagonalizable in the sense of Definition
9.33. This follows from Theorem 9.19 since as a matrix representation A = Mp(f4) for B
the canonical basis of K".

(2) Considering the explicit form of the determinant (9.1), we see that the determinant is given
as the sum of finitely many products of n many entries of the matrix. Thus, the function
Xa(t) is indeed a polynomial in the variable t whose coefficients are determined by the matrix
entries.
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(3) Taking a closer look at the formula (9.1) for the determinant and at the structure of A — ¢,
in Definition 9.44 one realizes that the only summand containing an n-fold product of ¢ is
the one belonging to o = id, which is given as

(a1 —t)(app —t) ... (apn — ) = (=1)"" + .. ..
Hence, x 4 is of the form
xa(t) = (=1)"t" +cpqt" 1+ ot +oo
for suitable cy, cq,...,¢,-1 € K. (In fact, one can even show thatc,,_1 = 0.)

Corollary 9.46. Let n € IN, let A € M(n x n,K) and let A € K. Then A is an eigenvalue of A if and
only if xo(t) = 0.
Proof. Apply Theorem 9.43 to f4 : K" — K", O

0 1

Example 9.47. Let A = <_2 _3

as

) € M(2 x 2,R). We compute its characteristic polynomial

xa(t) = det (:; _31_ t) = (—1)(=3—1)—1-(=2) = P +3t+2 = (t+1)(t+2).

Hence, x4(t) = Oifand only if t € {—1, —2}, so the eigenvalues of Aare Ay = —land A, = —2.
By Corollary 9.42, this already shows that A is diagonalizable.

To find eigenvectors of A corresponding to these eigenvalues, we have to solve systems of linear
equations. Let v = (x,y) € IR? be an eigenvector corresponding to —1. Then

(5 )0)C) » fa 5 e e

—2x =3y = -—y.
In particular, (1, —1) is an eigenvector of A corresponding to —1. Analogously, one shows that
(1,—2) is an eigenvector of A corresponding to —2. Hence, R? = E_1(A) @ E_»(A), where
E_1(A)={(x,—x) € R?|x e R} and E_»(A) = {(x, —2x) € R? | x € R}.

Theorem 9.48. Let n € Nand let A,B € M(n x n,K). If A and B are similar, then x 4 = xp.
Proof. Let S € GL(n,K), such that B = SAS~1 and lett € K. Then, by Theorem 9.13,

B—tl,=SAS ' —tS-1,-S ' =S(AS™' —tI,57') = S(A —tI,)S L.
Hence, by Corollary 9.15.b),

x(t) = det(B — tI,) = det(S(A — tI,)S™1) = det(A — tI,,) = xa(t).

We now transfer the notion of characteristic polynomials from matrices to endomorphisms.

Definition 9.49. Let V be a finite-dimensional vector space over K and let f : V — V be an
endomorphism. The characteristic polynomial of f is given by

XfSK—>K, Xf(t) = det(f —t-idy).
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Corollary 9.50. Let V be a finite-dimensional vector space over K and let f : V. — V be an endomor-
phism. Let B be an ordered basis of V. Then

Xf = XMg(f):
Proof. This follows immediately from combining Theorem 9.19 with Theorem 9.48. O

In the language of characteristic polynomials, we can rephrase Theorem 9.43 for an endomor-
phism f : V — V as follows:

A € Kis an eigenvalue of f & xp(A)=0.
We want to take another look at diagonalizability using characteristic polynomials.

Theorem 9.51. Let n € IN and V be an n-dimensional vector space over K and let f : V — V be an
endomorphism. If f is diagonalizable, then there are eigenvalues A1, ..., Ay € Kof f, such that

Xp(t) =AM —t) (A —t) ... (An — 1) vVt € K.
Proof. Let B be a basis of V, such that

A0 0
0 A ... O
A=Mp()=1| . . . .| € M(n xn,K).
0 0 An
Then by Corollary 9.50
A —t 0 0
0 Ay —t ... 0
Xf(t)ZXA(f)Zdet : : . : =M=t (A2 —t)...(An—t).
0 0 e Ay —t

O

Remark 9.52. (1) Note that in Theorem 9.51, the eigenvalues are not necessarily pairwise dis-
tinct, i.e. the characteristic polynomial is in general of the form

xp(8) = (=1t =A)" (E = A2)™ . (E =A™,
where Ay, ..., Ax € K are pairwise distinct and where 1y, ..., 1, € IN.
(2) The converse statement of Theorem 9.51 does not hold. Consider the map f4 : R? — R2

induced by A = <(l) }) One checks that x4 (t) = (1 —t)> = (t —1)(t — 1), so A has only
1 as eigenvalue. So if f4 was diagonalizable, then V = E;(A) by Theorem 9.41. But this is

false, since for example f4(0,1) = (1,1).

1 2 3
Example 9.53. (1) Consider A = (—1 -1 4) € M(3 x 3,R). Then by Exercise 3.a) from
0 0 5

Sheet 5, we compute

1—t 2 3 L
xa(t)y=det| -1 —-1—-t 4 :det< 1 —1—t> -(5—1)
0 0 5—t

=((1-0(-1-8+2)5-1t) = (P +1)(5-1).
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Since > + 1 does not have any solutions in IR, we cannot decompose x 4 into linear factors,
hence f4 : R® — R3 and thus A is not diagonalizable by Theorem 9.51.

(2) We consider the same A as before, but this time view it as a complex matrix A € M(3 x 3,C).
Note that in the same way as for the real numbers, A induces a matrix f4 : C> — C° between
vector spaces over C. Since we now view x4 as a complex polynomial, we can compute

xalt) = (2 4+1)(5—t) = —(t—i)(t+i)(t—5).

Hence, f4 : C3 — C® has the three eigenvalues 5, i and —i, so by Corollary 9.42 the endo-
morphism f, is diagonalizable.

We have reduced the search for eigenvalues of endomorphisms to the search for zeros of poly-
nomials. This is an important and well-studied mathematical problem of its own and due to
the limited time in this course, we will not go into detail about this problem.3 Instead, we will
study some properties of characteristic polynomials that allow for another characterization of
diagonalizability.

The property of a polynomial of being a product of linear terms has a particular name in the

theory of polynomials.

Definition 9.54. Let n € IN and let p : K — K be a polynomial of degree n. We say that p
decomposes into linear factors if there are aq,...,a, € Kand ¢ € K\ {0}, such that

p(x) =c(x—ay)(x —ap)...(x —ay) Vx € K.

The importance of such linear factors stems from the following result, which we shall not prove
in this course, since it would require a more thorough study of properties of polynomials.

Theorem 9.55. Let p : K — K be a polynomial. If a € K satisfies p(a) = 0, then there exists a
polynomial q : K — K with degq = degp — 1, such that

p(x) = (x —a)g(x) Vx € K.

One can applying this result iteratively, by "factoring out" one linear factor and applying The-
orem 9.55 to the remaining factor over and over. Eventually, one ends up with the folloiwng
statement.

Corollary 9.56. Let p : K — K be a polynomial of degreen € IN. Thereareay, ..., a, € K, ky,...,kr €
IN and a polynomial q : K — K with q(x) # 0 forall x € Kand ky + - - - + k, + degq = n, such that

p(x) = (x —a)k ... (x —a,)*q(x) Vx € K.

Remark 9.57. Every complex polynomial p : C — C decomposes into linear factors. This follows from
Corollary 9.56 and the fundamental theorem of algebra (Theorem 1.75), since the only complex
polynomials that vanish nowhere in C are the (non-zero) constant ones.

Definition 9.58. Let V be a finite-dimensional vector space over K, let f : V' — V be an endo-
morphism and let A € K be an eigenvalue of f.

a) We call mgeom (A, f) := dim E, (f) the geometric multiplicity of A.

31f you are interested in further details, just take your favorite linear algebra textbook and look up minimal polyno-
mials and the Cayley-Hamilton theorem.
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b) Let xs : K — Kbe the characteristic polynomial. We call the number m € IN for which there
exists a polynomial p : K — K with p(A) # 0, such that

X)) = (= )fp(t) Ve e K
the algebraic multiplicity of A and denote it by (A, f) := m.

Lemma 9.59. Let V be a finite-dimensional vector space over K, let f : V. — V be an endomorphism
and let A € K be an eigenvalue of f. Then

mgeom</\/f) < malg()\/.ﬂ'

Proof. Putn := dimV, r := mgeom(A, f) and let (by, ..., by) be an ordered basis of E, (f). By the
basis extension theorem, we can extend this to an ordered basis B = (by,...,b;, b, 41,...,by). By
definition of eigenvectors, it is evident that the matrix representation Mg ( f) is as a block matrix
of the form

MB(f):</\OI’ ’é) where A € M(r x (11 —1),K), C € M((n—r) x (n—r),K).

By Exercise 3a) from Sheet 5, it holds that

X7 (6) = 2oy (1) = des(Mp (1) —th) = cter (P00 4
— det((A— D)) - det(C — tI,_,)
— (A= xelt) = (~17(— A xe(t)

Since xc(t) is again a polynomial (which might contain a factor of the form (¢ — A)¥ or not), this
shows that 1,15 (A, f) > r, which we wanted to show. O

Theorem 9.60. Let V be a finite-dimensional vector space over K and let f : V. — V be an endomor-
phism. The following statements are equivalent:

(i) f is diagonalizable.

(ii) x s decomposes into linear factors and for every eigenvalue A of f it holds that
mgeom()\;f) = malg()\/f)‘

Proof. LetAq,...,Ax € Kbe the eigenvalues of f, givensuch that Ay, ..., A are pairwise distinct.
Putn :=dimV.

(i) = (i): We have already seen in Theorem 9.51 that x ; decomposes into linear factors if f is
diagonalizable. With n; := mus(f,A) for each i € {1,2,...,k} we obtain xf(t) = (—1)"(t —
Ap)™.. (= Ag)™ for all t € K. Since deg x¢ = n, it follows that

.

k
;malg()\irf) = Zni =n.

i=1

Since f is diagonalizable, it further holds by Theorem 9.41 that
k k K
ngeom()\i/f) :ZdimE/\i(f) =dimV=n =
i=1 i=1 i—1

k
mgeom(}\ir_ﬂ = ; malg()‘i/f)'

231



Since mgeom (i, f) < malg(/\i,f) for each i by Lemma 9.59, this implies #1geom (A, f) = malg()\i,f)
foreachi € {1,2,...,k}.

(ii) = (i): Since xy decomposes into linear factors, it holds as in the other implication that
Zé‘:l Mg (Ai, f) = n. By assumption, this shows that
k k k

dimE/\i(f) = ngeom()\i/f) = Zmalg(/\i,f) =n=dimV.
= i=1 i=1

i=1

Thus, Theorem 9.41 implies that f is diagonalizable. O

The results of this section, especially Theorem 9.60, give us a method at hand for deciding
whether a given endomorphism is diagonalizable or not and, in case of diagonalizability, to
find a basis for which the matrix representation is a diagonal matrix.

Method for the diagonalization of an endomorphism f : V — V

(1) Compute its characteristic polynomial x y and check if it decomposes into linear factors over
K. If not, then f is not diagonalizable.

(2) If xy decomposes into linear factors, read off the eigenvalues and their algebraic multiplici-
ties from that decomposition.

(8) Compute the geometric multiplicity of each eigenvalue A of f by finding the dimension of
the solution set of f — Aidy = 0. By coordinate representations, this amounts to solving a
system of linear equations e.g. by Gaussian elimination.

(4) If the geometric and algebraic multiplicities coincide for each eigenvalue, then f is diago-
nalizable. Otherwise, f is not diagonalizable.

(5) If f is diagonalizable, use the results of step (3) to find an ordered base of the corresponding
eigenspace for each eigenvalue of f. Put these bases together to obtain a basis B of V for
which Mp(f) is a diagonal matrix.
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Chapter 10

Euclidean and unitary vector spaces

10.1 Inner products on real and complex vector spaces

We want to introduce some additional structures on real and complex! vector spaces which
have a geometric meaning and which are used to define notions of length or distance of vectors.
We will also introduce angles in real vector spaces by means of these structures.

Definition 10.1. Let V be a real vector space. An inner product or scalar product on V is a map
(,):VxV >R

which has the following properties:

(i) (bilinearity) For all v1,v,v,w € V and A € R it holds that

(v1 +vp,w) = (v1,w) + (v, w) and (Av,w) = A{v, w).
(In other words, the map (-, w) : V — R s linear for each w € V.)

(ii) (symmetry) (v,w)= (w,v) forallv,w € V.

(iii) (positive definiteness) (v,v) > 0forallv € V ~ {0}.

If (-,-) is an inner product on V, then the pair (V, (-,-)) is called a Euclidean vector space. If it is
apparent which inner product we are using, we simply write V instead of (V, (-, -)).

Remark 10.2. Let (V, (-, -)) be a Euclidean vector space.
(1) Forallv,w,wq, wy € V we compute that
(v, w1 + wy) @ (w1 4+ wy, v) 9 (wy,v) + (w,v) 9 (v, w1) + (v, wy),
(v, Aw) @ (Aw, v) 9 ) (w, v) @5 (v, w).
This shows that the map (v,-) : V — Ris linear forallv € V.

(2) Properties (i) and (ii) of an inner product yield (v,0) = (0,v) = 0forallv € V.

1Good news for a reader who feel uneasy working with abstract fields: in this whole chapter, we will only consider
the fields K = R and K = C.
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Example 10.3. (1) Let n € IN. An inner product on R” is given by

((x1,x2, ..., xn), (Y1, Y2, - -, Yn)) = X1Y1 + X2Y2 + - - - + XnYn

for all (x1,x2,..., %), (y1,Y2,---,¥yn) € R". This inner product is called the standard inner
product or Euclidean inner product on R”.

(2) If (-,-) : R" x R" — R is the standard inner product, then for each A € GL(#n, K) the map
(-,)a : R" x R" given by
(v, w) 4 := (Av, Aw)

is an inner product on R"”. (Later we will see, that every inner product on R” is given in this
way.)

(3) Leta,b € R witha < b. Then we can define an inner product on the real vector space
C%([a, b], R) by

(0) = [ Fgt)dx  ¥fgeCla b R)

Its bilinearity property follows from the properties of Riemann integrals, while the symme-
try property is evident. Concerning positive definiteness: Since f(x)? > 0 for all x € [a, b]
and f € CY%([a,b],R), the monotonicity property of Riemann integrals yields (f, f) > 0 for

all f € C%([a,b],R). However, if 0 = (f, f) = f;’f(x)2 dx, then it follows from Exercise 1 of
Sheet 11 of Mathematics for Physicists 1 that f = 0. Thus, if f # 0, then (f, f) > 0, which
shows property (iii) of an inner product.

Definition 10.4. Let V be a complex vector space. An inner product on V is a map
(,):VxV—=C
which has the following properties:

(i) Forall v1,vp,v,w € V and A € C it holds that
(01 + v, w) = (v, w) + (vy, w) and (Av,w) = A{v, w).
(In other words, the map (-, w) : V — C is linear for each w € V.)
(i) (v,w) = W for all v, w € V. (Here, the bar denotes complex conjugation.)
(iii) (v,v) € (0,+o0) forallv € V \ {0}.

If (-,-) is an inner product on V, then the pair (V, (-,-)) is called a unitary vector space. If it is
apparent which inner product we are using, we simply write V instead of (V, (-, -)).

Remark 10.5. Let (V, (-, -)) be a unitary vector space.

(1) Forall v, w,wq, wy € V we compute that

(0,01 + ) L Ty +wa,0) L (s, 0) + (wa,0) = (w1,0) + (w2,0) 2 (0,w1) + (0,w5),

(v, \w) © (Aw,v) 9 Mw,v) = A+ (w,v) (i:i)x<v,w).

This property of the map (v, -) : V — C is called semilinearity or complex antilinearity.
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(2) As for Euclidean vector spaces, it holds that (v,0) = (0,v) = 0forallv € V.

Example 10.6. Let # € IN. An inner product on C" is given by
((z1,22, .- 2n), (W1, Wa, ..., Wy)) = 21W1 + 22Wa + - - - + 2 Wy
for all (z1,22,...,2n), (w1, wo, ..., w,) € C".

Theorem 10.7 (Cauchy-Schwarz inequality). Let (V, (-, -)) be a Euclidean or a unitary vector space.
Then
|(v,w>|2 < (v,0) - (w, w) Yo,weV,

where equality holds if and only if v and w are linearly dependent.

Proof. We will only show the unitary case as the Euclidean case is shown completely analo-
gously. For w = 0 both sides of the inequality vanish by Remark 10.5.(2), so the claim holds true
in this case. Assume throughout the following that w # 0, such that (w,w) > 0. We compute

forall A € C:
(iii) ;
0 < (v—Aw,v—Aw) O (v,w — Aw) + (—Aw, v — Aw) .

—~

Using properties (i) and (ii) of an inner product as well as Remark 10.5.(1), we derive

0 < (v,v) + (v, —Aw) + (=Aw,v) + (—Aw, —A, w)
= (v,0) — A {v,w) — AMv,w) + AA (w, w) .

(o,w)

(w,w)

Inserting A = yields

0< (v,v) — <<Z)’,Z;>> (v,w) — (v,
~ [{o,w)
(w,w)

| 2

& 0<(v,0)

Reordering the terms in the last inequality shows the claimed inequality. Moreover, one sees
from the proof that equality holds if and only if 0 = (v — Aw, v — Aw) which is in turn equivalent
tov = Aw, i.e. v and w are linearly dependent. O

Definition 10.8. Let V a vector space over K = Ror K =C. Anormon Visamap ||-| : V - R
which has the following properties:

@) ||o|l > 0forallv € V and ||v|| = 0 holds if and only if v = 0.
(i) |[Av|| = |A]-||v]| forallA € Cand v € V.
(iii) (triangle inequality) |v+ w|| < ||v| + ||w| forallv,w € V.

The pair (V, || - ||) is called a normed vector space. If it is apparent which norm we are using, we
simply write V instead of (V, || - ||).

The connections between inner products and norms is given by the following observation.

Theorem/Definition 10.9. Let (V, (-, -)) be a Euclidean or a unitary vector space. Then || - || : V. — R
is a norm on 'V, where

||| :=1/(v,0) YoveV.
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We call || - || the norm induced by (-, ).

Proof. By property (iii) of a real or complex inner product, the term inside the square root is
always non-negative, so || - || is indeed well-defined. We need to show that || - || satisfies the
three properties of a norm. We again consider only the complex case as the real case is proven
along the same lines.

(i) It follows from property (iii) of an inner product and the non-negativity of roots that ||v|| >
0 for all v € V. Moreover, 0 = ||v|| = y/(v,v) implies (v,v) = 0, which implies v = 0 by
property (iii) of an inner product.

(ii) For A € C and v € V we compute from property (i) of an inner product and Remark
10.5.(1) that

130l = \/ (A0, A0) = /A (0,A0) = /AT {0,0) = \/IAP (2,0) = |A] - [0l
(iif) For v,w € V we compute
o+ w|* = (v+w,0+w) = (v,0) + (v,w) + (w,v) + (w,w)
= llol* + v, ) + {o,) + [l
By Theorem 1.70.b) and Theorem 1.73.c), this yields
lo+w]? = [[o]* + 2Re( (o, w)) + ||w]|?
< [lolf? +2 (o, w)| + [|w]?
Theorem 10.7 5 5
< ell” +2y/ (o 0) - (w,w) + [[w]]
= [[oll® +2[[oll - wll + lwl* = (o]l + [lw]])>.
Taking square roots shows that property (iii) of a norm is satisfied.

O

Remark 10.10. Note that in terms of the norm induced by an inner product in a Euclidean or a
unitary vector space (V, (-, -)), the Cauchy-Schwarz inequality is equivalent to

|(v,w)| < ||o|| - |w]| Vov,we V. (10.1)

Example 10.11. (1) The norm induced by the standard inner product on R", explicitly

Il(x1,x2,...,xn)|| = \/x%—i—x%—i— kX2 V(x1,%,...,x%,) €R",
is called the Euclidean norm on R".

(2) The norm induced by the standard inner product on C", explicitly

H(ZleZr"'fol)” = \/lel +22Zp + -+ 2pZp = \/|Zl|2+ |ZZ|2+ ey |Zn|2

for all (z1,2,...,2z,) € C", is called the Euclidean norm on C".
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In the following, we will consider every Euclidean or unitary vector spaces as equipped with
the norm induced by its inner product without explicitly mentioning this.

Theorem 10.12. Let (V, (-, -)) be a Euclidean vector space. Then for allv,w € V the following identities
hold:

a) (polarization identity) (v,w) = 3(|lv+w||® — |[v[|> — [|w]|?).
b) (parallelogram law?) ||v + wl|> + |lo — w|* = 2||v||* + 2||w]?
Proof. (This proof is not discussed in the lecture videos.)
a) We compute from the properties of real inner products that
v 4+ wl|? = (v +w,v +2w) = (v,) + (v, w) + (w,v) + (W, W)
= [[o* + llw]|* +2 (v, w) .
This shows the claim after rearranging the terms.
b) We compute that
o+ w|? = (v,v) + (v, w) + (w,0) + (w,w) = (v,0) + 2 (v,w) + (w,w),
v —w||? = (v,0) — (v,w) — (w,0) + (w,w) = (v,0) — 2 (v,w) + (w,w).
Adding the two expressions yields

[o+w|* + llo — wl? = 2 (v, 0) +2 (w,w) = 2||o|* + 2]|w]|*.

O

A formula that we shall omit and that is similar to the polarization identity holds in unitary
vector spaces as well, i.e. inner products on complex vector spaces can be computed purely in
terms of the norms they induce.

Theorem/Definition 10.13. Let X be a set, let K = R or K = C and let
B(X,K) :={f: X — K| f is bounded},
which is a linear subspace of KX, hence a vector space over K. Then

[ lleo: BX,K) = R, [ flleo = sup F(],

is a norm on B(X, K). It is called uniform norm or sup norm.
Proof. We need to check the three properties of a norm.

(i) Evidently, || f|lc > 0 forall f € B(X, K). Moreover, we compute that

[flle=0 < sup|f(x)|=0 <« |f(x)[=0VxeB <« f=0.
XEB S~~~

ZPlease consider the corresponding lecture video for a geometric explanation of that name.
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(ii) By the properties of suprema that we studied in Mathematics 1, we compute for all A € K
and f € B(X,K):

A flleo = sup IAf(x)] = SEE(IM Jf)]) = 1Al sup If(x)] = Al || fleo-

(iii) By the properties of suprema, it holds that sup(A; + Az) < sup Aj +sup Ap forall A;, Ay C
R. From this observation and the triangle inequality of the absolute value, we derive

If+gllo = sup If(x) +g(x)| < s:l;(\f(?é)l +1g(x)])

< sup |f(x)] +sup [g(x)[ = [ flleo + (8 leo-
xX€EB

xeB
O

Example 10.14. We want to use the sup norm to construct an example of a norm that is not
induced by an inner product, namely the sup norm on B([0,27],R). Put f,g : [0,27] — R,
f := max(sin, 0), ¢ := max(— sin,0). One checks that

f(x) —g(x) =sinx and f(x)+g(x) =|sinx| VxeR.

From this observation and the definition of the sup norm, we derive that

fllo =1 lIgllo =1, [If+8llo=1, [f-gl=1
Hence,
If + 813+ 1If — glla =2 # 4 =2[If 1% +2lgl%
s0 || - || Violates the parallelogram law. Hence, || - || cannot be induced by an inner product.

Let (V, (-, -)) be a Euclidean vector space. By (10.1), it holds for all v,w € V ~ {0} that

L < o)

< <1
o]zl

This shows that the term introduced in the following definition is well-defined:

Definition 10.15. Let (V, (-,-)) be a Euclidean vector space and let v,w € V ~ {0}. The angle
between v and w is given by

Z(v,w) € [0, 7], Z(v,w) := arccos <%> .

Remark 10.16. Let (V, (-,-)) be Euclidean vector space. By the symmetry property of inner
products, Z(v,w) = Z(w,v).

Using this definition of an angle between two vectors and interpreting the norm of a vector as
its length, we can recover a theorem from high school geometry by our new methods.

Theorem 10.17 (Law of cosines). Let (V,(-,-)) be Euclidean vector space and let v,w € V ~ {0}.
Then
lo —wl|* = [[o]|* + [|wl|* — 2]|o||[|w]| cos(£ (v, w)).

In particular, if Z(v,w) = 5 (i.e. if (v,w) = 0), then the Pythagorean theorem holds:

lo =[] = [[ol* + [lw]|*.
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Proof. We compute using the properties of real inner products:

o —w|? = (v—w,v—w) = (v,w) — (v,w) — (w,v) + (w, w)
= [o[I* + [[w]* = 2 (v, w)
(v, )
ol {|w]|
= [|o[* + [[w[* = 2[|o[|||w]| cos(£ (v, w)).

= [0l + llwl® = 2]ollw] -

10.2 Orthogonal vectors and the Gram-Schmidt process

In K" we prefer to always work with the canonical basis because of its simplicity and its use-
ful features. In this section, we want to model important properties of the canonical basis and
generalize some of its properties to arbitrary Euclidean and unitary vector spaces. A particular
feature of the canonical basis is that each of its vectors has the same length, i.e. the same Eu-
clidean norm. If we would for example replace (e1,e;,e3) by the basis B = (10000ey, ey, e3) of
IR3, then the vector (1,1,1) would have the coordinates (555, 1, 1) with respect to B, which is
very counter-intuitive. Hence, one requirement for a basis resembling the canonical basis is that
all of its vectors should have the same norm.

Another important feature of the canonical basis of R? or IR? is that in our intuitive understand-
ing any two distinct vectors from this basis are orthogonal or perpendicular to each other. In
terms of the standard inner products on R? and IR® one checks that two vectors v and w are or-
thogonal to each other if and only if (v, w) = 0. This now indicates how we can generalize the
notion of orthogonality to arbitrary Euclidean and unitary vector spaces. We want the vectors
in a basis resembling the canonical basis to be pairwise orthogonal to each other as well.

A basis having these norm and orthogonality properties will be called an orthonormal basis
and as we will see, such a basis has several computational advantanges over arbitrary ones.
Without further ado, we next introduce and formalize the notions of orthogonality that we just
lined out.

Definition 10.18. Let (V, (-, -)) be a Euclidean or a unitary vector space.

a) Two vectors u,v € V are orthogonal if (u,v) = 0. If u and v are orthogonal, one also writes
ulo.

b) Let M1, My C V. We say that My and M, are orthogonal and write M1 L M, if v; L v; for
all v; € M and v, € M,. If M; = {v} consists of one single vector, then we write v L M,
instead of {v} L My.

c) Let I beaset. A family {v; € V |i € I} is orthogonal if and v; | v; foralli,j € I withi # j.
d) An orthogonal family {v; € V | i € I} is orthonormal if (v;,v;) = 1 for eachi € I.

e) Let (V,(-,-)) be a finite-dimensional Euclidean or unitary vector space. A basis B of V is
called an orthonormal basis of V if B is an orthonormal family.
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Example 10.19. Let K =R or K =C
(1) Let (2,1),(1,—2) € K? and consider the standard inner product on K2. Then
((2,1),(1,-2))=2-1+1-(-2) =0,

hence (2,1) and (1, —2) are orthogonal, However, {(2,1), (1, —2)} is not orthonormal, as

12,1 =V22+12=v5,  ||(1,-2)|| = V5.

But this yields that {% (2,1), %(1, —2)} is an orthonormal set and, since dim K?> = 2, an

orthonormal basis of K2.

(2) The canonical basis {ej,...,e,} of K" is an orthonormal basis with respect to the standard
inner product. It is easy to see that (¢;,¢;) = 0 whenever i # jand that

leill = V024 +02+124+024---+02=1 Vie{1,2,...,n}.

(3) Consider (C°([0,27],R), (-,-)) with the inner product from Example 10.3.(3). A lengthy
computation of integrals shows that {fo} U {fx | k € N} U {gx | kK € N} is an orthonormal
family in C°(]0, 2], R), where

folx) = 5r fille) = %Cos(kx), (%) = %Sin(kx) vk € N, x € [0,27].

7T

The following result establishes the fact that the vectors in an orthogonal family indeed "point
in different directions".

Theorem 10.20. Let (V,(-,-)) be a Euclidean or a unitary vector space. Euvery orthogonal family
{v1,...,v¢} in Vwithv; # 0 foreach i € {1,2,...,k} is linearly independent.

Proof. We show only the unitary case. Let Aq,..., A € C, such that Zi‘c:l Aiv; = 0. Using the
bilinearity properties of the inner product, we then compute
k k k k kK ko
0= () Awi, Y Aoy ) =Y Ai{oi Y Aoy ) =) ) Aidj (vi, ;).
i=1 j=1 =1 j=1 i=1j=1

1=

Since the family is orthogonal, the only non-vanishing summands in the above sum are those
with i = j. Thus, it follows that

Since (v;,v;) > 0 foralli € {1,2,...,k} this implies that |A;|> = 0 and thus A; = 0 for every i.
Hence, {vy,...,v;} is linearly independent. O

The canonical basis of K" has the advantage the coefficients of a vector given as a linear combi-
nation of {ey, ..., e, } are given by the coordinate entries. In other words, these coefficients can
be immediately read off. This property generalizes to orthonormal bases in the form that there
is a simple way to compute the coefficients of a vector as a linear combination of orthonomal
basis vectors.
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Theorem 10.21. Let (V, (-, -)) bea finite-dimensional Euclidean or unitary vector space. Let {by, ..., b, }
be an orthonormal basis of V. Then

M-

Il
—

v=) (v,b;)b; YoeV.

1

Proof. Let K = R if V is Euclidean and K = C if V is unitary. Letv € V and let A1,..., A, € K,
such thatv = Y ' ; A;b;. Then foreachj € {1,2,...,n}:

i=1 \i=1

(v,bj) = Z <f"ibi/ bj> = é?\i (bi, bj) = Ay,

since <bi, b]'> = (Sij as the basis is orthonormal. This shows the claim. O

While this is a useful property of orthonormal bases, we so far don’t know if a given Euclidean
or unitary vector space even possesses one. We will see that not only every such vector space
admits an orthonormal basis, but that there is a constructive method to transform any given
basis of a Euclidean or unitary vector space into an orthonormal basis. Before we investigate
this result, we discuss the following technical lemma that will be required in its proof.

Lemma 10.22. Let V be a Euclidean or a unitary vector space. Let {uy,...,uy} be an orthonormal
family and put U := span({uy, ..., ux}). Then for all v € V it holds that

k

(v — Z; (v, u;) ui) 1 U

1=

Proof. For each j € {1,2,...,k} we compute from the orthonormality of {uy,...,u;} and the
properties of inner products that

k k
<v =Y (o,u) ui,u]'> = (v,uj) — Y (v,u;) (uj,uj) = (v,u5) — (v,u;) =0,

i=1 i=1

hence (v — Y5, (v,u;) u;) L uj for every j € {1,2,...,k}. Since U = span({uy, ..., ux}), this
shows the claim. O

Theorem 10.23 (Gram-Schmidt orthonormalization process). Let V be a Euclidean or unitary vec-
tor space and let {v1, ..., vy } be linearly independent. Then {wy, ..., wy} is an orthonormal family with
span({vy,...,v;}) = span({wy, ..., w;}) foreachi € {1,2,...,k}, where

) Vip1 — Ljoq (i1, wj) wj

w1 = Wit1 = -
[0i41 = Ljy (vit1, w;) wj|

p Vie {1,2,...,k—1}.
Tl { J

In particular, if V is finite-dimensional and {v1, ..., vy} is a basis of V, then {wy, ..., wy} is an or-
thonormal basis of V.

Proof. We want to prove this by induction. For the base case, we observe that

(w1, w01) :< v U >_ (vr,01) _ 1

ol Nloall /a2
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hence {w; } is a (very small) orthonormal family. Moreover, since w; is a scalar multiple of v,
it holds that span({v;}) = span({w; }), which completes the base hase.

Assume as induction hypothesis that {wy,...,w;} is an orthonormal family for some i < k
with span({vy,...,v;}) = span({wy, ..., w;}) and let w; 1 be defined as in the statement of the
theorem. By Lemma 10.22, it holds that w;,; L wj foreachj e {1,2,...,i}. Moreover,

Vip1 — Z;‘:l (Vig1, wj) wj

g 1.
it — Z}:l <Ui+1/wj> w]||

lwil| =

| _ lvip1 — E}':l <Uz'+1/wj> w]|| _
0141 = Ljy (vig1, wj) wj
Adding these observations to the induction hypothesis shows that {wy, ..., w;, w;;1} is an or-

thonormal family. By definition of w;q, it further holds that w;; is a linear combination of
{wy, ..., w;,vit1}. By the induction hypothesis, this yields

wi1 € span({wy, ..., w;,vi11}) = span({vy,...,v0;11}).

Hence, span({wy,...,w;y1}) C span({vy,...,v;,v;11}). To show the opposite inequality, we
observe from the definition of w; that, with ¢ := [|v;11 — ¥4 (vig1,wj) wjl| € R,

i
Vi1 = Wiy + Y (i1, wj) wj € span({wy, ..., w;, wii1}),
j=1

hence by the induction hypothesis span({vy,...,v;,v;11}) C span({wy,..., w;, w;y1}). This
completes the induction step and thereby shows the claim. O

An example for the Gram-Schmidt process will be discussed in the exercise class on June 4th.

Corollary 10.24. Every finite-dimensional Euclidean or unitary vector space possesses an orthonormal
basis.

Proof. Given an arbitrary basis, the process from Theorem 10.23 produces an orthonormal basis.
O

We next want to see that orthogonality can be used to find complements of linear subspaces.

Definition 10.25. Let V be a Euclidean or a unitary vector space and let M C V be a subset. We
call
Mt :={ve V]| (vu) =0Vu € M}

the orthogonal complement of M. We further write v+ := {v}+ forv € V.
Theorem 10.26. Let V be a Euclidean or unitary vector space.

a) Let M C V. Then M* is a linear subspace of V.

b) If U C V is a finite-dimensional linear subspace, then V. = U & U*.

Proof. a) It obviously holds that 0 € M+, so M+ # @. Let v;,v, € M*. By the bilinearity of
inner products, it holds for all u € M that

<Ul + 02, 1/[> = <Ul/u> + <Z}2/u> = 0/

hence v1,v, € M+. We further compute forall A € K (where K=RorK=C)andv € M+
that
(A,u) =A(v,u)y =0 VYueM,

hence Av € M. This shows that M is a linear subspace of M.
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b) Ifv € UNU", then by definition of U, it follows in particular that (v, v) = 0. By the positive

definiteness of inner products, this yields v = 0, so U N U+ = {0}. Let k := dim U and let

B = {by,...,b;} be an orthonormal basis of U, which exists by Corollary 10.24. Forv € V

putoy = Zi'{:l (v,b;) b;. By Lemma 10.22, v — vy € U, hence v = vy + (v —vy) € U+ UL
Thus, we have shown that V = U & U~L.

O

Example 10.27. (1) For every Euclidean or unitary vector space, it holds that V+ = {0} and
{0} =v

(2) Let (2,1,1) € R% and let U := R(2,1,1). One checks that (2,1,1)
with respect to the standard inner product, hence (1,-2,0),(1,0, —
10.26, dim U+ = 3 —dim U = 2, hence U+ = span({(1,—2,0)(1,0, —
are evidently linearly independent.

1 {(1,-2,0),(1,0,-2)}

{
2) € UL By Theorem
2)}) as the two vectors

We want to conclude this section by discussing a famous result by Riesz, which says that in the
finite-dimensional case, an inner product can be used to construct an isomorphism between a
real vector space and its dual space.

Theorem 10.28. Let (V, (-, -)) be a Euclidean vector space.

a) Forw € Vet ¢, : V — K, ¢(v) = (v,w). Then ¢ € V* and ker ¢, = w foreachw € V.

b) Themap F : V — V*, F(w) = @u, is linear and injective.

c) (Riesz representation theorem) If V is finite-dimensional, then F : V — V* is an isomorphism.

Proof. a) This follows immediately from property (i) of inner products and from the definition
of orthogonal complements.

b) Let wy, wy € V. Then for each v € V we compute
(F(w1 +02))(0) = Puoy 1 (0) = (0,01 +102)
= (v,w1) + (0, w2) = Pu; (V) + Pu, (v) = (F(w1))() + (F(w2))(0).
Hence, F(wy + wy) = F(wq) + F(wy). Forall A € R and v € V we further compute
F(Awy)(v) = (0, Awr) = A (0, w1) = A(F(w1))(0),
which yields F(Awy) = AF(wy). Thus, F is linear.
Concerning injectivity, let wq, w, € V, such that F(w;) = F(w;). Then
(v,w1) =(v,wp) & (vwg—wy)=0 YoeV.

Inserting v = w; — w, then implies (w; — wy, w1 — wyp) = 0, so by positive definiteness of
the inner product, w; — wy = 0, i.e. w; = wy. Hence, F is injective.

c) If V is finite-dimensional, then dim V = dim V* by Theorem 7.28. Since F is linear and
injective by b), it follows by Corollary 7.23.c) that F is an isomorphism.
O

Remark 10.29. (1) The Riesz representation theorem has a direct analogue for unitary vector
spaces. More precisely, if (V,(-,-)) is a finite-dimensional unitary vector space, then for
each ¢ € V* there exists w € V, such that ¢(v) = (v, w) for each v € V. Since in this case,
the map F from Theorem 10.28 is not linear, but semilinear, this requires a little additional
work and the reader is invited to carry out the details of that proof.
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(2) Let (V,(-,-)) be a finite-dimensional Euclidean vector space and let F : V — V* be the
isomorphism from Theorem 10.28.c). There is an explicit formula for the vector representing
a linear form in terms of a basis. If {by, ..., b, } is an orthonormal basis of V, then

An explicit computation shows that this vector really has the desired property.

(3) The statement of the Riesz representation theorem is in general false for infinite-dimensional
vector spaces. Consider the real vector space C°([0,1],R) and the linear form

5 € (C°([0,1],R))*,  6(f) = £(0).

Assume there was ¢ € C°([0,1], R), such that

S ={f8) = f0) = [ fgt)dr vf e C01,R)

Inserting f(x) := xg(x) would then yield

1
/0 x(g(x))2 dx =0,

which by Exercise 1 from Sheet 11 from Mathematics 1 would imply x(g(x))? = 0 and thus
g(x) = 0forallx € [0,1]. Butthen é(f) = Oforall f € C°([0,1],IR), which is a contradiction.
Hence, such a g does not exist.

10.3 Orthogonal maps and matrices

In this section, we are going to study linear maps between Euclidean or unitary that are "com-
patible" with respect to the inner products. This generalizes the notion of a linear map which
preserves lengths of and angles between vectors in R".

Note: In this section, we will write often put the unitary cases in parentheses. Whenever this
is the case, this indicates that the sentence or the paragraph remain true if one replaces every
term by the one in the parentheses immediately thereafter.

Definition 10.30. Let (V,(-,-),) and (W, (:,-)\y) be two Euclidean (or two unitary) vector
spaces.

a) Alinear map f : V — W is called orthogonal (unitary) if
(f(v), f(w))y = (v,w), Yo,weV.

b) If V is Euclidean (unitary), then the set of all orthogonal (unitary) endomorphisms of V is
denoted by O(V) (by U(V)).

¢) Anisomorphism f : V — W which is also orthogonal (unitary) is called an isometric isomor-
phism or simply an isometry.

244



d) Two Euclidean (or two unitary) vector spaces V and W are called isometric if there exists an
isometry f : V — W.

Remark 10.31. Let (V, (-,-)y,) and (W, (-, -, ),y) be two Euclidean (two unitary) vector spaces.
(1) Any orthogonal (unitary) map f : V — W is injective: if v € ker f, then
(0,0)y = (f(0), f(0)( >w= (0,0)y =0,

hence v = 0 by the positive definiteness of inner products. Hence, ker f = {0}, so f is
injective by Theorem 7.10.b).

(2) If V is finite-dimensional, then any orthogonal (unitary) endomorphism f : V' — V is an
isometry. This follows from (1) and Corollary 7.23.c).

(3) Assume that V is Euclidean. Any orthogonal map f : V — V is length-preserving and angle-
preserving in the following sense:

If f € L(V, V) is orthogonal (unitary), then || f(v)|| = \/{f(v), f(v)) = \/(v,0) = ||v]| for
all v € V. It further follows that

Z(f(v), f(w)) = L(v,w)  Yo,we V~{0}.

The following result collects some basic facts about orthogonal and unitary maps.

Theorem 10.32. Let (V, (-,-)y), (W, (-, )w) and (X, (-, -)x) be three Euclidean (three unitary) vector
spaces.

a) If f: V= Wandg: W — Xareorthogonal (unitary), then g o f : V.— Xis orthogonal (unitary).
b) If f : V — V is orthogonal (unitary), then f=1 : V. — V is unitary.

c) If f : V. — Vis orthogonal (unitary) and if A € R (or A € C) is an eigenvalue of f, then |A| = 1.
Proof. (This proof is not discussed in the lecture notes.)

a) This is obvious.

b) We compute for all v, w € V that

@wy = (FFED @), T E () ()

v v’

Hence, f ! is orthogonal (unitary).

c) If A € Kis an eigenvalue of f and if v € V is an eigenvector of f corresponding to A, then
| f(v)]] = ||v|| by Remark 10.31.(2) and || f(v)|| = ||Av|| = |A||| by the properties of a norm,
hence ||v|| = |A[||v]|. Since v # 0, this yields |A| = 1.

a
We next want to investigate the behaviour of orthogonal maps on orthonormal bases.

Theorem 10.33. Let (V,(-,-)y) and (W, (-,-)y) be two Euclidean (or two unitary) vector spaces.
Assume that V is finite-dimensional and let {by, ..., by} be an orthonomal basis of V. Let f : V. — W

be linear. Then f is orthogonal (unitary) if and only if { f (by), ..., f(bn)} with f(b;) # f(b;) fori # j
is an orthonormal family in W.
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Proof. "=": If f is orthogonal (unitary), then
<f(b1),f(b])>w = <bi/ b]>V = 51']‘ Vi,j € {1,2,. . .,1’1},

hence {f(b1),..., f(bn)} is an orthonormal family in W.
R {f(bl), ., f(bn)} is an orthonormal family in W with f(b;) # f(b;) for i # j, then we
obtain for all v = El_l Aibj, w = E]_l pjbj € V with the properties of inner products that

(f(v), f(w))y = <i ZP‘]f > = Z i/\iﬁj (f(B:), f()))
W

i=1j=1
n n n

Y (), <ZMVZ#] > -
:]:

which shows that f is orthogonal if V is Euclidean and unitary if V is unitary. O

The previous theorem has an interesting consequence. It shows that a finite-dimensional Eu-
clidean or unitary vector space is not only isomorphic to K" for suitable #, but even isometric.

Corollary 10.34. Let (V, (-,-)y,) be a finite-dimensional Euclidean or unitary vector space and let n =
dim V. Then V is isometric to K" with the standard inner product, where K = R if V is Euclidean and
K = Cif V is unitary.

Proof. Let B = (by,...,by) be an orthonormal basis of V which exists by Theorem 10.23 and let
¢p : V — K" be its coordinate representation. We have seen that ¢p is an isomorphism. Since
¢B(b;) = e;, we obtain {¢p(b1),...,¢p(bn)} = {e1,...,ex}, which is an orthonormal family in
K". Hence, ¢ is orthogonal if V is Euclidean and unitary if V is unitary by Theorem 10.33. O

Corollary 10.35. If V and W are two Euclidean (or two unitary) vector spaces with dim V = dim W,
then V and W are isometric.

Proof. Let K = Rif V and W are Euclidean and K = C if V and W are unitary. By Corollary 10.34
there are isometries f : V — K" and ¢ : W — K". Then, by Theorem 10.32, ¢l o f: V — W is
an isometry, so V and W are isometric. O

The notion of orthogonal and unitary maps transfers to real and complex matrices as well.
Definition 10.36. Letn € IN.

(1) Let R" be equipped with the standard inner product. A matrix A € M(n x n,R) is called
orthogonal if
(Av, Aw) = (v,w) Vo,w e R".

The set of all orthogonal n x n-matrices is denoted by O(n) and called the orthogonal group
in dimension n.

(2) Let C" be equipped with the standard inner product. A matrix A € M(n x n,C) is called
unitary if
(Av, Aw) = (v,w) Yo, we C".
The set of all unitary n x n-matrices is denoted by U(n) and called the unitary group in
dimension n.

246



Remark 10.37. (1) Note that by definition A € M(n x n,K) is orthogonal (unitary) if and only
if f4 : K — K" is orthogonal (unitary) with respect to the standard inner product.

(2) In analogy with Remark 10.31.a), it follows that
O(n) C GL(n,R) and U(n) Cc GL(n,C) for all n € IN.

One further derives from Theorem 10.32 applied to maps of the form f4, where A € O(n),
that O(n) and U(n) are indeed groups with respect to the matrix product.

Next we establish a not too surprising relation between the orthogonality of a linear maps and
the orthogonality of its matrix representations.

Theorem 10.38. Let (V,(-,-)) be a finite-dimensional Euclidean (unitary) vector space, B be an or-
thonormal basis of V and f : V — V be an endomorphism. Then f is orthogonal (unitary) if and only if
Mg (f) is orthogonal (unitary).

Proof. "=": Letn := dimV and A := Mg(f). As seen in the proof of Corollary 10.34, since
B is an orthonormal basis, the coordinate representation ®p : V' — K" is an isometry, hence

fa=Ppofo CDgl is orthogonal (unitary) by Theorem 10.32.
"«<": Analogously, if A and thus f4 is orthogonal (unitary), then f = <I>§1 o f4 o ®p is orthog-
onal (unitary) by Theorem 10.32. O

Comparing the product of matrices with the standard inner product on K", one realizes that
matrix products can be fully described in terms of this inner product in the following way:

Let{,m,n € Nandlet A € M(¢{ x m,K)and B € M(m x n,K). If (rq,...,ry) are the row vectors
of A, seen as elements of K™, and (cy, ..., cy) are the column vectors of B, also seen as elements
of K™, then by definition of the matrix product, one checks that AB € M(¢ x n,K) is given by

(ri,c1) (ri,c2) ... (ri,cn)
AB = ((ri,c;)) = <r2':cl> <r2,:c2> <r2’:cn> . (10.2)
(re, 1) {re,c2) oo {recn)

This observation is not only a helpful way of memorizing the definition of the matrix product,
but also immensely helpful to establish properties of orthogonal and unitary matrices in the
following theorems.

Theorem 10.39. Let n € IN and let A € M(n x n,R). The following statements are equivalent:
(i) Ais orthogonal.

(ii) The columns of A form an orthonormal basis of R".

(iii) A'A = I,

(iv) Aisinvertible and A~1 = At

(v) The rows of A form an orthonormal basis of R".
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Proof. (i) = (ii): We have seen that the columns of A are givenby (Aey, ..., Aey). Since (ey, ..., en)
is an orthonormal basis and A is orthogonal, it follows from Theorem 10.33 that the columns of
A form an orthonormal basis of IR".

(ii) = (i): By assumption, (Ae;, Aej> =g forallije {1,2,...,n}. Letv = (Ay,..., Ap), w0 =

(Vl/’ . -/,un) € R". Then
n n
<A<ZAM>A<ZHM>>
i=1 j=1

n
/\iAei, Z ]/l]A€]>
=1

]

(Av, Aw)

(”\
I M:

I
=
1= =

)\l]l] <A€i, A€]>

Il
—
-
Il
—

Il
1=

Aipti = (A, oo, An), (M1, -2 pn)) = (v, w0) .

Il
—

Hence, A is orthogonal.

(i) < (iii): Let (cy,...,cn) be the column vectors of A. Then (ii) is equivalent to <ci, cj> = 0jj
foralli,j € {1,2,...,n}. Since the row vectors of A are given by (cy,...,c,) (up to identifying
row vectors with column vectors), we derive from (10.2) that this is in turn equivalent to A’A =
(<Ci,C]'>> = (51]) = I.

(iii) = (iv): Since f4t o fg4 = idRrr, the map f, is linear and injective, hence an isomorphism by
Corollary 7.23.c). Thus, A is invertible. Using this observation, we further derive from A'A = I,
that

Theogn9.l3 (AAt . In)A 0 Ain\gtible AAL — I,=0 & AAL = L.

AATA = A
Hence, A is invertible with A~1 = A,
(iv) = (iii): This is obvious.
(iv) = (v): This follows in complete analogy with "(iii) = (ii)", using that the column vectors
of A are the row vectors of A.
(v) = (iv): In analogy with "(ii) = (iii)" it follows that AA" = I,. In analogy with "(iii) =
(iv)", but with the roles of A and A’ reversed, one derives that A’ A = I,, as well, which proves
(iv). O

There is an analogue of Theorem 10.39 for unitary matrices. Since its proof is given along the
lines of the proof of Theorem 10.39, we omii its proof.
Given A = (a;;) € M(n x n,C) we define A := (a;;

) € M(n xn,C), i.e. the (i,j)-entry of A is
the complex conjugate of a;; for alli,j € {1,2,..., nﬁk.

Theorem 10.40. Let n € N and let A € M(n x n,C). The following statements are equivalent:
(i) Ais orthogonal.

(ii) The columns of A form an orthonormal basis of C".

(iii) A'A = I

(iv) A is invertible and A~1 = A'.
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(v) The rows of A form an orthonormal basis of C".

The previous theorems show that we can make strong general statements about determinant of
orthogonal and unitary maps.

Corollary 10.41. Let n € IN.

a) IfA € O(n), thendet A € {—1,1}.
b) If A € U(n), then |det A| = 1.
Proof. a) We compute that

t Theorem 9.14 Theorem 10.39

det A - det A det(AA") detl, = 1.

By Theorem 9.17, this yields (det A)> = 1 and thus |det A| = 1. Since det A € R, this yields
detA € {—1,1}.

b) From the explicit form of the determinant in (9.1), the properties of complex conjugation and
Theorem 9.17, one observes that det Zt = det A" = det A. Thus, by Theorems 9.17 and 10.40,

1=detl, = det(AZt) =detA-detA' =detA-detA = | det AJ%.

Hence, |det A| = 1.
O

The set of orthogonal endomorphisms of the Euclidean plane R? with respect to the standard
inner product can be determined explicitly. We will do so by equivalently determining the
orthogonal group in dimension two and afterwards give a geometric interpretation of the oc-
curing matrices.

Theorem 10.42. The set of orthogonal 2 x 2-matrices is given by

0(2) = {R,x = (CF’S"‘ ““”‘) ’ ae [0,2n)} u {sa = <C9S“ S >’ o [0,27r)}.
sina cosa sine  —cosw
Proof. By Theorem 10.39, it holds that O(2) = {A € M(2 x 2,R) |A'A = L}.
An explicit computation of matrix products then shows that R, S, € O(2) for each a € [0,27),
so it remains to show that every element of O(2) is of the form R, or of the form S,.

Given A = (Z Z) € O(2), the condition A’A = I, becomes
2., 2
+ =1,
1 0\ _(a ¢\ (a b\ _(a*+c* ab+cd o ZZ 22 1
01)=\b d) \c d) " \abted P+a2 e =1
ab+cd =0.

Since all real solutions of x> +y? = 1 are of the form x = cosa and y = sin « for some & € [0,27),
we derive from the first two equations that there are &, § € [0,277), such that

a=cosw, c=sing, b=sinf, d=cosp.
The third equation then reads as
0 = cosasinf +sinwcos p = 2sin(a + B),

where we used Theorem 3.78. Thus, by Corollary 3.87.a) there exists k € Z, such that a + 8 =
k7. Since o, B € [0,27) it holds that k € {0,1,2,3}. We have to distinguish between two cases:
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o If k € {1,3},ie. if B € {m —w,37m — a}, then by the periodicity properties of sine and
cosine
cos B =cos(m—a) =—cosw, sinf =sin(m—a) =sina.

Thus, in this case A = S,.
o If k€ {0,2},ie.if f=a =0o0rp =27 —a, then
cos p = —cos(2m —a) = cosa, sinp =sin(2wr —a) = —sina.
Thus, in this case A = R,.
This shows that every A € O(2) is of the desired form. O

Remark 10.43. The matrices R, and S, from Theorem 10.42 have a geometric meaning, but we
unfortunately do not have enough time in the course to discuss it in detail.

(i) The map fg, : R> — R? induced by R,, where & € [0,277), is a counterclockwise rotation
around the origin by the angle a. One observes (this is left to the reader as an exercise) that
R, does not any eigenvalues unless « € {0, 7r}.

(ii) The map fs, : R> — R? induced by S, is a reflection along a line. One checks that this line
is given by R(cos(§),sin(%)).2

Theorem 10.42 thus shows that every orthogonal endomorphism of R? is either a rotation around the
origin or a reflection along a line.

Concluding this section, we want to give a definition that is not too important for us for the rest
of this course, but that you might encounter in various situations in physics.

Definition 10.44. Letn € IN.

a) The special orthogonal group of dimension n is given by

SO(n) ={A€O(n)| detA=1} ={Ae MnxnR)|A'A=1, detA=1}.
b) The special unitary group of dimension n is given by
SU(n) ={A€U(n)| detA=1} ={A€ M(nxnC)|AA=1I, detA=1}.

Remark 10.45. (1) Using the observations that O(n) and U(n) are groups with respect to the
matrix product and Theorem 9.14, one shows that SO(n) and SU(n) are again groups with
respect to the matrix product.

(2) Note that by definition, SO(n) = O(n) NSL(n,R) and SU(n) = U(n) N SL(n,C), with
respect to the special linear group defined in Corollary/Definition 9.16.

Example 10.46. With R, and S, given as in Theorem 10.42, one observes that det R, = cos? a +
sinfa = 1 and detS, = —cos?a —sin?a = —1 foralla € [0,277). Thus, by Theorem 10.42, it

holds that )
SO(2) = {(C.OS"‘ _Sm"‘> ne [0,27r)} .
SN COS «x

3 An exercise that helps in understanding the geometry: Show that S, is diagonalizable and compute an eigenbasis
of R? associated with S,.
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10.4 Self-adjoint endomorphisms

In our studies of finite-dimensional vector spaces we have so far seen two kinds of bases with
useful properties: eigenbases and orthonormal bases. While an eigenbasis allows for a sim-
ple description of an endomorphism, an orthonormal basis has several useful properties and
provides us with intuition about lengths and angles between vectors.

The optimal case would be to have all of these properties combined, i.e. to have an orthonormal
eigenbasis with respect to a given endomorphism. In this section, we will introduce a class of
endomorphisms which has precisely this property, namely self-adjoint endomorphisms. These
maps occur naturally in several situations in physics, for example in the infinite-dimensional
case (which we shall not discuss here) many observables in quantum mechanics like position,
momentum and spin are described by self-adjoint operators.

Definition 10.47. Let (V,(-,-)) be a Euclidean or a unitary vector space. An endomorphism
f 'V — Vis self-adjoint if
(f(v),w) = (v, f(w)) Vo,weV.

Example 10.48. (1) Obviously,idy : V — V and the zero map are self-adjoint for any Euclidean
or unitary vector space.

() f:R?> = R? f(x,y) = (2x,3y) is self-adjoint, since

(f(x1, 1), (x2,2)) = ((2x1,3y1), (x2,42)) = 2x1x2 + 3y1y2 = ((x1,¥1), (2x2,3¥2))
= ((x1,y1), f(x2,2))

for all (xl,yl), (XZ,yz) S R2.
(3) g:R? = R?, ¢(x,y) = (y, —x) is not self-adjoint, since e.g.
(8(1,0),(0,1)) = ((0,-1),(0,1)) = =1 #1 = ((1,0), (1,0)) = ((1,0),8(0,1)) .

(4) Leth € C°([0,1],R) and consider T : C°([0,1],R) — C°([0,1],R), T(f) = h - f. One checks
without difficulties that T is linear and we compute for the previously studied inner product
forall f,¢ € C°([0,1],R) that

1 1

[ hof)gx)dx = [ () (h(x)g() dx

={fh-g) ={fT@E).

Hence, T is self-adjoint.

(T(F).g) = (- f.8) = [

The following properties of self-adjoint endomorphisms will turn out to be more important
than one might think upon first sight.

Theorem 10.49. Let (V,(-,-)) be a Euclidean or a unitary vector space and let f : V. — V be a
self-adjoint endomorphism. Then:

a) Every eigenvalue of f is a real number.

b) If A, i € R are eigenvalues of f with A # p, then Ex(f) L E,(f).
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Proof. a) In the case that V is Euclidean, this is clear, so assume that f is unitary. Let A € C
be an eigenvalue of f and let v € V ~\ {0} be an eigenvector to the eigenvalue A. Since f is
self-adjoint, we compute that

Ao, 0) = (Av,0) = (f(v),0) = (v, f(v)) = (v,Av) = A (0, 0).

Since (v,v) # 0 by the positive definiteness of inner products, this yields A = A which holds
if and only if A € R.

b) Letv € E)(f) and w € E,(f). Since f is self-adjoint, we compute that

Ao, w) = (Av,w) = (f(v), w) = (v, f(w)) = (v, pwo) = p (v,w)

since # € R by a). This yields (A — u) (v,w) = 0 and since A # y, it follows that (v, w) = 0.
Since v € E,(f) and w € E, (f) were chosen arbitrarily, this shows the claim.
O

Remark 10.50. While it is easy to see that sums and scalar multiples of self-adjoint endomor-
phisms by real numbers are again self-adjoint, the composition of two self-adjoint endomor-
phisms is not necessarily self-adjoint. if f,g : V — V are self-adjoint endomorphisms of a
Euclidean or unitary vector space, then for all v, w € V:

(g0 f)(v),w) = (¢(f(v)),w) = (f(v), g(w)) = (v, f(g(w))) = (v, (f o &) (w)).
So g o f is self-adjoint if and only if g o f = f o g, which is not always the case.

We next want to look at matrix representations of self-adjoint endomorphisms. We introduce
an explicit property for matrices and will show that it corresponds to self-adjointness when it
comes to matrix representations.

Definition 10.51. Let n € IN.
a) A quadratic real matrix A = (aij) € M(n x n,R) is called symmetric if
Al = A,
ie. ifa;; =ajforalli,j € {1,2,...,n}.

b) A quadratic complex matrix A = (a;;) € M(n x n,C) is called Hermitian* if

ie. ifa;; =aj foralli,j € {1,2,...,n}.
1 2 3 1 1+i 24
Example 10.52. |2 4 5| issymmetricand [ 1—i 2 3 — 2i | is Hermitian.
3 56 2—i 3+2i 5

Theorem 10.53. Let (V, (-, -)) be a finite-dimensional Euclidean or unitary vector space, B = (by, ..., by)
be an orthonormal basis of V and f : V. — V be an endomorphism.

a) In case V is Euclidean, f is self-adjoint if and only if Mg(f) is symmetric.

4This word might look weird upon first sight. It it named after the French mathematician Charles Hermite (1822-
1901), who gave the original proof of Theorem 10.49.a).
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b) In case V is unitary, f is self-adjoint if and only if Mg(f) is Hermitian.

Proof. We will only prove part b), since part a) is proven along the same lines. Put A := Mp(f)
and denote its entries by A = (a;;).
"=": If f is self-adjoint then it particularly holds for all i,j € {1,2,...,n} that

(f(bi),b;) = (bi, f(b))) Theorgg 8.20 <ani aiby, bj> = <bi/k£:lakjbk>

=

n n n
ai (b, bj) = Y (bi, by) & Qb = Y, b < aji = ajj.
- k=1 k=1

k=1 k=1

Thus, A is Hermitian.
"=": Asshown in the opposite implication, if A is Hermitian, then

(F(0:), ) = (b, f(b)) Vij € {1,2,...,m). (103)
Letv =}y Aibj,w = Y1 Ajbj € V. Then, by the linearity properties of inner products,

(F(0), w) = < imf(bi>,imbj> =YY A (f(bi) by
i= j=

i=1j=1
9§ o 000) = { £ Lo 9)) = o160
i= = 1=

Hence, f is self-adjoint. O

As indicated in the introduction to this section, one motivation to study self-adjoint endomor-
phisms is the existence of orthonormal eigenbases for such maps. The following important
theorem manifests this property.

Theorem 10.54 (spectral theorem). Let V be a finite-dimensional Euclidean or unitary vector space.
Then for every self-adjoint endomorphism f : V. — V there exists an orthonormal basis of V which
consists of eigenvectors of f. In particular, f is diagonalizable.

Proof. We first consider the case that V is unitary. We want to show the claim by induction over
n = dim V. The base case of n = 1 is obvious. Concerning the induction step, we assume as
induction hypothesis that the claim holds for all self-adjoint endomorphisms of unitary vector
spaces of dimension n — 1 for a certain n > 2.

Assume that dimV = n and let f € L(V,V) be self-adjoint. As a complex polynomial, xr
decomposes into linear factors, so there are eigenvalues Ay, ..., A, such that

X = (“1)"(E= M) (E=Ag)... (E=Ay) VEEC.

(By Theorem 10.49.a), A; € R foralli € {1,2,...,n}.) Let v; € V be an eigenvector with
|[01]] = 1 corresponding to Ay and put W := v{- = (IRv;)*. By Theorem 10.26 and Corollary
6.41, dim W = n — 1. Moreover, for each w € W we compute that

(v1, f(w)) = (f(v1),w) = (Mo, w) = A (v1,w) =0,

so f(w) € vi = W. Hence, f restricts to a self-adjoint endomorphism f|y : W — W. By the
induction hypothesis, there exists an orthonormal basis {02, .., vn} of W consisting of eigen-
vectors of f|w, hence of f. Since by construction v; L vy for all i € {2,3,...,n}, the family
{v1,...,v,} is orthonormal and thus, since dim V = #, an orthonormal basis of V.
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In the case that V is Euclidean, we can apply the very same line of argument if we can show that
X decomposes into linear factors. Let B be an orthonormal basis of V and put A := Mg(f) €
M(n x n,R). Then xr = x 4. By Theorem 10.53, A is a symmetric matrix. If we view its entries
as complex numbers, i.e. view A as a matrix in M(n x n,C), then A is Hermitian as well. From
the unitary case, we observe that as a complex polynomial x4 decomposes into linear factors,
such that each of the linear factors is a real polynomial. This shows that x4 = x; decomposes
into linear factors as a real polynomial as well. Hence, one proceeds as in the unitary case to
show the claim. O

Corollary 10.55 (spectral theorem for matrices). Let n € IN.

a) Let A € M(n x n,R) be symmetric. Then there exists S € O(n), such that SAS! is a diagonal
matrix.

b) Let A € M(n x n,C) be Hermitian. Then there exists S € U(n), such that SAS' isa diagonal
matrix.

Proof. Again, we shall only prove part b) as part a) follows along the same lines.

By the spectral theorem, f4 : C" — C" is diagonalizable and there exists an orthonormal basis
{b1,...,b,} of C" consisting of eigenvectors of A. By Theorem 9.36 there exists S € GL(n,C),
such that SAS~! is diagonal. By construction of S in the proof of that theorem, this matrix can
be chosen to satisfy Sb; = ¢; foreachi € {1,2,...,n}, which yields S € U(n) by Theorem 10.33.

Since S~1 = §t by Theorem 10.40, it follows that SAgt is diagonal for such a choice of S. O

Remark 10.56. There also exists a version of the spectral theorem for self-adjoint endomor-
phisms of infinite-dimensional vector spaces that is crucial to the study of Dirac operators and
other operators from theoretical physics. However, the infinite-dimensional version requires a
lot of prerequisites from functional analysis, so it is (yet) out of reach for us.

The following corollary summarizes the main results of this section in a concise way.

Corollary 10.57. Let (V,(-,-)) be a finite-dimensional Euclidean or unitary vector space.
Let f : V. — V be a self-adjoint endomorphism and let Ay, ..., A, € R be the pairwise distinct eigenval-
ues of f. Then

V:E/\1(f)@E)L2(f>@®E)\k(f)

and any two eigenspaces to distinct eigenvalues are orthogonal to each other.

Proof. The direct sum decomposition follows directly from combining Theorem 10.54 with The-
orem 9.41. The orthogonality of the eigenspaces was shown in Theorem 10.49.b). O

While Corollary 10.57 is rather theoretical, the proofs results from this chapter also deliver the
"theoretical guarantee" that the following method can be used to explicitly find orthonormal
eigenbases for self-adjoint endomorphisms f : K" — K" for K =R or K = C.
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Method for finding an orthonormal eigenbasis for a self-adjoint endomorphism f : K" — K"

e Compute x, find its decomposition into linear factors (which exists as seen above) and
read off its eigenvalues.

o If A1,...,Ax € R are the pairwise distinct eigenvalues of f, find a basis {bi, eeey, bfql,} of
E,,(f) by solving the linear system f(v) = A;v.

e Apply the Gram-Schmidt orthonormalization process individually to each {bi,...,b} }
indivually, obtain an orthonormal basis {c}, ..., ¢}, } of E;,(f) foreachi € {1,2,...,k}.

e Then Ut , {ct,..., cf”} is an orthonormal basis of K" consisting of eigenvectors of f.

You will have the opportunity to practise this method on Sheet 9 of the exercises.
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Chapter 11

Convergence and continuity in
metric spaces

11.1 Maetric spaces and convergence

In this chapter we want to prepare the development of multivariable calculus by establishing
very general forms of convergence of sequences and continuity of maps on more general sets
thanjust R and C. in sets that generalize convergence in R in C as we have discussed in Chapter
2.

Most important notions from Mathematics 1, in particular convergence and continuity, have
been defined in terms of numbers that lie close to one another. Continuity and differentiability
of a function in a point are defined in terms of the behavior of the function near that point, i.e. can
not be defined by considering the value of the function in that point alone. For this reason, we
need to generalize the notion of points being close to or nearby one another. We will generalize is
by introducting functions that measure distarnces between two points in a sense explained below.
In R and C we have often expressed that two pointsx and y are close to one another by saying
that |x — y| < ¢, so closeness was formalized in terms of the absolute value.

Taking a look at the proofs of results about convergence and continuity, it turns out that we
mostly used only the following elementary properties of the absolute value both in K = R and
inK=_C:

e |x| >0forall x € Kand |x| = 0if and only if x = 0,
e |x| = | —x|forall x € K, in particular |[x —y| = |y — x| forall x,y € K,
o |x+y| <|x|+|y|forallx,y € K.

These elementary properties alone already allow for a lot of computations and estimates. Tak-
ing a closer look at them, one realizes that by definition of a norm, the analogous properties
are satisfied for norms on real or complex vector spaces. In fact, the notions of convergence
and continuity from Chapters 2 and 3 can be generalized in a straightforward way to normed
vector spaces by simply replacing the absolute value by the respective norm. In this section, we
want to go one step further and introduce the notion of a metric space, i.e. sets with distance
functions. We will see that normed vector spaces occur as special (and for our purposes the
most important) cases of that construction.
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Definition 11.1. Let X be a set. Amap d : X x X — R is called metric or distance function on X
if it has the following properties:

(i) (positive definiteness) d(x,y) > 0 forall x,y € X and d(x,y) = 0 holds if and only if x = y.
(ii) (symmetry) d(x,y) =d(y,x) forallx,y € X.
(iii) (triangle inequality) d(x,y) <d(x,y)+d(y,z) forallx,y,z € X.

If d is a metric on X, then the pair (X, d) is called a metric space. One simply writes X instead of
(X, d) if it is evident which metric one is referring to.

As mentioned in the introduction of this section, norms on vector spaces can be used to define
metrics on vector spaces.

Theorem/Definition 11.2. Let (V, || - ||) be a normed real or complex vector space. Then
d:VxV =R, dxy)=|x—y|,
is a metric on V. We call d the metric induced by || - ||.

Proof. By property (i) of norms, it holds that d(x,y) = ||x —y|| > 0 for all x,y € V with ||x —
y|| = 0ifand only if x —y = 0, i.e. x = y. Hence, d has property (i) of Definition 11.1.
Using property (ii) of norms, we compute for all x,y € V that

dixy) = llx =yl =l =@ =2l =[=1-lly = x| = lly = x]| = d(y, ).

Hence, d has property (ii) of Definition 11.1.
By the triangle inequality for norms, it further holds for all x, y,z € X that

dlxy) = lx =yl =[x =2) + =yl < llx =zl| + |z = yl| = d(x,2) +d(z,y),
which shows the third property from Definition 11.1. Hence, d is a metric on V. O
Example 11.3. (i) The metric on R” that is induced by the standard norm,
n
d:R"xXR" =R, dxy) = |x—yl =/} (xi—v)%
i=1
is called the Euclidean metric or standard metric on R".
(ii) On each set X there exists a metric given by
0 ifx=y,
1 ifx #y.

One checks that dy has properties (i), (ii) and (iii) from Definition 11.1, so dj is indeed a
metric, called the discrete metric. (As one might guess, the discrete metric is not exactly
useful for computations and applications...)

do:XXX—)]R, do(x,y):{

(iii) If (X, d) is a metric space and A C X, then the restriction d4 := d|axa : AX A — Risa
metric on A.
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Next we want to introduce a general definition of convergence for arbitrary metric spaces.
Keeping in mind that a metric on R or on C is defined by d(x,y) = |x — y/|, the general def-
inition is very plausible with the definition of convergence from Chapter 2 in mind.

Definition 11.4. Let (X,d) be a metric space, (x,)yen be a sequence in X and a € X.. The
sequence (X )peN converges to a if

Ve>0 dngeN: d(xya)<eVn>ng.
Then a is called the limit of (x,),en and we denote it by

lim x, = a.
n—xp

A sequence in X is called convergent if it converges to some limit in X. A sequence in X that is
not convergent is called divergent.

Remark 11.5. (1) Note that for a normed vector space (V, || - ||) with the induced metric, the
definition of convergence of a sequence (xy),eN in V resembles the one from Chapter 2
even more:

Ve>03nygeN : |x, —a| <e Vn>ny.

(2) One checks from the definition of convergence that a sequence (x,),cN in a metric space
(X, d) converges to a € X if and only if the real sequence (d(xy,a)),en converges to 0 in R
in the sense of Chapter 2.

The following theorem and its proof are line-by-line analogues of Theorem 2.4 and its proof.
Theorem 11.6. Let (X, d) be a metric space. The limit of a convergent sequence in X is unique.

Proof. (This proof is not discussed in the lecture videos.)

Leta,b € X and let (x,),en be a sequence in X which converges both to 2 and to b. Lete > 0
be arbitrary. By assumption there exist n17, 1, € IN, such that

d(xy,a) <e Vn>mn,
d(x,,b) <e Vn>ny.

If we put ng := max{ny, n,}, then we obtain for each n > ng using the triangle inequality and
the symmetry of d that

d(a,b) <d(a,x,)+d(xn,b) =d(xy,a) +d(x,,b) <e+e=2e.

So we have shown that d(a,b) < 2¢ for all ¢ > 0. If we had a # b, then by positive definite-

ness of a metric d(a,b) > 0, so choosing ¢ = @ would yield d(a,b) < d(a,b), which is a
contradiction. Hence, a = b, which shows the claim. O

The following theorem shows that convergence of a sequence in R" with respect to the Eu-
clidean metric is equivalent to the convergence of all its component sequences. This reconciles
the formal definition with our intuitive notion about convergence in R".

Theorem 11.7. Let k € IN and consider R¥ with the Euclidean metric. Let (x,)nen be a sequence in
RF, where x, = (X100, X211, - -, Xg) for each n € IN, and let a = (ay,...,a;) € RF. Then (%) neN
converges to a if and only if (x;, )neN converges to a; in R forall i € {1,2,...,k}.
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Proof. "=": We observe from the monotonicity of roots that foralli € {1,2,...,k} andn € N
it holds that

|Xin — ai] = \/ (xip — a;)? <

(xjn - aj)2 = Hxn - a” = d(xn/a)~ (11.1)
Let ¢ > 0. By assumption, there exists 1y € IN, such that d(x,,a) < ¢ for all n > ny. By (11.1)
this implies for each i € {1,2,...,k} that

|xin —a;| <d(xy,a) <e  Vn>ny.

Since ¢ is arbitrary, this shows that lim,,_,« x;, = a; foreachi € {1,2,...,k}.
"«<": Lete > 0. By assumption for each i € {1,2,...,k} there exists n; € IN, such that

Vn > n;.

Put ng := max{ny, ..., ni}. Then for n > ny we compute, using the strict monotonicity of roots:

k kg2 2
d(xn,a) = ||lxn —al = | Y (xin —a;)? < 2?: k-E:\/s_Zzs.
i=1 i=1

Since ¢ > 0 was chosen arbitrarily, this shows that (x,),cN converges to a. O

While sums and multiples of sequences do not make any sense in arbitrary metric spaces, these
notions of course exist in vector spaces and it turns out that convergence in normed vector
spaces behaves analogously to convergence in R or C. Before proceeding we fix a notational
convention:

In the following, unless otherwise mentioned, we consider a normed vector space as equipped with the
metric induced by its norm.

Theorem 11.8. Let (V|| - ||) be a normed vector space over K = R or K = C and let (x)neN and
(Yn)nenN be convergent sequences in V. Let a = limy 0 X and b = limy, ;0 Y. Then:

a) (Xn + Yn)neN converges against a + b,
b) (A - xn)neN converges against Aa for all A € K.

Proof. This is shown along the same lines as Theorem 2.7 with absolute values replaced by || - ||
everywhere. O

The following definition generalizes another basic notion for sequences from real or complex
numbers to arbitrary metric spaces.

Definition 11.9. Let (X, d) be a metric space and let (x,),cn be a sequence in X. We call (xy,),enN
bounded if for an xg € X there exists R > 0, such that d(x,,x9) < R forall n € N.

The following result is the immediate generalization of Theorem 2.10. One checks that it is
proven along the same lines.

Theorem 11.10. Let (X, d) be a metric space. Every convergent sequence in X is bounded.
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Proof. Let (x4)yen be a sequence in X with lim, ;0 X, = a € X. In particular, there exists
ng € N with

d(xy,a) <1 Vn > ng.
Thus, if we put R := max{d(xy,a),d(x,a),...,d(x,,—1,a),1}, then d(x,,a) < Rforalln € N,
which shows that the sequence is bounded. O

The following definition generalizes the notion of Cauchy sequences in IR and C from Definition
2.50.

Definition 11.11. Let (X, d) be a metric space.

a) A sequence (x,),eN in X is a Cauchy sequence if

Ve>03ng € N:  d(xy,xm) <e Vm,n> ng.

b) (X,d) is complete if every Cauchy sequence in X converges.

Example 11.12. (1) By Theorem 2.51 and Corollary 2.52, R and C with the Euclidean metrics
(i.e. the distance function defined by the absolute value) is complete in the sense of Defini-
tion 11.11.

(2) (0,1) with the metric induced by the Euclidean metric on R is not complete. For example,
the sequence (1), cn is a Cauchy sequence, but it does not converge in (0,1) since 0 ¢ (0,1),
which is its limit in R.

Theorem 11.13. Let (X, d) be a metric space. Then every convergent sequence in X is a Cauchy se-
quence.

Proof. Let (x,),eN be a sequence in X which converges to a € X. Let € > 0. Then there exists
ng € IN, such that d(x,,a) < 5 for all n > ng. Then by the triangle inequality and symmetry of
d

d(xp, xm) < d(xp,a) +d(a,xy,) =d(xp,a) +d(xm,a) < g + % =& Vm,n > ny.

Thus, (x,)en is a Cauchy sequence. O

Remark 11.14. While the opposite implication in Theorem 11.13 is true for X = R by Theorem
2.51, this is no longer the case for arbitrary metric spaces. Taking a look at the proof of Theorem
2.51, one observes that the proof of the opposite implication made use of the Bolzano-Weierstrafs
theorem which does not hold true for arbitrary metric spaces (we will make this precise later),
so the proof can not be transferred to the present settingj

Theorem 11.15. Let k € IN and let R¥ be equipped with the Euclidean metric. Then R is complete.

Proof. Let (x4)neN, Where x, = (X1, ..., Xg,) for each n € IN, be a Cauchy sequence in RF. Let
e > 0. Then there exists ng € N with ||x, — x| = d(xu, xm) < € for all n,m > ny. Thus, for
eachi € {1,2,...,k} we compute that

[Xin — Xim| < ||xp — xm|| <€ Vm,n > ng.

Since ¢ > 0 was arbitrary, (xj,)nen is a Cauchy sequence in R for each i. By Theorem 2.51,
(Xin)neN is convergent for each i € {1,2,...,k} and it follows from Theorem 11.7 that (x,,),eN
converges. Hence, R¥ is complete. O
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For normed vector spaces there is another common term used in the case of completeness.

Definition 11.16. A normed vector space (V, || - ||) that is complete with respect to the metric
induced by || - || is called a Banach space.

Banach spaces are one of the main objects of study in functional analysis and will appear in
later lectures whenever one studies spaces of functions. In the following theorem, we recall the
sup norm from Theorem/Definition 10.13, which was our first example of a norm on a vector
space consisting of functions.

Theorem 11.17. Let X be a set and let K = R or K = C. Then (B(X,K), || - ||eo) is a Banach space.

Proof. Let (fn)nen be a Cauchy sequence in B(X, K). Then for each ¢ > 0 there exists ny € IN
such that sup,..y [fu(x) — fiu(x)| < e for all n,m > ny. In particular, for each fixed x € X we
obtain |f,(x) — fiu(x)| < € forall n, m > ng, which means that (f,(x)),en is a Cauchy sequence
in K for each x € X. By the completeness of R and C, i.e. by Theorem 2.51 and Corollary 2.52,
this yields that (f,;(x)),en converges in K for each x € X. We define a function
f:X—=K f(x):= nh_r%lofn(x)

We want to show that f is bounded and that (f,),en converges to f. To show the latter, let
e > 0 and let ng € IN, such that || f;, — ful e < 5 for all m,n > ng. Then for each n > ny and
x € X we compute

[fu(2) = F)] < | fu(x) = fn ()] + [ fin(x) = £ ()]
< |lfn = flloo + [ fn(x) = f(x)] < §+ | fn(x) = f(x)].

Since this holds for every m > ny and since limy,—e0 | fin (x) — f(x)| = 0, it follows that

Vn > ng,x € X,

|[fa(x) = f(2)] <

N ™

hence
fi = fllo = sup |fu(x) = f()] < 5 <& V2 mp.

xeX

Since € > 0 was arbitrary, this shows that (f,,),en converges to f. To see that f is bounded, we
let n € IN, such that || f — fu||c < 1. Then by the triangle inequality, we obtain for all x € X:

f()] < sup FO1 = [lfllee < M1f = fullo + [ fulloo <1+ folleo-

Since f, is bounded, this shows that f is bounded as well, hence f € B(X, K). Thus, B(X, K) is
complete. O
11.2 Uniform convergence of sequences of functions

In Theorem 11.17 we have used our new general definition of convergence to study convergence

of sequences of functions. In this section we want to further delve into notions of convergence
for sequences of functions. For the sake of simplicity, we will restrict
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Definition 11.18. Let X be a set and let Y be a metric space. Let f;, : X — Y, n € IN, and
f: X — Y be maps. We say that (f,),eN converges pointwise to f if

,}i}}of"(x) = f(x) Vx € X.

f is then called the pointwise limit of (fu)neN-

The notion of pointwise convergence is an elementary and simple definition of convergence,
but is it a good one? Let us consider the familiar case of Y = R and X = I an interval for a
moment. We would like a notion of limit of a sequence of function, for which the limit function
inherits certain properties from the sequence. More precisely, we would like to have positive
answers to the following questions, where (f,,),cN always converges pointwise to f.

(1) If f, : I — Ris continuous for each n € N, is f again continuous?

(2) If fu : I — Ris differentiable for each n € N, is f again differentiable and does (f},)neN
converge against f'?

(3) If fu : [a,b] — R is Riemann-integrable for each n € IN, is f again Riemann-integrable and
is limy oo [7 fu(x) dx = [ f(x) dx?

Unfortunately, the answer to each of the three questions is No, as the following counterexamples
show.

(1) For each n € N consider the continuous function f, : [0,1] — R, f,(x) = x". Then
lim, 00 fu(x) = f(x) for each x € [0,1], where

0 ifxel01),

f:01] =R, f(x)= {1 if x = 1.

which is not continuous in 1.

(2) Foreachn € Nlet f, : [0,1] — R be the function whose graph is shown in Figure 11.1. Then
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Figure 11.1: The graph of f, in the third counterexample.
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lim, 00 fu(x) = 0 for all x € [0,1] since for each x > 0 it holds that f,(x) = 0 whenever
n > 1 and since f,(0) = 0 for all n € IN. Hence, (fu)seN converges pointwise against the
zero function, but

. 1 .11 !
llm/()fn(x)dx:’}grgoizi#Oz/o Odx.

n—o0

(3) Foreachn € N let f, : [0,21] = R, fu(x) = Sill(/rnix), which is differentiable for each n € IN.
Then

lim f,(x) = lim sin(nx)

n—00 n—oco \/ﬁ

foreach x € [0,27], so (fu)neN converges pointwise against the zero function. This function
is differentiable, but by the chain rule

=0

o) = "5 — icos(ix)

Hence, (f,)nen is divergent.

This shows that while pointwise convergence is a very elementary and simple notion of con-
vergence for sequences of functions, it is not very practical for computations. For this purpose,
we introduce another notion of convergence that is defined in terms of a norm.

Definition 11.19. Let X be a set, let K = R or K = C, let (f,),enN be a sequence in B(X, K) and
let f € B(X,K). We say that (f,;),en converges uniformly to f if (fu)nen converges to f with
respect to || - [0, i.€. if

lim || fy = fllo = 0.
In this case, we write lim, 0 f = f and call f the uniform limit or just limit of (fu)neN-

Example 11.20. (1) Let f, : [0,1] = R, fy(x) = (x* + 1)e*/". We compute the pointwise limit
of f, as

lim f,(x) = nli_r)rolo(xz +1)e"" = (x® 4+ 1) lim /" = (x2 +1)e = ¥? + 1.

n—00 n—o0

We want to show that (f,),en indeed converges uniformly to f(x) = x2 + 1. For each
x € [0,1] it holds that

fu(x) = F@) = (2 + 1) (" = 1) = [ +1] - [/ —1] < 20e*/" ~1].

1/n

By strict monotonicity of the exponential function, 1 < e* /n < el/n g0 it follows that

Ifu(x) = f(x)] <2V 1) = |fu—fllo= sup |fu(x) — f(x)] < 2(e/" —1).

xe[0,1]

By continuity of the exponential function, limn_m(el/ " —1) = 0, hence for each ¢ > 0 there
exists 119 € N with e!/" — 1 < ¢ for all n > ng and thus

| fn— flleo <& Vn > mny.

Hence, (f)nen converges uniformly to f.

263



(2) In the counterexamples to questions (1) and (2) the sequences ( f, )N do not converge uni-
formly against their pointwise limits. (It is highly recommended to the reader to check this
by themselves!) Thus, the converse implication does not hold, there are pointwise conver-
gent sequences that do not converge uniformly.

The following statement characterizes uniform convergence more explicitly without making
use of the sup norm.

Theorem 11.21. Let X beaset, K = Ror K = C, (fu)nen be a sequence in B(X,K) and f € B(X, K).
The following statements are equivalent:

(i) (fu)nen converges uniformly to f.
(i) Ve >03ny e N: |fu(x)—f(x)| <e Vn>mnpxeX

Proof. (i) = (ii): Iflimy e ||fn — f|| = O, then for each ¢ > 0 there exists 19 € IN, such that

[fo = fllo <& Vn2>mng < sup|fu(x)—f(x)]<e Vn>no.
xeX

By definition of the supremum, this yields
|fu(x) —f(x)| <e Vn>ny xeX,

which shows the claim.
(ii) = (i): If (ii) holds, then for each ¢ > 0 there exists 1y € IN so that

[ fn = flleo = Slelg Ifu(x) — f(x)] <& Vn>ng.

This yields that limy, ;e || fn — f||c = 0, which we wanted to show. O
Remark 11.22. Let X be a set, let K = R or K = C and let (f,,),en be a sequence in B(X, K).

(1) One derives from Theorem 11.21 that if (f;),eN converges uniformly against f € B(X, K),
then (f,)neN converges pointwise against f.

(2) In practice, to check whether a given sequence of functions converges uniformly, one al-
ready needs a "candidate" for the limit of the sequence. Such a limit is usually obtained by
explicitly computing the pointwise limit of the sequence, which is much easier to determine, and
then checking whether the convergence is uniform or not. If the sequence converges pointwise
then by (1) the only possibility for uniform convergence is convergence to the pointwise
limit.

(8) Given Theorem 11.21 we can spot the difference between pointwise and uniform conver-
gence more explicitly. If a sequence (f,),eN converges pointwise to f, it holds for fixed x
and given ¢ > 0 that there exists an ny € IN which depends on € and x that | f,(x) — f(x)| < e
for n > ny. If the convergence is uniform, then the choice of ny no longer depends on x, but must
be the same for all x in the domain.

We will next show that uniform convergence does not have the same "flaws" as pointwise con-
vergence when it comes to the questions from the beginning of the section.

Theorem 11.23. Let D C Cand let K = R or K = C. Let f, : D — K be bounded for each n € IN.
If fu is continuous for each n € N and if (fu)nen converges uniformly to f : D — K, then f is
continuous.
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Proof. Let xg € D. We want to show that f is continuous in xo, i.e. that for all ¢ > 0 there exists
J > 0,such that | f(x) — f(xp)| < e forall x € D with |x — xg| < 6.
Let e > 0. Since (fy)nen converges uniformly to f, there exists ng € IN with || fy — flleo < §
and thus ¢

frol) )l <5 vxeD. (112)

Since f;, is continuous, there exists § > 0, such that
€

| fri (x) = fup (x0)| < 3 Vx € D with [x — xg| < 6. (11.3)

Hence, we derive for all x € D with |x — xg| < J that

[f(x) = fxo)| = £ (x) = fug (%) + fuap (x) = fno (x0) + fno (x0) — f(x0)]
< fuo (%) = FO | fng () = fug (x0) [ 4 [ fing (x0) — £ (x0)
(11.2),(11.3) E e e

3t3t3=¢

Since € was chosen arbitrarily, f is continuous in xg. Since xg was chosen arbitrarily, f is contin-
uous. O

Corollary 11.24. Let D C C and let
CY(D,K) := {f € C%D,K) | f is bounded}.
Then (C)(D,K), || - ||p) is a Banach space, where || - ||, denotes the restriction of the sup norm to
CY(D,K).
Proof. (This proof is not discussed in the lecture videos.)

As sums and scalar multiples of continuous and bounded functions are continuous and bounded,
CP(D,K) is a linear subspace of B(D,K). Let (fu)sen be a Cauchy sequence in C)(D,K). By
definition of the norm, (f,),en is also a Cauchy sequence in B(D, K), thus, by Theorem 11.17,
converges uniformly against some f € B(D, K). By Theorem 11.23, f is again continuous, hence
f € C)D,K). Thus, (fu)nen converges against f in CJ(D, K) as well. O

Theorem 11.25. Leta,b € Rwitha < b, let (fy)en be a sequence in B([a,b],R) and let f : [a,b] —
R be bounded. If f, is Riemann-integrable for every n € IN and if (fu)neN converges uniformly to f,
then f is Riemann-integrable with

/abf(x)dx = nli_r)r(}o/abfn(x)dx.

Proof. (The proof of the Riemann-integrability of f is not discussed in the lecture videos.!)

We first need to show that f is Riemann-integrable. Let ¢ > 0. Since (f,),eN converges uni-
formly to f, there exists ny € IN with

€
| frg = flleo < m-

If one makes the additional assumption that the f, are continuous, then the argument fits within one line: By
Theorem 11.23, f is again continuous, hence Riemann-integrable.
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Then
€

fno(x) — ( a) < f(x )<fno(x)+m Vx € [a,b].

Hence, if | C [a,b] is an arbitrary interval with x € J it follows that

€ €
%gffflo( ) (b—a) <f(x) <st1é1}]3fn0(t)+3(b_a)'
Consequently,
€ . . 3
stlgf(t) < stlézjsfno(ﬂ 35 —a) gf(t) > Inf fuy (£) — 30—a) (11.4)

Thus, if P = (t,t1,...,t,) € P([a,b]) is a partition, then by the first inequality from (11.4)

r—1
U(f,P)=3_ sup f(t)(tj1—t))
j=0 tE[t t/+l]

<Z( sup  fu,(t) + m)(tﬁl—tj)

tE[t] t/+l]

r—1 €
= sup  fuo (1) (tj41 — tj) + (b—a)
];) te(tjtis) ‘ e 3(b—a)

€

U(f,P) < U(fuy, P) + 5

Completely analogously, the second inequality from (11.4) yields

L(f,P) > L(fuy, P) — 5-

Since fy, is Riemann-integrable, there exists Py € P([a,b]) with U(fu,, Po) — L(fuy, Po) < §.
Combining this with the previous inequalities yields

U(f, o) — L(f, Po) < u(fno,P0)+§—L(f,P0)+§ < §+§+§ —¢

Hence, f is Riemann-integrable. (In the lecture videos, we take it from here.)

Using this observation and some of our results for integrals, more precisely Theorem 5.13.b)
and Theorem 5.11.e), we further compute for all n € IN that

[ = [ o] =

Since limy, o0 || fn — f|l0 = 0 by assumption, this yields that lim,_,c f fn(x)dx = f flx

b
[ (fal) = £(x)) dx

< [ 1fal) = F@Ndx < fa — fllolo ).

D

The situation for differentiability is slightly more sophisticated than the one for integrability.
In fact, there are (complicated) examples of uniformly convergent sequences of differentiable
function, whose derivatives do not converge to the derivative of the uniform limit.

Theorem 11.26. Let I be an interval and let K = R or K = C. Let (fu)neN be a sequence in B(1, K)
and let f : I — K be bounded. Assume that
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o fy is continuously differentiable for each n € IN,

e (fu)neN converges pointwise to f, and

o (f},)neN converges uniformly against ¢ : I — K.
Then f is continuous differentiable with f' = g.

Proof. Since f,, is continuous for each n € IN it follows from Theorem 11.23 that g is continuous.
By the fundamental theorem of calculus (Theorem 5.19) it holds for all # € IN and x € [a, b] that

fulx) = fula) + [ fit)a

Thus, by Theorem 11.25 and the pointwise convergence , we obtain for all x € [a, b] that

Fx) = lim fu(x) = lim fula)+ Jim [ £1(0

By part a) of the fundamental theorem of calculus, this implies that f is differentiable with
f'(x) = g(x) for all x € [a, b]. O

11.3 Continuity of maps between metric spaces

In the same way as we transferred the notion of convergence to sequences in metric spaces, we
will next generalize the notion of continuity to maps between arbitrary metric spaces. Again
we will replace expressions in R or C of the form |x — y| by distances d(x, y) in metric spaces
and it turns out that many of our previous results on continuity from Mathematics 1 are carried
over to metric spaces and normed vector spaces along the same lines.

From this section on, unless otherwise mentioned, we always consider R* as equipped with the Euclidean
metric.

Definition 11.27. Let (X, dx) and (Y, dy) be metric spaces and f : X — Y be a map.

a) Leta € X. f is continuous in a if

Ve>030>0: dy(f(x) f(a)) <e Vxe Xwithdx(x,a) <?9.

b) f is called continuous if f is continuous in a for every a € X.
¢) We put CO(X,Y) := {f: X — Y| f is continuous}.

Remark 11.28. For normed vector spaces and their induced metrics, the definition of continuity
looks even more like the one from Chapter 3: Let (V, || - ||v) and (W, || - ||w) be normed vector
spaces, f : V — Wand a € V. Then f is continuous in a if

Ve>036>0: |f(x)—f(a)|lw<e VxeVwithl|x—al <9

Example 11.29. (1) idx : X — X is continuous and constant maps ¢; : X — X, ca(x) = a
for all x € X, are continuous for every metric space (X,d). This follows straight from the
definition of continuity.
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(2) Let f : R> — R?, f(x,y) = (y,—x), is continuous: let (xg,y9) € R? Given ¢ > 0 put
§:=¢e> 0. Then for all (x,y) € R? with ||(x,y) — (x0,y0)|| < 4, it holds that

1F () — F(xo )| = 1y, —x) = Wo, ~x0)l = |y — yo, —x + x0)|
=y —y0)? + (—x +x0)2 = \/(x — 20)2 + (¥ — yo)?
— 1l(x,) = (xo,0)l| < 6 =

Since € > 0 was arbitrary, f is continuous in (xg, yo).

(3) Letk e Nandi€ {1,2,...,k}. Then p; : R" — R, p;i(x1,...,xn) = x; is continuous:
Leta = (ay,...,a;) € Rk Foragivene > 0 puté := e. Then forall x = (x1,...,x;) € RF
with ||x — a|| < e we compute that
pi(x) = pi(a)| = |xi —ai| < [lx —al| <d=¢,
where | - || again denotes the standard norm on IR¥. Hence, p; is continuous in a.

We will spend a great deal of this section by transferring results about continuous functions
D — K, where D C Kand K = R or K = C that we obtained in Chapter 3 to maps between
metric spaces using our new definition of continuity. We will skip most of the proofs of the fol-
lowing theorems, as they are carried out line-by-line as the proofs of the corresponding results
from Chapter 3. We begin with one of the most useful results, namely the characterization of
continuity by convergent sequences.

Theorem 11.30 (Sequential continuity). Let (X,dx) and (Y,dy) be metric spaces, let f : X — Y be
a map and let a € X. The following statements are equivalent:

(i) f is continuous in a.
(ii) For every sequence (Xn)neN in X with lgr1 Xp = a it holds that lgrl f(xn) = f(a).
n—00 n—oo
Proof. This is shown along the same lines as Theorem 3.3, the corresponding result from Math-

ematics 1. 0

Example 11.31. (1) We consider the function
x2

. R2 e = 2 (o) #0,0),
fIRESR, fxy) {0+y if (x,y) = (0,0).

Then f is continuous in (0,0): for all (x,y) € R? . {0} we compute that

_ Xyl P4yl
e s =l
x+y xX- 4y

ny

0< |f(xry)| = x2+y2

Thus, if (x4, Yn)neN is any sequence in R? with limy, e (s, yn) = (0,0), it holds that
0 < [f(xn, yn)| < lyul Vn e N
which yields lim, e | f (X1, ¥1)| = 0 by the squeeze theorem. Hence,
nggof(xn/yn) =0=£(0,0)
for all (x,, yu)nen converging to (0,0). Theorem 11.30 then implies that f is continuous in

(0,0).
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(2) For a € R we consider the function

wip i O
fa: RZ =R, f(x'y):{;w 1f§ii;i$g;

Then f, is not continuous in (0,0) for any choice of a: If f, was continuous in (0,0), then
by Theorem 11.30 it would hold that limy, e fa(Xn, yn) = fa(0,0) = a for all sequences
(%1, Yn)nen in R? with limy 0 (X, y4) = 0. For x, = y, = % we compute that

fa(%%)z L1732

1
2

3=
—_

Tl

%) = % So f; can only be continuous if a = % But if

we likewise obtain

_1
A E ) 1
a n’ n l 2/

for each n € IN, hence lim; fa(%,

we take x,, = %,yn = —%,

hence
: 1 1Y _ 1 21 _ 1 11
i fo (5 —5) = =3 # 4= fim o (34).
So f, is not continuous for any a € R.

Theorem 11.32. Let (X, dx), (Y,dy) and (Z,dz) be metric spaces, and let a € X. Let f : X — Y be
continuous in a and g : Y — Z be continuous in f(a). Then g o f : X — Z is continuous in a.

Proof. This follows from Theorem 11.30 in the same way that Theorem 3.7 was derived from
Theorem 3.3. O

While sums and multiples by constants are not defined for arbitrary metric spaces, we can still
generalize old results of sums and multiples by considering maps whose codomains are normed
vector spaces. Here, sums and scalar multiples of maps are defined pointwise as usual and the
corresponding result about continuity transfers to this setting.

Theorem 11.33. Let (X, d) be a metric space, let E be a normed vector space over K = R or K = C and
let f,g : X — E be continuous in a € X. Then:

a) f+g: X —E (f+2)(x) = f(x)+ g(x), is continuous in a.
b) Af : X — E, (Af)(x) = A- f(x), is continuous in a for each A € K.

Proof. Both parts follow by combining Theorem 11.30 with the respective part of Theorem 11.8.
O

In arbitrary normed vector spaces we still can not define products of functions as there is no
multiplication of vectors inside of a normed vector space. However, if we further restrict to
maps whose codomains are R or C, we can again generalize the corresponding results from
Chapter 3.

Theorem 11.34. Let (X, d) be a metric space, let K = R or K = C and let f,g : X — K be continuous
ina € X. Then:
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a) f-g:X — Kis continuous in a.
b) If g(x) # 0 forall x € X, then § : X — K is continuous in a.

Proof. This follows from Theorem 11.30 in the same way that Theorem 3.5 was derived from
Theorem 3.3. O

One of the most important and most elementary classes of functions K — K are polynomials
which we have studied in various contexts. The notion of a polynomial can be extended to
maps in several real or complex variables, such that these polynomials share a lot of properties
with single-variable ones. We next give a formal definition of a general polynomial and discuss
their continuity.

Definition 11.35. Let k € IN. A (real) polynomial in k unknowns is a map p : R¥ — R for which
there are nny,...,n; € No,and a;,_;, € Rforalli; € {1,2,.. .,n]-},j € {1,2,...,k}, such that

ny - np 1k L .
plxn,xo, o x) =Y Y o Y a, i xR xE V(X xg) € R
H=0i,=0 =0

The degree of p is given by
degp := max{iy +ip +---+ir € No | a;, ; # 0}.

Example 11.36. (1) p: R? = R, p(x1,x2) = 14 2x1 + x + 2x7 — 2x7x3, is a polynomial in two
unknowns of degree three.

@ p:RF =5 R, p(xy,...,x) = x{'x5% ... x}%, is a polynomial in k variables of degree 1y +n +
-+ 4 1. A polynomial of this form is called monomial.

(3) Alinear form ¢ € (RK)*, ¢(xq,...,x¢) = a1x1 + axxa + - - - + apxy, is a polynomial of degree
one.

Corollary 11.37. Let k € N. Every polynomial p : R — R is continuous.

Proof. Every polynomial is given by sums, products and scalar multiples of the p; : RF — R
from Example 11.29.(2), which were shown to be continuous. Thus, the continuity of p follows
from Theorems 11.33 and 11.34. O

Another notion which generalizes straightaway to metric spaces is Lipschitz continuity. Taking
a look at Definition 3.8, it is evident how to generalize it in the spirit of the above definitions.

Definition 11.38. Let (X,dx) and (Y,dy) be metric spaces. A map f : X — Y is Lipschitz-
continuous if there exists L > 0, such that

dy(f(x1), f(x2)) < L-dx(x1,x2) Vxy,x2 € X.
L is then called a Lipschitz constant for f.

Theorem 11.39. Let (X, dx) and (Y, dy) be metric spaces. Every Lipschitz-continuous map f : X — Y
is continuous.

Proof. This is shown along the same lines as Theorem 3.10. O
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Example 11.40. Let (X, d) be a metric space, let xyp € X and let f : X — R, f(x) = d(x, xo). For
all x,y € X we compute that d(x,xo) < d(x,y) +d(y, %) and d(y,x0) < d(x,y) + (x,x0), i.e.

f(x) = fy) < d(x,y) and f(y) — f(x) < d(x,y). Hence,
[f() = f)l <d(xy) YxyeX,
so f is Lipschitz-continuous with Lipschitz constant 1, hence f is continuous by Theorem 11.39.

We have seen in Theorem 11.7 that a sequence in R¥ converges if and only if all of its component
sequences converge. Using sec;(uential continuity, we can derive a similar result for continuous
maps from a metric space to IR*.

Theorem 11.41. Let (X, d) be a metric space, letk € N and f : X — Rk, f = (f1,---, fx), where
fi: X > Rforeachi € {1,2,...,k}. Let a € X. Then f is continuous if and only if f; is continuous
foreveryi € {1,2,...,k}.

Proof. We obtain the following chain of equivalences:

f is continuous in a

Theorgm 1130 nh_r)r(}of(xn) = f(a) forall (x,)nen in X with nh_r)r(}o Xy =a

Theoe L7 1y f(xy) = fi(a) foralli € {1,2,...,k} and (xn)pen in X with lim x, = a

n—oo

Th 11.30 , . . . .
o fi is continuous ina foralli € {1,2,...,k}.

Corollary 11.42. Let m,n € IN. Every linear map f : R" — R™ is continuous.

Proof. We have seen earlier that every linear map f : R” — R™ is of the form f = (f,..., fm),
where fi,..., fu € (R")*. By Example 11.36.(3), the f; are polynomials, hence continuous by
Corollary 11.37. Thus, f is continuous by Theorem 11.41. O

Corollary 11.42 leads to the question if linear maps between normed vector spaces are always
continuous. As linear maps are particularly "well-behaved" with respect to vector space struc-
tures, this might be a plausible assumption upon first thought. However, the following coun-
terexample shows that this is actually not the case.

Example 11.43. Consider C!(]0,1],R) with the restriction of the sup norm and consider the
linear map D : C1([0,1],R) — C°(R,R), D(f) = f'. Let ( fu)nen be the sequence in C!([0, 1], R)

which is given as in counterexample (ii) in Section 4.2., i.e. f,(x) = % Then
| sin(nx)]| 1

[fullo= sup —===—= VneN,
" xe(0,27] \/ﬁ \/E

hence lim, o || fu [lec = 0, 50 (fn)neN converges to the zero function in (C*([0,27], R), || - ||)- If

D was continuous, then lim, o D(f,) = D(0) = 0. But since f;,(x) = \/ncos(nx) we observe
for each n € N that

ID(fu)llo = I fallo = v sup |cos(nx)| = v/n.

x€[0,27]

In particular, (||D(fn)|e)nen does not converge to 0, so (D(fu))nen does not converge to the
zero function. Hence, D is not continuous.
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Luckily, there is a criterion by which one can in most situation decide if a linear map is contin-
uous or not.

Theorem 11.44. Let (V, || - ||v) and (W, || - ||w) be normed vector spaces and let f : V — W be linear.
The following statements are equivalent:

(i) fis continuous.
(ii) f is continuous in 0.
(iii) There exists C > 0, such that ||f(v)||lw < C - ||v||y forallv € V.

Proof. (i) = (ii): This is trivial.
(ii) = (iii): Since f is linear, f(0) = 0. Thus, if f is continuous in 0, then in particular (with
¢ = 1) there exists § > 0, such that

If(x)|lw <1 VxeV with |[v]|y < é.

Givenv € V N\ 0, put x, := ﬁv. Then ||xy|lv = % < ¢ and thus [|f(x,)| < 1. By the linearity
of f and the properties of a norm, we derive

D (s e

)
<1 4 — [ <1
2
< f@lw <5lelv.

Thus, the claim follows with C = %.
(iif) = (i): Since f is linear, we obtain by assumption that

1f(@1) = f2)llw = [If(v1 —v2)[w < C-[lor —o2flv Vo, 02 €V,
Hence, f is Lipschitz-continuous and thus continuous by Theorem 11.39. O

Example 11.45. Let I be an interval, K = R or K = C and consider the Banach space (B(I,K), || -
llo). Let h € B(I,K) and consider the map

L:B(LK) = B(LK), L(f)=h-f,
ie. (L(f))(x) = h(x)f(x) for each x € I. Then Ly is linear. We compute for each x € I that
(LN )] = h(x) f )] < [Blleo - [£ ()],
hence with C := ||}i||cc we obtain
IL(A)lleo < Clifllee  Vf € B(LK)

By Theorem 11.44, this shows that L is continuous.
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11.4 Open and closed subsets of metric spaces

Before we turn towards higher-dimensional notions of differentiability, we will introduce sub-
sets of metric spaces with useful properties, namely open subset and compact subsets.

In Chapter 4 of this course, we have studied the differentiability of functions defined on open
intervals. An open interval I has the crucial property that for each xo € I there exists ¢ > 0,
such that (xg — ¢,x9 +¢) C I. Intuitively there is "a little space" around xj inside of I. This is
required, since the derivative is given by f(xo) = limy,_,o w and the computation of
the limit requires the knowledge of the values of f near xo.

The notion of an open subset of a metric space generalizes this idea. Intuitively, a subset is open,
if there is "a little space" around every point inside the subset. The next definition formalizes
this idea and introduces some additional related terminology.

Definition 11.46. Let (X, d) be a metric space.

a) For xp € X and ¢ > 0 we call
Be(xg) :={x € X |d(x,x0) < €}
the open e-ball centered in xq or around x.

b) Let xg € X. A subset U C X is called a neighborhood of xg if there exists some ¢ > 0 with
Bg(xo) C u-

c) A subset U C X is open in X if for each xy € U there exists ¢ > 0 with Bs(xg) C U, i.e. if U is
a neighborhood of each of its points.

Example 11.47. (1) Every open interval (a,b), wherea € RU{—o0} and b € RU {+00} is open
in R:
First of all note that for all x € R and r > 0 it holds that B,(x) = (x —r,x +r). Thus, if for
x € (a,b) we put
e:=min{x —a,b—y} > 0.

Then Be(x) = (x —¢,x +¢€) C (a,b). Hence, (a,b) is a neighorhood of x for each x € (a,b),
hence (a,b) is open in R.

(2) Consider a closed interval [a,b], where a,b € R with a < b, For each x € (a,b), it is a
neighborhood of x, which is shown as in (1), but it is not a neighborhood of a: For any € > 0,
Be(a) = (a —¢,a + ¢€) contains (a — ¢,a), which is non-empty and disjoint from [a, b]. Thus,
[a,b] is not open in R.

The same argument shows that half-open intervals [, +-c0) and (—co, b] are not open in R.

(3) Let (a1,b1) and (ay, by) be two open intervals in IR. Then U := (a1,b1) X (az,by) is open in
R2:
Let (x9,0) € U, i.e. so thata; < xp < by and ay < yy < by. put

€ .= rnin{xo — al,bl — X0,Yo — a2, bz — yo} > 0.
Then for each (x,y) € Be(xo,Y0) we compute that

[x = x| < [[(x,y) = (xo,50)|| <& and |y —yo| <e.
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Hence, x < xgp+e<xg+by—xp=Dbyand x > xg—e > x9 — (xo —ay) = ay,s0 x € (a1,bq).
Analogously, one shows that y € (ap,b;), hence (x,y) € U. Since (x,y) € B¢(xo,yo) was
chosen arbitrarily, B¢ (xo,19) C U. Hence, U is a neighborhood of (x¢, o) and since (xo, yo)
was chosen arbitrarily, U is open in IR?.

Remark 11.48. The formalism of open balls in metric spaces allows for a concise description of
continuity in a point. Namely, by definition, f : X — Y is continuous in a, where X and Y are
metric spaces, if and only if

Ve>0 36>0: f(Bs(a)) C Be(f(a)).

The following theorem collects some elementary set-theoretic properties of open subsets of met-
ric spaces.

Theorem 11.49. Let (X, d) be a metric space.

a) Be(xg) is open in X for all xg € X and ¢ > 0.

b) @ and X are open in X.

c) Let I beaset. If (U;);e; is a family of open subsets of X, then \J;c; U is open in X.
d) Letn € N. If Uy, Uy, ..., Uy are open subsets of X, then (_; U is open in X.

Proof. a) Letx € Be(xp). We need to show that there exists § > 0, such that Bs(x) C B¢(xp). Put
0 :=¢e—d(x,x9) > 0. Then for all 2 € Bs(x) it holds by the triangle inequality that

d(a,xo) <d(a,x)+d(x,x0) <d+d(x,x9) =¢,
hence a € B(xp). This shows that Bs(x) C Be(xp), which yields the claim.

b) For @ the condition on openness is empty, hence & is open. For any x € X and £ > 0 it holds
that B¢(x) C X, hence X is open as well.

c) Let xg € Ujer U;. Then there exists iy € I with xo € U;, and since Uj, is open, there exists
e > 0 with Be(xg) C Uj, C Ujes U;. Hence, Uje; U is open.

d) Let xo € N, U, ie. xo € U foralli € {1,2,...,n}. Since the U; are open, for each
i€{1,2,...,n} there exists ¢; > 0, such that Bg,(xg) C U;. Put e := min{ey, &p,...,€,} > 0.
Then, since ¢y < ¢; for each i, it holds that B, (xg) C B, (xp) and thus B, (xg) C U; for each
i €{1,2,...,n}. Hence, Bg,(x9) C N, U;. Since xo was chosen arbitrarily, it follows that
N, U; is open.

O

Remark 11.50. Infinite intersections of open sets are in general not open. While the interval

I, = (-1,1y = By,,(0) is open in R for each n € N, we observe N,en In = Npen(—1, 1) =

{0}, which is not open in IR, as it contains no open ball of the form B,(0) = (—r,r).

Using the notion of open subsets, we can characterize the continuity of a map between metric
spaces in a surprisingly concise way.

Theorem 11.51. Let (X,dx) and (Y,dy) be metric spaces and f : X — Y. The map f is continuous if
and only if f~1(U) is open in X for every U C Y which is open in Y.
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Proof. "=": Let U be open in Y and let xg € f~1(U). Since f(xy) € U and U is open, there
exists € > 0 with B¢(f(x)) C U. As carried out in Remark 11.48, since f is continuous, there is a
5 > 0 with f(Bs(xg)) C B(f(x0)) C U, hence B C f~(f(Bs(x0))) C f~1(U), (where we used
Theorem 1.17.a).(iii)). Thus, f~!(U) is a neighborhood of x( and since xo was chosen arbitrarily,
this shows that f~!(U) is open in X.

"<" Letxp € X and let e > 0. By Theorem 11.49.a), B¢(f(x¢)) is open in Y, so by assumption
FH(Be(f(x0)) is open in X. Since xg € f~1(f(x0)) C f~1(Be(f(x0)), it follows that there exists
5 > 0, such that Bs(xg) C f~1(Be(f(x0)), which yields f(Bs(xp)) C Be(f(x0)). In other words,
it holds for all x € X with dx(x,x9) < d that dy(f(x), f(xp)) < . As e > 0 was arbitrary, this
shows that f is continuous in xg. O

We next introduce another property of sets whose use is not exactly evident upon first sight.
Definition 11.52. Let (X, d) be a metric space. A C X is closed in X if X \. A is open in X.

Our main purpose of discussing closed sets is in the following theorem, which characterizes
closed subsets by convergent sequences.

Theorem 11.53. Let (X, d) be a metric space and let A C X. Then A is closed in X if and only if for
each sequence (X, )n,eN that converges in X it holds that nh_r)ro10 Xy € A

Proof. "=": Assume that A is closed and that there was a sequence (x,),en in A with x¢ :=
lim, 00 Xy ¢ A. Since X \ A is open and xy € X \ A, there exists ¢ > 0 such that B¢(xg) C
X\ A, ie Be(xg) N A = @. In particular, x, ¢ Be(xg) for all n € IN. But this is a contradiction
since by definition of convergence, x, must lie in B;(x() for almost every n. Hence, xg € A,
which shows the claim.

"«<" Let xg € X \ A and assume that X \. A was not a neighborhood of xy. Then for each
e > 0, it holds that B¢(xg) ¢ X \ A, i.e. Be(xg) N A # @. Thus, for each n € IN we can pick
an x, € By,,(x9) N A. Then one easily checks that the sequence (x,),cN converges to xp. Since
(xn)neN is a sequence in A, it holds by assumption that xy = lim, . X, € A, which contradicts
the assumption that xgp € X \\ A. Thus, X \ A is a neighborhood of xg and since xy was chosen
arbitrarily, it follows that X \ A is open in X, i.e. that A is closed in X. O

Example 11.54. Let a1, a5,b1,b, € R with a; < by and a, < by and consider the rectangle R =
[a1,b1] X [a2,by] C R2. Let (xy, yn)nen be a sequence in R which converges in R?. By Theorem
11.7, both (x,)yen and (Yn)nen converge in R and since a1 < x,, < by and ay <y, < b, for all
n € N it holds that
ap < lim x, <b; and a; < lim y, < by.
n—00 n—00

Thus, nlgn (Xn,yn) = (nlgn Xn, nlgn Yn) € R. As the sequence was chosen arbitrarily, it follows
from Theorem 11.53 that R is closed in R2.

A general class of examples of closed subsets is discussed in part a) of the following theorem
which collects set-theoretic properties. Note the similarity of Theorem 11.49 and Theorem 11.55.
In fact, we will derive Theorem 11.55 as a consequence of Theorem 11.49 by studying comple-
ments of the constructions involved.

Theorem 11.55. Let (X, d) be a metric space.

a) The closed ball of radius ¢ around xy, i.e. the set
Be(xg) := {x € X |d(x,x9) < ¢}

is closed in X for all xg € X and e > 0.
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b) @ and X are closed in X.
c) Let I beaset. If (A;)icy is a family of closed subsets of X, then (N;cr A; is closed in X.
d) Letn € N. If A, Ay, ..., Ay are closed subsets of X, then |Ji_; A; is closed in X.

Proof. (This proof is not carried out in the lecture videos.)

a) We have to show that U, := X \ Be(xg) = {x € X | d(x,x9) > e} is openin X. Let x € U,
and put ¢ := d(x,xp) — e > 0. For each a € Bs(x) we obtain from the triangle inequality that
d(x,x0) < d(x,a)+d(a,xo) and thus

d(a,xo) > d(x,x0) —d(x,a) >d(x,x0) —0 =e.
Hence, Bs(x) C U,. Since x was chosen arbitrarily, it follows that U, is open in X.

b) This follows from Theorem 11.49.b) since X \ & = X and X \ X = & are open in X.

c) Since A; is closed for each i € I, it holds that X \ A; is open in X for each i € I. A version of
de Morgan'’s laws for unions of infinitely many sets, i.e. a generalization of Theorem 1.12.d)
then yields that

X\ﬂAi = U(X\Ai)/
icel iel

which is open in X by Theorem 11.49.c). Hence ;¢ A; is closed in X.

d) Since Ajy,..., Ay are closed in X, the sets X \ Aj,...,X \ A, are open in X. Iterating de
Morgan'’s laws (Theorem 1.12.d)) n times then shows that

n n
X~ JA=NE&x~N4),
i=1 i=1
which is open in X by Theorem 11.49.d). Hence, I A; is closed in X.
O

We next discuss some additional constructions involving open and closed subsets that will come
in handy in the next sections.

Definition 11.56. Let (X, d) be a metric space and let A C X.
a) A point xg € X is called a boundary point of A if for each € > 0 it holds that
Be(xo) NA# @ and Be(xp) N (XN A) #9,

i.e. if every neighborhood of x( contains both an element of A and an element of X \ A. The
boundary of A is given by

dA := {xp € X | xo is a boundary point of A}.

b) The closure of A is givenby A := AU A, also denoted by cl(A).
¢) The interior of A is givenby A := A\ 9A, also denoted by int(A).
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Example 11.57. (1) Leta,b € Rwitha < bandletI = [a,b) C R. Then
I=(ab), T=lab] and oI = {a,b}.
Likewise, if ] = (a,b), then | = ] = (a,b), ] = [a,b] and ] = {a, b}.
(2) Let A C R?be given by
A={(xy) eR*|®+y* <1} U{(x,y) eR?|x >0, x> +y* =1}
One checks that
A={(x,y) e R?| x* +y*> <1}, (the interior of the unit circle)
A={(x,y) € R? | x*> +y> <1}, (theinterior of the unit circle and the circular line)
0A = {(x,y) € R? | x> + y*> = 1}. (the circular line of the unit circle)
Remark 11.58. Let X be a metric space and let A C X.
(1) Note that by definition of interior and closure AcAcCA.
(2) The interior and the closure of A can be characterized by
A = {x € X | Ais aneighborhood of x},
A={x€ X|3an)pen C A with lim a, = x}.

These are straightforward consequences of the definitions and the reader is invited to carry
out a formal and detailed proof of these statements.

The following theorem collects several basic results about boundaries, closures and interiors.

Theorem 11.59. Let (X, d) be a metric space and let A C X. Then:

a) Ais openin X.

b) 0A and A are closed in X.

c) Adisopenin X ifand only if A = A.

d) Aisclosed in X if and only if A = A.

Proof. (This proof is not discussed in the lecture videos.)

a) Leta € A = A~ 0A. Then there exists ¢ > 0 such that B¢(a) N (X \ A) = @, i.e. B:(a) C A.
It remains to show that Be(a) C A, i.e. B¢(a) N0A = @, as then A is a neighborhood of a.
Assume there was x € dA N Be(a). Since Be(a) is open in X, there exists § > 0, such that
Bs(x) C Be(a) C A. But this is a contradiction, since x € dA. Hence, such an x does not
exist, which shows the claim.

b) Let A° = X \ A. It follows from the definition of a boundary that )A = dA°. By a), int(A°) =
A° N 0A° = A° N 0A is open, hence

XN (AN0A) = (XNAYUQA=AUIA=A
is closed in X. By some set-theoretic reasoning, one shows that
A=ANA=AN(X\A).
Since A is closed and X . A is closed by a), it follows from Theorem 11.55.c) that 0 A is closed.
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¢) "="is an immediate consequence of a).

"<" If Aisopenand x € A, then there exists ¢ > 0 with B¢(x) C A and thus
Bi(x)N (XN A) =@.
Hence, x ¢ 0A. This shows that A = A N 0A = A.

d) "="is an immediate consequence of b).

"«<": Assume that X \ A is open. Since 0A = 9(X \ A), we derive from c) that
XNA=int(XNA) = (XNA)NIXNA) = (XNA)N0A =X (AUJA) = X\ A.
Taking complements yields A = X\ (XN A) = X\ (XN A) = A.
O

We next want to transfer the notions of continuous extensions of maps and limits of functions
in a point from Chapter 3 of Mathematics 1 to the setting of metric spaces. The connection to
closures of sets is made evident in Remark 11.61.(2) below.

Definition 11.60. Let X and Y be metric spaces and let A C X.

a) Letxop € Aandlet f : A~ {x0} — Y be continuous. We say that f has a limit in x if there
exists yp € Y, such that

FrAU{x} =Y,  f(x)= {f(x) if x € A~ {x},

Yo if x = xo,

In this case, we call yg the limit of f in xp and put 1i_>m f(x) == yo.
X—X0
b) Let f : A — Y be continuous and let B C X with A C B C A. Wesay thatg: B — Yisa
continuous extension of f if ¢ is continuous with g|4 = f.

Remark 11.61. (1) It follows from Theorem 11.30 about sequential continuity that

xli_)rgof(x) =b < r}gr;of(xn) = b for all sequences (x,),eN in A with nh_I;r.}o Xp = 4.

(2) Let A C B C A. By definition, there is a a continuous extension of f to B if and only if f has
a limit in every point in B.

To conclude this section, we will transfer the notion of uniform continuity from Chapter 3 to
the setting of maps between metric spaces. We will then use this new notion to derive a useful
result about continuous extensions of maps between metric spaces.

Definition 11.62. Let (X,dx) and (Y,dy) be metric spaces. A map f : X — Y is uniformly
continuous if

Ve>030>0: dy(f(x),f(y)) <e Vx,ye€ Xwithdx(x,y) <.

Theorem 11.63. Let (X,dx) and (Y,dy) be metric spaces and let A C X. Assume that Y is complete.
If f + A = Y is uniformly continuous, then f has a continuous extension to A.

278



Proof. (This proof is not discussed in the lecture videos.)

By Remark 11.61.(3), it suffices to show that f has a limit in every a € A. Let (x,),en be a
sequence in A with lim,, e X, = 4. We need to show that (f(x,)),en converges in Y and that
its limit is independent of the choice of (x,),eN. Let € > 0. Since f is uniformly continuous,
there exists & > 0, such that

dx(x,y) <6 =dy(f(x) f(y)) <e VxyecA

Since (x,),eN converges to a, there exists 1y € IN, such that dx(x,,a) < % for all n > ny and
thus dx (x, Xp) < dx(xp,a) +dx(xm,a) < % + % = ¢ for all m,n > ny. Hence,

dy(f(xn), f(xm)) < Vm,n > ny.

Since ¢ > 0 was chosen arbitrarily, this shows that (f(x,)),en is a Cauchy sequence in Y and
since Y is complete, there exists b € Y with lim, 0 f(x,) = b. Let (yn)nen be another sequence
in A converging to a. Analogously, we obtain that lim,,_, f(y,) = b’ for some b’ € Y. Define a
third sequence by

xp ifn=2k—1, k€N,

(Zn)nen,  2zn = {yk ifn =2k keN,

One computes that lim;, . z;, = a and as for the other two sequences we obtain that

s _ 1!
Jim f(en) =
for some b” € Y. Since both (x,),en and (yn)yen are subsequences of (zj),en and since
subsequences of convergent sequences converge to the same limit as the original sequence (this

is shown along the same lines as Theorem 2.19), it follows that b = ' = b”. Thus, by Remark
11.61.(4), it follows that lim,_,, f(x) = b. This shows the claim. O

11.5 Compactness in metric spaces

We conclude our chapter on metric spaces by introducing the important notion of compactness
of subsets of metric spaces. In Definition 3.26, we have called a subset of R or C compact if it
is closed and bounded. The general definition of compact subsets of metric spaces is way more
sophisticated and makes use of set-theoretic notions from the previous section. However, as we
shall see in the Heine-Borel theorem, compact subsets of R, which is the situation that we will
primarily be interested in for the rest of this course, can be characterized in much simpler terms.

If you struggle at understanding the notion of compactness on this first encounter, please don’t
be discouraged by that. For the next chal}(:ters, it will (probably) be sufficient to understand the
characterization of compact subsets of R* by the Heine-Borel theorem and the statements of the
theorems discussed in this section.

Definition 11.64. Let (X, d) be a metric space and let A C X.

a) A family (U;);e;, where I is a set, is called an open cover of A if U, is open in X for every i € I
and if
AC U u;.

iel
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b) A is compact if for every open cover (U;);c; of A there exists a finite | C I, such that

j€l

(Uj) ey is then called a finite subcover of (U )cy-

While it is hard to derive explicit examples of compact sets straight from the definition, we can
at least find a basic class of counterexamples before discussing a particular type of compact
subsets in the subsequent theorem.

Example 11.65. Let V be a normed vector space with V # {0}. Then V is not compact in V:
The family of open balls (B(0)),¢(0,1c0) Satisfies V. = U,¢(0,100) Br(0), so it is an open cover
of V. However, there is no finite subcover since if there were rq,...,7, € (0,+00) with V C
U%; B, (0), then with R := max{ry,..., 7y} it follows that V' C Bg(0). This is a contradiction,
since for every v € V ~\ {0} it holds that ﬁv ¢ Br(0).

Theorem 11.66. Let (X,d) be a metric space, let (x,),eN be a convergent sequence in X and put
a :=limy_se0 X5. Then

K:={x,|n e N}U{a}
is a compact subset of K.

Proof. Let (U;)cr be an open cover of K and let iy € I with a € Uj,. Since U, is open, there
exists ¢ > 0 with B¢(a) C U;,. Since (x,),cn converges to A there exists g € IN with x,, € Be(a)
for all n > ng, hence {x, [ n > no} U{a} C Uj,. Foreachj e {1,2,...,n9 — 1} pick i; € I with
xj € Ul-/.. Then by construction K C U;’i;l l,I,-]. U Uj,, so we have found a finite subcover of K.
Since the open cover was chosen arbitrarily, this shows that K is compact. O
A crucial property of compactness it that it possesses an alternative characterization in terms
of sequences. Both ways of defining compactness have their importance and their applications
and we shall make use of both version in the course of this section.

Theorem 11.67. Let (X, d) be a metric space and let K C X. The following statements are equivalent:
(i) K is compact.
(ii) Every sequence in K has a subsequence which converges in K.

Before proving this result, we need to establish a little auxiliary lemma.

Lemma 11.68. Let (X,d) be a metric space, let (x,)necN be a sequence in X and let a € X. If Be(a)
contains infinitely many elements of (xn)neN for all € > 0, then (x,),eN has a subsequence that
converges to a.

Proof. We construct the desired subsequence inductively. Let x,, € Bj(a). Assuming that
Xnyso--r X, With np < np < --- < mg_q have been found so that Xp; € Bl/]-(a) for all
j € {1,2,...,k—1}. Since By /k(xp) contains infinitely many elements of the sequence, there
exists ny € IN with ny > ng_q, so that x,, € Bj/k(xp). The thus-constructed subsequence
(xn, )ken then satisfies by definition that

:0,

=1

lim d(x,,,a) < lim
k—o0 (nk )_k—>oo

hence converges to a. O
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Proof of Theorem 11.67. (i) = (ii): Assume that there was a sequence (x,),eN in K which has
no convergent subsequence. By Lemma 11.68, then for every a € K there is an ¢, > 0, such
that B, (a) contains only finitely many elements of (x,),enN. Since (Bg,(a))qck is an open cover
of K and K is compact, there are a1, ...,a,;, € Kwith K C U, B, (a;). But since each B, (a;)
contains only finitely many of the x;;, so there can only be finitely many of the x,, in K, which is a
contradiction as the whole sequence lies in K. Thus, (x,),en has a subsequence that converges
in K.

(if) = (1): (This part of the proof is not discussed in the lecture videos.)

The proof of this implication is based on the following statement:

Claim. Assume that (ii) holds. Then for all ¢ > 0 there are m € IN and p1, ..., pm € K with
K C Uy Be(pi)-

Proof of the claim. Assume there was an ¢ > 0 for which the statement was false. Let x; € K
be arbitrary. Then K ¢ Bg(x7), so pick xa € K\ B¢(x2). Proceedings recursively, we can find a
sequence (xy),eN, such that x, € K~ U;‘;ll Be(xy) Since K ¢ U;’;ll Be(xg) for any n € IN, this
sequence is well-defined and by construction satisfies

A(xy, xm) > € Vm,n € N withm # n.

This particularly shows that no subsequence of (x,),en can be a Cauchy sequence. But since
by assumption (x,),en has a convergent subsequence, this contradicts Theorem 11.13. Hence,
there is no such e. |

Assume that (ii) holds and let (U;);c| be an arbitrary open cover of K which does not admit a fi-
nite subcover of K. We construct a sequence in the following way: Let n € IN. By the previously
proven claim there are m, € N and x,,1, Xn2, ..., Xn,m, € K, such that K C U]r.”:”1 By (xn,j). Since
(Uj)ier has no finite subcover, there exists jo € {1,2,...,my} such that By, (x;,j,) is not covered
by finitely many of the U;. Put x, := x,, j . Performing this construction for all n € IN, we obtain
a sequence (X, ),eN- By (ii) the sequence has a subsequence (X, )xen Which converges to some
a € K. Letip € I such thata € Uy,. Since U; is open, there exists ¢ > 0 with B¢(a) C U;,. As
(Xn)neN converges to a, there is an N € N with & < §, such that d(xy,a) < §. But then for
every x € By/n(xy) it holds that

d(x,a) <d(x,xny) +d(xn,a) <
Thus, By/n(xn) C Be(a) C U, which is a contradiction to the definition of xy. Thus, (U;);cr
must admit a finite subcover of K, which shows that K is compact. O

We will next use Theorem 11.67 to derive some basic properties of compact sets, among them
the one introduced in the following definition.

Definition 11.69. Let (X, d) be a metric space. A subset A C X is bounded if there exist xg € X
and R > 0, such that A C Bg(xg).

Theorem 11.70. Let (X, d) be a metric space and let A C X be compact. Then A is closed and bounded.

Proof. A is closed: Let (x,)neN be a sequence in A which converges in X. By Theorem 11.67,
(x1)nen then has a subsequence (xy, )xey Which converges to some a € A. Since subsequences
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of convergent sequences converge to the same limitm the sequence (x,),en then itself con-
verges to a, hence lim, 0 X, € A. Since the sequence was chosen arbitrarily, it follows from
Theorem 11.53 that A is closed.

A is bounded: Fix xo € X and consider the family (B(x0)),c(0,1c0)- Every By(xo) is open in X
and X = U,¢(0,+00) Br(%0). In particular, (By(x0))¢(0,+00) is an open cover of A and since A is
compact there are m € IN and rq,12,...,7, € (0,+00), such that A C U;'n:1 Brj (x0). But with
R :=max{ry,2,...,7n} itholds that UiZs Br;(x0) = Br(xo). This shows that A is bounded. [

For the elementary case of X = R the previous theorem has a direct consequence that allows us
to characterize all compact intervals and to show that for intervals the definitions of compact-
ness from Mathematics 1 (Definition 3.26) and Mathematics 2 (Definition 11.64) are compatible
with one another.

Corollary 11.71. Let K C R be compact (in the sense of Definition 11.64). Then supK € K and
infK € K.

Proof. K is bounded by Theorem 11.70, hence sup K, inf K € R. K is closed by Theorem 11.70,
and since there are sequences in K converging to sup K and to inf K, it follows from Theorem
11.53 that sup K, inf K € K. O

For subsets of R¥, where k € N, compactness possesses a simple characterization which nei-
ther requires the study of open covers nor the study of convergent subsequences of arbitrary
sequences. To establish such a characterization, we first generalize an old friend of ours from R
to R for arbitrary k € IN.

Theorem 11.72 (Bolzano-Weierstral theorem for R¥). Let k € IN and consider R with the Eu-
clidean metric. Every bounded sequence in R¥ has a convergent subsequence.

Proof. We prove the claim by induction over k. The base case of k = 1 is the one-dimensional
Bolzano-Weierstraf3 theorem from Mathematics 1 (Theorem 2.48).

For the induction step, we assume as induction hypothesis that every bounded sequence in R
converges for some k € IN. Let (X1, ..., Xkn, X(k41)nJneN be a bounded sequence in R and
let R > 0, such that [|(x1,, -, Xk, X(k41), ) [| < Rforall n € N. Then

k k41
”(xlnr' "/xkn)||2 = inZn < 2 xiz = ”(xlnr' . 'rxkn/x(k-‘rl)n)Hz < R* VneN.
i=1 i=1

Hence (X1, ..., Xk )neN is a bounded sequence in RF, thus has a convergent subsequence
(X11y7 - - - » Xkn, ) e by the induction hypothesis. Since [x(x11),| < [|(X1, -+, Xkns X (1)) [| < R
foralln € IN, the sequence (X(j41),)neN is bounded in R and so is its subsequence (X (1), ) reN-
Thus, by Theorem 2.48 it has a convergent subsequence (x(k+1)n/,,, JmeN- Since (X1, - -+, Xkn, ) teN
is a subsequence of a convergent sequence and thus itself convergent, it follows from Theo-
rem 11.7 that (X1, ,- - -, Xkn,, » X(k41)n o Jmen converges in R¥1. This completes the induction
step. O

Theorem 11.73 (Heine-Borel). Let k € IN and let K C R. Then K is compact if and only if K is closed
and bounded.

Proof. Since "="is a special case of Theorem 11.70, it only remains to show the converse impli-
cation.
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Let K C R be closed and bounded. Let (x,),cN be a sequence in K. Since K is bounded, the
sequence is bounded, so by the Bolzano-Weierstrafs theorem (Theorem 2.48) it has a convergent
subsequence (x;,)seN- Since K is closed, it follows from Theorem 11.53 that lim/_, Xz, € K.
Thus, (x,)n,en has a subsequence converging in K. Since (x,),eN was chosen arbitrarily in K,
it follows from Theorem 11.67 that K is compact. O

Example 11.74. (1) Every closed ball B (xp) in RF, where r > 0 and xg € RF, is compact.
(2) Aninterval I C R is compact if and only if I = [a,b] for some a,b € R.
(3) More generally, every product of compact intervals in IR¥, i.e. every set of the form
Q = [a1,b1] X [ag, by] x - - - x [ay, b] € RF
is compact, where ay, by, ..., a;, by € R.

Remark 11.75. For general metric spaces the statement of the Heine-Borel is not necessarily true,
i.e. there are closed and bounded subsets of metric spaces which are not compact. Consider
(B(R,R), || - |lo) and put A := B1(0), where 0 denotes the zero function. Explicitly,

A:={f € B(RR) | sup [f(x)] <1}

A is bounded by definition and closed by Theorem 11.55.a), but it is not compact: Consider the
sequence (fu)neN in B(R,R), where

1 ifx=mn,
fulx) = {0 if x # n.

Then || fu|le = 1 for all n € IN, hence (fy),en is a sequence in A. But since || fy — finlloo = 1
whenever n # m, no subsequence of (f, )N can be a Cauchy sequence. By Theorem 11.13, this
implies that (f,),en has no convergent subsequence, so by Theorem 11.67 A is not compact.

Theorem 11.76. Let (X, dx) and (Y,dy) be metric spaces. If K C X is compact and f : X — Y is
continuous, then f(K) C Y is compact.

Proof. Let (V)i be an open cover of f(K) in Y. Since f is continuous, it follows from Theorem
11.51 that (f ~1(V;));c; is an open cover of K. Since K is compact, there are m € IN, i1, iy, ..., im €
I'such that K C UL, f‘l(Vij),hence f(K) c UL, f(f_l(Vi].)) =U, Vj;- Hence, (Vi)ier admits
a finite subcover of f(K). Thus, f(K) is compact. a

Corollary 11.77. Let (X, d) be a compact metric space and let f : X — R be continuous. then f is
bounded and attains its maximum and minimum, i.e. there are x,;,, xp1 € X with

flxpm) =sup{f(x)|x € X} and f(xy)=inf{f(x)]|x € X}.

Proof. By Theorem 11.76, f(X) is compact in R, hence sup f(X) € f(X) and inf f(X) € X by
Corollary 11.71. This is equivalent to the claim. O

We conclude this section by presenting a theorem which is a direct generalization of Theorem
3.38 from Mathematics 1. Its proof will be part of an exercise sheet, thus be omitted here.

Theorem 11.78. Let (X, dx) and (Y, dy) be metric spaces. If X is compact and f : X — Y is continu-
ous, then f is uniformly continuous.

Proof. Sheet 11, Exercise 4. O
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Chapter 12

Differentiation in several real
variables

12.1 Directional and partial derivatives

After establishing a very general notion of continuity in the framework of metric spaces in
the previous chapter, we are going to focus on maps of the form U — R" with U C R”" for
arbitrary m, n € IN. More precisely, we will introduce a notion of differentiability for such maps
in this chapter. Many of the constructions can be generalized to or have analogues for arbitrary
normed vector spaces, but we will refrain from giving the most general constructions of the
definitions in this chapter. We further use the following conventions throughout this chapter.

e We always consider R” as equipped with the Euclidean norm and its induced metric.
e (e1,...,e,) always denotes the canonical basis of R".

e A set U C R" which is open in R" will simply be called open. We use the analogous
convention for closed, bounded and compact subsets of IR".

In this section we want to take the first steps towards differentiation of maps between R and
R™ by introducing directional and partial derivatives. While these notions do not yet give the
full picture of differentiation, they are straightforward generalizations of the derivative of a real
function, so we can use our knowledge from Mathematics 1 to make some first observations
and computations for maps between subsets of R"” and R™.

We recall from Definition 4.1 that a function f : I — R is differentiable in a € I, where I is

an interval, if f'(a) = limy, g w exists in R. Thinking about this construction, one

realizes that this notion can be generalized in a straightforward way to maps whose domains
are intervals, but which map to R™ for an arbitrary m € IN.

Definition 12.1. Let I be an interval, m € N and f : [ — R™.
a) If f is continuous, then f is called a curve in R™ or path in R™.

b) f is differentiable in xy € I if the limit
.1
f(x0) := lim - (f (x0 + 1) — f(x0))
h—0h
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exists. Then f’(xp) € R™ is called the derivative or tangent vector of f in xo.
c) fisdifferentiable if f is differentiable in every x¢ € I.

d) f is continuously differentiable or of class C' if f is differentiable and if the map f’ : [ — R is
continuous.

Remark 12.2. As you have already seen in Theoretical Physics 1, curves in IR" are used in
Newtonian mechanics to describe motions of particles or objects. The variable is interpreted as
a time parameter and for a differentiable curve 7y : I — R", the point 7 (t¢) is the position of the
particle/object at time f(, while 7/ (ty) describes its velocity at time .

The question remains of how to explicitly compute derivatives of differentiable curves. The
following theorem shows that the derivative can be taken componentwise, i.e. that we view
the component functions of a curve f : I — R"” as maps I — R and can compute the deriva-
tives of these components individually. As these are functions mapping to IR, we can then use
all computational methods and rules for differentiation that we learnt about in Chapter 4 in
Mathematics 1.

Theorem 12.3. Let I be an interval, m € Nand let f : 1 — R", f = (f1,..., fm), where f; : I - R
foralli € {1,2,...,m}. Then f is differentiable in a € I if and only if f; is differentiable in a for all
i€ {1,2,...,m}. Moreover, in case of differentiability,

f'(a) = (fi(a),..., fu(a)).
Proof. We compute forallh € Rwithh # 0and a + h € I that

(a4 h) = (@) = 2((lat ), fula+ 1) = (@), -, @)

_ <f1(61+h)—f1(a) fm(a+h)—fm(ﬂ)>
- 2 :

From this equation and Theorem 11.41 we derive that % (f(a+h)— f(a)) as amap in the variable

h has the limit b = (by,...,by) in 0 if and only if w has the limit b; in 0 for each
i€{1,2,...,m}. By definition of differentiability, this shows the claim. O

Example 12.4. Consider the curve 4 : R — R3, 9(t) = (cos(27t),sin(27t),t). The graph of 7
is a so-called helical line in R®. Viewing - as describing a motion in dependence of time, in the
first two coordinates, the curve is performing a periodic motion around the circle of radius 1 at
constant speed. One sees that y(k) = (1,0,k) for all k € Z and that the third coordinate is just
increasing at constant speed with ¢. By Theorem 12.3, - is differentiable with

7' (t) = (=2msin(27t), 27t cos(27tt),1)  VtER.

The definition of derivatives of curves has no obvious generalization to maps of the form f :
U — R™, where U C R" and n > 1. If we would view the & in f(x¢ + /1) occuring in Definition
12.1 as an element of R", then } was not well-defined, so we can not define any derivative by
the same expression as in Definition 12.1.

A first idea at defining derivatives of such maps is to study only "parts of f", namely restrictions
of f to lines going through the point under consideration. Given a point 4 € U, any line in R"
going through a is of the form {a +tv € R" | t € R}, where v € R" \ {0}. So by restricting
f to such a line and viewing the line as parametrized by one real variable t, we can interpret
the restriction of f as a curve and study its derivative. This idea is formalized in the following
definition.
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Definition 12.5. Let m,n € IN, let U C R"” be open and let f : U — IR™ be a map. Leta € U,
v € R"~\ {0} and let ¢ > 0 be so small® thata + tv € U forall t € (—¢, ). If the curve

Qv (—¢g€e) = R"™, So(t) = f(a+tv),

is differentiable in 0, then we put

80f () = g)(0) = lim * (f(a + tv) — f(a))

t—0 t
and call d,f(a) € R™ the directional derivative of f in a in direction v.
Example 12.6. (1) We consider the function f : R? - R, flxy,x) = x% + x%. We want to check

the existence of 9, f (a) for given a = (a1, a,),v = (v1,v2) € R%. We compute for t € R that

fla+t0) = f(a) = f(ar + tor, @, + tv3) — f(a1,32) = (a1 +to1)? + (az + t0)” — 0} — a3
= a3 +2tay0y + 170} + a3 + 2tay0; + 203 — a7 — a3
= t(2a101 + 2a202) + (0] + 03).

Consequently,
1
duf(a) = %1_% ?(f(a +tv) — f(a)) = }i_r)rg)(Zawl + 2a505 + H(v? + v3)) = 2a101 + 2a50;.

Hence, all directional derivatives exist with d, f (a) = 2a101 + 2a,0; forall v = (v1,v;) € R2.
xzjijyz if (x,y) # (0,0),

0 if (x,y) = (0,0).

Leta = (0,0) and consider the vectors v = (1,0) and w = (1,1). One observes that

(2) Consider f : R? = R, f(x,y) = {

2
£(0,0)+0) = £(0,0) = £(50) =0, £((0,0)+ fw) = F(0,0) = f(t,1) = 5 = 5

for all t € R. One derives from these computations that d,f(0,0) = 0, while 9, (0,0) does
not exist.

Directional derivatives with direction an element of the canonical basis of IR" are particularly
interesting as we shall see in the course of this chapter. We introduce some additional terminol-
ogy for these derivatives.

Definition 12.7. Let m,n € IN and let U C R" be open. Let f : U — R™ be a map and let
a=(a,...,a,) € U.

a) Leti € {1,2,...,n}. If the directional derivative d,, f (a) exists, then we put
9if(a) := ¢, f(a)

and call 0;f (a) the i-th partial derivative of f in a. Other notations for 9;f(a) that occur in the
literature include oy, f(a), D;f(a), fx,(a), g—i(a), a%f(a),

1Such an ¢ exists since U is open.
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b) We call f partially differentiable in a if 0;f (a) exists for every i € {1,2,...,n}.
c) We call f partially differentiable if f is partially differentiable in every a € U.

Remark 12.8. By definition of the canonical basis, we compute in the notation of Definition 12.7
that

9 (a) = lim +(F(a-+ ter) — (@) = B 3 (F(@n,. 1,057+ i, ) = @, ).

So with b := (ay,...,a;_1,8i41,...,a,) € R"! fixed and with

p:(x—06,x+6) = R", gy(x):=f(ay,...,a;-1,%,ai11,...,a),

where § > 0 is choisen suitably small, it holds that

91 (a) = lim < (go(a + ) — () = gh(a0),

in the sense of Definition 12.1. Thus, we can compute partial derivatives by computing deriva-
tives of curves, i.e. by using all of our one-dimensional rules of differentiation in each compo-
nents to compute partial derivatives. Informally speaking, we just need to "derive the compo-
nent functions of f by x;" to compute the i-th partial derivative of f.

Example 12.9. (1) Let f : R> — R be the function from Example 12.6.(2). In that example we
have shown that 0, f(0,0) = 0 and completely analogously, one shows that d,/(0,0) = 0.
Hence, f is partially differentiable in (0, 0).

(2) Consider the map
f:R? - R?, flxy,x) = (e"‘%_x%,sin(xle)) .

By our knowledge from Mathematics 1 and Theorem 12.3, for fixed x, € R the curve fy, :
R =R, fy,(x1) = (e_x%_"%, sin(x1x7)), is differentiable. Thus, by the chain rule,

alf(xl,JQ) = fJ/(2 (xl) = (—lee_x%_x%,xz COS(Xle)) V(xl,xz) € ]Rz,
and analogously
daf(x1,%2) = (—2xze*x%7"%,x1 cos(xlxz)) Y(x1,x2) € R?.

Hence, f is partially differentiable.

As discussed above, taking directional or partial derivatives of a map f amounts to only con-
sidering a part of the map at a time, namely a restriction to a line. As seen in the examples,
some directional derivatives of a function might exist, while others might not. This suggests
that by just studying selected directional derivatives, we just get "isolated" impressions of a
map in certain directions, but do not grasp features of the map as a whole. Thus, to introduce a
proper generalization of derivatives to higher dimensions, we still need to find a more elaborate
construction for which we will use notions from linear algebra that we learnt about earlier in
this course.
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12.2 The differential of a map

In the previous semester, we have often emphasized the viewpoint of seeing differentiation
as linear approximation of a map. More precisely, if I is an open interval and f : I — R is
differentiable in a € I, then we have observed in Theorem 4.6 that f is of the form

fla+h) = f(a)+ f'(a) - h+ @(h), where }g%%:o.

This can be rewritten as f(a + h) = f(a) + A(h) + ¢(h), where A : R — R, A(h) = f'(a) - h.
Meanwhile, we have learnt a great deal about linear algebra and as A is multiplication by a
constant, A is a linear map from R to R, where we view R as a vector space over itself. As a
consequence of Section 8.1, more precisely of Theorem 8.5.b) for n = m = 1, we observe that all
linear maps R — R are given by multiplication with a constant. Thus, f’(a) is the real number
for which multiplication with f'(a) is the best approximation of f : I — R by a linear map near
a. With this property in mind, we next introduce the differential of a map as a generalization of
that idea: as the best approximation of a map near a point by a linear map.

Definition 12.10. Letm,n € N, let U C IR” be open and let f : U — R™.
a) Leta € U. f is differentiable in a if there exists a linear map A : R" — R", such that
fla+h)=f(a)+A(h)+@(h) Vhel,
where U’ := {h € R" | a+h € U} and where ¢ : U" — R™ satisfies

. 1
lim ”THGD(h) =0.

We then put Df, := A € L(R",R™) and call Df, the differential of f in a. Several different
notations are used throughout the literature, the differential of f in a is also denoted e.g. by

dfa, Tof orby f'(a).
b) We call f differentiable if f is differentiable in every a € U. In this case, we put

Df:U — L(R",R™), Df(a) := Df,,
and call Df the differential of f.

Remark 12.11. The differential of amap f : U — R™, U C IR" open, ina € U is well-defined,
i.e. if there exists a linear map having the defining property, then it is unique: (The next argument
is not discussed in the lecture videos.)

Let A1, Ay € L(R",R™) and ¢1, ¢ : U' — R™, where U’ := {h € R" | a+ h € U}, such that

fla+h)=f(a)+ A;j(h)+¢i(h) Vhel, ie{1,2}
where limy,_, m @i(h) = 0fori € {1,2}. Taking the difference of the two equations shows that
Ar(h) = Ax(h) = @o(h) —@(h)  VheU'.
Let v € R" be arbitrary and let t > 0 be so small that t - v € U’. Then by linearity of A; and A,
t(A1(0) — Ax(v)) = A1 (tv) — Ax(tv) = @o(tv) — ¢1(t0)
& Ai0) - Al0) = (9a(t0) — 1 (10))
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for all sufficiently small ¢ > 0. Hence,

A(0) = A2(0) = lim (g (10) = 91(¢0) = o] lim o (9a0) = g1 (10)

1 1
= lim —— to) — lim —— t =0.
ol (tm onto) iy o)
Since v € R" \. {0} was chosen arbitrarily, this shows that A; = A,.

As in the one-dimensional case, differentiability at a point implies continuity at a point.

Theorem 12.12. Let m,n € N, U C R" be open, f : U — R" and a € U. If f is differentiable in a,
then f is continuous in a.

Proof. We will use Theorem 11.30 about sequential continuity. Let (x,),enn be a sequence in U
with limy, e x4, = a. Put hy, := x, —a for all n € N, such that lim, . h; = 0. By Corollary
11.42, Df, is continuous, such that lim,_,c D fs(h,) = Df,(0) = 0. Moreover, if ¢ is given as in
Definition 12.10, lim,, ;e ¢(h,) = 0 by construction. Hence,

lim f(x,) = lim f(a+hy) = lim (£(a) + Dfa () + g(ha)) = £(a).

Since (x,)yen Was chosen arbitrarily, it follows from Theorem 11.30 that f is continuous in
a. O

Remark 12.13. The analogue of Theorem 12.12 for partially differentiable function is false in gen-
eral. The function f from Example 12.6.(2) is partially differentiable in (0,0), but not continuous
in (0,0) as we have already seen in Example 11.31.(2).

Theorem 12.14. Let m,n € N, U C R" be open and f : U — R", f = (f1,..., fm), where
fi:U— Rforalli € {1,2,...,m}. Then f is differentiable in a € U if and only if f; is differentiable
inaforeachi e {1,2,...,m}. In that case, it further holds that

Df,(v) = (Df1)a(v),...,(Dfm)a(v)) Vo eR™

Proof. (This proof is not discussed in the lecture videos.)

"=": Let f be differentiable in a. Fori € {1,2,...,m} we define A; : R" — R by demanding
that Df,(v) = (A1(v),..., Au(v)) for all v € R". By linearity of Df,, each A; is linear. We
need to show that f; is differentiable in a with differential A; for each i. One checks from the
definition of differentiability that this is the case if and only if

- |fila+h) = fi(a) — Ai(h)| 1 .
}lg% I =0 Vie{l,2,...,m}.

Since by definition

fla+h) = f(a) = Dfa(h) = (fila+h) = fr(a) = Ar(h), ..., fu(a + k) = fu(a) = Au(h))

for all suitable h € IR", it follows from a standard estimate that

[fila+h) = fia) = Ai(W)| < [|f(a+h) = f(a) = Dfa(R)]|
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for all i and all suitable & € R". Hence,

oo Ui+ 1) = fi(a) = 4] _ . [If(a+B) = f(a) = D()]

h—0 1Ll T 0 || 7]

i@+ = £(0) = DA | =o.

haO

and thus limy,_, ‘ﬁ(ﬂﬁ-h)—\ﬁlﬁlﬂ)—A[(k)‘ = 0, which in turn yields limy, ,, H}lz—”(fl(a +h) — fi(a) —
Aj(h)) =0foralli € {1,2,...,m} by the squeeze theorem. Hence, every f; is differentiable in a
with (Dfi)s = A,

"«<": Assume that f; is differentiable in a for each i € {1,...,m} and define A : R" — R" by
A(v) = ((Df1)a(v),...,(Dfm)a(v)). Since the (Df;), are linear, A is linear. We compute from
the differentiability assumption that

i ) fa+ 1) — fa) — A
fim | (a1~ H Jim, Tl
. \/Z (fila+h) = fila) =Dfi(a))* ¥y |fi(a+h) — fi(a) — Dfi(a)]
= lim < lim
h—0 (||| h—0 (7]
21 fila+h) = fila) = Dfila -1 fim | () = i) = DA =,
i ] = 0 | k]

which yields limy,_, lﬁ(f(a +h) — f(a) — A(h)) = 0. Thus, f is differentiable in a with Df, =
A. O
The obvious question is now how the differential of a map in a point is related to directional
and partial derivatives that we constructed independently. The following important theorem

establishes a relation between the two. It turns out that the differential of a differentiable map in a
point contains the information about all directional derivatives in that point.

Theorem 12.15. Let U C R" be open and let f : U — R™ be differentiable in a € U. Then
Dfy(v) =9,f(a)  VveR"~\ {0}
In particular, all directional derivatives of f in a exist.

Proof. Letv € R" \ {0} and put g, : (—¢,€) — R™, gu(t) = f(a + tv), for suitable ¢ > 0. Then
for all ¢ # 0:

2(50(1) ~ $0(0)) = 1 (f(a + t0) — f(@)) = 1 (Dfulk0) + g(r0))
= 1(t-Dfy(0) + 9(t2) = Dfy(0) + ;o(t0),
where ¢ satisfies limj,_.o mqo(h) = 0. Thus,
90f(a) = $4(0) = lim < (g0(1) ~ $0(0)) = Dfs(0) + lim 2 g(t0).

We further compute that

Il _ i leC0)| 1 _
fimy || F (o) | = lim T = lim | e (o)) - floff = 0.
By the properties of a norm, this shows lim;_o 1 ¢(tv) = 0, proving the claim. O
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Theorem 12.15 implies in particular that every differentiable map f : U — R™ is partially differen-
tiable. However, the converse statement of Theorem 12.15 is not true. A partially differentiable
map does in general not need to be differentiable as the following counterexamples show.

Example 12.16. (1) Let f : R> — R be the function from Example 12.6.(2), which we have
shown to be partially differentiable. If f was differentiable in (0,0), all directional deriva-
tives would exist by Theorem 12.15, but we have already shown in Example 12.6.(2) that
d(1,1)f(0,0) does not exist. Hence, f is partially differentiable, but not differentiable.

(2) Consider the function

3
Xl .
fIR SR, flam)=| A ) #£00)
0 if (x1,x2) = (0,0).

We want to show that all directional derivatives of f exist in (0,0), but that f is still not
differentiable in (0,0). For v = (v1,v,) € R? . {(0,0)} we compute for all ¢ # 0 that

B3
F((0,0) + 1) — £(0,0) _ f(tvy,tva) _ Pterg _ 0}
t t t 0% + 03
Taking limits then shows that

3
[

9,f(0,0) = —1 12.1

SO0 =2 tb

so, indeed, all directional derivatives of f existin (0,0). If f was differentiable in (0, 0), then
by Theorem 12.15 and the linearity of the differential in (0,0),

do+wf(0,0) = Df(g0)(v+w) = Dfg0)(v) +Df(g0)(w) = dof(0,0)+30f(0,0)  Vo,w e R

(Here we let 9yf(0,0) := 0.) But this equation is not valid for our choice of f: we derive
from (12.1) that

1
Iaf(0.0) =5, 91,0 f(0,0) =1, 91)f(0,0) =0,
such that d(11)f(0,0) # 9(1,0)f(0,0) +9(,1)f(0,0). Hence, f is not differentiable in (0, 0).

(3) There are examples showing that even if all directional derivatives of f in a point a exist and
if the expression R"” — R™, v + 9, f(a), is linear, f might still be not differentiable in .2

The connection between the differential of a map at a point and its directional derivatives can
now be used to express the differential in terms of partial derivatives, thereby showing us a
possibility of how to explicitly compute differentials.

Corollary 12.17. Let U C R" be open and let f : U — R™ be differentiable in a € U. Then

Dfa(v) = 2aif(a)v,- Vo = (vy,...,04) € R".

2Consider the function
x ify =2
0 ify # x>

One computes that d,£(0,0) = 0 for all v € R?, but that the zero map (which is the only possible candidate here) does
not fulfill the properties of a differential.

f:]R2—>IR, f(x,y)—{
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Proof. By Theorem 12.15, it particularly holds that Df,(e;) = 9;f(a) for alli € {1,2,...,n}.
Since Df, is linear, we obtain from writing v = (vy,...,v,) asv = Y1 ; v;e; that

Do) = Dfi( Lovie) = L oDfu(e) = L aufa)os

O

We have seen in the previous section that partial derivatives can be computed by our well-
known one-dimensional rules of differentiation, so with this in mind, Corollary 12.17 shows us
how to compute differentials explicitly. But in order to do so, we already need to know that a
map is differentiable. While it is not enough to show that a map is partially differentiable, the
following theorem, which will be our main criterion to show that a map is differentiable, shows
that we can still conclude that a map is differentiable if its partial derivatives are "well-behaved".

Theorem 12.18. Let U C R" be open and let f : U — R™ and a € U. If f is partially differentiable
and if the partial derivatives o;f : U — R™ are continuous in a for all i € {1,2,...,n}, then f is
differentiable in a.

Proof. We first consider the case of m =1, i.e. of f : U — R. We define A € (R")* = L(R",R)
by
n
A(h) =Y _0if(a)h; Vh= (m,...,h,) € R".
i=1

We want to show that f is differentiable in a with Df, = A, for which we need to show that

oo @) = f(@) = AW+
h—0 ||7]] '

Since U is open, there exists an ¢ > 0 with B¢(a) C U. Leth = (hy,...,h,) € Be¢(a) and consider
ap,ay, ..., a, € R" given by ag := a and

ap:=a, aj:=aj1+hje; Vje {1,2,...,n},
such that a, = a + h. One checks that a; € Be(a) C Uforallje {0,1,...,n} Then:
fla+h)—f(a) = f(an) — f(an-1) + f(an—1) — f(an—2) + -+ f(a1) — f(ao)

n
=Y (f(a;) — f(ai_1)).
j=1
Forj € {1,2,...,n} we define the compact interval If by
. {[o, i =0,
[h],O] if ]’1] <0,
and consider g; : I[; = R, g;(t) = f(aj_1 + tej). Then
gi(0) =a; 4 and  gj(h) =a; Vjie{l2,...,n}

One checks that each g; is well-defined, since a; 1 + te; € Be(a) forall t € I, j € {1,2,...,n}.
Moreover, since f is partially differentiable it follows by construction that each g; is differen-
tiable with g}(t) = 0jf(aj_1 +te;) forall t € I;. By the mean value theorem from Mathematics 1
(Theorem 4.20) there exists a t; € I, such that

8j(hj) —8j(0) = gi(t;)(hj —0) &  f(a;) — flaj1) =9;f (c))hj Vje€{l,2,...,n},
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where ¢; := a;_1 + t;h;. Using these equations, we compute

1=

[f(a+h) = fla) = A(h)| = | ) (f(a)) = f(aj-1)) = A(h)

=
Il
—

1=

(0jf(cj) —0jf(a))h;

]

< Zl 19, (c;) — 3, (a)] ],
L

I
-

hence
oo L@+ h) — ()~ A

h—0 [|7]]

7

WL < 3 1im [oy(c)) ~ ay(a)
j=1

the values of ¢y, ..., ¢, depend on h. But one checks from their definition that if & tends to 0, the
¢j will tend to 0 as well. So it follows from the continuity of the partial derivatives in a and the
squeeze theorem for functions that

oo f@+ 1) = f(a) = AQR)|

h—0 |||

=0,

which proves the claim.
Form > 1,ie. for f = (f1,..., fm), where f; : U — Rforalli € {1,2,...,m}, we observe that

by definition
0if(a) = (9ifi(a),...,0ifm(a)) Vj€{1,2,...,n}.
Hence if 0;f is continuous in 4 for all j, then by Theorem 11.41 9, f; is continuous in a for all

i€{l,2,...,m}andj € {1,2,...,n},soit follows from the case of m = 1 that f; is differentiable
inaforalli € {1,2,...,m}. By Theorem 12.14, this shows that f is differentiable in a. O

Example 12.19. (1) We have seen in Example 12.9.(2) that
FIRZSRE,  f(x,x) = (e, sin(x112)),
is partially differentiable with
o1f(x1,x2) = (—2xle_"%_"%,x2 cos(x1x2)), 0af(x1,x2) = (—2xze_"%_x%,x1 cos(x1x7)).

for all (x1,x;) € R% These partial derivatives are componentwise compositions of con-
tinuous maps, hence themselves continuous, so it follows from Theorem 12.18 that f is
differentiable. By Corollary 12.17 its differential in (x1,x7) € R? is given by

Df(x, ) (v1,02) = 91f(x1,x2)v1 + 02f (X1, X2) 02
= (—2xle_x%_"%,x2 cos(x1x2)) - 01 + (—2x2e_"%_x%,x1 cos(x1x2)) - vp
= (—Ze_x%_"%(xlvl + x203), cos(x1x2) (%201 + x102))
for all (v1,v;) € R2.

(2) The converse of Theorem 12.18 is fals in general, i.e. there are differentiable maps whose
partial derivatives are not continuous. As a counterexample, it suffices to find a function
f I — R, where [ is an interval, which is differentiable and whose first (and only) partial
derivative, which is nothing but d; f = f’ is not continuous. As the reader may verify, such
an example is given by

prom = {0
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Corollary 12.20. Every polynomial p : R" — R, where n € IN, is differentiable.

Proof. Apparently, each polynomial is partially differentiable and since the partial derivatives
of a polynomial are again polynomials, which are continuous, this follows from Theorem 12.18.
O

Remark 12.21. In this section, we have established the following implications about maps of
the form f : U — R™, where U C R" is open:

f is partially differentiable and all partial derivatives are continuous ina € U
¢

f is differentiable in a
¢

all directional derivatives of f exists in a

¢
f is partially differentiable in a

Moreover, none of the converse implications holds. A counterexample for the converse of the third
implication is given in Example 12.6.(2), for the converse of the second implication in Example
12.16.(2) and for the first implication in Example 12.19.(2).

12.3 Rules of multivariable differentiation

Similar to the one-dimensional case, there are several rules and methods that allow us to com-
pute differentials explicitly and we shall discuss them in this section. Not only are there gen-
eralizations of the product rule and the chain rule to higher dimensions, but also can we use
our knowledge about linear algebra and matrices to compute compositions of differentials by
matrix multiplication.

Before we carry out the details, we first study the differentiability of one of our favorite classes
of maps, namely linear maps. Since we interpreted the differential of a map in a point as the
best approximation of the map by a linear one, we already have a guess of what the best linear
approximation of a linear map is: the map itself. This is confirmed in the next theorem.

Theorem 12.22. Let m,n € IN and let L : R" — R™ be a linear map. Then f is differentiable with
DL,=L VaeR"

Proof. Let a € R". By linearity, it holds for all & € IR" that
L(a+h) = L(a) + L(h).

Taking a look at the defining equation of the differential, we see that L satisfies the equation
with respect to ¢(h) = 0 for all h € R". Thus, DL, = L. a

The following mildly surprising result shows that differentials behave well with respect to sums
and multiplication by scalars.

Theorem 12.23. Let m,n € IN, let U C R" be open and let a € U. Let f,g : U — R™ both be
differentiable in a. Then:

a) f+g:U— R"™ is differentiable in a with D(f + §)a = Dfa + Dga.
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b) Af : U — R™ is differentiable in a with D(Af), = ADf, forall A € R.

Proof. We will only prove part a), since part b) is proven by a very similar argument. Since both
f and g are differentiable in 4, there are ¢1, ¢, : U’ — R™, where U' = {h € R" |a+h € U},
with limy, g H’ll_l\(‘oi(h) = 0fori € {1,2}, such that

flath) = fa)+ Dfa(h) + ¢1(x),  gla+h) =g(a) + Dga(h) + ¢2(x) VheU.
Adding these two equations yields
(f+g)a+h) = fla+h)+glat+h)
= f(a) +g(a) + Dfa(h) + Dga(h) + ¢1(h) + ¢2(h)
= (f+8)(a) + (Dfa+ Dga) (h) + ¢ (h),
where ¢ := @1 + ¢; satisfies limj,_, m(p(h) = 0. Since Df, + Dg, is again a linear map, this
shows that f + g is differentiable in 4 with D(f + ¢)s = Dfs + Dga. O

We next want to establish a multivariable version of the product rule. Note that in contrast to
the previous theorem, products of maps are only well-defined for maps whose codomain is R,
for which we can multiply the values of the functions as real numbers.

Theorem 12.24 (product rule). Let n € IN, U C R" openand a € U. If f,g : U — R are both
differentiable in a, then f - g : U — R is differentiable in a with

D(f-8)a = Dfa-g(a) + f(a) - Dga,
ie. D(f-g)a(v) = Dfa(v) - g(a) + f(a) - Dga(v) forall v € R".
Proof. We want to show the claim by showing that

lim | 8)@+h) — (f-g)(a) — Dfa(h) -g(a) — f(a)Dga(h)| 1 o

h—0 ||h||

By assumption, there are ¢1, ¢ : U’ — R with limy,_, % =0fori e {1,2}, where U’ = {h €
R" | a + h € U}, such that

fla+h)=f(a)+Dfa(h) + ¢1(x),  gla+h) =g(a) +Dga(h) + g2(x) VheU
Taking the product of these two equations we obtain
(f-g)a+h)=flath) glath)
= f(a)-g(a) + f(a) - Dga(h) + Dfa(h) - g(a) + Dfa(h) - Dga(h)
+¢1(h)(g(a) + Dga(h)) + (f(a) + Dfa(h)) p2(h) + @1(h) - ¢2(h)

(The rest of the proof is not discussed in the lecture videos.) By Theorem 11.44 and Corollary 11.42,
there are C1,Cy € (0, +00), such that [Df,(v)| < Ci||v]| and |Dg,(v)| < Cal|v| for all v € R™.
Using this fact, we derive from the previous computation for all h € U’

[(f-g)a+h) = (f-8)(a) = Dfa(h) - g(a) — f(a)Dga(h)]|

= |Dfa(h) - Dga(h) + 91(1)((a) + Dga(h)) + (f(a) + Dfa(h))p2(h) + @1(h) - 92(h)]|

< [Dfa(h)] - |Dga(h)[[@1(M)[ - [8(a) + Dga(h)| + |f(a) + Dfa(h)| - |@2(R)| + [@1(H)[ - [@2 ()]
< CICI1? + @1 (h)] - 18(a) + Dga(h)| + |f(a) + Dfa()] - [@2(1)| + [@1(R)] - |2()].
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This yields:
|(f-g)(a+h) = (f-8)(a) — Dfa(h) - g(a) — f(a)Dga(h)]

ah I

< tim (CoCalll + B (@) + Dgu ]+ 10) + D1 122501 122001 10200 gy )
=0+0-|g(a)|+|f(a)]-04+0-0-0=0.

This shows the claim. O

Remark 12.25. In the situation of Theorem 12.24, inserting the canonical basis vectors into the
differentials yields the following formula for the corresponding partial derivatives:

(9i(f-8))(a) = 9if(a)g(a) + f(a)dig(a)  Vie{l,2,...,n}.

Example 12.26. Let f : R> — R, f(x,y) = eV sin(xy). Then f = g-h, where g(x,y) =
e=¥~¥" and h(x,y) = sin(x,y). Both g and / are differentiable, so by Theorem 12.24, f is
differentiable. From the formula from Remark 12.25 we obtain for all (x,y) € R%:

91f(x,y) = d18(x, y)h(x,y) + g(x,y)91h(x,y)

2 2

= —2xe ¥V sin(xy) +e yzy cos(xy) =e yz(—2x sin(xy) +y cos(xy)),

02f(x,y) = d2g(x, y)h(x,y) + g(x,y)92h(x,y)

2 a2

= —2ye Ea sin(xy) + e Yy cos(xy) =e yz(—Zy sin(xy) + yx cos(xy)).

Hence, for all (x,y), (v1,v2) € R? we derive that

Df(x’y)(vl,vz) = e*XZ*yZ((—Zx sin(xy) + y cos(xy))v1 + (—2y sin(xy) + yx cos(xy))va).

Next we establish a chain rule for compositions of differentiable maps in several variables. To-
gether with the rules that we have established so far, this enables us to show the differentiability
of many different maps and to compute their derivatives.

Theorem 12.27 (chain rule). Let {,m,n € N, let U C R" and V C IR™ be open, let f : U — V and
¢:V = Rlandleta € U. If f is differentiable in a and g is differentiable in f(a), then go f : U — R’

is differentiable in a with
D(go f)a = Dgf(a) © Dfa.

Proof. To show the claim, it suffices to show that
i 182 f)(a+h) — (g0 f)(a) — (Dgya) © Dfa) (W)
im
h—0 Al

Since g is differentiable in f(a), there exists @, : V/ — R!, where V/ = {k € R" | f(a) + k € V},
with limy_,g mqoz(k) = 0, such that

!
=0.

g(a+k) =g(a) + Dga(k) + @2(k)  Vke V'

In particular, we compute for suitable & € R" that

(gof)(a+h)=g(f(ath))
= g(f(a) + (f(a+h) - f(a)))
= 8(f(a)) + Dgs(a)(f(a+ ) = f(a)) + @a(f(a+ k) — f(a)).
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Since f is differentiable in a, there exists ¢1 : U’ — R™, where U’ = {h € R" [a+ h € U}, with
limy,_, ﬁqpl(h) = 0 so that
fla+h)—f(a) = Dfa(h)+ ¢1(h)  Vhel.

Inserting this into the above computation yields

(g0 f)(a+h) =g(f(a)) +Dgs(a)(Dfa(h) + @1(h)) + @2(Dfa(ht) + ¢1(h))
= (g0 f)(a) + Dg¢(a)(Dfa(h)) + Dg(a)(91(h)) + @2(Dfa(h) + @1(h)),
where we used the linearity of Dgy ;). By Corollary 11.42 and Theorem 11.44 there are C;, C; >
0, such that [[Dfs(v)[| < Ci||v]| forallv € R" and ||Dg¢(,)(w)|| < Caf|w]| for all w € R™. Using
this and the above computation, we obtain for all 1 € U’ . {0}:
(g0 f)(a+h)—=(gof)(a) = (Dgra) o Dfa) (W)l = [Dga)(91(h) + @2(Dfa(h) + @1 ()|l
< 1Dg (@) (91 (M)l + [l92(Dfa(h) + @1 ()|
< Gller (M)l + [l92(Dfa(h) + 1(W)]l-

Consequently,
i 180 f)(@t+h) = (g0 f)(a) — (Dgs) o Dfa) (W]
im
h—0 || 7]
< Ctim 121001 i 192(DE(1) + a0 _ i l92(DF(h) + a(m)]]
h—0 ||kl h—0 ||| h—0 || 7]
It only remains to show that this latter limit vanishes. Since lim;,_, H4’H1}E‘}|l)|| = 0, it holds in a

neighborhood of 0 that || @1 (h)|| < ||k]|. Hence, for every & in such a neighborhood it holds that
IDfa(h) + @1()|| < IDfa(W) [l + lpr (W[ < Callk]| + [|1]] = (Cy + 1)||A]

and thus

 llga(Da() + 1 ()] lga(DFa(h) + 1 ()] ()]

lim < (C;{+1)lim =(C;y+1)lim =0.
o Tl DI DAm ey TV

This shows the claim. O

Example 12.28. (1) Leth : R — R be continuous and let
sin(x+y)
F:R2=R,  F(xy) :/ h(t) dt.
0

Then F = go f, where f : R* - R, f(x,y) =sin(x+y),and g : R — R, g(x) = [ h(t) dt.
The map f has continuous partial derivatives, hence is differentiable by Theorem 12.18 with

Df(xy(01,02) = 01f(x,y)v1 + 92f (x,y)02 = cos(x +y)(v1 +v2)  VY(x,y),(01,02) € R®.

By the fundamental theorem of calculus, g is differentiable with g’(x) = h(x) for all x € R.
Hence, F is differentiable by Theorem 12.27 and its differential at (x,y) € R? is given by

DF(y)(01,02) = Dgf(x)(Df(xy)(01,02)) = &' (f(%,4)) - Df (1) (v1,02)
= h(sin(x +y))cos(x +y)(v1 +v2).  V(v1,v2) € R
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(2) (This example is not carried out in detail in the lecture videos.)
Consider i := go f : R> — R, where
f:R?> = R% f(x,y) = (e siny,e* cosy,e¥), ¢:R®> =5 R, g(x,y,z) =3x* — 2xy + 422,
Both f and g are partially differentiable. We compute for all (x,y) € R? that
d1f(x,y) = (e*siny,e* cosy,e*), d2f (x,y) = (e* cosy, —e*siny,0),
018(x,y,z) = 6x — 2y, 028(x,y,z) = —2x, 93¢(x,y,z) = 8z.

All of these derivatives are obviously continuous. Hence, f and g are differentiable by
Theorem 12.18 and so is by Theorem 12.27. We compute using Corollary 12.17 that

Df(xy)(01,02) = 91 (x,y)v1 + 02f (x,y) 02,
= (e* sin(y)vy, e* cos(y)vy, e*vy) + (e* cos(y)vp, —e* sin(y)va, 0)
= (e*(sin(y)v1 + cos(y)vy),e* (cos(y)v1 — sin(y)va), e*vy).
for all (v1,v;) € R%. Thus, by Theorem 12.27 it holds for all (x,y), (v1,v2) € R? that

Dhy,)(v1,02) = D(8© f)(x,y) (01, 02) = D&f(xy) (D f () (01,02))
= Dg(evsiny,et cos y,er) (€ (sin(y)v1 4 cos(y)v2), e* (cos(y)v1 — sin(y)vz), e*o1)
= 01g(e* siny, e* cosy, e*)e* (sin(y)v1 + cos(y)vz)
+ 028(e* siny, e* cosy, e¥)e* (cos(y)vy — sin(y)va) + d3g(e* siny, e* cosy, e*)e*vy
= (6" siny — 2¢* cos y)e* (sin(y)v1 + cos(y)vy) — 2¢* sin(y)e* (cos(y)vy — sin(y)va) + 8(e*)?v;
= ¥ (65sin(y) — 4siny cosy + 8)v; + ¥ (6siny cosy — 2 cos?(y) + 2sin’(y))va
(= e®*(3cos(2y) — 2sin(2y) + 11)v; + €* + ¥ (3sin(2y) — 2 cos(2y))vy),
where we used several trigonometric identities in the last equation.

There is one special case of the chain rule that is worth pointing out and formulating as a sepa-
rate statement.

Corollary 12.29. Let I be an interval, U C IR be open, y : I — U bea curvein R", f : U — R and
to € L Ify = (71, ..., vn) is differentiable in to and f is differentiable in 7y (to), then foy : 1 — Ris
differentiable in to with

(7o) (t) = Dy (¥(10) = LA (1))

Proof. By Theorem 4.6, the relation between the derivative of the one-dimensional real function
f o7 and its differential is given by

D(for)(h) = (for)(t)-g VheR
In particular, by Theorem 12.27,

(fo7)(to) = D(for)y(1) = ny 1) (D71(1))
= Dfytg) ( Zaf )7i(to),

where we have used Corollary 12.17. O
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As differentials of maps are linear maps of the form R" — R, we know from Section 8.1
that each such map is induced by a real m x n-matrix. We determine the entries of this matrix
explicitly in the next statement.

Theorem/Definition 12.30. Let m,n € R, let U C R" be open, let a € U and let f : U — R™ be
differentiable in a. Then the linear map Df, : R" — IR™ is induced by the matrix

M M
a a) ... Onfa(a
Jia) e MmxnR),  Jp(a)=@fia)=| o Y :

o1fm(a) 92fm(a) ... 9nfum(a)
J(a) is called the Jacobi matrix of f in a.

Proof. As we already observed in Remark 8.6 for arbitrary linear maps R” — IR™, the linear
map Df, is induced by the matrix A € M(m x n,R) whose j-th column is the image of the
canonical basis vector ¢; under D f,. But by Corollary 12.17,

Dfa(e]) = a]f(a) 1= (8]f1 (a),a]'fz(a),. . ,a]fm(ﬂ))

Identifying this with a column vector and assembling these columns to a matrix, one sees that
indeed A = J¢(a) as defined in the statement of the theorem. O

Corollary 12.31. Let £,m,n € N, let U C R" and V C R" be open, let f : U — Vand g: V — R
and let a € U. If f is differentiable in a and g is differentiable in f(a), then

Jgor(a) = Jg(f(a)) - J¢(a),

where - denotes the matrix product. Componentwise, if f = (f1,..., fm), § = (1,-..,8¢) and go f =
(I’ll, . ,hg), then

E)Jh,(a) = ki ajfk(a)akgi(a) Vi e {1,2,. . .,E}, ] € {1,2, ... ,Tl}.
=1

Proof. This is an immediate consequence of Theorem 12.27 and Theorem/Definition 8.9 about
matrices and compositions of linear maps. O

12.4 Further properties of differentiable maps

In this section we collect several important results about differentiable maps and make our
first steps towards higher order differentiability for maps in several variables. We begin by
discussing properties of differentiable real functions, i.e. differentiable maps f : U — IR, where
U C R" for some nn € IN. In this case, the Jacobi matrix of f in some a € U is by definition a real
1 x n-matrix, i.e. a row vector. We identify this row vector with an element of R" and explore
its properties in the first part of this section.

Definition 12.32. Letn € IN, let U C IR"” be open and let f : U — R. If f is partially differen-
tiable in a € U, then we call®

Vf(a) = (91f(a),02f(a),...,9nf(a)) € R"

3The symbol V is called "nabla" and is not a letter of the Greek or any other alphabet. It was introduced without a
name by William R. Hamilton and later named nabla, which is the Greek name for a Phoenician harp mentioned in the
bible which is supposed to have had a similar shape. (Yes, this is a true story.)
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the gradient of f in a. If f is partially differentiable, then the map Vf : U — R" is called the
gradient of f or gradient (vector) field of f. (Other common notation: grad f.)

The immediate connection between gradient and differential is given by the following state-
ment.

Corollary 12.33. Let n € IN, let U C IR" be open and let f : U — R be differentiable in a € U. Then
Dfa(v) = dyf(a) = (Vf(a),v) Vo € R" \ {0},
where (-, -) denotes the standard inner product on R™.

Proof. This follows immediately from Corollary 12.17 and the definition of the standard inner
product. O

Remark 12.34. (1) In the situation of the Corollary 12.33, the mere existence of a vector vy € R"
which satisfies Df,(v) = (vp,v) for all v € V follows already from the Riesz representation
theorem (Theorem 10.28.c)). We might also have defined the gradient as that vector pre-
dicted by Theorem 10.28.c) and then computed from this definition, that the entries of the
vector must be the partial derivatives of f.

(2) Letv € R" with ||v|| = 1. Then

dof(a) = (Vf(a),v) = [Vf(a)| - cos(£(Vf(a),v)).

Assume that Vf(a) # 0. Then the above equation shows that d,(a) becomes maximal if
and only if Z(Vf(a),v) = 0, ie. if Vf(a) and v point in the same direction. This shows
a crucial geometric property of the gradient: it points to the direction, in which the function
has the "fastest increase”. Since then ||V f(a)|| = 9, f(a), the length of the gradient is the rate of
increase in that direction. These properties are of great use in various fields of mathematics,
physics and engineering, e.g. for gradient-descent methods in optimization problems.

We will use the gradient to find an generalization of Fermat’s theorem from Mathematics 1 (The-
orem 4.17) to functions in several real variables, i.e. a necessary condition on such a function to
have a local maximum or a local minimum in a point To do so, we first give a formal definition
of local maxima and minima in our higher-dimensional setting. The reader might notice that
the definition is completely analogous to local extreme of functions defined on subsets of R or
C which we studied in Mathematics 1.

Definition 12.35. Letn € IN, U C R" be open, f : U — R and xy € U. We say that f has a local
maximum (local minimumy) in x if there exists a neighborhood A of xo with A C U, such that

f(x) <flx) VxeA  (f(x) = flx) VxeA).

the value f(xg) € R is then called a local maximum (local minimum) and x, is called a local
maximum point (local minimum point) of f. We further say that f has a local extremum in x if it has
a local maximum in x( or a local minimum in x.

Theorem 12.36. Let n € IN, let U C R" be open and let f : U — R be partially differentiable. If f has
a local maximum or a local minimum in a € U, then

Vf(a)=0.
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Proof. We assume w.l.o.g. that f has a local maximum in a and let ¢ > 0, such that B¢(a) C U
and f(x) < f(a) for all x € Be(a). We need to show that 9;f(a) = 0 for each i € {1,2,...,n}.
Foreachi € {1,2,...,n} we consider the well-defined function

git(—ge) >R, gi(t) = fla+te).

Since f is partially differentiable, g; is differentiable with ¢/(0) = 9;f(a) foralli € {1,2,...,n}.
By the local maximum property of f, it follows in particular for each i that g;(t) = f(a + te;) <
f(a) = gi(0) for all t € (—¢,¢), such that g; has a local maximum in 0. But then by Fer-
mat’s theorem (Theorem 4.17) from Mathematics 1, it holds that g/(0) = 9;f(a) = 0 for all
ie{1,2,...,n} O

The mean value theorem for differentiable functions on intervals (Theorem 4.20) has several
generalizations to functions in several variables. In this lecture, we will not discuss the most
general version, but instead settle with a mean value theorem for maps with values in IR, which
is proven by reducing it to the one-dimensional result and using the chain rule in a smart way.

Theorem 12.37 (mean value theorem for real functions). Let n € IN and let U C IR" be open. Let
f U — R be differentiable and let a,b € U be such that the line segment connecting a and b, i.e. the
set L:={a+t(b—a) e R"|te U}, liesin U. Then there exists € L, such that

f(b) = f(a) = Dfe(b - a).

Proof. Letc : [0,1] — U, c¢(t) = a+ t(b — a). Then c is differentiable with ¢/(t) = b — a for all
t € [0,1]. By the one-dimensional mean value theorem from Mathematics 1 (Theorem 4.20) and
by Corollary 12.29, it follows that there exists t € [0,1] with

f(b) = f(a) = (foc)(1) = (foc)(0) = (foc)(to) - (1-0)
= (foc)(to) = Df(s)(c'(t)) = Df(1 (b — a).
Thus, the claim follows with ¢ := ¢(#). O

To apply Theorem 12.37 to large subsets of R”, we would of course like f to be defined on sub-
sets of IR", for which the line segment connecting any two points in the set is itself completely
contained in the set. Sets with this property have a special name, because they are important in
various fields of mathematics, from optimization to geometry.

Definition 12.38. Let n € IN. A subset K C R" is called convex if
{x+tly—x)eR"|te[0,1]} CK VxyeKk,
i.e. if for any two x,y € K the line segment connecting x and y is entirely contained in K.

Example 12.39. Forany n € N, a € R" and r > 0, the open ball B,(a) and the closed ball B,(a)
are convex subsets of R". This is shown by a simple computation that is left to the reader.

Corollary 12.40. Let n € IN, let U C IR" be open and convex and let f : U — R be differentiable. If
Df, = 0foralla € U, then f is constant.

Proof. This follows immediately from Theorem 12.37, since it yields that f(b) — f(a) = 0 for all
a,b e U. O

The next definition gives a name to a property that we have already studied in Theorem 12.18.
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Definition 12.41. Let m,n € IN and let U C R" be open. We call f : U — R™ continuously
differentiable if f is partially differentiable and if d;f : U — R" is continuous for every i €
{1,2,...,n}.

Recall that by Theorem 12.18, every continuously differentiable function is differentiable.

Theorem 12.42. Let m,n € IN, let U C IR" be open and let f : U — R™ be continuously differentiable.
If K C U is compact and convex, then f |k is Lipschitz-continuous, i.e. there exists C > 0, so that

Ifx) = fWl<C-llx—yll  Vxyek

Proof. Let f = (f1,..., fm), where f; : U — R foralli € {1,2,...,m}. Since f is continuously
differentiable, d;f; : U — R is continuous for all i € {1,2,...,m}and j € {1,2,...,m}. By
Corollary 11.77, each a]- fi attains its maximum and minimum on K, hence,

M;; := sup [0;fi(x)[ < +oo.
xeK

Since K is convex, by Theorem 12.37, for all i € {1,2,...,m} and all x = (x1,...,x,) and
v = (y1,--.,yn) € K there exists { € K with

1fi(x) = fily)| = [(Dfi)g

]fz )|

<E|a]fz ||x }/]‘<ZM,] ]/]|<M2|x

j=1 =

where M; := max{M;1, M;, ..., M;, } for eachi. From this inequality we derive forall x,y € K:

150~ F) IR = L1 - ) < - ME( Lol - y) (122)
1= 1= ]:

We observe that in terms of the standard inner product, we can express and estimate the sum at
the end of the previous inequality as follows, using the Cauchy-Schwarz inequality:

2|x] il = (1 =yl oo = 9l o = ), (11, 1))
< W =yl bz = ol e = ) - L )

(xj —yj)?Vn = Vnllx —yl.

I
M:

-
I
—

Inserting this into (12.2) yields

1F() = F)I2 <nY- M2x -yl

i=1

us, wit =/ ny_ - we derive that X)— < X — orall x,y € K.
Thus, with C Yt M? we derive th )| < Cllx —y|| forall x,y € K O

As for real functions on intervals, we want to consider higher-order differentials and derivatives
for maps in several real variables as well. As we did in Section 12.1, we start by discussing par-
tial derivatives of higher order and their properties before discussing higher order differentials
in the next section.
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Definition 12.43. Let m,n € IN, let U C R" be open and let f : U — IR be partially differen-
tiable.

a) We say that f is twice continuously differentiable if f is continuously differentiable and if d; f :
U — R™ is continuously differentiable for every j € {1,2,...,n}. The partial derivatives

ala]f = al(a]f) :U — R™,
where i, j € {1,2,...,n}, are then called the second order partial derivatives of f.

b) Let k € N with k > 3. We say that f is k times continuously differentiable if f is k — 1
timers continuously differentiable and all partial derivatives of f of order k — 1, i.e. all
0;,0i, ... 0 f :U— R, whereiy, iy, ..., i 1€ {1,2,...,n}, are continuously differentiable.
Their partial derivatives

ailal‘z ce al‘kf = ail (E)iz . a,»kf) U — R™
are called the k-th order partial derivatives of f.

c) If f is k times continuously differentiable, we further put

ail,iZ’_“’l’kf = 81-181-2 e aikf
for all i1,i2,. . '/ik S {1,2,. . .,1’1} and
of:=00;...0; f
k times
foreveryie {1,2,...,n}.

d) Analogously, if f is k times continuously differentiable, we define higher order directional
derivatives of the form
00,00, - .. O, f : U = R"

for all vq,..., 7, € R" \ {0} in the same way as we defined k-th order partial derivatives.
We omit the details.

The following theorem is one of the most important result about partial derivatives that will
turn out to be useful both in computations and in theoretical considerations.

Theorem 12.44 (Schwarz). Let m,n € IN and let U C R". Let f : U — R™ be twice continuously
differentiable and let a € U. Then

0;0;f(a) = 90;f(a) Vi, j€{1,2,...,n}.
Proof. We assume w.l.0.g. that
e m = 1, since the partial derivatives are computed componentwise,
e n=2,i=1and j = 2, since the general case is proven completely analogously,

e 0 =0=(0,0), since the line argument is easily transferred to an arbitrary point.
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Since U is open, there exists § > 0 with Bys(0) C U and one easily derives that (—d,d) x
(—6,0) C U.Foragiveny € (—6,0) let

8y:(=0,0) =R, gy(x) = f(x,y) - f(x,0).

Since f is continuously differentiable, gy is differentiable and by definition g} (x) = 91f(x,y) —
d1f(x,0) for any such y. By the mean value theorem from Mathematics 1 (Theorem 4.20) there
exists ¢ € (—6,0) with |¢| < |x], such that

gy(x) —gy(0) =g, (E)(x=0) & f(x,y)—f(x,0)=f(0,y) + £(0,0) = (01f (x,y) — 91 f(x,0))x.

We next consider the function iz : (—6,6) — R, hg(y) = 91f(&,y) for fixed § € (—0,0). Since f
is twice continuously differentiable, 91 f is differentiable, which yields by construction that h¢ is
differentiable with h(y) = 9201f(¢, ). By the mean value theorem applied to h; for any such

y there exists 7 € (—¢,0) with || < |y|, such that
he(y) —hz(0) = hz(n)(y —0) < 91f(S,y) —01f(¢,0) = 0201 (&, 1)y

Inserting this into the above computation shows that forall x,y € (-6, J) thereare ¢(x,y),1(x,y) €
(—6,0) with |¢(x,y)| < |x|and |(x,y)| < |y|, such that

f(x,y) = f(x,0) = £(0,y) + £(0,0) = 9201 (&(x,y), 1 (x,y))xy.

Analogously, with the roles of the two partial derivatives reversed, we can derive along the
same lines that for all x,y € (—0,0) there are ¢(x,y),7(x,y) € (—6,0) with [(x,y)| < |x| and
17(x,y)| < |y|, such that

fxy) = f(x,0) = £(0,9) + £(0,0) = 0102 (¢ (x,y), 71 (x, y)) xy.
If xy # 0, then this yields

02011 (E(x,y),1(x,y)) = 0192f (E(x,y), 77 (x, ). (12.3)

One derives from the properties of ¢, f, n and 7j that

lim  E(xy)= lm pxy) = lm &xy) = lm i(xy) =(0,0)
(x/y)%(ozo)g( 2 (x,y)—>(0,0)17( v (x,y)—>(0,0)€( y) (x,y)—>(0,0)17( y) = (0,0)

Thus, since f is twice continuously differentiable, taking limits in (12.3) yields

0201/(0,0) = Lim  3201f(5(x,y),n(x,y)) = lim 919,f(&(x,y),7(x,y)) = x3192£(0,0).
(x,y)—(0,0) (xy)—(0,0)

O
Schwarz’s theorem has a simple consequence for directional derivatives.

Corollary 12.45. Let m,n € IN and let U C R". Let f : U — R™ be twice continuously differentiable
and let a € U. Then
ayau;f(a) - awavf<a) VU,ZU c RV[ AN {0}.
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Proof. (This proof is not discussed in the lecture videos.)

Letv = (v1,...,04), w = (wy,...,w,) € R"\ {0}. Since f is differentiable, it holds by Theorem
12.15 and Corollary 12.17 that

M:

dof(@) = Y 0if(@vi,  dufla) = iajﬂa)w]
L

1

Since f is twice continuously differentiable, 0;f : U — R™ is differentiable for each i ¢
{1,2,...,n}, so we obtain from the previous computation and from Theorem 12.23 that

9,00 (a) = D(@ufla( ): W1),(0) = 1 D@, afo)
]:

_ 2 2 9 8]f Uz ; Theorem 12.44 i i aif(a)viwj-
j=li= i=1j=1

Performing the same steps in reverse with the roles of v and w exchanged shows that 0,0, f (a) =
w0y f(a). O

12.5 Higher order differentials and Taylor’s theorem

To establish a notion of higher differentials, we first discuss another notion from linear algebra.

Definition 12.46. Let K be a field, let V and W be vector spaces over K and let n € IN with
n>2.

a) A map
f:V'=VXVx---xV-o>W
N~—_———
n times

is called n-linear (bilinear for n = 2, trilinear for n = 3, ...) if foralli € {1,2,...,n},
v1,..., 0, w; € K" and all A, p € K it holds that

f(o1,..., i1, AV + pw;, Vi1, - .., On)
= Af(vl,. 01,9, Vi1, - - .,'(Jn) + yf(vl, ey Ui, Wi, Vg1, .,Z)n).
We further put L"(V, W) := {f : V" — W | f is n-linear}.

b) For W = K, an n-linear map f : V" — Kis called an n-linear form on V (bilinear form forn = 2,
trilinear form for n = 3,...).

¢) A map is called multilinear if it is n-linear for some n € IN.

Example 12.47. (1) Themap f : R" — R, f(x1,...,%;) = X1X2...Xy, is an n-linear form on R,
ie. fe L"(R,R), foralln € N.

(2) Let V be a real vector space. Then any inner product (-,-) : V — R is a bilinear form on V,
ie. (,-) € L*(V,R).

(3) The determinant as a map det : (R")"” — R as a map with n vectors as arguments (see
Section 9.1) is an n-linear form on R", i.e. det € L"(R",R). This follows from property (1)
in Definition 9.2.
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(4) The vector product x : R3 x R® — R3 that was constructed in Exercise 3 of Sheet 8 is
bilinear, i.e. - x - € L?(IR3,R3).

In the same way that we established differentials as linear maps, we will next define the k-th
differential as a k-linear map in the following statement.

Theorem/Definition 12.48. Let m,n € N, let U C IR" be open and let f : U — R™ be k times
continuously differentiable. Then for each a € U the map

Dffy - (RMHF - R™, D fa(vy,...,01) = 30,00, - - - 00, f(a),
called the k-th differential of f in a, is k-linear and satisfies

n n n
Dkfﬂ(vl,..., Z Z 2 i1,i,.. rlkf Z’11'1021‘2"'0kik (12.4)
:1 :

forallv; = (vj1,0p,...,v,) € R", j € {1,2,...,k}. (Here, we use the convention that dog(a) := 0
forall g : U — R™.)

Proof. We want to prove the formula (12.4) by induction over k. The k-linearity of D¥f, can then
be checked from that equation in a straightforward way:.

Base case of k = 1: This is nothing but Corollary 12.17.
Induction step: Assume as induction hypothesis that

n
DF=1£(a) Z Y0, i f(a)va, .. vk,
12 1 lk:

1

for all v; = (Ujl,UjZ,...,an) € R",j € {2,3,...,k}. Since f is k times continuously differen-
tiable, all of the (k — 1)-st order partial derivatives 9;,  ; f(a) are continuously differentiable,
thus differentiable. Thus, by Theorem 12.15 and Corollary 12.17,

801 (aiz,...,ikf) (a) ( in,.. ,1kf Z all,lz, ,zkf )Ulil (12'5)

for all v = (v11,v12,...,v1,) € R". Consequently,

Dkfﬂ<01r-"rvk) = 0v,0u, - .. O, f(a )_avl( Oy, f)(a a)
:3vl(Dk_1fa(vzr )|

n

‘21 Zav in.ief) (@) 021y - - Uk

ix=
(125) & & 1
= Z Z Z i1z, ,zkf vlileiz---vkik

for all v; = (vj1,vj2,...,vjs) € R?, j € {1,2,...,k}. This completes the induction step and
thereby shows the claim. O

Remark 12.49. In the case of n = 2 and k = 2 in the situation of Theorem /Definition 12.48, then
the explicit formula for D? fa takes the following relatively concise form for all a € U:

sza (Z), ZU) = E)Llf(a)vlwl + 82,1f(a)vzw1 + allzf(a)zqwz + azlzf(ﬂ)vzwz

for all v = (v11,v12),v2 = (V21,02) € R2.
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Example 12.50. Let f : R — R, f(x1,x2) = x3 + x5. We have seen in Example 12.9 that

o1f(x1,x2) = 2x1, 92f(x1,X2) = 2x7.

These partial derivatives are again polynomials, hence f is twice continuously differentiable.
We compute for all (x1,x,) € R? that

d1f(x1,x2) =2, 9opf(x1,%2) =2, d12f(x1,%2) = 21 f(x1,%2) = 0.
Hence, by Remark 12.49 the second differential of f in a € IR? is given by

sza((vl,vz), (w1, wy)) = 2v1w1 + 20w; Y(v1,v2), (W, wy) € R2.

We proceed to establish a multivariable version of Taylor’s theorem. In the same way as in
Mathematics 1, such a theorem tells us about how to approximate a given function by a poly-
nomial - only this time in several variables.

Definition 12.51. Let k,n € IN, U C R" be open and f : U — R be k times continuously
differentiable. Given a € U we call

,
Tof(a) :R" = R",  Tof(v,a) +ZDf”U—UU)
the k-th Taylor polynomial of f in a.*

Remark 12.52. Let k,n € N, U C R" be open and f : U — R be k times continuously dif-
ferentiable. Using the explicit formulas for differentials and directional derivatives in terms of
partial derivatives, we compute that

Tof (v,a) = f(a) + Dfa(v) + %

L 1
a)+ Y 0;f(a)o; + = ZZaa]f )0;v;,
i=1 1 1j=

and, more generally,

k n n n
Tif(v1,...,vn,0) = f(a) + ; -; ; E

ﬁl’_\

This shows that Ty f(-,a) : R" — R is indeed a polynomial of degree at most k whose coefficients
are given by multiples of the partial derivatives of f in a.

We can now use the Lagrange form of Taylor’s theorem from Mathematics 1 (Theorem 4.42) for
single-variable functions to establish a corresponding result for functions in several variables.

Theorem 12.53 (Taylor, in Lagrange form). Letk,n € IN, U C R" be openand f : U — Rbek +1
times continuously differentiable. Let a € U and let h € R" be such that a +th € U forall t € [0,1].
Then there exists 6 € [0,1], such that

fla+h) = Tef(ha)+ (k—il) Dit o (b, ).

4Please note the little difference to the notation Mathematics 1: Here, in the one-dimensional case, Ty (h,a) in the
sense of Definition 12.51 would correspond to Ty (a + h, a) in the sense of Definition 4.34. (We apologize for the clash of
notations, but this notation is much more convenient in the higher-dimensional setting.)
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Proof. Letg:[0,1] - R, g(t) = f(a+ th). Then g = f o, where 7y : [0,1] — U, y(t) = a + th.
Since 7y is obviously k times continuously differentiable, g is k times continuously differentiable.
By the Lagrange form of Taylor’s theorem for real functions on intervals (Theorem 4.36) for each
x € [0,1] there exists 6 € [0, 1], such that

80 56

P krip
in particular
k o (0 (k+1) (g k o0 (k+1) (g
g(l):g(O)—i-r;g ﬂ( >+g(k+1()!) o f(a+h):f(a)+r;g rf )+g(k+1<)!). (12.6)

We need to compute the derivatives of g in 0.

Claim. g")(t) =D’ f,(hh,...,h) forallr € {1,2,...,k}.

Proof of claim. We want to show this by induction over r. For the base case of ¥ = 1, we compute
using Corollary 12.29 that

g'(t) = (fo7)'(0) = Dfyy(7'(£)) = Dfyy (B Zaf

where h = (hy, ..., hy). In particular, §’'(0) = Df,(h), which shows the base case.
In the induction step, we assume as induction hypothesis that ¢(") (t) = D fowy (B by ... k) has
been shown for some r € {1,2,...,k — 1}. By Theorem/Definition 12.48, it then holds that

Since r < k and f is k times continuously differentiable, ¢") is again differentiable. From the
usual rules for derivatives and from Corollary 12.29 and Corollary 12.17 we derive:

n

S = Y Y @i fo ) (D, T

i1=1 ir=1
n
=) 'ED i ein )0y (Y (8)) By -,
i1:1 ly—l
n n
D DEEED DD DT IR {070 T
i = ir=1 ir+1:1

One derives from iteratively using Schwarz’s theorem (Theorem 12.44) that
Oy ositmivf = Oiriyir g f =" =iy, ivipnf  Vit,.o in v €{1,2,...,n}.

Hence,

n n n
g Z Z Z i Vi il = D™ fo gy (B ),
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where we used Theorem/Definition 12.48 for the last equality. This completes the induction
step. |

It follows from the above claim that g(’) (0) = D" fa(h,h,..., h)forallr € {1,2,...,k}. Moreover,
¥ (0) = DMUf, oy (b, ) = D*Ff g (b, ).
Inserting these computations into (12.6) shows the claim. O

To discuss approximation properties of Taylor polynomials, we also establish a Péano form of
Taylor’s theorem, corresponding to Theorem 4.36 from Mathematics 1.

Theorem 12.54 (Taylor, in Péano form). Let k,n € IN, U C R" be open, a € U and f : U — R be
k times continuously differentiable. Then, with U’ := {h € R" | a+ th € UVt € [0,1]}, there exists
¢ : U — R, so that

fla+h)=Tef(ha)+ge(h)  Vhel,

and so that
er(h) _ o
h—0 ||h||k '

Proof. (This proof is not discussed in the lecture videos.)

We define ¢y : U' — R™, ¢y := f(a+ h) — Ty f(h,a). We need to show that ¢, has the necessary
limiting property from the claim. Since U is open, there exists r > 0, such that B,(a) C U and
to study the limit, we can assume w.l.o.g. that U = B,(a). Then U’ = B,(0), so U’ is convex. Let
e > 0. Since f is k times continuously differentiable, all of its k-th order partial derivatives are
continuous. Thus for all iy, ..., i € {1,2,...,n} there exists J;, _; > 0, such that

|ai1,---,ikf(y) 1 zkf< )| < —k' V]/ S B5i1,m,ik (a)
If we put 6 := min{d;, _; |i1,..., ik € {1,2,...,n}} >0, then
1 n n
oy Z Z 19iy,.ie f(¥) = Biy,i f(@)] <€ Vy € By(a). (12.7)

To make use of this estimate, we derive from Theorem /Definition 12.48 that for all 1 € U’

- ( i1,i2,. lkf( ) 11 in,.. zkf( )) -hik

D¥fy(hh,..., ) D¥fu(h,h,... h)
k! B k!

.m:
M:

=
I
—
=
I
—

IN
.m:
M:

|az‘1,12 zkf( ) 11 i,.. zkf “h ||h12| | zk|

fry

Il
—
=

I
—

|ai1/i2 lkf( ) — 11 i, lkf ’Hh”k

IN
.m=
™=

=
Il
—_
=
Il
—_

Hence, it follows from (12.7) that

DXf (hh,...,h)  D¥fu(hh,... h
| _ Dfal A N celnlf wyeBsayhel. (128)
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Then by Theorem 12.53 for each h € U’ there exists 6 € [0,1] with

D foan(h, ..., h)

flat+h) =T f(ha)+

k! !
which yields
Dk hh,...,h) D¥fu(hh,... .«
f(ll+h) _ ka(h,ll) + fa—i—Gh(k! ) _ fu( - )
and thus

1
()| = 27 D fason (. 1) = Drfai, . )|
Now if h € Bs(0), then a + 6h € Bs(a), so it follows from (12.8) that

lge(h)| < ellnl* vh e Bs(0)

and thus oe(h)]
- 1Pk
1 <e.
o [iE =
Since ¢ > 0 was chosen arbitrarily, this shows that limy, ‘(ﬂl;l(”hk)‘ = 0 and thus limj,_,q m—% =0

as we wanted to show.

Remark 12.55. We can interpret Theorem 12.54 in such a way that, in analogy with the results
from Mathematics 1 for functions on intervals, the Taylor polynomial Ty f (-, a) is the best approx-
imation of f near a by a polynomial of degree at most k.

To conclude this section, we will compute the second Taylor polynomial and compute its ap-
proximation properties for a concrete example in excessive detail.

Example 12.56. Consider the function f : R® — R, f(x,y,z) = sin(x?*y +z). We want to
compute the second Taylor polynomial of f in (1,0,0).

91f(x,y,z) = 2xy cos(xzy +2), 9f(xyz)= x2 cos(xzy +z), 03f(x,y,z) = cos(xzy +z).

Using the computational rules for partial derivatives and Schwarz’s theorem, one computes
that

011f(x,y,2) = 2y cos(x*y + z) — dx?y? sin(x2y + z),

012f(x,y,2) = d1f(x,y,2) = 2xcos(x?y + z) — 2x°y sin(x%y + z),
013f(x,y,2) = 31f(z,y,2) = —2xysin(x’y + z),

daf(x,y,z) = —x*sin(x?y + z2),

023f(x,v,2) = d0f(x,y,2) = —x*sin(x?y + 2),

033f(x,y,z) = —sin(x’y + z).
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Using the formula from Remark 12.52 we compute for v = (v1,v2,v3) € R3 that
3

1 3 3
Tof(v,(1,0,0)) = £(1,0,0) + Y _9;£(1,0,0)v; + 5 Y Y 0if(1,0,0)v,0
i=1 i=1j=1
1
= f(l,O, 0) + a1f(1,0, O)Ul + 82f(1, 0, O)Uz + ag,f(l, 0, 0)03 + E (alrlf(l,0,0)U% + 281,2f(1,0,0)2;102
+28L3(1,0,0)Z)103 + azlzf(l, 0,0)U% + 282,3f(1, 0,0)0203 + 83,3f(1, 0,0)0%)
=0+40-cos(0)v; +1-cos(0)vp + cos(0)vs + % ((O -cos(0) — 0 -sin(0))v?
42(2cos(0) — 0 - sin(0))v103 4 0 - sin(0)vy03 — 1 - sin(0)v3 4 2(— sin(0))vov3 — sin(O)v%)
= vy + U3 + 2010;.

Thus, T»f (v, (1,0,0)) = vy + v3 + 20105 is the best approximation of f near (1,0,0) by a poly-
nomial of degree two.

(The rest of this example is not discussed in the lecture videos.)
Let’s take a look at how much this polynomial deviates from f near (1,0,0). Put
¢(v) = f((1,0,0) +v) = T f (v, (1,0,0)
for v = (vq,02,03) € R3. By the previous computations,
¢(0) = sin((v1 + 1)*v2 + v3) — v2 — 3 + 20105.
We have seen in Theorem 3.80 of Mathematics 1 that there exists ¥ : R — R with |r(x)| < @
for x € [—4,4], such that sin(x) = x + r(x). In terms of this map, we compute that
9(v) = (v1 +1)%0p +v3 + (01 + 1)*0p + v3) — v — V3 — 20102

= (v} + 201 + 1)vy + 03 — V2 — V3 — 20102 + 7((v1 + 1)%va + 03)

= 030y +7((v1 +1)%0y + 03).
Thus, if |(v1 + 1)?v; + v3] < 4, then

2 2, 1 2 3
9(0)] < [o1[7v2] + [r(0)| < [o1]" + £] (01 +1)%02 + 03], (129)
We compute using that |v;| < ||v|| for i € {1,2,3} that
(o1 + 1?02 + 03| < (01 +1)?[02| + [03] < (0] +2]o1] +1)[v2] + |o3]
< (lol? +2lfoll + D)l[o]l + o]l = (lol* + 2]l +2)]2]|
Inserting this into (12.9) yields
1
()] < llol* + Z (Il +2[[oll +2)°[[o]°.

Thus, if v € By /19(0), then

3
1£((1,0,0) +0) = Tof(v,(1,0,0))| = [¢(v)| < 1+1(1+1+2) ﬁ

6
<1+1 3—1+1~00013
= 1000 ' 6000 - Y '

1000 = 3072
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Hence, in a ball of radius % around (1,0,0), the degree-two polynomial T,f (v, (1,0,0) approx-
imates f up to a little more than 101W' Not bad!

12.6 The second differential and local extrema of a function

We have learnt in Mathematics 1 that the local extrema of a twice differentiable function on
an interval can be determined by studying the derivatives of f. The necessary condition for
local maximum/minimum points was that f’(xy) = 0. We have generalized this observation
to functions in several variables in Theorem 12.36, and observed that the gradient of a function
must vanish at local maximum /minimum points.

In the single-variable case, we have further seen that the question if a point with vanishing
derivative is a local maximum point, a local minimum point or neither of the two is decided
by the first non-vanishing higher derivative in x(. In this section, we want to generalize this
method to functions in several variables, which requires some preparations.

Letn € N, let U C R" be open and f : U — IR be twice continuously differentiable. Then its
second differential D?*f, : R" x R" — R in a € U is a bilinear form on R". To decide from this
bilinear form if a point is a local maximum point, a local minimum point or neither of the two,
we first need to discuss certain results from the linear algebra of bilinear forms.

12.6.1 Bilinear forms

Let K be a field and V be a vector space over K. We recall from Definition 12.46 that a bilinear
formon Visamaps: V x V — K, for which

s(AMv1 + Agvp, w) = Ags(vy, w) + Aps(va, w) VAL, A €K, vy, 00,w €V
Definition 12.57. Let V be a real vector space and lets : V x V — R be a bilinear form.
a) s is called symmetric if s(v, w) = s(w,v) for all v, w € K.
b) sis called

e positive definite if s(v,v) > 0 forallv € V,
e negative definite if s(v,v) < Oforallv € V,
e indefinite if there exist v1,v; € V with s(v1,v1) > 0and s(vp,v2) < 0.
Remark 12.58. At this point, we can rephrase the definition one of our most important notions

from linear algebra: An inner product on a real vector space V is the same as a symmetric and
positive definite bilinear form on V.

Example 12.59. (1) Consider the maps sq,57,53,54 : R> x R> — R, where
s1((x1,y1), (x2,92)) = xixa +y1y2,  s2((x1,y1), (x2,42)) = —x1%2 — Y1y2,
s3((x1, 1), (x2,42)) = x1x2 —yay2,  sa((x1,11), (x2,42)) = x122.

One checks that all four maps are symmetric bilinear forms. Moreover, it is easy to see that
s1 is positive definite, s, is negative definite and s3 is indefinite, while s4 is neither of the
three, since s4(x, x) > 0 for all x € R? with 54((0,y), (0,y)) = 0 forally € R.
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(2) Themap s : R? — R? — R, s((x1,y1), (x2,¥2)) = x1y2 — X2y1, is a bilinear form which
is not symmetric, since s(x,y) = —s(y, x) for all x,y € R?>. Moreover, s(x,x) = 0 for all
x € IR?, s0 s has none of the three definiteness properties.”

Given a Euclidean vector space, it turns out that any bilinear form is related to the inner product
by an endomorphism, as we shall make precise in the following result.

Theorem 12.60. Let (V, (-, -)) be a finite-dimensional Euclidean vector space, let n = dim 'V and let
s: V x V — R be a bilinear form. Then:

a) There exists an endomorphism f : V — V, such that
s(vy) = (% fly))  VuyeV.

b) s is symmetric if and only if f is self-adjoint.

Proof. a) Let y € V. Since s is bilinear, the map s(-,y) : V — R is linear, so by the Riesz
Representation Theorem, there is a unique v, € V, such that s(x,y) = (x,v,) forallx € V.
Since such a v, exists for each y € V, we can defineamap f : V — V by f(y) = vy. Then
s(x,y) = (x, f(y)) for all x,y € V and it remains to show that this map is an endomorphism.
For all x,y1,y2 € V we compute that

(x, f(y1) + f(y2)) = (x, 09, +vy,) = (x,09,) + (¥, 0y,) = 5(x,y1) +5(x,52) = 5(x,y1 +y2)

using the bilinearity of s and of the inner product. By the uniqueness part of the Riesz
representation theorem, this shows that f(y1) + f(y2) = vy,+y, = f(y1 +y2). Analogously,
one uses the bilinearity properties to show that f(Ay) = Af(y) forallA € Randy € V.
Hence, f is an endomorphism.

b) By the symmetry of inner products and the definition of f, we compute that

s(v,y) =s(y,x) Vx,y eV & (xf(y) =y f(x) = (f(x),y) YxyeV.

This is exactly what we wanted to show.
O

In the following, we will only require the case of V' = IR" with the standard inner product. Since
every endomorphism of IR” is induced by a real n x n-matrix, in that case Theorem 12.60 takes
the following form.

Corollary 12.61. Let n € IN, let (-, -) be the standard inner product on R" and let s : R" x R" — R
be a bilinear form. Then:

a) There exists A € M(n x n,R), such that
s(x,y) = (x,Ay) Vx,y € R

b) s is symmetric if and only if A is symmetric.

c) The entries of A are given by A = (a;;j), where a;; := s(e;, ¢;) forall i, j € {1,2,...,n}.

5This bilinear form is the simplest example of what is called a symplectic form. This notion is important in and grew
out of the formalism of Hamiltonian mechanics.
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Proof. a) This follows from Theorem 12.60.a) and the fact that every endomorphism of R" is
induced by a real n x n-matrix.

b) This follows from combining Theorems 12.60.b) and 10.53.
c) We compute foralli,j € {1,2,...,n} that

(61,6]) <€l,A€]> <(0,...,O,1,0,...,0), (alj,azj,...,anj)> :a,-]-.
U

Thus, bilinear forms on R” are represented by matrix and the definiteness properties of bilinear
forms can be "converted" into the following definiteness properties of matrices.

Definition 12.62. Letn € Nand A € M(n x n,R).
a) A is positive definite if (x, Ax) > 0 for all x € R".
b) A is negative definite if (x, Ax) < 0 for all x € R".
c) A is indefinite if there are x,y € R" with (x, Ax) > 0 and (y, Ay) < 0.

Remark 12.63. Note that by definition, A € M(n x n,R) is positive definite/negative defi-
nite/indefinite if and only if the bilinear form s(x,y) = (x, Ay) on R" has the same property.

For symmetric matrices, our knowledge from linear algebra shows that definiteness properties
of matrices can be expressed in terms of eigenvalues as well.

Theorem 12.64. Let n € IN and let A € M(n x n,R) be symmetric. Then:
a) A is positive definite if and only if all eigenvalues of A are positive.

b) A is negative definite if and only if all eigenvalues of A are negative.

c) Ais indefinite if and only if A has a positive and a negative eigenvalue.

Proof. a) By the spectral theorem, A is diagonalizable and IR" has an orthonormal eigenbasis
(b1,...,by) for A. Let A; be the eigenvalue corresponding to b; for each i € {1,2,...,n}.
Then for all yy, ..., un € R we compute with x = Y/' ; p;b; that

(x, Ax) <; (}:Zlyjbj>>:§m< ; > Zuz<bi,§uwa>

n n

n
2 ﬂ Hj <bl/ i) = 2/\1'#12'
i=1

z::

Hence,

n
(x, Ax) >0Vx e R"\ {0} < Y Apf>0 V(Ay,...,Ax) € R {0}
i=1
& A >0 Vie{l2,...,n},

which shows the claim.

b) This is shown in complete analogy with a) or by applying a) to —A.
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¢) "=": This is obvious.

"«<": As in the proof of a), there is an orthonormal eigenbasis (by, ..., b,) of R" with asso-
ciated eigenvalues Ay,...,A,. Then for all x = Y ; y;b; € R", we have shown in a) that
(x, Ax) = YI' 4 A,'],tlz. Thus, if there exists x € R" with s(x,x) > 0, there must be some
i€ {1,2,...,n} with A; > 0. Analogously, if there exists some y € R" with s(y,y) < 0, then
there exists an i with A; < 0, which shows the claim.

]

In the case of n = 2, there are simple explicit criteria to check the positivity and negativity of
the eigenvalues of a real 2 x 2-matrix.

a b

Corollary 12.65. Let A = <b c

> € M(2 x 2,R) be symmetric. Then

a) A is positive definite if and only if det A > 0 and a + ¢ > 0.
b) A is negative definite if and only if det A > Oand a+ ¢ < 0.
c) A is indefinite if and only if det A < 0.

Proof. (This proof is not discussed in the lecture videos.)

We compute the characteristic polynomial of A as

XA(t):det<a;t cﬁt) =(a—t)(c—t)—b* =1 —(a+c)t+ac— b

The usual solution methods for quadratic equations show that the eigenvalues of A, i.e. the
solutions of x 4(t) = 0 are given by

a+c
2

1 1
tza—;cj:\/i(a—i-c)z%—lﬂ—ac: + L—L(a—c)2+b2.

Hence, t has the two eigenvalues

_a+tc 1 2 ’ _a+c 1 2 )
A= 7 +\/4(a C)2+b2 VvV A= 5 \/4(51 )% + b2,

a) "=": If Ais positive definite, then A; > 0 and A, > 0 by Theorem 12.64.a). Since A is then

similar to ()(\)1 )? ), it follows from Corollary 9.15.b) that
2

A1 O

det A = det ( 0 A

) = AMApy > 0.

Since &€ > A, > 0 it further follows thata + ¢ > 0.
"<"Ifa+c > 0, then A; > 0. Moreover, if det A = ac — b* > 0, i.e. b*> < ac, then

a+c 1 by _a+tc 1 9, _
Ay > 5 \/4(01 c)?+ac= 7 \/4(a+c) =0.

Hence, A is positive definite by Theorem 12.64.a).
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b) This is shown in analogy with part a).
c) "=": By Theorem 12.64.c), it holds that A; > 0 and A, < 0, such thatdet A = A4, < 0. "<"

If det A = ac — b? < 0, i.e. b2 > ac, then
a+c 1 2 _a+c 1 , a+c
A > > +\/Z(a c)?+ac= > +\/4(a+c) =—

1 1
A2=Q;C—\/Z(a2—2ac+c2)+b2: uzc—\/z(u2+2ac+c2)+b2—ac

2 2
a+c a-+c > a+c a+c
g — - - < .
> \/( > ) +b%—ac < > ( > ) <0

Hence A is indefinite by Theorem 12.64.c).

a+c

>
2_0

and

12.6.2 Local extrema of functions in several variables

We want to apply the results and notions from the previous subsection to the second differential
of a function. We summarize the foundation for this approach in the following statement.

Corollary 12.66. Let n € IN, let U C R" be open and let f : U — R be twice continuously differen-
tiable. Then for each a € U the second differential D*f, : R" x R" — R is a symmetric bilinear form
on R™.

Proof. By Theorem /Definition 12.48, D?f, is a bilinear form on IR". By Corollary 12.45,
D?fa(v,w) = 000 f(a) = 0wdof(a) = D*fo(w,0)  Vo,w € R",
hence D?f, is symmetric. O

We introduce one more bit of terminology before taking our way towards local extrema of func-
tions in several variables..

Definition 12.67. Let n € IN, let U C IR" be open and let f : U — R be partially differentiable.
We call a € U a critical point of f if V f(a) = 0. We further put

Crit f={aec U| Vf(a) =0}.

Theorem 12.68. Let n € IN, let U C IR be open and let f : U — R be twice continuously differen-
tiable. Let a € U be a critical point of f.

a) If D*f, is positive definite, then f has a local minimum in a.
b) If D*f, is negative definite, then f has a local maximum in a.

c) If D?f, is indefinite, then f has neither a local maximum nor a local minimum in a.
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Proof. Leta € U with Vf(a) = 0. Then Df, = 0 and by Theorem 12.54, i.e. the Péano form of
Taylor’s theorem, it holds that

1
fla+h) = f(a)+ 5D fa(h, h) + (), (12.10)
where, with U’ = {h e R" |a+h € U}, ¢ : U’ — R satisfies limy,_, i (ﬁg =0.

a) Let S := {x € R" | ||x|| = 1}. One checks that S is closed and bounded in R", hence S is
compact by the Heine-Borel theorem. Since f is twice continuously differentiable, the map
g:S— R, g0 = D? fa(v,v), is continuous, hence attains its minimum m € R. Since D? fa
is positive definite, it follows that m > 0. Since for all h € R” . {0} it holds that 1/ € S,

Tull
we compute from the bilinearity of D?f, that for all € R" \. {0},
D?fa(h, 1) = ||1I*D? fa(igh, i) = 1128 (k) = mlle ]2

Thus,
D?f,(h,h) > m|h|>  Vh€R",

since the statement is obvious for 1 = 0. Since lim,_,( % = 0, there exists an » > 0 such
that B,(0) C U’ and such that

1
|92(x)] < gk Vh € B(0).

Inserting the obtained inequalities into (12.10) yields

1 1 1
fla+h) > f(a) + sml|nl* = Jm|[k|[* = f(a) + gmlh|*> > f(a) ¥ € B(0).
Hence, a is a local minimum point of f.

b) This follows by applying a) to ¢ := — f, since one derives from D?g, = —D?f, that D?g, is
positive definite if and only if D?f, is negative definite.

c) Letv; = (011,'012, . ,‘()1"),02 = (’021,022, A ,Uzn) € R" be given so that sza(vl,vl) >0
and D?f,(v,v3) < 0. For sufficiently small ¢ > 0 we consider the curves 71,72 : (—¢,€) —
U, vi(t) = a+tv;, and the functions g1, ¢ : (—¢,&) = R, g; = fo7;. Theng1(0) = g2(0) =
Since f is twice continuously differentiable, it follows that g; and g» are twice continuously
differentiable as well. We compute from Corollary 12.29 that

8i(t) = (Vf(ri(t), 7i(t) = (Vf(mi(t) Za]f vit)vij  Vte (—ge), i€ {1,2}.

In particular, g/(0) = (Vf(a),v;) = 0fori € {1,2}. We further compute in the same way
that

Z< 3if)(7i(t), 7i(t)) vij

—.
—_

non
Z Z akf '71 vzjvik = sz'y,v(t)(virvi) vt € <_€/€)r i€ {1/2}/
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where we used the formula from Theorem/Definition 12.48. In particular, g/ (0) = D?f,(vq,v1) >
0 and g5 (0) = D?fs(vp,v2) < 0. Thus, by the results of Mathematics 1, g1 has a local
minimum in 4 while ¢, has a local maximum in f. One further observes that for suffi-
ciently small t € (—¢, &) with t # 0, it holds that f(a + tvy) = g1(f) > £1(0) = f(a) and
fla+tvy) = go(t) < §2(0) = f(a). Hence, f is neither a local maximum point nor a local
minimum point of f.

O

As we have seen in the previous section, we can study the definiteness of bilinear forms by
studying certain matrices instead. For second differentials, the corresponding matrices can be
computed straight from the partial derivatives of the function.

Theorem/Definition 12.69. Let n € IN, U C R" open, a € U and let f : U — IR be twice continu-
ously differentiable. Then

sza(v, w) = <v, Hf(a)w> Yo, w € R",

where
orte) owef(e) 1. osoetie
Hg(a) € M(nxn,R),  H(a) = (9;0;f(a)) = : : N :
uinf(a) daf(a) ... dndnf(a)

Hy(a) is called the Hessian® matrix or simply the Hessian of f in a.

Proof. This follows in a straightforward way from Corollary 12.61, since D?f,(e;, ej) = 9;9;f(a)
foralli € {1,2,...,n} by definition of the second differential. O

We can thus use the notions from Subsection 12.6.1 to rephrase the assertions of Theorem 12.68
in terms of Hessian matrices.

Corollary 12.70. Let n € IN, let U C R"” be open and let f : U — R be twice continuously differen-
tiable. Let a € U with V f(a) = 0.

a) If Hy(a) is positive definite, then f has a local minimum in a.
b) If Hy(a) is negative definite, then f has a local maximum in a.
c) If Hy(a) is indefinite, then f has neither a local maximum nor a local minimum in a.
Proof. This follows from combining Theorem 12.68 with Theorem /Definition 12.69. O
Example 12.71. (1) Consider the functions
fulf3: R =R, filvy) =3+, falxy) ==y, flyy) =3 -y

As polynomials, these three functions are twice continuously differentiable. One further
computes that
£i(0,0) =0, Vf;(0,00=0, forie{1,23}

6This awkward word is derived from the name of the German mathematician Otto Hesse (1811-1874).
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@)

and that

Hf1(010):<§ g) HfZ(O,O):(_OZ _02), Hf3(0,0):(é _02>

As all three matrices are diagonal matrices, their eigenvalues are precisely the diagonal en-
tries. Using Theorem 12.64 we derive that Hy, (0,0) is positive definite, Hy, (0,0) is negative
definite and Hy, (0,0) is indefinite. Hence, f1 has a local minimum in (0,0), f, has a local
maximum in (0,0) and f3 has neither of the two. (See the lecture videos for an illustration.)

If Hy(a) satisfies none of the three definiteness properties, then a2 might be a local extremum
point or it might not, but it can not be determined from Hy(a) alone. As an example, con-
sider the three functions

fl/f21f3:]R2_>lR/ fl(x/y):x2+y4r fZ(x/y):xz_y4r f3(x,3/>=x2+3/3
Then £;(0,0) = 0 and V£;(0,0) = (0,0) foralli € {1,2,3} and one further checks that

(20 .
Hﬂ(o,O)_<0 0) Vi e {1,2,3}.

Evidently, this matrix has 2 and 0 as eigenvalues, so it is neither positive definite nor nega-
tive definite nor indefinite. But even as gradient and Hessian coincide, the three functions
show entirely different behaviors near (0,0):

(i) Since evidently f;(x,y) > 0 for all (x,y) € R?, f; attains its minimum 0 in (0, 0).

(ii) Since f,(+,0) > 0 and f,(0,t) < 0 for all t € R, it follows that f, does not have a
local extremum in (0,0). However, similar to the situation in part (1) of this remark,
f2(:,0) : R = R, fo(x,0) = x2, attains its mininum in 0, while £(0,) : R = R,
£2(0,y) = —y* attains its maximum in 0.

(iii) Since f3(t,0) > 0 forall t € R, but f3(0,¢) < 0 forall t € (—o0,0), f3 does not have a
local extremum in (0,0). But in contrast to the situation for f,, the map f3(0,-) : R —
R, f3(0,y) = ¥, does not have a local extremum in 0 either.

As the reader might guess, similar to the single-variable setting, one might in such cases employ
the differentials D¥f, for k > 3 to make further statements about the local extrema, but as this
approach becomes rather complicated, we refrain from going into detail.

Example 12.72. Consider the function f : R? — R, f(x,y) = (x? + x — 2)? + xy?. f is a polyno-
mial, thus it is twice differentiable. We compute for all (x,y) € R? that

o1f(x,y) =2(x* +x —2)(2x +1) + 1%, 92 f (x,y) = 2xy.

Hence,

VF(xy) =0 {2(x2+x—2)(2x+1)+y2 =0,

2xy =0.

By the second equation, x = 0 or y = 0. If x = 0, then the first equation becomes —4 + y? = 0,
hencey =2 ory = —2. If y = 0, then the first equation yields

2 _ 2 _ _ _1
(¥ +x-2)2x+1)=0 & x*+x-2=0 Vx=—3.
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The first equation has the two solutions x = 1 and x = —2. Thus, we have altogether shown
that

Crit f = {(0,2),(0,—2),(—%,0),(1,0),(—2,0)}.

To check which of the critical points are local maximum points or local minimum points, we
need to determine the Hessian of f in these points. We compute for all (x,y) € R? that

(9101 f(x,y) 0102f(x,y)\ _ [12x2+12x—6 2y
Hitx) = (Sakons) socton) = (570 )

For the critical points of f, we obtain

Hf(o,2)=<_46 g) Hf(01_2)2<:2 _04>/ Hf(—%,0)=<_09 —01>

Hf(1,0):<108 g) Hf(—z,0)2<108 _04).

Using the criteria from Corollary 12.65, we conclude that f has a local maximum in (— %, 0) and
a local minimum in (1,0) and no local extrema in the other three critical points. The values of
the local maximum and minimum are given by f(—1,0) = £, f(1,0) =0.

With the results of this section, we are now able to give a general method for finding maxima
and minima of differentiable functions on compact sets. Let K C R" be compact. Then by
Corollary 11.77, every continuous function f : K — R attains its maximum and its minimum,
but that theorem and its prove provide no constructive method of finding their values. Consider
the interior K of K. By Theorem 11.59.a), K is open and if f attains its maximum (or minimum)
in a point in K, then it particularly has a local maximum (or minimum) in that point. So if
flg : K :— R is twice differentiable, we can apply Theorem 12.68 to find such points. In
general, one can in many cases use the following method to determine maxima and minima.

320



Method for finding local and global extrema of twice continuously differentiable functions
on compact sets:

Let n € N and let K C R" be compact. Let f : K — R be continuous and assume that
flg : K — Ris twice continuously differentiable.

e Necessary condition for local extrema: Find all a € K with Vf(a) = 0, i.e. d;f(a) = 0 for all
i € {1,2,...,n}. (If there are no such points, f has no local extrema in K and attains its
maximum in dK. Then one can skip the next step.)

e Sufficient conditions for local extrema: For eacha € U with Vf(a) = 0 compute H¢(a).

- If H¢(a) does not have 0 as an eigenvalue, use Theorem 12.68 to decide whether a is
a local maximum point, a local maximum point or neither of the two.

- If Hy(a) has 0 as an eigenvalue, then try to decide if it is a local extremum point by
other methods (e.g. show explicitly that for each r > 0 there are x,y € B,(a) with
f(x) < f(a) < f(y) to derive that f does not have a local extremum in a.)

e To find the maximum of f, proceed as follows (the minimum is found analogously):

- Compute M; := max{f(a) | a € K, f has a local maximum in a} from the results of
the previous steps (analogously for the minimum).

- Compute M, := max f(x) by explicit computations .
xXe

Then M := max{Mj, My} is the maximum of f.

Example 12.73. Consider A := {(x,y) € R? | |x|+|y| < 1} and f : A = R, f(x,y) =
x2 + xy + 2. Since every (x,y) € A satisfies || (x,y)|| = /22 + 12 < Va2 + /2 = |x|+|y| <1,
it follows that A C B1(0,0), hence A is bounded.

It further holds that A = ¢~ !((—c0,1]), where ¢ : R? — R, g(x,y) = |x| + |y|. The map g is
continuous and we compute that

R~ A =g 1((1,+)),

which is open by Theorem 11.51. Hence, A is closed. By the Heine-Borel theorem, A is just
compact. Since f is continuous as a polynomial, it attains its maximum and minimum on A by
Corollary 11.77 and we want to compute their values.

We first determine the local extrema of fin A = {(x,y) € R? | |x| + |y| < 1}. We compute that

d1f(x,y) =2x+y, o f (x,y) = x+2y V(x,y) € R2.

2 =

Xy 0, and one easily checks that
x+2y =0,
the unique solution of this system is (0,0). The Hessian of f in an arbitrary point computes as

He(x,y) = (2 1). Since det (2 1) =4-3=1>0and2+2 =4 > 0, it follows from

Thus any local maximum or minimum point satisfies

1 2 1 2
Corollary 12.65.a) that H f(O, 0) is positive definite, hence f has a local minimum in (0, 0), which
is given by £(0,0) = 0.
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For (x,y) € A with xy > 0, one easily sees that f(x,y) > 0. For (x,y) € A with xy < 0 we
compute that

flxy) =x>+xy+y* > x> +2xy+y> = (x+y)*> > 0.

Hence, 0 is the minimum of f, which is attained in (0,0).
Since f has no local maximum points in A, it further attains its maximum in 9A = {(x,y) €
R? | |x| + |y| = 1}. For (x,y) € dA we compute that

flry) =2 +xy+y* <o+ xyl+y? < x>+ 2xy] + yP = (x| + [y)? = 1.

Since f(1,0) = 1, it follows that the maximum of f is 1 and one checks that it is attained in
(1,0), (—1,0), (0,1) and (0, —1).
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Chapter 13

The implicit function theorem and
its friends

This chapter will not be part of the exam or the retake exam.

This chapter has a slightly different structure than the previous ones. As a climax of multi-
variable calculus, we will discuss several "big" and important theorems from calculus that are
invaluable for applications in all kinds of calculus and geometry.

Most applications of mathematics in the sciences eventually leave the applicant with the same
task, in one way or the other: find the solution sets of certain equations. In the linear algebra part
of this course, we have learnt how to find out if systems of linear equations have solutions and
to compute their solution sets. However, most of the equations that appear in applications of
mathematics, will not just be given as linear equations. For example, many physical laws like
conservation of energy are given as equations of the form

fx)=y,

where f is some (possibly very complicated) continuous or differentiable function. An example
is given by the following system of equations which we will encounter again in Section 13.2.

y? +x%cosy —sin(x?) =u,
sinx + xy =0,

Given u,v € R as fixed values, is there a solution of this system of equations? So far, we have
no methods to tackle such a problem.

In each of the following sections, we will motivate one of the big theorems by taking a look at
a problem involving solutions of non-linear equations. We will then show in the end of each
section how each of the problems can be resolved by applying the theorem discussed in that
section.
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13.1 The Banach fixed point theorem

Let us consider the following problem:
Is there a bounded function f : R — R which satisfies
f(2x) =2f(x) —sinx VxeR ?
If so, how many functions satisfy this equation?
So far, there is no obvious way to find the answer to that problem. This equation is not an
ordinary differential equation (for which there are many solution methods) and finding such a

solution for a fixed x will not help as such a function is unlikely to solve the equation for all
x € R.

We will trace this question back to the next theorem, which has loads of applications throughout
mathematics. For us it will be an important tool to prove the inverse function theorem and the
implicit function theorem.

Theorem 13.1 (Banach fixed point theorem!). Let (X, d) be a complete metric space. Let f : X — X
be given, such that there exists some C € [0,1), such that

d(f(x), f(y)) <C-d(x,y) Vx,y € X.

(A map with this property is also called a contraction of X.) Then f has a unique fixed point, i.e. there
exists a unique x, € X with f(xx) = Xx.

Proof. (1) Uniqueness: Assume there are x1,xy € X with f(x1) = x1, f(x2) = x2. Then
d(x1,%2) = d(f(x1), f(x2)) < C-d(x1,%2)

and thus (1 — C)d(x1,x2) <0.Since1 —C > 0and d(x1,x2) > 0, this yields that d(xq, xp) =
0 and thus x; = x, by property (i) of a metric.

(2) Existence: Letxo € X be arbitrary and consider the sequence (x;),en, which is recursively
defined by
X1 :=x0, Xpy1:=F(xy) VYneN.

Then for all n > 2 it holds that
d(xps1,xn) = d(F(xy), F(xy—1)) < C-d(xy,xy-1).
Iterating this inequality, one shows for all n € IN that
d(xpg1,%0) < C-d(xn,xp-1) < CPd(xy-1,%02) < -+ < C" ld(xp,x7). (13.1)

We puta := d(x2,x1). Forallm,n € N with m < n we compute using the triangle inequality
that

n—m

d(xn, xm) < d(xn, xy-1) +d(xp_1,xm) < -+ < Z d(Xptkr Xmyk—1)
k=1
(13.1) n—m n—m—1
< Z Cm+k—2a — Cm—l Z Ckﬂ

k=1 k=0
m—1 - k Cmil

< - el

<C kgoc a ¢

I This theorem is also called the contraction principle or contraction mapping theorem in various textbooks.
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where we used the convergence and the sum formula of the geometric series and the fact
that C < 1.

Given ¢ > 0, there exists an 19 € IN, such that C"™0~1 < (1 — C)e. By the previous computa-
tion, this yields that d(x;,, x,;) < € for all m,n € INy. Hence, (x,),ecnN is a Cauchy sequence.
Since X is complete, (x,),eN is convergent and we put x, := lim, o X,. Since f is by as-
sumption Lipschitz-continuous, it is continuous by Theorem 11.39. Since any subsequence
of (xy)neN converges against the same limit, we compute from the definition of (x),eN

that - .
eorem 11.3|
) Theerem R g (

lim xn> = f(x4).

Xy = lim x = lim f(x
* n—oo 7’l+1 HA)OOf( n n—oo

Hence, x, is a fixed point of f, as we wanted to show.
O

Remark 13.2. The Banach fixed point theorem also gives us a method at hand of how to find
the fixed point of a contraction f : X — X, where X is a complete metric space: if xyp € X is
chosen arbitrarily, then the fixed point is given by

— 15 n
X, = lim f*(xo),

where f" = fo fo-.--o f denotes the n-fold composition of f with itself.

Example 13.3. We reconsider the equation from the beginning of the section,
f(2x) =2f(x) —sinx Vx € R, (13.2)

where f : R — R is bounded. Equivalently, f(x) = (f(2x) +sinx) for all x € R which gives
us the idea for the connection to the Banach fixed point theorem.

By Theorem 11.17, (B(R,R), || - ||e) is @ Banach space, hence a complete metric space. Consider
the map

F:B(RR) - BRR), (F(f))(x) = 5(f(2x) +sinx).

Then f € B(RR,R) satisfes (13.2) if and only if f is a fixed point of F. For all f,¢ € B(R,R) we
compute that

IF(f) = F(8)lleo = sup [(F(f))(x) — (F(g))(x)|

xeR

= sup |3(2x) ~ 33(23)| = 5 sup f(2x) ~ 5(2x)| = 5 sup | (x) ()
1

= 21f - gl

In particular, [|F(f) — F(g)[lo < 3]If — gllw for all f, g € B(R,R), so by the Banach fixed point
theorem F has a unique fixed point and thus (13.2) has a unique solution.

One can further show that the unique solution f, is continuous: if we define a sequence (f,)neN
by apply the method outlined in Remark 13.2 to the zero function, i.e.

fulx) = (F(0))(x) = %sinx, folx) = (F(f1))(x) = isin(Zx) + %sinx,

then f, is continuous for each n € IN. Since f, = lim,_,c0 fx is the uniform limit of (f,),en, it
follows from Theorem 11.23 that f. is again continuous.
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13.2 The inverse function theorem

Consider the following system of equations

. (13.3)
sinx + xy =0,

{y + x2cosy —sin(x?) =u,
where we view u,v € R as given and x,y € R are variables. Given u,v € IR, are there x,y € R
which solve this system? We have no explicit solution methods and no general approach to
such a system.
Taking a closer look and trying out some numbers, one sees that for the case of u = v = 0,
we obtain x = 0 and ¥ = 0 as a solution of the system. Since all of the functions involved are
differentiable, hence continuous, it seems reasonable to guess that for # and v close to 0, should
have a solution as well. More precisely, one might ask the following question:

If V. C R? is a sufficently small neighborhood of (0,0), does the system (13.3) have a solution for each
(u,v) € V?

We will answer this question by applying an important result from calculus that we are going
to prove in this section.

Let U,V C R” be open and assume that f : U — V is a bijection with inverse f~! : V. — U. If
f is differentiable in @ € U and f~! is differentiable in b := f(a) € V, what can we say about
their differentials?

The chain rule applied to f o f~! = idy and f~! o f = idy; yields

Df,o(Df '), =idgs and (Df'),oDf, = idgn.
This shows that Df, is invertible and that its inverse is given by (Df~1),. Hence,

(Df 1) = (Dfa) ™"

However, this equation by itself is not that useful, since the assumptions are quite strong. Given
f:U — V, we already need to know that f ! is differentiable at the respective point. (We have
already seen in Mathematics 1 that this is not always the case, consider for example the case of
f:R — R, f(x) = x3.) Since f~! might be hard to determine explicitly, this is a big problem
for applications to concrete maps. The following result gives a criterion which ensures the
differentiability of the inverse map.

Theorem 13.4. Let n € IN, U,V C R" be open and let f : U — V be bijective. Assume that f is
differentiable in a € U and that Df, € L(R",R") is an isomorphism. If f~1 : V — U is continuous in
b:= f(a), then f~1 is differentiable in b with

(Df 1) = (Dfa) ™"

Proof. LetU' :={h e R" |a+he U}and V' := {h € R" | b+ h € V}. To show the claim, we
need to prove that

lim (f*l(b +h) - F(b) - (Dfu)’l(h)) L,

h—0 ||h||
or equivalently,
-1 -1 _ -1 .
h—0 [|72]]
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Putr(h) :== fY(b+h)— f1(b) = f Y (b+h)—a. Thena+r(h) = f~1(b+h), so applying
f to both sides of the equation yields b +h = f(a+r(h)). Since f is differentiable in a, there
exists ¢ : U' — R" with limy,_, H}Z—qu(h) = 0, such that forallh € V":

fla+r(h)) = f(a) + Dfa(r(h)) + ¢(r(h)) & b+h=>b+Dfa(r(h)) + ¢(r(h))
& h=Dfa(r(h)) + ¢(r(h)).

Applying the linear map (Df,) ! to both sides of this last equation yields

(Dfa)~'(h) = r(h) + (Dfa) " (g(r(1)))- (13.5)

We further compute that

fHb+h) = f7H(0) = (Dfa) " (h) = r(h) — (Dfa) "' () = Df; (o(r(h)))

and thus

po I ) = £ ) = (DR) W _ (D) (o) |

h—0 |A]| h—0 [|7]]

By Corollary 11.42 and Theorem 11.44, there exists C > 0, such that
IDf @) <Cllo YoeR"
Inserting this into the above limit yields

NV ) e C e o3 L O ' )] O P 00 201

= lim .

h=0 1] =0 k] o el n]
Since limy, g W = 0 by the defining property of ¢, it suffices to show that the quotient
()]

] is bounded in a neighborhood of 0 to obtain that the rightmost expression tends to O..
From (13.5) we obtain that

lr(m)Il = 1D (h = @(r())]| < Cllh = (r()]| < CIIll + @r(m)1]).

Since limy,_, ”qﬁglh”)” = 0, there exists ¢ > 0 with B¢(0) C U, such that ||@(h)| < 5=||h] for all

h € Be(a). Since f~! is continuous in b, it holds that lim;,_,o7(h) = 0. Thus, there exists § > 0
with Bs(0) C V/, such that r(Bs(0)) C B.(0). Hence, for all i € Bs(0) we obtain

[r(m) || < C([IRll + llo(r(r)]) < CliR]l + %Hr(h)ll & r(W)l < 2C]|A].

Hence, W < 2C for all h € Bs(0). Hence, lim,_y H(ﬂ(:(%)u)u . HrH(hh‘?H = 0, which implies (13.4)

and thereby completes the proof. O

The previous theorem has some flaws that makes it inconvenient for applications. Given a dif-
ferentiable map f : U — V between open subsets of R”, we can compute its Jacobi matrix
Jr(a) at some a € U, check whether it is invertible by our knowledge from linear algebra and
conclude if the differentiable is an isomorphism or not. However, given a complicated differ-
entiable map it is not at all obvious to see if the map is bijective. One needs to find out if the
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equation f(x) = y has a unique solution x € U for every y € V, for which there is no general
method.

This problem is tackled by the inverse function theorem. By using a lot of our knowledge
on multivariable calculus and by using the Banach fixed point theorem in a very non-obvious
way, we will prove that thoerem, which shows us that the bijectivity of a map between some
"small" open sets can already be derived if one observes that the differential of the map is an
isomorphism.

Theorem 13.5 (Inverse Function Theorem). Let n € IN, W C R" be open, f : W — R" be
continuously differentiable and a € W. If Df, : R" — R" is an isomorphism, then there is an open
neighborhood U C W of a, such that

(i) f:U— V,where V := f(U), is bijective and V is open,

(ii) Dfy : R" — R" is an isomorphism for each x € U,

(iii) f~1:V — U is continuously differentiable with (Df’l)f(x) = (Dfy) ! forall x € U.
Proof. We begin this long proof by making some simplifying assumptions:

o We assume w.l.o.g. that Df, = idR»: if this is not the case, then we can replace f by the
map F: W — R", F := (Df,) ! o f. One derives from Theorem 12.22 and the chain rule
that in this case

DF, = Df, ' o Df, = idgn.

Since Df,; ! is an isomorphism, one checks that F has properties (i) and (ii) if and only if f
has properties (i) and (ii).

e We assume w.l.o.g. thata = 0 and f(a) = 0: if this is not the case, then we can replace f by
the map G: W — R", G(x) = f(a+x) — f(a), where W := {x € R" | a4+ x € W}. One
checks that f has properties (i) and (ii) with respect to a if and only if G has properties (i)
and (ii) with respect to 0.

So in the following we assume thata = 0, f(0) = 0 and Df, = idRn.

(1) We first want to show that there is a compact neighborhood K of 0 in W, such that Df, is an
isomorphism for all x € K.

Since f is continuously differentiable and D fy = idRn, it holds that
Jlclgr{llt'),-f(x)zal-f(O) Vie {1,2,...,n}.
Thus, there exists r > 0 with K := By,(0) C W, such that
1 = .
19:£(0) —9;if (x)]| < o3 Vx € By (0), i € {1,2,...,n}.
n2

Forall x € Kand v = (vy,...,v,) € R" we thus compute that

lo = Dfx(v)l| = [IDfo(v) = Dfa(v)|| =

< )":1||aif<o> —af () forl <
1

= |lv=Dfi(0)| < 5—=llvl. (13.6)
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We want to derive that D f, is an isomorphism for all x € K. By Corollary 7.23, it suffices to
show that ker Dfy = {0} for each x € K. If v € ker Dy, then

5 36) 1
= — < — .
[o]| = llo — Dfx(0)[| < 2\/EHUH

But since ﬁ < 1, this can only be satisfied for v = 0. Hence D fy is an isomorphism for all
x € K.
Next we want to show that there is a neighborhood V' C IR" of 0, such that for all y € V the

equation f(x) = y has a solution x € K with K given as in the previous step.

Our strategy is to turn this into a "fixed point problem" which we will solve using the Banach
fixed point problem. For a given y € R" let

¢y : W —TR", Py(x) =y +x— f(x).

Then f(x) = y holds if and only if ¢, (x) = x. Since f is continuously differentiable, ¢y is
continuously differentiable and from Theorem 12.23.a) we obtain

(D¢y>x = idIRll - Dfx Vx S W.

For each x € K we thus compute from (13.6) that

1(Dgy)x(0)]| < lo| VYveR"

1
2y/n
Let ¢y = (¢1,...,¢n), where ¢; : W — R for each i € {1,2,...,n}. Since K is convex,

we obtain from the mean value theorem (Theorem 12.37) that for all x1,x, € K and all
i€{1,2,...,n} there exists §; € K, such that

lpi(x1) — ¢i(x2)| = [(Di)e, (x1 — x2)| < [[(Dpy)e, (x1 — x2) || < ﬁ”xl — xa|.

Consequently,

n n 1 1
[y (1) =y (x2) || = ; i (x1) — pi(x2)]* < ; il i x| = = |12
and thus 1
1y (1) = @y ()|l < S 1 =22l Vg, 20 € K. (13.7)

Forall x € Kand all y € B,(0) we compute that

1 1
Iy GOl < iy () = ¢y O) | + 11y O)| < S llx = Ol + llyll = Fllx[[ + llyll < 2.

and thus ¢, (K) C Bo,(0). Hence, for y € B;(0), the map ¢, restricts to a map ¢, |k : K — K.
Since K is closed, one checks (this is left to the reader as an exercise) that K with the restric-
tion of the Euclidean metric is a complete metric space. By (13.7), each ¢y |k is a contraction,
so by the Banach fixed point theorem, for each y € B,(0) there exists a unique x € K with
¢y(x) = x and thus f(x) = y. Since ¢, (K) C By,(0), it further holds that x € B, (0).
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(3) Put V := B,(0), which is an open neighborhood of 0. Since f is continuous and f(0) = 0,
f~Y(V) is an open neighborhood of 0 by Theorem 11.51, hence U := B,,(0) N f~(V) is an
open neighborhood of 0 by Theorem 11.49.c). By the results of the previous step, f(U) C V
and for each y € V there is a unique x, € U with f(x,) = y. Hence, the restriction f|;; :
U — V is a bijection.

(4) We want to show that the inverse of f|;;, which we simply denote by f~! : V — U, is
continuous. Let y1,y, € V and put x1 := f~'(y;) and xp := f~(y2). Then with y = 0, it
follows from (13.7) using that ¢ (x) = x + f(x) that

1F 1) = £ w2) = llxa = x2ll = llo(x1) — o(x2) — (f(x1) — f(x2) |
< lgo(x1) — po(x2) || + IIf (x1) — f(x2)]]

< Sl =] +ly - vl
S I ) = ) < S ) — )+ v — vl

This yields that || f =1 (y1) — f "' (y2)|| < 2|ly1 — y2|| forally3,y» € V. Thus, f ! is Lipschitz-
continuous, hence continuous by Theorem 11.39.

(5) Since f : U — V is bijective and continuously differentiable with D fy an isomorphism for
each x € U and since f~! : V — U is continuous, it follows from Theorem 13.4 that f~! is
differentiable with (Df_l)f(x) = (Dfy) "' forall x € U.

O

Remark 13.6. In the situation of the inverse function theorem, we obtain from that theorem and
from the definition of inverse matrices that the Jacobi matrices of f and f~! satisfy

Jp1(0) = (Jp(a) ™.

This particularly means that without explicitly knowing f~! we can compute the differential of
f~! by inverting the Jacobi matrix of f in the respective points. Here, we can use the matrix
inversion methods that we learnt about in Chapter 8, so we can find the differential of f~! by
purely algebraic methods. Isn’t that lovely?

Example 13.7. We reconsider the system of equations (13.3). If we put
f:R? = R?, f(x,y) = (y + x* cosy — sin(x?),sin x + xy),

then (x,y) € R? is a solution of (13.3) if and only if f(x,y) = (u,0).
We have observed above that f(0,0) = (0,0). f is obviously continuously differentiable with

_ 2 _r2qj
e = (ML ) e e

In particular, J¢(0,0) = 1), so that det J¢(0,0) = —1 # 0, hence J(0,0) is invertible. This

0
10
yields that Df(q ) is an isomorphism.

Thus, by the inverse function theorem, there are neighborhoods U and V of (0,0) such that for
each (u,v) € V there is a unique (x,y) € U with f(x,y) = (u,v). In other words, for each
(u,v) € V, the system (13.3) has a unique solution in U.
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We can go even one step further and try to approximate the solution of (13.3) for (u,v) € V
using the methods we developed, namely by Taylor’s formula. Fix (u,v) € V. Since f~! :
V — U is differentiable, we obtain by Taylor’s theorem applied to 2 = (0,0) that there is a map

¢ :V — R? with lim, ) lewoll 0, such that

=0 o)

f7Hu,w) = £71(0,0) + (Df ) 00) (1,0) + (1, )

o)) v

= (v,u) + ¢(u,0).
Hence, for each (u,v) € V the unique solution of (13.3) in U satisfies

x(u,v) =v+ ¢1(u,v),
y(u,v) = u+ ¢2(u,v),

where ¢ = (¢1, ¢2). From the limiting properties of ¢ one could then compute approximate
solutions of the system.

13.3 The implicit function theorem

Let us consider the equation

24P =1,
where x,y € R. The solution set of this equation as a subset of IR? is precisely the unit circle, the
circle of radius 1 centered in the origin. While this circle which we will denote by K is a subset
of R? it "looks one-dimensional” in nature in that a small piece of K looks like a bent or curved

line segment. We want to study this observation in greater detail.
Let (x0,y0) € Kwith xg € (—1,1) and let § > 0 with (xo — J,x0 + ) C (—1,1). Then

Ko:={(x,y) €eK|x € (xg—3J,x0+0)}

={(x,V1-22)eR?|x € (x0—6,x+0)}U{(x,~V1—-x2) € R® | x € (xg — 6, %9 + )}
= Graph(f1) UGraph(f2),

where f1, fo: (xo —,% +6) = R, fi(x) = V1 —1x2, fo(x) = —v1 — x2. By further restricting
to points lying in the upper or lower half-plane of IR?, we can only study one of the two arcs of
K that are obtained in this way. Thus, we say that K is locally given as a graph near (xq, o) or
that we can resolve x> + y> = 1 by x near (xq,yo).. As a graph is the image of an interval of an
injective continuous map, this formalizes the notion that K "looks one-dimensional”.

Note that this approach fails in the points (1,0), (—1,0) € K. In these points, one might however
swap the roles of x and y and resolve the equation x* + y?> = 1, i.e. write K locally as a graph
of a function in y. One might now ask if this approach also works for other equations than
x? +y? = 1, which leads to the following question:

Given a differentiable map f : R> — Rand ¢ € R, let M C IR? denote the solution set of
floy) =c.

Let (x0,y0) € M. Can we find conditions on f, under which there are §,e > 0 and a continuous map
g:(x0—9,x0+0) — (yo+¢yo+e), such that

M ((xo—6,x0+0) X (yo — & yo +¢)) = Graph(g)  ?
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Let us discuss another motivating problem for the implicit function theorem, which a priori has
nothing to do with the previous example. Consider the following system of equations:

20y —
{cos(/\x) + A%e 0, (13.8)

sin(Ax) +e¥xy =0,
which we view as a system of equations in the variables x,y € R which is parametrized by
A € R. By meditating over the equations in the case A = 1, one observes that a solution of the
system is given by x = 7 and y = 0. Since all functions involved in (13.8) are differentiable,
it is a natural question to ask whether perturbing the parameter A by a bit away from 1, will

we again obtain a solution of (13.8) that is close to (7r,0) and if so, if the solution depends
differentiably on the parater. More precisely, we ask the following question.

If we modify the parameter by taking A € (1 —¢,1+ ¢€) for some small € > 0, are there contin-
uous/differentiable functions x,y : (1 —¢,1+¢) — R with x(1) = n, y(1) = 0 and such that
(x(A),y(A)) solves (13.8) foreach A € (1 —¢,1+¢)?

We shall see below that both questions can be treated as special cases of the more general im-
plicit function theorem.
Throughout the following, we fix numbers m,n € IN with m < n.

We will further occasionally write R” as R" = R"™" x R" and write h € R" as h = (hy,hy),
where iy € R"™", hy € R™.

Let U C R" open, a € U and let f : U — R™ be differentiable in a. For each h = (hy,hy) € R"
it holds by linearity of the differential that
Df,(h) = Dfa(h1,0) 4+ Dfa(0, hy).
Thus, if we define define linear maps D; f, : R"~" — R™ and D, f, : R™ — R™ by
lea (I’ll) = Dfa(l’ll,O) D2fu<h2) = Dfa(O, ]’12) Vhy € an—m, hy € lRm,
then
Dfa(hy,hy) = D1fa(hy) + Dafa(ha) Y(hy,hp) € R"™™™ x R™ = R™
We shall employ this notation throughout the rest of this section.

Before tackling the implicit function theorem, we make a general observation. If a solution set
of the form f(x,y) = c is given by the graph of a differentiable function, then the differential
of that function in a point is fully determined by the differentials of f as the following theorem
shows.

Theorem 13.8. Let Uy C R"™™" and Uy C R™ be open. Let f : Uy x Up — R™and g : Uy — U, be
given, so that there exists c € R™ with

f(x,g(x))=c  Vxel.

If g is differentiable in a € Uy, f is differentiable in (a,g(a)) and Daf(yq()) + R™ — R™ is an
isomorphism, then

Dga = ~(D2f(ag(a))) " © D1 f(ag(a))-
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Proof. We observe that f(x,g(x)) = (f o (idrm, g))(x) for all x € U;, which is a composition of
differentiable maps, hence itself differentiable in a. From the identity f(x,g(x)) = ¢ we thus
obtain for all i € R"~" by the chain rule and Theorem 12.22 that

0= D(f o (idrm,§))a(h = (Df(ag(a)) © (idrm, Dga))(h)
= Df(a,4(a)) (", Dga(h)) = D1f(4,4(a))(h) + D2f(a,g(a))(Dga (1))

This implies D2f(a,g(a)) (Dga (l’l)) = _le(a,g(u)) (l’l) and since D2f(u,g(u)) is invertible, it follows
that
Dga(h) = =(D2f(ag(a)) " (Dif(agan(h)  Vhe R"™.
O

The previous theorem assumes the existence of a differentiable map g with f(x,g(x)) = ¢, b ut
it is of course not at all clear at this point which such a g exists. Such g is also called an implicit
function, because it is not explicitly defined by a mathematical expression, but rather implicitly
by demanding it to satisfy f(x,g(x)) = c. The implicit function theorem now gives some handy
criteria for the existence of such a map g.

Theorem 13.9 (Implicit function theorem). Let U C R" be open, let f : U — R™ be continuously
differentiable and let (a,b) € U, wherea € R""™ and b € R™. Put ¢ := f(a,b). If Daf(,p) : R™ —
R™ is an isomorphism, then there are open neighborhoods Uy C R"™™ of a and U, C R™ of b with
Uy x Up C U and a continuously differentiable map g : Uy — Uy with g(a) = b so that

fx,g(x)) =c Vx € Uy

and so that if (x,y) € Uy x Uy satisfies f(x,y) = ¢, then y = g(x). Moreover, the differential of g in a
is given by

Dga = —(Daf(ap) " © D1fap)
Proof. We assume w.l.o.g. that ¢ = 0, since in the general case, we might replace f by f1(x,y) =

f(x,y) — ¢ and carry out the line of argument for f; instead. The proof is an application of the
inverse function theorem. Let

F:U—-R"™xR"=R", F(x,y) = (x, f(x,y)).

Then F is continuously differentiable and we compute for all (x,y) € U, h; € R" ™ and h; €
R™ that

DFy) (1, h2) = (h1, D1 f(xy)(h1) + Daf x,) (h2))-
We claim that DF(,  is an isomorphism. Let (k1, kz) € R"™" x R™ be arbitrary. Since Dy f(, ) is
an isomorphism, there exists k3 € R™ with Dy, ;) (k3) = k2 — D1 f(44) (k1) — D2f(x ) (k2). Then
DF(a,b) (kl, ko + k3) = DF(a,b) (kl, kg) + DF(a,b) (0, kg)
= (k1, D1 f(a,p) (k1) + Daf(ap)(k2)) + (0, k2 — D1 f(sp) (k1) — Daf(ap)(k2))
= (k1/k2>/

hence (k1,kz) € im DF ). This shows that DF, ;) is surjective, hence an isomorphism by
Corollary 7.23.c). Thus, by the inverse function theorem, there are open neighborhoods Uy C R”"
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of (a,b) and Vy C R" of F(a,b) = (a,c), such that F|y, : Uy — Vjp is bijective and its inverse
F1:Vy— Uyis continuously differentiable. By definition of F, the inverse is of the form

FYu,v) = (u,h(u,0)),

for some suitable continuously differentiable /1 : Vj — R™. By construction, for (x,y) € Uy we
obtain

flx,y) =0 < F(x,y)=(x0 < y=h(x0). (13.9)
In particular, h(a,0) = b. Since h is continuous, there are open neighborhooda U; C R"~™ of a
and Uy C R™ of b with Uy x Up C Uy, such that h(x,0) € U, for all x € Uy. Define g : U; — Uy,
¢(x) = h(x,0). Then g is continuously differentiable with ¢(a) = b and by (13.9) it has the
desired property. The formula for Dg, then follows from Theorem 13.8. O

Remark 13.10. In the situation of Theorem 13.9, the condition that D5 f(, ;) is an isomorphism
can be checked from the Jacobi matrix of f in (a,b). By definition, Df(, ) (v) = Jf(a,b) - v for
allv € R" and one observes from the definition of Ds f(, 5 that D2 f(, ) (v) = J,¢(a,b) - v for all
v € R™, where, with f = (f1, ..., fu),

gnfmﬂfl(a/ Z) gn—m+2fl (a, Z) e gnfl(a/ Z)
s 6) € MO X m,R), Jor(a,b) - n—m+1:f2((1, ) n7m+2:f2(11, ) nfz:(a, ) ’
Dt (@ 8) Dnmsafun(@B) oor Infm(a,b)

i.e. the columns of J; ¢(a,b) are the last m columns of J¢(a,b). So the condition for the implicit
function theorem to be applicable is that ], ¢(a, b) is invertible, which is in turn equivalent to

det ] f(a,b) # 0.

Since the case of m = 1 is very common in applications of the implicit function theorem, we
state it explicitly.

Corollary 13.11. Let U C IR" be an open subset and let f : U — R be continuously differentiable.
Leta = (ay,...,a,) € U with f(a) = 0. If 0,f(a) # 0, then there is an open neighborhood U’ of

a' = (ay,...,a,_1) € R" ! and a continuously differentiable map g : U' — R, such that

f(xl,...,xn_l,g(xl,...,xn_l)) =0 V(xl,...,xn_l) S U’.

Moreover,
1

~ 9uf(a)

Example 13.12. We consider again the solution set K of

Vg(a') (91f(a),92f(a), ..., dn-1f(a)).

Z+yt=1

For f : R? = R, f(x,y) = x> +y*> — 1, it holds that K = {(x,y) € R? | f(x,y) = 0}. As
a polynomial, f is continuously differentiable with 01 f(x,y) = 2x and d,f(x,y) = 2y for all
(x,y) € R2 Hence, if (xo,y9) € K with yg # 0, it holds that d,f(x0,y9) # 0. Thus by the
implicit function theorem there are ¢,6 > 0 and a continuously differentiable map g : (xo —
0,x0+6) = (yo — & yo+e¢) such that KN ((xg —J,x0 +J) x (yo —&yo +¢)) = {(x,8(x)) €
R? | x € (x0 — 6,x0 +0)} = Graph(g). As we have seen above, in this particular example the
map g is either given by f1(x) = V1 — x2 or by fo(x) = —V'1 — x2, depending on the sign of .
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Example 13.13. We reconsider the system of equations (13.8) and want to apply the implicit
function theorem to answer the above question.
Let f : R — R?, f(A,x,y) = (cos(Ax) + A2%e,sin(Ax) + eYxy). Then (A, x,y) is a solution of
(13.8) if and only if f(A,x,y) = (0,0). f is continuously differentiable and we compute its Jacobi
matrix at an arbitrary point with f = (fi, f2) as

_ (AN xy) 2f(Axy) 93fi(dxy)
JrAxy) = (aifim,x,y) 921, 3,1) 8§f§<mrw>

[ —xsin(Ax) —Asin(Ax) A2e¥

- < xcos(Ax) Acos(Ax)+eVy xe¥(1 +y)> .

For (h1, g, h3) € R® welet D1 fy 1) : R = R* and Daf(; ) : R* = R? be given so that
Dfaxy)(h1,h2,h3) = D1f x0) (1) + D2fp 2y (B2, h3).
In the notation of Remark 13.10 it holds that
h
Dafrxy) (h2,h3) = Jo (A, x,y) - (hi) V(ha, h3) € R?,

_ —Asin(Ax) A2eY
where J (A, x,y) = (/\ cos(Ax) + ey xe¥(1+vy)
that f(1,7,0) = (0,0). We compute that

R0 = (9 1),

hence det ], ¢(1,7,0) = 1 # 0, s0 D2f(1 ) is an isomorphism. The implicit function theorem
thus implies:

) € M(2 x 2,R). We have observed above

There are & > 0, an open neighborhood U C R? of (77,0) and a continuously differentiable map
g:(1—¢1+¢€) — U, suchthat g(1) = (7,0),

f(A,g(A)) =(0,0) VAe (1—¢1+e¢),

and such that every (A, x,y) € (1 —¢,1+¢) x Uwith f(A,x,y) = (0,0) satisfies (x,y) = g(A).
Let (x(A),y(A)) := g(A). Then we have shown in particular that there is an ¢ > 0, such that for
each A € (1 —¢,1+¢) the system (13.8) has a unique solution (x(A),y(A)) € U (but might have
more solutions outside of U).

Similar as in the previous section, we can compute approximate solutions using the implicit
function theorem as well. By the formula from the implicit function theorem, it holds that

§'(1) = =(Daf(1,20) " (D1f(1,7,0)(1) = — <_01 71T> B (_712> = - (T _01) (;2> = (327r>

where we used Corollary 9.27. By the Péano form of Taylor’s theorem applied to g in 1, it holds
that

7T+ 37T

2p
where ¢ : (—¢,¢) — R? satisfies lim,_o % = 0. With ¢ = (@1, ¢2), this reads as

g1+ 1) = g(1) + Dg1 (1) + 9() = §(1) + &' (Ve + @) = ( ) T ou),

{x(lﬂi) = 70+ 37p + ¢1(p),
y(1+u) =2u+e2(p),

for the approximate solutions of the system.
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13.4 The Lagrange multiplier theorem
This section is not discussed in the lecture videos.

Assume that we consider the universe at a fixed moment in time. Which point on the surface of
the earth is closest to the center of the sun? If we imagine the surface of the earth as

S={(Ly,2) €| [(ny2) =1} = {(t,y,2) € R | 2 +y2+22 = 1)
and the center of the sun as a point P = (a,b,¢) € R3 with ||P|| > 1, then consider the function
fiR =R, f(xy,2) = l(xy,2) = (a,b,c)|* = (x—a)* + (y = b)* + (z = o).

The point we are searching for will not be a minimum point of f, but a minimum point of f|s.
While f is differentiable as However, we can not apply our methods for finding local extrema
since S is not open in R3. S is easily seen to be closed and bounded and thus compact by the
Heine-Borel theorem, so f|s attains its minimum and its maximum. But how do we find it? The
motivating question for this section is thus:

Which point in S = {p € R® | ||p|| = 1} has the shortest distance to a given P = (a,b,c) € R3 \. S?

We want to obtain a method for finding conditional local extrema of a function on an open subset
of R", i.e. we want to find the minimum value of f under the condition that we only consider
points that satisfy a given equation. For this purpose, the following result can be derived from
the implicit function theorem.

Theorem 13.14 (Lagrange multiplier theorem). Let m,n € IN with m < n and let U C R" be
open. Let f,¢1,..., om : U — R be continuously differentiable and let ¢ := (¢1,..., ¢m) : U — R™.
Assume that rank Doy = m for all x € U and let M := {x € U |¢(x) = 0}. If f|um attains its
maximum or its minimum in xy € M, then there exist Ay, ..., Ay € R, such that

Vf(xo) = iAiV(Pi(xo)-

Proof. Leta € M be a local maximum point or a local minimum point of f|;. By assumption

01¢1(a) a2(p1(a§ cee 0@ Ea%

d a) o a) ... oypa(a
m = rank D¢, = rank J,(x) = rank 14),2( ) 24),2( . 40‘2

01¢m(a) 0rpm(a) ... Inem(a)

Thus, by definition of the rank, J,(x) has m linearly independent columns and we can assume
w.l.o.g. (since this can be achieved by simply relabeling the coordinates) that the last m columns
of the matrix are linearly independent, i.e. that

gn—m+1§91(a) gn(Pl (a)
Jop(a) = "_m+:1¢2(a) "(P?(a) € M(m x m,R)
an7m+1(l)m(a) cee an(Pm(a>

is invertible. By Remark 13.10, this shows that with D¢, : R" — R™ defined in analogy with
the previous section, this shows that D, ¢, is an isomorphism. Leta = (a3, a;), wherea; € R"™"
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and a, € R™. Then by the implicit function theorem, there are open neighborhoods U; C R"™"
of a1 and U, C R™ of a; and a differentiable map g : Uy — U, with g(a1) = ap, such that

MnN (U xUp) ={(x,y) € Uy x Uy | p(x,y) = 0} = Graph(g).

Let

F:U; — R, F(x) = f(x,8(x)).
Assume w.l.o.g. that a is a local maximum point of f|p;. We further assume that U; and U, are
chosen such that f(x,y) < f(a) for all (x,y) € M N (U; N Uy). Then it particularly follows that
F(x) < F(ap) forall x € Uj.
Hence, 4, is a local maximum point of F (without any constraints!). So by Theorem 12.36, it
holds for all h € R"~™ that

0= DFy (h) = D(f o (id,8))ay (1) = Dfa(h, Dga, (h)) = D1fa(h) + D2 fa(Dgay (1)),
where we used the chain rule. By the implicit function theorem and the definition of g, it further
holds that

Dga; = —(D2¢a) ™" © D1ga.
Inserting this into the above equation, we obtain that

Difa = Da2fa© (D2ga) ™" © D1ga = Ao Digg,
where A € L(R™,R) is given by A := D, f, o (Dp¢,)~!. Moreover,

szu = DZfa o (DZ(Pa)il o D2§0a =Ao D2§0u-
Combining the last equation, we obtain for all 1; € R"~™ and hp € R" that

Dfa(h1,hy) = D1fa(h1) + Dafa(h2) = A(D1@a(h1)) + A(D2ga(h2))
= A(D1¢a(h1)) + D2@a(h2)) = A(D@a(hy, h2)),

hence Df, = A o D¢,. By the Riesz representation theorem, there exists (A1,...,A;) € R" with
A(v1,...,0n) = iy A forall v = (vq,...,0,) € R™. Since D¢y = (D¢1)a, ..., (D@m)a) by
Theorem 12.14, this shows that

n
Dfa(v) = Z Ai(D@i)a-
i=1
Using the connection between differentials and gradients of functions, one directly derives the
claim. O

Remark 13.15. (1) The numbers A1, Ay, ..., Ax € R in the situation of Theorem 13.14 are called
the Lagrange multipliers of the problem.

(2) The Lagrange multiplier theorem has important applications to classical mechanics, more
precisely in the Lagrangian formalism of classical mechanics. Assume an imaginary phys-
ical object is moving in IR”, but underlying some constraint, like a small ball in R that is
rolling in a bowl with the constraint that the ball is attached to the bowl. Such constraints
can usually be described as conditions of the form ¢(x) = 0, where ¢ is continuously dif-
ferentiable. Associated with such constrainst are constraint forces acting upon that object.
The gradients of the ¢; point in the direction of the constraint force associated with the con-
straint that ¢;(x) = 0. The Lagrange multipliers then roughly describe the strengths of the
constraint forces and how the total constraint force acting upon an object is "composed" of
the constraint forces of the individual constraints.
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(3) In nonlinear optimization, there is a generalization of the Lagrange multiplier theorem,
called the Karush-Kuhn-Tucker theorem (or KKT theorem), which helps in finding con-
ditional local extrema under conditions of the form ¢;(x) < 0, i.e. handling inequalities
as well. While this is a natural situation in applications e.g. to economics, the proof and
formulation of the result are more intricate, so we shall not discuss it here.

Example 13.16. As in the beginning of this section, we consider P = (a,b,c) € R® with ||P| > 1
and
R >R, flx,y,2) = (x—a)® + (y—b)*> + (z— ).

We want to find the minimum of f on S, where S = {(x,y,z) | ¢(x,y,z) = 0} with

¢: R R, o(x,y,2) =+ + 22— 1.
Both f and ¢ are polynomials, hence continuously differntiable. Moreover, Vo(x,y,z) =
(2x,2y,2z),s0 Vo(x,y,z) # 0if (x,y,z) # 0. In particular, this shows that qu(x,yrz) ‘R® > R
satisfies D¢y, . 7 0 for all (x,y,z) € S, so for dimensional reasons rank D¢y, = 1forall

(v,y,z) €S
Hence, by the Lagrange multiplier theorem, for every local minimum point of f|g there exists
A € R with

Vf(x,y,z)=AVg(x,y,z).
Since Vf(x,y,z) = (2(x —a),2(y — b),2(z — ¢)) for all (x,y,z) € R3, this amounts to

2(x—a) =2\x, 1-MNx =a,
2(y—b) =2y, & (I-A)y =,
2(z—c) =2z, (1-XA)z =g,

Since P = (a,b,c) # 0, the system has no solution for A = 1, so assume that A # 1. Then we

need to find A with

a b c
1—x YD1y PR (13.10)

and such that (x,y,z) € S. Thus, we need to find A with

2 2 2 22, 2 2
p
e (O (Y (e Y @B PR
1-A 1-A 1-A A-A)2  ([1-A2
Hence, (1 — A)? = ||P||?, which has the two solutions A; = 1 — ||P|| and A = 1+ ||P||. Inserting
this into (13.10), we obtain the two possible local extremum points

X =

1 1
ab,c), = a,b,c).

Since f|s attains its maximum and its minimum, one of these points must be a local maximum
point and the other be a local minimum point. We compute that

£(p2) = (p)a—a)? <—>b b2+ <1 Jecp

-\ |P||> +(1- |P||) ( )

_ (”TLHZ P @404 ) = (P -1,

—_
'T}
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and analogously f(p2) = (||P|| + 1)2. Since ||P|| > 1, this shows that the minimum of f|s is
given by f(p1) = (||P]| — 1)?, so the minimum distance from P to S is attained in L”(a, b,c)

P
and its value is \/f(p1) = ||P|| — 1.
Example 13.17. Consider

M={(xyz2) eR | x>+ =1,x =2z}

and let f : R® —» R, f(x,y,z) = x +y. We want to show that f|y attains its maximum and
compute it.
For all (x,y,z) € M we compute from the definition of M that

Iy, 2 =22+ +2% =222+ <20 +y) < 2.

Hence, M C B \/5(0), so M is bounded. Moreover, one easily checks that M is closed, hence M is
compact by the Heine-Borel theorem. As a polynomial, f is continuously differentiable, hence
f|m is continuous and attains its maximum and its minimum. We write

M = {(x,y,2) € R* |p(x,y,2) = (0,0)},

where
go:lR3—>]R2, q)(x,y,z):(xz—l—yz—l,x—z).

The components of ¢ are polynomials, hence ¢ is continuously differentiable. We compute that

2x 2 0
Jo(x,y,2) = <1 Oy 1) Y(x,y,z) € R3,

from which one easily checks that rank J,(x,y,z) = 2 whenever (x,y,z) # (0,0,0). In particu-
lar,

rank Do =rank J,(x,y,z) =2 VY(x,y,z) €M,

XY,z)

as obviously (0,0,0) ¢ M. Thus, we can apply the Lagrange multiplier theorem, which says
that for every local maximum point or local minimum point of f|y there are A1, A; € R with

Vi(xy,z) = MVei(x,y,z) + AaVer(x,y,2)
= aif(x,y,z) = A18i<p1 (x,y,z) + /\zaiq)z(x,y,Z) Vi e {1,2,3}, (1311)

where ¢ = (@1, ¢2). The partial derivatives of ¢ and ¢, are read off from J,(x,y,z), while
Vf(x,y,z) = (1,1,0) forall (x,y,z). € R3. Hence, (13.11) holds if and only if

1 = 2/\1)( + Az,
1 =2\y
0 =X

It follows immediately that A; # 0, A =0andx =y = 2171 Since (x,y,z) € M, it further needs
to hold that

11
407 472

1

1=x?+1? = & A%zi s A=
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Together with x = z, this implies that the only possible local minimum or local maximum points
of f|p are

() »= ()
n=\wvava) P\ v2)

V2 and f(p2) = —V/2, it follows that the maximum of f|y is v/2 and
5):

Since f(p1) = 2- \/_

that it is attained in (

s|~

4
el

%l~ n

This concludes our collection of important theorems from higher-dimensional calculus and thereby the
lecture course. Another important application of the Banach fixed point theorem is the theorem of Picard-
Lindelof about the existence and uniqueness of solutions of ordinary differential equations. This result
will very likely be discussed in Mathematics 3 in the upcoming semester.
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