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1 Preface

These are lecture notes for a course given at the University of Warwick in the Winter /Spring Term
2024.

In preparation of these notes, I have freely used and copied from the excellent lecture notes from
the previous course given by Mario J. Micallef, as well as the textbook by Spivak [1]. Especially, I
do not claim in any way originality.

I’d be grateful for letting me know of any mistakes or typos one might find in these notes.

Coventry, December 2024



2 Functions on Euclidean Space

2.1 Norm and inner product

We consider Euclidean n-space R™ as the space of all real n-tuples (z1,...,x,) with the standard
addition and scalar multiplication, which makes this into a vector space. For x € R" we consider
the norm ||z| := (22 + ...+ 22)"/? and for x,y € R” the inner product (z,y) = 31", 2;5;. Note
that ||lz|| = (z,z)'/2. We recall the following basic properties of the norm.

Proposition 2.1.1. For z,y € R" and a € R it holds
(1) ||z|| >0, and ||z|| = 0 if and only if x = 0.
(2) (x,y)| < |lz| - lyll; equality holds if and only x and y are linearly dependent.
(3) llz+yll < =l + llyl-
(4) llaz|| = la| - [|=[|.

The proof is left as an exercise. Note that the properties (1) and (3) together make (R”, ||x—y||) into
a metric space. We summarize the properties of the scalar product in the following proposition.

Proposition 2.1.2. For x,z1,22,y,y1,y2 € R” and a € R it holds
(1) (z,y) = (y, ) (symmetry).

(2) {az,y) = (z,ay) = a(z,y)

(21 + 22,9) = (21,9) + (22, 9)

(1 +y2) = (z, 1) + (z,y2) (bilinearity).
(8) (z,x) >0, and (z,x) =0 if and only if t =0 (positive definiteness).
(4) (z,y) = 1 (lz + yl|* = |z — y||?) (polarization identity).

Again the proof is left as an exercise.

We will denote the zero element in R™ by 0 = (0, ..., 0) and denote the standard basis by ey, ..., e,.
Thus and point = (x1,...,2,) € R™ can be written as x = > | z;e;.
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2.2 The space of linear maps and matrices

Recall that a map T': R® — R™ is linear, provided that for all z,y € R™ and a € R it holds
T(x+y)=T(x)+T(y),
T(azx) = aT(x).
We denote the space of such linear maps by L(R™ R™) (if n = m we also write L(R")). Note that

L(R™ R™) is itself again a (real) vectorspace.

For e; a standard basis vector of R", i € {1,...,n}, we can consider the coefficients a;;, uniquely
determined by

m
T(e) = ajié;
j=1

where €1, ..., €y, is the standard basis of R™. We assign the Matrix A = (a;;) € R™" to T, and
denote the map T'+— A by p: L(R™,R™) — R™". This yields that for z = (x1,...,z,) € R" with
T(x) =y € R™ we have

n n n m m
T(@) = T( D mes) = S al(e) = 3D azme; = > uyé.
i=1 i=1 i=1 j=1 j=1
Thus we have with the convention how to multiply matrices that

Y1 ail -+ Qln X1

Ym Aml - Qmn Tn

Remark 2.2.1: Note that with respect to different bases {by,- - ,b,} of R" and {51, e ,Bm} of R™
the same linear map 7" would have a (possibly) different matrix representation. It will be important
in this course that the clearly distinguish between an (abstract) linear map 7' : R™ — R™ and its
representation as a matrix.

Given another linear map S : R”™ — RP with matrix representation p(S) = B € RP'™ the above
discussion implies that the matrix representation of the linear map S o T : R™ — RP is given by
BA, ie. u(SoT)=pu(S)u(T) = BA.

We also recall that a norm on L(R"™,R™) is given by the operator norm

T(x
ITlop = sup O _ o 1y
serm\fo} |l |zl|=1
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Using the matrix representation p(7") = A € R™" another norm is given by the Frobenius norm
m n 1/2
2
Al = (33" ah)
i=1 j=1

Note that under the standard identification of R™" with R™" this is just the standard norm on
R™. We have the following estimates (see Analysis I11)

(2.1)

(D)llF < Tllop < [l(T)[F

=
N
i.e. both norms are equivalent. Recall that any two norms one a finite dimensional vectorspace are
equivalent, but this gives an explicit estimate.

2.3 Subsets of Euclidean Space

We recall the following basic notions.

e The open ball, centred at x € R™ with radius r > 0 is given by

B(x,r) = Br(z) = {y e R" | [ly — x| <r}.

A set U C R" is called open if for all x € U there exists r > 0 s.t. B(z,r) C U.

e Aset ACR"”is called closed if its complement A¢:=R™\ A is open.

A set A C R" is called bounded if there exists z € R™ and R > 0 such that A C B(z, R).

A set K C R" is called compact if it satisfies the following:

Let {Ua}aca be a family of open sets in R™ (indexed by a set A), such that K C UgeaUl,.
Then there exists N € N and aq,...,an € A such that K C Uf\;ani.

We recall the following equivalences.

Proposition 2.3.1. Let K C R™. The following are equivalent
(i) K is compact.
(ii) K is closed and bounded.

(iii) Every sequence (x;)ien in K, i.e. z; € K for all i € N, contains a convergent subsequence
with limait in K.

Proof. See Analysis III and Norms, Metrics and Topologies. ]
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2.4 Functions and continuity

For A C R™ we consider f: A — R™. If m = 1 we call this a scalar function and if m > 1 a vector
valued function. In case m = n one also calls this a vector field.

For x € A we can write

f(@) = (fr(@), s fm(2))

with f; : A — R the component functions for ¢ = 1,...,m. Considering m; : R™ — R, i =1,...m,

the projection to the i-th coordinate (note that this is a linear function), we can write
fi=miof.

We call

graph(f) := {(z, /()| & € A} C R" x R™
the graph of f. Note that graph(f) uniquely determines f.

Definition 2.4.1 (Continuity). For a € A and b € R™ we say

lim f(z) =b
provided for all € > 0 there exists 6 > 0 such that if x € A and ||x — al| < 6 then ||f(z) —b|| < e.
If limy s, f(x) = f(a), then we say that f is continuous at a. We say that f is continuous if it is
countinous at each a € A.

As in Analysis I, it is easy to see that continuity of f at a € A is equivalent to the statement
that for any sequence (z;);en in A with x; — a it holds that f(z;) — f(a). But there is a further
important characterisation of continuity (see Analysis I1I):

Theorem 2.4.2. Let ACR"™ and f: A — R™. Then f is continuous if and only if for every open
set U C R™ there exists an open set V.C R™ such that f~1(U) =V N A.

Important is also the interaction between continuous functions and compact sets (see Analysis
I1I):

Theorem 2.4.3. Let A CR" and f: A — R™ continuous. If K C A is compact, then f(K) C R™
18 compact.

Note that an immediate consequence of this result is that a continuous, scalar function attains its
maximum and minimum on any compact set. We also recall that the composition of continuous
functions is again continuous.

Theorem 2.4.4. Let ACR" BCR™ and f: A — R™, g: B — R be such that f(A) C B. Let
a € A and assume that f is continuous at a and g continuous at f(a). Then go f : A — Rl is
continuous at a.
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Proof. This follows directly from the definition (exercise). O

Remark 2.4.5: (1) Linear maps are continuous (exercise).

(2) Let ACR"™ and f: A — R™. Then f is continuous at a € A if and only if for alli =1,...,m
the component functions f; : A — R are continuous at a (exercise).

(3) All polynomials in n variables are continuous (exercise).

(4) Let A C R” and f,g : A — R be continuous. Then the quotient z — % is continuous on
A\ {x € Alg(x) =0} (exercise).
(5) But things are not so simple. Consider

2 _ g2

x2+ 9?7

iR\ {(0,0)} = R, (z,y) —

Then lim, y)(0,0) f(z,y) does not exist, but for every z € R2, 2z # 0 the limit lim,~ o f(rz1,722)
exists. See exercises.

2.4.1 The space GL(n,R) C L(R"™) of invertible linear transformations

Recall that if a linear map 7' : R™ — R™ is a bijection, then n = m and ker ' = {0}. Note that the
rank-nullity theorem implies that the converse is also true: a linear map 7" : R™ — R is bijection
(and thus its inverse is linear) if m = n and kerT = {0}. We can rephrase this as follows. For
A = p(T) the system Az = y of n linear equations in n variables is guaranteed a solution for all
y € R™ if and only if, should the solution exist, then it is unique, i.e. uniqueness of the solution
(that is not yet known to exist!) in this setting guarantees its existence!

Definition 2.4.6. The general linear group over the real numbers s given by
GL(n,R) :={T € L(R™)|T is invertible },
with the group operation being composition of linear maps.

In terms of matrices,

GL(n,R) := {(ai;) € R™"| det(a;;) # 0} .

This is the space of nonsingular matrices with matrix multiplication as the group operation. It is
easy to check that GL(n,R) satisfies the group axioms and that it is infinite. Note that GL(1,R)
is just the set of nonzero real numbers with multiplications. We denote with A : R™" — R
the determinant function. Note that the determinant is just a polynomial of degree n on the n?
components of an n X n-matrix, and is thus continuous.

Proposition 2.4.7. The space GL(n,R) is an open subset of R™".

Proof. We first note that GL(n,R) = A~YR \ {0}). Since R\ {0} is open, and the determinant
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function is continuous, Theorem 2.4.2 yields the statement. O

The openness of GL(n,R) means that invertibility of a linear transformation in L(R™) is a stable
property. In other words, an invertible linear transformation can be perturbed a little and it remains
invertible. But even more is true.

Proposition 2.4.8. The map A+ A~ : GL(n,R) — GL(n,R) is continuous.

Proof. We recall from Linear Algebra (more precisely the Leibnitz rule for the determinant) the
definition of the adjoint matriz A* whose entries are polynomials (of degree n—1) in the coefficients
of A. Thus A +— A% : L(R") — L(R") is continuous. On GL(n,R) = A~}(R\ {0}) we furthermore

can write

1
-1 _ A#
det(aij)
and thus A +— A~ : GL(n,R) — GL(n,R) is continuous. O

2.4.2 Lipschitz continuity

Definition 2.4.9 (Lipschitz continuity). Let U C R™. We say that f: U — R¥ is Lipschitz
continuous on U if 3 M > 0 such that

(2.2) 1f(2) = F)ll < Mlle —yl| Yo,y € U.

The Lipschitz constant M™* of f is then defined by
e s W@ =WI
z,yel, z#y ||JJ - y”
Observe that Lipschitz continuity on U implies uniform continuity on U:

Ve>0,if lz —yll <e/M = [|f(z) - fy)ll <e.

Examples of Lipschitz continuous functions

A linear map T': R™ — R™ is Lipschitz continuous because, by linearity, T'(z) — T'(y) = T(x — y)
and therefore,
1T(z) =T (W)l = 1Tz =yl < [[Tlopllz —yll,

i.e. the Lipschitz constant of T" is equal to ||T|op.
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By the triangle inequality, the map x — |z|: R" — Rx¢ is Lipschitz continuous with Lipschitz
constant 1:
||| = lyl| <l —yl.

Similarly, the operator norm, viewed as a function ||-||op: L(R™,R™) — R is Lipschitz continuous:
[ Allop = 1Bllop | < [[A = Bllop-

The same applies to || - || 7.



3 Differentiation

Motivation. Recall that f: (b,¢) — R is differentiable at a € (b, ¢) if there exists A € R s.t.

h#£0

and one denotes f’(a) := A. Define the linear function
Ly R—=>R,z— Az
and let
(32)  R(a,h) = fla+h) — f(a) - La(h) <= f(a+h)=f(a)+ La(h) + R(a,h).

We note that (3.1) is equivalent to

lim vah)’ o,
h—0 h
h#£0

i.e. R(a,h) vanishes to higher than linear order and we can see (3.2) as stating that
f(a) + Lg(h) is the best affine approximation to f(a + h) around h = 0.

So we can restate (3.1) as:

f is differentiable at a € (b, ¢) if there exists a linear map L, : R — R such that
fla+h) = f(a) + La(h) + R(a, h)

and

lim
h—0
h#0

=0.

Rla,h) ’

This alternative definition directly extends to higher dimensions.

3.1 The differential

Definition 3.1.1 (Differentiability). Let U C R™ be open and f: U — R™. We say f is differen-
tiable at a € U if there exists a linear map Ly : R™ — R™ such that for all h € R™ with a+h € U

12
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it holds
(3.3) fla+h) = f(a)+ Lo(h) + R(a, h)
where
. [R(a,h)|
(3.4) }13%) Rl 0.

h£0

We call L, the derivative of f at a, denoted by Df(a) € L(R™ R™).

The next lemma shows that if the derivative exists, then it is unique.

Lemma 3.1.2. Let U C R™ be open and f: U — R™. Assume f is differentiable at a € U. Then
the derivative D f(a) : R™ — R™ is unique.

Proof. Assume we have for i = 1,2

fla+h) = f(a) + Li(h) + Ri(a, h)

with Relah
R
h—0  ||h|l
h£0
Note that
Lyi(h) — La(h) = Ra(a, h) — Ri(a, h),
and thus
L —L —
i L) = Ll _ R~ Baas )l _ IR s
h—0 1Al h—0 |7l h—o bl h—0 bl
h£0 h£0 h£0 h£0
Note that for any z € R™ \ {0} and ¢ \, 0 we have tz — 0 as ¢ \, 0. Thus
L —L L —L
0t 1E102) = Lo(t)]| _ [La0)  La(o)]|
t=0 [tc]| [edl
which yields Lj(z) = La(z). Since this holds for any = € R™\ {0} we have L; = Lo. O

Definition 3.1.3 (Jacobian matrix). Let U C R™ be open and f : U — R™ be differentiable at
a € U. The matriz corresponding to D f(a) € L(R™,R™) (with respect to the standard bases of R™
and R™ ) is called the Jacobian matrix of f at a, denoted with

0f(a) := u(Df(a)).

Example 3.1.4: Let f : R?2 — R, (x,y) — sin(z). We claim that Df(a,b)(x,y) = cos(a)r =:
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A(z,y). Note that this is a linear map. We have

. fla+h,b+k) = f(a,b) = Az, y)| . |sin(a + h) —sina — cos(a)h|
lim = lim

(h.k)—0 [ (R, o) | (h.k)—0 [ (R, o) |

(h,k)#0 (h,k)#0

Since sin’(a) = cos(a) we have

. |sin(a + h) — sin(a) — cos(a)h|

1 =0.
B30 7] 0
h£0
Since |[(h, k)|| > |h| this implies
o |sin(a + h) — sin(a) — cos(a)h| ~o,
(h.k)=0 IR, Bl
(hok)#0

and thus A is the derivative of f at (a,b). Note that this yields that

8f(a,b) = u(A) = (cos(a), 0)
As in the 1-d case, differentiability implies continuity.

Theorem 3.1.5 (Differentiability implies continuity). Let U C R™ be open and f : U — R™ be
differentiable at a € U. Then f is continuous at a.

Proof. See example sheet 1. O

Assume that U ¢ R™,V C R™ are open and f : U — R™, g : V — R! be such that f(U) C V.
Assume that f is differentiable at a € U with differential D f(a) and g differentiable at b := f(a) € V
with differential Dg(b). Recall that f(a) + D f(a)(h) is the best affine approximation to f at f(a)
and g(b)+Dg(b)(h) is the the best affine approximation to g at g(a). So looking at go f a reasonable
guess is that the best affine approximation of go f at a is g(f(a)) + (Dgo Df)(a)(h). This is the
content of the chain rule.

Theorem 3.1.6 (Chain rule). Let U C R*,V C R™ be open and f: U — R™,g:V — R! be such
that f(U) C V. Assume that f is differentiable at a € U and g differentiable at f(a) € V. Then
go f:U — R is differentiable at a and

D(go f)(a) = Dg(f(a)) o Df(a).
This yields 9(g o f)(a) = dg(f(a))0f(a).
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Proof. Since f is differentiable at a we have Vh € R” such that a + h € U

(3.5) fla+h) = f(a) + Df(a)(h) + Ri(a, h)
with
(3.6) lim W 0.

h0

Similarly, since g is differentiable at b := f(a) we have Vk € R™ such that b+ k € V

(3.7) 9(b+ k) = g(b) + Dg(b)(k) + Ra(b, k)
with

R (b K|
(3.8) Iflg(l()] T 0.

To compute the differential of g o f at a we note that (3.5) implies that
b+k=f(a)+k=f(a)+ Df(a)(h)+ Ri(a,h)
and thus k£ = Df(a)(h) + Ri(a,h). So combining (3.5) with (3.7) we get

(9o f)a+h)=g(f(a)) + Dg(b)(Df(a)(h) + Ri(a,h)) + Ra(b, Df(a)(h) + Ri(a, h))
= g(f(a)) + (Dg(f(a)) o Df(a))(h) + Dg(b)(Ri(a, h))
+R2(b, Df( ) h)+R1((I, h))

f\/—\

To prove the statement we thus need to show that

|1Dg(b)(Ri(a, h)) + Ra(b, Df(a)(h) + Ri(a, h))||

1i =0.
h &
h#0
We can estimate
|| Dg(b)(Ri(a, 1)) || [ R1(a,h)|l
1 < ||D o —— =0,
h#£0
and it thus suffices to show that
|R2(b, Df(a)(h) + Ri(a, h))|| 0
h—0 IRl '
h#£0

To show this, choose any sequence h; — 0,h; # 0 and let k; := Df(a)(h;) + Ri(a,h;). Note that
k; — 0, and if k; = 0 (since h; # 0) we trivially have

1R (b, ki) | _
1]
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and it is thus sufficient to assume that k; # 0 for all ¢. But then we can write

(3.9) lim [ R2 (b, ki) | Jim 1R (b, ki)l | Df () (hi) + Ri(a, hi)|
iwos [l ioo Ikl 17

Note that by (3.6) we have

1Pf(a)(hi) + Ba(a, hi)||  |[Df(@)(hi)|| [ Rr(a, hi)
17 =l 17|

< [|Df(@)]lop +1

for i sufficiently large. Combining this with (3.9) we have

im P20 EI 1 a4 1) g D20

This yields the desired statement.

That d(g o f)(a) = 8g(f(a))0f(a) follows from u(Dg(f(a)) o Df(a)) = u(Dg(f(a)))u(Df(a)). O

We now compute the derivative of some basic functions.

Proposition 3.1.7. (1) Let U C R™ be open and f : U — R™ be a constant function (i.e. Jy €
R™ s.t. f(x) =y VYax €U). Then for all a € U we have Df(a) = 0.

(2) If f: R™ — R™ is linear, then for all a € R™ we have Df(a) = f.
(3) If s : R? — R is given by s(x,y) = x +y, then Ds(a,b) = s.
(4) If p: R? — R is given by p(x,y) = xy, then Dp(a,b)(x,y) = br+ay and thus dp(a,b) = (b,a).

Proof. (1): We clearly have f(a + h) = f(a) and thus Df(a) =0 and R(a,h) = 0.
(2): We have f(a+ h) = f(a)+ f(h) and thus Df(a) = f and R(a,h) = 0.
(3): This follows from (2), since s is linear.

(4): Let A(z,y) = bz + ay. Then

lim Ip(a+h,b+ k) —p(a,b) — A(h, k)l _ lim |hk|
(h,k)—0 | (h, k)| (h.k)—0 ||(h, )]
(h.k)#0 (h,k)#£0

it LR E

< 1 = 0.
S (o0 VIZE R (ko 2
(h,k)#0 (h.k)#0
This yields the statement. O

The following proposition relates the differentiability of a function to the differentiability of its
component functions.
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Proposition 3.1.8. Let U C R" be open and f : U — R™. Then [ is differentiable at a € U if
and only if each if its component functions f;,i = 1,...,m, is differentiable at a. Moreover,

(3.10) Df(@)(h) = (Dfi(@)(h). .., Dfu(a)(h)).
Thus Of (a) is the m X n matrix whose i-th row is Jf;(a).
Proof. “=": Assume f is differentiable at a € U. Let m; : R™ — R be the projection on the i-th

coordinate. Note that m; is linear, so it is differentiable and agrees with its differential at every
point (Proposition 3.1.7 (2)). Thus by the chain rule f; = m; o f is differentiable and

Dfi(a) = Dmi(f(a)) o Df(a) = 7;0 Df(a).

This is (3.10).

“<”: Assume each f; is differentiable at a with

(3.11) fila+h) = fi(a) + Dfi(a)(h) + Ri(a,h)
and
. ‘Ri(av h)‘
(3.12) él% ] 0.
Define

L(h) := (Dfi(a)(h),...,Dfmn(a)(h)) : R — R™.
Note that L is linear. We similarly define for A € R™ such that a + h € U

R(a,h) := (Ri(a,h),..., Ry(a,h)).
Then we can write (3.11) as
fla+h) = f(a) + L(h) + R(a,h).

The estimate (3.12) implies that

o IR _

h—0  ||A]]

h£0
which yields that f is differentiable at @ and Df(a) = L. (3.10) directly yields that df(a) is the
m X n matrix whose i-th row is 9f;(a). O

Corollary 3.1.9. Let U C R" be open and f,g: U — R be differentiable at a € U. Then
(1) D(f + 9)(a) = Df(a) + Dg(a).
(2) D(fg)(a) = g(a)Df(a) + f(a)Dy(a).
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(8) Provided g(a) # 0, then

Proof. We use the notation of Proposition 3.1.7.
(1): We have f+ g =so (f,g) and so by Proposition 3.1.7 and Proposition 3.1.8

D(f +g)(a) = Ds(f(a),g(a)) o D(f,9)(a) = s o (Df(a), Dg(a)) = Df(a) + Dy(a).
(2): We have fg =po (f,g) and so by Proposition 3.1.7 and Proposition 3.1.8
D(fg)(a) = Dp(f(a),g(a))eD(f,g)(a) = Dp(f(a),g(a))o(Df(a), Dg(a)) = g(a)D f(a)+f(a)Dg(a).
(3): This follows from (2) since D(%) = —g%Dg. O

3.2 Partial derivatives

Definition 3.2.1 (Partial derivative). Let U C R™ be open, f : U — R and a € U. For i €
{1,...,n} we define the i-th partial derivative of f at a as

0if(a) := lim flar,....a; +h,....an) — f(a)

h—0 h ’
h=£0

provided the limit exists.

Remark 3.2.2: (1) Thus 0;f(a) is the derivative of the function

g(t) = flar,...,a;—1,t,ai1,...,ap)

at t = a;, i.e. 9;f(a) = ¢’(a;). This yields the interpretation that 9;f(a) is the slope of the tangent
line at (a, f(a)) to the curve obtained by intersection graph(f) with the plane {z; = a;|j # i}. So
we know how to compute this: treat x; for j # i as constants and differentiate w.r.t. z;.

(2) The partial derivative is also sometimes denoted by g—i(a).

Definition 3.2.3 (Directional derivative). Let U C R™ be open, f: U — R anda € U. Forv € R"
we define the directional derivative of f at a in direction v to be

avf(a) — lim f(a + t’U) — f(a’)

t—0 t ’
40
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provided the limit exists.

Remark 3.2.4: (1) Choosing v = e; we see that O, f(a) = 9;f(a).
(2) Note that for A # 0 we have

fla+tAv) — f(a) fla+tiv) — f(a)

= Alim

a)wf(a) = lim

t—0 t t—0 At
t£0 t#£0
i 2@ =@ .
s—0 S

s#£0

(3) Assume f is differentiable at a. Note that for I C R an open interval, a function g : I — R
which is differentiable at ¢ € I, we have ¢'(t) = Dg(t)(1). Consider b : R — R™,t — a + tv. Then
we can take g := fob: I — R, where a € I. So we have

Oy f(a) = g'(0) = (f 2)'(0) = D(f 2 b)(0)(1) = Df(a)(Db(0)(1)) = Df(a)(v).

Note that this directly implies that for v, w € R"

Outwf(a) = Df(a)(v+w) = Df(a)(v) + Df(a)(w) = 0uf(a) + 0y f(a).

(4) We will see in the exercises that having all directional derivatives existing at a point (which
includes the partial derivatives) does not imply differentiability, not even continuity.

3.3 Relating the derivative and partial derivatives

We can now relate the partial derivatives with the Jacobi matrix.

Theorem 3.3.1 (Partial derivatives and the Jacobi matrix). Let U C R™ be open, f: U — R™
be differentiable at a € U. Then 0;f; exists for alli € {1,...,m} and j € {1,...,n}. The Jacobi
matriz 0f (a) is the m x n matriz (0; fi(a))i;, i-e.

ofi(a) -+ Onfila)
df(a) = : :
O1fm(a) -+ Onfm(a)

Proof. Assume first that m = 1,i.e. f: U = R. Thenh: R - R", 2 — (a1,...,0;-1,2,0j41,...,0an)
is differentiable at a; and

9;f(a) = O(f o h)(ay).
Thus by the chain rule
I(f o h)(aj) = 0f(a)Oh(a;) = Of(a)e; .
This implies that 0;f(a) exists and is the j-th entry of the 1 x n matrix df(a).
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The theorem follows for general m > 1 since by Proposition 3.1.8 each f; is differentiable in a and
the i-th row of df(a) is dfi(a). O

Using the chain rule and that the composition of linear maps corresponds to matrix multiplication
of the corresponding matrix representation yields the following corollary.

Corollary 3.3.2. Let U ¢ R*,V C R™ be open and f : U — R™,g : V. — R! be such that
fU) C V. Assume that f is differentiable at a € U and g differentiable at f(a) € V. Then

d(go f)la) =0g(f(a))0f(a), i.e. foriec{l,...,l} andje {1,...,n}

(D(go f)(@)ij =D Okgi(f(a))d; fr(a) .
k=1

Remark 3.3.3: For the case that [ = 1, i.e. ¢ : V — R we see that h = g o f satisfies for
jed{l,...,n}

0jh(a) = Okg(f(a))d; fr(a).
k=1

We have seen in the exercises that all directional derivatives existing at a point (which includes
the partial derivatives), does not imply differentiability, not even continuity. So it is clear that one
needs a stronger condition to deduce differentiability from the existence of partial derivatives.

Theorem 3.3.4 (Local continuity of partial derivatives implies differentiability). Let U C R™ be
open, f : U — R™ and consider a € U. Assume that all partial derivatives 0;f; (i € {1,...,m}
and j € {1,...,n}) exist and are continuous in an open neighborhood V. C U of a. Then f is
differentiable at a.

Proof. Due to Proposition 3.1.8, as in the proof of Theorem 3.3.1, it is sufficient to consider the
case m = 1. Since V is open, there is ¢ > 0 such that a + h € V for all h such that max; |h;| < e.
We can then write

fla+h) = f(a) = f(ar + hi,a2 + ho, ... an + hy) — f(a1,a2,...,a,)
= f(a1 + h1,a2 + hoy ... an + hy) — flar,a2 + ho, ... an + hy)
+ f(ar,a2 + ha, ... an + hy) — f(ar,a2,...,a,)
(3.13) = f(a1 + h1,a2 + ho,...,an + hy) — flar, a2 + ha, ... an + hy)
+ flai,a2 + ha, ..., an + hy) — f(a1,a2,a3 + hs, ..., an + hy)

+ f(at, ... an—1,an + hy) — f(a1,...,an—1,an).

Recall that 0y f(x,as + ha,...,an + hy) is the derivative of the function x — g(x) = f(z,a2 +
ha,...,an + hy). By assumption g is continuously differentiable on (a; — ¢,a; + €). Thus by the
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mean value theorem applied to g we obtain
flar + hi,a2 + hay ... an + hy) — f(ar,a0 + ho, ... an + hy) = h101f(01,a2 + he, ..., an + hy)
for some 6 between a; and aj + hy. Similarly the i-th term in the sum on the RHS of (3.13) equals
hidif(a1,...,ai—1,0i,ait1 + hig1, ..., an + hn) = hi0; f(ci)

for some 0; between a; and a; + h; and we set ¢; := (a1,...,a;-1,0;,ai+1+ hit1,...,an+ hy,). Note
that ¢; = a as h — 0. We can then use the sum (3.13) with the above identification to estimate

|fla+h) — fla) =i, 0if(a)hi] _ | Sy (8if (ci) — Bif (a))hi]
IRl Al

(3.14) < leu "0 f(e) — Dif (@)l Bl
=1

< |0if(e) — 0if(a)l
i=1

Note that the final term tends to zero as h — 0 since ¢; — a and the partial derivatives of f are
continuous on V. We can thus define the linear map (as we would expect)

Df(a)(h) =) 0;f(a)hi
=1

and (3.14) can be rewritten as
fla+h) = f(a) + Df(a)(h) + R(a, h)

with Rlah
- |R(a,h)

=0.
h—0 ||kl
h#0

This shows that f is differentiable at a. O

3.3.1 The space of continuously differentiable functions

Definition 3.3.5 (Continuous differentiability). Let U C R™ be open and f : U — R™ be differ-
entiable on U. Then f is called continuously differentiable at a € U if the map z +— Df(z): U —
L(R™,R™) is continuous at a. More explicitely

Ve >0,36 >0 such that if ||z —al| < = [|[Df(x) — Df(a)llop <e.

Proposition 3.3.6. Let U C R™ be open. Then f:U — R™ is continuously differentiable on U if
and only if 0f : U — R™" is continuous on U.
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Proof. Note that for ' € L(R™,R™) we can write u(T");; = (e;,T(e;)) and thus p : L(R™,R™) —
R"™™ is a continuous map.

By Theorem 3.3.1, if Df(x) exists, then (9;fi(x))ij = u(Df(x)). Thus if Df is continuous on U
then the partial derivatives of f are continuous on U.

Conversely, if the partial derivatives of f are continuous on U then by Theorem 3.3.4 we have that
Df(x) exists for all z € U. The equivalence of the Frobenius norm and the operator norm (see
(2.1)) then directly yields that Df has to be continuous on U. O

Remark 3.3.7: Note that by this theorem, we can check continuous differentiablity by checking
if the partial derivatives of f are continuous.

Notation.
CHU;R™) :={f:U = R™|df : U — R™" is continuous} .

We also write C1(U) := C*(U;R).

3.4 Geometric approximation and approximation of functions

3.4.1 Tangent to a curve

Let v: [a,b] = R™, v(t) = (x1(t),...,zm(t)), be a continuously differentiable parametrisation of
a curve C' = 7([a,b]) € R™. By this we mean that the functions d(%’ cee dﬁ—t’" are all continuous.
Assume that 7/(t) = (%, cee dﬁ—;”) # 0Vt e [a,b], i.e., the parametrisation v is regular. Using the
standard definition of derivative for all the coordinate functions of 7, we can then interpret ~'(¢)

as the vector tangent to C' at v(¢).! The line L. tangent to C at v(t) is parameterised by

£(h) = 7(t) + 7' (t)h.

But +/(t) = 9v(t) and therefore, the affine linear approximation of h — (¢t + h) by h — ~(t) +
Oy(t)h = L(h) is a parametrisation of the tangent line L. In other words, the affine linear
approximation of h +— (¢t + h) by h — ~(t) + 0y(¢t)h for small h corresponds to the geometric
approximation of C' by L. near v(t).

In the special case that C' is itself a line, then L. is the same as C. This is the geometric
manifestation of the fact that, the best affine linear approximation of an affine linear map is
itself.

!"We can also view 7(t) as the position of a particle at time ¢ and then 7/(t), also denoted +(t), is the velocity of the
particle.
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3.4.2 Tangent plane of a surface

Let U C R? be open and let f: U — R? be a continuously differentiable parametrisation of a surface
S = f(U) C R3. By this we mean that if f(u,v) = (z(u,v),y(u,v), z(u,v)) then all six partial
derivatives Xy, Yu, Zu, Tv, Yo and z, are continuous. Assume that 0f is of rank 2, the maximal rank
that it can have, at all points of U, i.e., the parametrisation f is regular. Since

Ty Ty
fu = (xuaymzu)y fv = (%,yu,zv) and 8f = | Yu Yo
Zu %

we see that Of is of rank 2 if, and only if, f, and f, are linearly independent.? As in the preceding
discussion for a curve C, the affine linear approximation of (h, k) — f(u+ h,v + k) by

(hv k) = f(ua U) + af(uav)(ha k) = f(uvv) + hfu(u7v) + kfv(uv U)

is then a paramtrisation of the affine plane f(u,v) + T(y,,)S tangent to S at f(u,v). Once again,
the affine linear approximation of (h,k) — f(u+ h,v + k) for small h and k corresponds to the
geometric approximation of S by f(u,v) + Tf(,.)S near f(u,v).

3.4.3 Graph of a scalar function of 2 variables

Given U C R?, g: U — R , the graph of g, graph(g) is the surface parameterised by

flz,y) = (2,9, 9(2,v)).

For example, if g(z,y) = /1 — 22 — 42, 22 +y? < 1, then f(z,y) = (z,y, /1 — 22 — y?) is another

parametrisation of the upper hemisphere.

Note that f, = (1,0, g,) and f, = (0,1, g,) are linearly independent for any function g. A parametri-
sation of the plane tangent to graph(g) at (z,y, g(z,y)) is given by

(hyk) = f(z,y) + Df(x,y)(h, k) = (z,y,9(z,y)) + (1,0, 9:) + k0,1, gy)
=(xz+hy+kg(@y)+ hgz + kgy)
= (z+h,y+k,g(z,y) + ((h, k), Vg(x,y))).

Thus we see that g is not differentiable at (zg,yo) € U if, and only if, graph(g) does not have a
tangent plane at (o, yo, 9(xo,v0)). For example, (z,y) — ||(z,y)|| = \/22 + y? is not differentiable
at (0,0) because none of its partial derivatives exist at (0,0). We see this geometrically by noting
that the graph of (x,9) — ||(z,y)|| on R? is a rotationally symmetric cone about the z-axis with
an apex at the origin where the cone does not have a tangent plane.

2For example,
f(u,v) := ((cosv)(sinu), (sinv)(sinu),cosu), 0<v<2m, 0<u<m,

is a regular parametrisation of the unit sphere minus the prime meridian, i.e., the semicircle running from the
North Pole (0,0,1) to the South Pole (0,0, —1) via (1,0,0).
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Orders of approximation of a function

For arbitrary values of n and m, it is not possible to provide simple geometric interpretations of
Df(x) € L(R",R™) similar to those presented above; consider, for example, n = 3 and m = 2.
Therefore we have to change our viewpoint when defining the derivative from that of rate of change
or tangent line and tangent plane to that of best approximation by a linear map. Linear maps are
the simplest maps, after constant maps, and they are fully understood (rank, eigenvalues, etc.) by
the methods of linear algebra. We can then transfer this knowledge of linear maps to differentiable
maps up to an error that can be quantified by (3.4).

Recalling Taylor’s theorem, we see that

(i) a function h — f(x + h) which is continuous at h = 0 admits an approximation by the
constant f(z). The error of the approximation is measured by € = £|h|® and therefore, this
approximation is said to be of zeroth order in h.

(ii) a function h — f(z + h) which is differentiable at h = 0 can be approximated by the affine
linear map h +— f(x) + Df(x)h. According to (3.4), the error of the approximation is now
measured by ¢|h| and therefore, this approximation is said to be of first order (equivalently,
linear) in h. Furthermore, for small h, €|h| < e, i.e., this first order approximation is
much better (i.e., the error is smaller) than that demanded by continuity, or even Lipschitz
continuity.

(iii) Later on in this module, we shall show that if h +— f(x+h) is twice differentiable at h = 0 then
it admits an approximation of the form h — f(z) + Df(x)h + (quadratic polynomial in h).
The error of the approximation is now measured by ¢|h|? and therefore, this approximation
is said to be of second order (equivalently, quadratic) in h. Quadratic polynomials are also
studied in linear algebra under the topic of symmetric bilinear forms.

The above discussion should make clear that, when discussing derivatives of functions of several
variables, the significance of derivative moves away from that of rate of change to that of approxi-
mation by polynomials which are ‘simple’ enough to be amenable to detailed study.



4 The inverse function theorem

Motivation. Consider I C R an open interval and f : I — R be continuously differentiable on I.
Assume for a € I that f’(a) > 0 (alternatively f’(a) < 0). Since z — f’(x) is continuous, there
exists an open subinterval J C I,a € J such that f/(z) > 0 (alternatively f’(x) < 0) for all z € J.
Thus the mean value theorem yields that f is strictly increasing (strictly decreasing) on J. This
implies that f is injective on J and W = f(J) C R is an open interval. From Analysis I we know
that the inverse f~!: W — J exists and is differentiable on W with

1
F ()

Recall that this formula follows directly from differentiating the relation y = f(f~!(y)) in y and
using the chain rule.

(fF () =

Remark 4.0.1: (1) Note that we do not have a control on the size of J.
(2) Note that f’(a) # 0 implies that the derivative of f at a, seen as a linear map

Df(a):R—= R h~ f'(a)h

is invertible.

(3) We can alternatively look at graph(f) € R2. From the discussion in Section 3.4 we recall that
differentiability of f at a is equivalent to the statement that graph(f) is well approximated around
(a, f(a)) by the affine line

L:={(a+h, f(a) + f'(a)h) € R*|h € R}.

Note that f/(a) # 0 is equivalent to the statement that L is not parallel to the z-axis, i.e. both the
projections 7, m, to each coordinate axis are bijections between L and the z-axis as well as L and
the y-axis, respectively. The continuous differentiability of f then yields that the same holds for
graph(f) in a neighboorhood of (a, f(a)). This is equivalent to the local invertibility of f.

Recall that in higher dimension a linear map L : R — R™ is invertible if and only if m = n and
det L # 0. So if we want to show local invertability of a map f : U — R™, where U C R™ is open,
we should assume m = n and det D f(a) # 0 as well as that f is continuously differentiable. This
will be the content of the inverse function theorem. We first need two little lemmata.

Lemma 4.0.2. Let U C R" be open. Assume that f : U — R has a local minimum (mazimum) at

25
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a € U, that is there exists € > 0 such that

f(z) > f(a) (f(z) < f(a)) Yz € Blae)CU.

Assume that for some i € {1,...,n}, 0;f(a) exists. Then 0;f(a) = 0.
Proof. See Question 4 on Example sheet 2. O

Lemma 4.0.3. Let B(a,r) C R and f : B(a,r) — R™ be such that all partial derivatives 0; f;
exists on B(a,r) and
105 fi(x)] < M

for all x € B(a,r), 1,5 € {1,...,n}. Then
I (@) = @)l < n* Mz —y]

for all z,y € B(a,r).
Proof. See the proof of Question 5 on Example Sheet 2. O

Theorem 4.0.4 (Inverse Function Theorem). Let U C R™ be open and assume f : U — R" is
continuously differentiable on U. For a € U assume further that det(Df(a)) # 0 (alternatively
det(0f(a)) # 0). Then there is an open neighborhood V. C U of a and an open neighborhood
W C R” of f(a) such that f : V — W has a continuous inverse f~1 : W — V which is continuously
differentiable and

(4.1) D(f ) = (DF W)™
forally e W.
Proof. Define A := Df(a) € L(R™). Since det(Df(a)) = det(\) # 0 we see that X is invertible.

Note that the Inverse Function Theorem holding for f is equivalent to it holding for A™' o f. But
we have by the chain rule

D(A"'o f)(a) = DAATH)(f(a)) o Df(a) = A" o Df(a) = In,
where I,, is the identity map on R™. Thus we can w.l.og. assume that Df(a) = A = I,,.

Step 1: f is injective in a neighborhood around a.

Since f is continuously differentiable on U we can choose € > 0 (sufficiently small) such that on
B(a,e) C U it holds

(4.2) det(Df(x)) #0 Vi € B(a,¢)
(4.3) }ajfi(:z) - 5ji’ = }é}-fi(:z) - 8jfi(a)‘ < % V1<i,j<nandzx € B(a,¢)
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We then consider g(z) = f(z) — x on B(a,¢). By (4.3)
1 .
‘8jgi(x)| < oz V1<i,7<nandzx€ B(a,¢).
Thus Lemma 4.0.3 yields
1
(4.4) 1f (@) =2 = (fly) =)l = llg(z) =gl < 5llz =yl Va,y € Bla,e).

Note that instead of g(z) = f(z) — x we could have chosen

9(@) = f(z) = (f(a) + Df(a)(z — a)) = f(z) —z — f(a) +a

to arrive at the same result. Le. with (4.4) we are measuring here how quickly f deviates from its
affine linear approximation at a. Combining (4.4) with the reverse triangle inequality yields

lz =yl = [If (=) = FWI < [1f(2) =z = (fy) =yl < 1”3: —yl
and thus

(4.5) e —yll <2[f(z) = fWI  Va,ye Blae),

which yields the desired injecitvity. Note that by continuity (4.5) extends to all z,y € B(a,¢).
Step 2: f is surjective in a neighborhood around a.'

Note that (4.5) implies that for all x € 0B(a,¢)

If@) = F@)ll = 5 =:d.
Let W :={w e R" | |lw— f(a)|| <d/2} = B(f(a),d/2). Thus if w € W and z € 0B(a, <) we have
(46) o F@)l < § < o — £

since £(z) & B(f(a),d).
Claim: For any w € W there exists a unique x € B(a,e) such that f(x) = w.

Consider
n

g:Bla,e) = R, g(z) = [lw — f(2)|* =) _(w; — fi(2))*.

Jj=1

Note that g is clearly continuous and thus attains its minimum on B(a,¢). If z € 0B(a,¢), by
(4.6), we have
g(a) < g(x)

and thus the minimum is not attained on dB(a,c). But g is clearly differentiable on B(a,¢), so

!See Section A.1 in the appendix for a proof using the contraction mapping principle.
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Lemma 4.0.2 yields that there is a point = € B(a,e) (where g attains its minimum) such that
O0ig(x) =0foralli=1,...,n,ie.

22 2))0ifj(x) =

Denoting the column vector (i.e. the n x 1 matrix) with entries w; — f;(x) by p we see that we can
write this equality as

2(0f(x))"p=0.

But since by (4.2) det((0f(z))T) = det(df(x)) # 0, this implies p = 0 and thus w = f(z).
Uniqueness follows from (4.5).

Step 3: Continuity and differentiability of f~'.

Let V := B(a,e) N f~Y(W) (which is open, since f is continuous). We have shown that f: V — W
has an inverse f~1: W — V. We can rewrite (4.5) as

(4.7) IF 7 ) = frHw)ll <20l —w]  Yo,weW,

and thus f~! is (Lipschitz) continuous.

It remains to show that f~! is differentiable. Let x € V and p := Df(z) € GL(R")

Claim: f~! is differentiable at w = f(z) and D(f~1)(w) = p~%.

We first note that the claim that D(f~!)(w) = p=t = (Df(x))~! gives (4.1). Note that since f is
continuously differentiable, (4.1) implies that f is continuously differentiable (recall Proposition

2.4.8). Furthermore, by definition

fly) = f(z) + puly — =) + R(z,y — z)

where
' vor ly—all ’
and thus

p(f) = f@) =y—a+p (R(z,y— ).

Since # = f~!(w) and there is a unique v € W such that y = f~!(v), we can write this as

) = 7 w) + o —w) = pTH (R w), fH0) = 7 (w))

So we need to show that

=0.

(o) I R @), S () = S )]

o [v = w]]

vEW
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Note that for v # w we can estimate

|l RO (w), f 7 (w) = fH(w)]

[o = wl

IR(f~(w), f7H () = f~H(w))]
1/~ w) = f~Hw)l
) = W)

lv = wl]

< [ln lop

(4.10)

Note that since f~! is continuous we have f~1(v) — f~1(w) as v — w and so (4.8) yields

RGN w), @)~ w)]

ST -l

But (4.7) implies that the second term on the RHS in (4.10) is bounded from above by 2, so we
obtain (4.9). O

in the image,
= {(z,w) €

Example 4.0.5: Consider f : R? — R2, (z,y) — (zy,2% + y?). We consider (z,w)
ie. 2= fi(r,y) = vy and w = fo(x,y) = 22 + y>. We first note that f(R?) C
R?|w > 0}. Note that we have

_(Yy T

and thus det(df(x,y)) = 2y? — 22%. Thus Df(x,y) is invertible for z # 4.
For (z,w) € Q we want to solve (z,y) = f~!(z,w). For z # 0 we have y = z/x and thus

2

z

w:mQ—I—y2=:U2+f2 = x4—m2w+z2:0,
T

which has solutions

1/2 —1/2
w £ Vw? — 422 / z w £ Vw? — 422 /

provided 0 < w? — 422 = (22 + y?)? — 42%y? = (2® — y?)?. Note that the choice of signs for
determines y. I.e. we have for z # 0:

e If w?—42? > 0 then any point (z,w) has 4 preimages and the above formulas yield 4 (smooth)
local inverses for f. Note that in this case we are in a stable situation: changing (z,w) a bit

still yields 4 solutions.

o If w? — 422 =0, (i.e. x = 4y) then any point (z,w) has 2 preimages. Note that in this case
we are in an instable situation: changing (z,w) a bit still yields either 4 or 2 or no solutions.

o If w? — 422 < 0, then (z,w) ¢ f(R?). Again this is a stable situation: changing (z,w) a bit
still yields no solution.

For 2 = 0 we have either x = 0 and y = +y/w or y = 0 and x = ++/w. So in this case we also have
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4 preimages provided w # 0 (this is still the stable case above). For (z,w) = (0,0) we only have
one preimage (z,y) = (0,0)

Computing 9f~!(z,w) is difficult. But 9f~1(z,w) = (0f(z,y))"* and thus
-1
1 (y = _ 1 2y -z
8f (Z,UJ) - <2$ 2y> - 2(y2 _ $2) (_21: y >

Geometric interpretation. Note that by fixing z # 0 we have xy = z, i.e. (z,y) lie on the
hyperbolas determined by xy = z. Fixing w > 0 gives that w = 22 + y?, i.e. (z,y) lies on a
circle with radius w'/2. So if w? > 422, then the circe of radius w'/? intersects the hyperbolas
{(z,y) € R? |2y = z} in 4 points. If w? < 422 then the circle of radius w!/? does not intersect the
hyperbolas {(z,y) € R? |zy = z}. If w? = 422 then the circle of radius w'/? touches the hyperbolas
{(z,y) € R?|xy = z} in 2 points.

Note that the case w? > 422 is the stable case, i.e. jiggling (z,w) a bit gives always 4 solutions. But
the last case (i.e. w? = 422, that is x = +y) is the instable case (i.e. where det(Df) = 0). Jiggling
(z,w) a bit gives either 4 solutions, 2 solutions or no solution!



5 The implicit function theorem

Motivation. Consider f : R? — R, f(z,y) = 2? + 3?> — 1. Note that the set S := {(x,y) €
R?| f(z,y) = 0} is the unit circle. Thus if f(a,b) = 0 and a # 41 there exist open intervals
I > a,J > b such that for all z € I there exists a unique y € J (i.e. (x,y) € I x J) such that

f(z,y)=0.

So we can define g : I — J by g(z) = y and thus for all x € I we have f(z,g(z)) = 0. Explicitly in
our case, we have

gr(x)=+vV1—22 ifb>0 and g_(z)=—-v1—-2% ifb<O0.

Note that g+ are differentiable if x # +1.

We say that g+ are implicitly defined by the equation f(z,y) = 0. Note that if a = £1 is impossible
to find such a function g. Nevertheless, note that around (£1,0) we can write z as a (smooth)
function of y.

Differentiating the equation f(z,g(x)) = 0 yields by the chain rule

Oo(f(2,9(x))) =0 & 02f(x,9(x)) + 0y f(x,9(x))0z9(x) =0

and thus
9zg(x) = —(9yf(x, g(x))) ' 0uf (2, 9()) ,
provided 0y f(x, g(x)) # 0. In our case at hand this yields
x x x

8g;gi(ﬂf) = _y = _gi($) = :qu

which we can check by explicitly differentiating g .

A more complicated example. Take f : R? = R, f(z,y, 2) = y> + 2 + 22 — €* and consider the
set S := {(z,y,2) € R¥| f(x,y,2) = 0}. Note that we can’t explicitly solve for z in terms of x,.
Nevertheless, assume that in a neighborhood of (a,b,c) € S there is a smooth function g(x,y) such
that z = g(x,y) for all (x,y,2z) € S. Then we can compute the partial derivatives of g (without
knowing g):

0=0:(f(z,9,9(x,y)) = O f(x,y,9(z,y)) + 0. f(x,y,9(z,y))Ixg(z,Yy) ,
0= 8y(f(x,y,g(x,y)) = ayf(x7y7g(x7y)) + azf(x7y7g(xay))8yg(xay) )

31
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and thus at z = g(z,y)

Oag(z,y) = _gﬁgzj; T o+ 2Zz e
o) =~ =~
So at (—2,e,2) € S we have
0z9(=2,€) = —3 _262
0u9(~2,¢) = 5y

General situation. Consider R = R" x R™ and for a point z € R™ x R™ write z = (z,y)
with x € R™"y € R™. Assume we have functions f; : R® x R™ — R for i« = 1,...,m (i.e.
f:R" xR™ — R™). Assume f;(a,b) =0 for i =1,...,m. When can we find for each z € R" near
a a unique point y € R near b such that fi(z,y) =0fori=1,...,m?

Let us consider the linear case, i.e. L € L(R™xR™ R™). This uniquenely determines S € L(R",R™)
and T € L(R™,R™) such that L(z) = L(x,y) = S(x) + T(y) (i.e. S(x) := L(z,0) and T(y) :=
L(0,y)). We then want to solve

0=L(z) =S(z)+T(y)

uniquely for y € R™. This implies that 7' € L(R™,R™) has to be invertible and

y=-T""(S(x)) = g(x),

i.e. we can write y as a function of z.

Motivated by the linear case (and having the Inverse Function Theorem in mind), we can formulate
the implicit function theorem.

Theorem 5.0.1 (Implicit Function Theorem). Let U C R™ x R™ be open and f : U — R™ be
continuously differentiable. For (a,b) € U such that f(a,b) = 0 assume that the m x m matriz
M = (On+jfi(a,b))i; is invertible, i.e. det(M) # 0. Then there is A C R™ an open neighborhood
of a and B C R™ an open neighborhood of b and a continuously differentiable function g: A — B
such that f(x,g(z)) =0 for all x € A.

Proof. We aim to apply the inverse function theorem. Note to do that we need a function from
R™ x R™ — R™ x R™ whose derivative is invertible at (a, ). Define

F:R"xR™ = R" xR™ F(x,y) = (z, f(z,y))
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Note that we then have schematically

OF (a,b) = (I: AZ)

and thus det(0F(a,b)) = det(M) # 0. By the Inverse Function Theorem, Theorem 4.0.4 there is
an open neighborhood V' C R™ x R™ of (a,b), which we can assume is of the foorm V = A x B
(A C R" open and B C R™ open) and W C R™ x R™ open neighborhood of F(a,b) = (a,0), such
that F: A x B — W has a differentiable inverse h : W — A x B. Since F is the identity in the
first n coordinates we also have h(x,y) = (x, k(z,y)) for some differentiable function k : W — B.

Let 7 : R" x R™ — R™, (x,y) — y and thus m o F' = f. This yields

f(@k(z,y)) = (foh)(z,y) = ((mo F) o h)(z,y) = (wo (Foh))(z,y) =7(x,y) = y.

Thus f(z, k(z,0)) = 0 and we can define g(z) : A — B by g(z) := k(z,0). O

Remark 5.0.2: (1) Note that instead of saying that det(M) # 0 we could equivalently ask that
the linear map L : R™ — R™ y +— D f(a, b)(0,y) is invertible.

(2) It is not completely natural to ask that the m x m matrix M of the last m columns of the Jacobi
matrix Jf(a,b) is invertible. The more natural assumption is that D f(a,b) (equivalently 0f(a,b))
has full rank, i.e. rank m. Thus after relabelling the coordinates of R™ x R™ (i.e. switching column
vectors in df(a, b)) we can assume that the m x m matrix M of the last m columns of the df(a, b)
is invertible, and we are in the setup above.

(3) We have from the above theorem that f(z,g(z)) = 0 for all x € A. Differentiating this equation
yields for i € {1,...,m},j € {1,...,n} by the chain rule

0= 0;(fil, 9(x))) = i filw,9(x)) + > durifi(w, g(2))Djgu()
=1

We can write this as

djg1(x) 9 fi(z, g(z))
M - : = - :
0igm () 0 fm(z,9(x))
and thus since M is invertible
9j91(z) 9if1(z, g(z))
L =M :
8jgm(as) ajfm(xhg(x))

Note that since f is continuously differentiable, this implies that ¢ is continuously differentiable
as well (since g is continuous). One can furthermore show that if f € C¥(R"*™;R™) then g €
CFR™R™).
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5.1 Level sets and submanifolds of Euclidean Space

Let U C R™™ be open and f : U — R™ be continuously differentiable. For ¢ € R™ consider the
level set

fHe) = {z e R™™| f(z) = c} .

Definition 5.1.1 (Regular Value). We say that ¢ is a regular value of f provided D f(z) has full
rank (i.e. rank m) for all x € f=1(c).

Remark 5.1.2: (1) Note that if f~'(c) = (), then we also call ¢ a regular value of f.

(2) For U ¢ R"! open and f: U — R, i.e. m = 1 in the above setup, then the condition that c is
a regular value is equivalent to V f(x) # 0 for all z € f~1(c).

We see that the Implicit Function Theorem and Remark 5.0.2 (2) directly implies:

Proposition 5.1.3. Let U C R™ x R™ be open and f : U — R™ be continuously differentiable. Let
c € R™ be a regular value of f. Then for every x € S := f~1(c) there is an open neighborhood V of
x such that SNV can be written as the graph of a continuously differentiable function g : A — R™
(where A C R™ open, after suitably relabelling the coordinates).

On the other hand consider A C R™ open and g : A — R™ continuously differentiable. Let
S := graph(g) C A x R™. Writing z € R™ x R™ again as z = (z,y) we can consider the function
G: AxXR" (z,y) = y— g(x). Note that DG(z) has rank m for all z € A x R™ and graph(g) =
G~1(0). Thus the graph of a function can always be written as the level set of a regular value of a
function. This motivates the following definition.

Definition 5.1.4 (Submanifolds of Euclidean space). Let S CR™ and 0 < k <n—1. S is called
a k-dimensional submanifold of R™ if for each x € S there exists U C R™ an open neighborhood of
z and f:U — R"* such 0 is a reqular value of f and SNU = f~1(0).

Note that by Proposition 5.1.3 this is equivalent to asking that for each x € S there exists U C R"
an open neighborhood of x such that SN U can be written as the graph of a function from an open
set in R¥ to R"F,

Remark 5.1.5 (Tangent plane to a graph): Consider again A C R™ open and g : A — R™
continuously differentiable. Let S := graph(g) C A x R™. Recall that as discussed in Section 3.4.2
and Section 3.4.3 (extended here to all dimensions) the tangent plane to S at a = (x, g(x)) is the
affine plane a + 1,5 where T,S is the vector space spanned by the n linearly independent vectors

m m m
e + E 8lgjen—i-j , €2+ g 629jen+ja e, enpt g angjen—i-j .
j=1 j=1 j=1

Assume we can also write SNU = f~1(0) where 0 is the regular value of a continuously differentiable
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function f : U — R™ and U C R™ x R™ an open neighborhood of a. Since f(z,g(z)) = 0 we can
differentiate to see that

Df(a) <e,~ + Em: 8,-gjen+j) =0

j=1

for all i =1,...,n. But this implies that
TS C ker Df(a).

Furthermore, since a is a regular value of f and thus Df(a) : R” x R™ — R™ has full rank, we
have by rank-nullity that dimker D f(a) = n. Since dimT,S = n we have

ToS =ker Df(a).



6 Second order derivatives

6.1 The Hessian

For U C R™ open, recall that if f: U — R is differentiable at z then D f(z) € L(R™,R) =: (R™)*.

(R™)* is the space of linear funtionals on R™ also called the dual space of R™. Note that if {e1,...,e,}
is the standard basis of R™ then the standard basis of (R™)* is given by the linear maps w; : R — R
for i =1,...,n defined via

wi(ej) = 5Z-j .
(Note that we can also write w;(-) = (e;, ), using that the standard basis is orthonormal). We can
thus write any L € (R™)* as

n
L= Z L(ei)wi .
i=1
Using the basis {w1,...,wy} we can thus identify (R™)* again with R". Note that if in coordinates
we identify elements in R” with column vectors, i.e. elements in R™!, then elements in (R")* can
be identified with row vectors, i.e. elements in R»™. So in coordinates if h € R” and L € (R")*,
ie.

ha
h = : and L:(ll---ln)
hn
Then
n n n hl
L(h) =Y L(edwi(h) = > lwi(h) = Lihi= (li--1n) |
i=1 =1 i=1 hn

Now assume that f € C1(U), i.e. the map Df: U — (R™)* given by x + Df(x) is continuous.
Suppose further that Df is differentiable at x € U, i.e. there exists H € L(R™, (R™)*) such that

(6.1) Df(x+h)=Df(x)+ H(h)+ R(z,h)
where

R, h)[op
(6.2) %g? T

We denote H, if it exists, by D?f(z).

36
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Note that for h € R™ then H(h) € (R™)* (and is linear in h) so we can apply it to another vector
k € R" (and it is linear in k). Thus we can see D?f(z) as a bilinear form on R”, i.e.

D?f(z) : R" x R™ = R, (h, k) — D?f(z)(h, k).

Note that in coordinates

n n

Df(x) = Di@)ei)ws = 3 0if (x)s

i=1 =1

or in terms of matrices 9f: U — RY", that is,

v 0f(2) = (uf(2) - Ouf(@).

That is we can see x +— 0;f(x) as the coordinate functions of the map =z — Df(x). Thus if
D2 f(z) € L(R™, (R™)*) exists then by Theorem 3.3.1 we have that the second partials of f exist at
x and

D*f(x) (e, ¢5) = 05 f(x) := (9;(8:f)) () -

In coordinates, for h, k € R", i.e.

we have

D?f(z)(h, k) = D2f(:c)<Zhiei, ije]) =Y D*f(x)(ei ej)hik; = Y 05 f(x)hik;,
i=1 j=1

i,j=1 i,j=1

which we can write as

Off(x) - R f(@) [k
D?f(x)(h,k) = W7 (8*f(2))k = (b1 -+~ hu) : : e
Omf(@) -+ Opuf(x)) \kn
where we define the n x n matrix
ot fx) - O f()
(6.3) 0% f(x) = : :
Onf(@) -+ Onf(x)
The matrix 02f(z) is called the Hessian of f at x and it is also denoted by Hess f(z). It is also
common to write o2 o
671%“(3;) et (@)

Hess f(z) =

92 62‘
ot () (@)
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As we shall see below, even if all the second order partials 82,28];1_ () exist, (6.1) (together with

(6.2)) may still not hold.

6.2 Commutativity of second order partial derivatives

Proposition 6.2.1 (D?f exists implies that second order partial derivatives at # commute). Let
U C R? be open and f € CY(U). For (z,y) € U suppose that D f(x,y) exists. Then 0% f(z,y) =

8%1f($a y)

Remark 6.2.2: Note that if U C R" open and f € CY(U), a € U and D?f(a) exists, then for
i, € {1,...n},i < j we can consider for (h,k) € R? with ||(h, k)| < ¢ and ¢ > 0 sufficiently small
(hyk) = f(h,k) == flar,...,ai +h,....a; + k... a,)

and apply the above statement to f at (z,y) = (0,0) to obtain

0*f 2 — 0% f (a)
8a:i6xj N axjé):ci

Vi,je{l,...,n},

i.e. Hess f(a) is a symmetric matrix. One can also phrase this in saying that D?f(a)(h,k) is a
symmetric bilinear form.
Proof of Proposition 6.2.1. Pick 6 > 0 so that (z + h,y + k) € U if |h| < 6 and |k| < J. Define

U(h7k> :f<$+h,y+k)—f($,y+k>—f(l'—i-h,y)—l—f({ﬂ,y)

Fix k € (—0,6) and set
ne(s) == fz+s,y+k)— flz+s,9).

Observe that o(h, k) = ni(h) — nx(0). So, by the Mean Value Theorem for real valued functions of
a single variable, 3 61 € (0, 1) such that

(6.4) o(h, k) = 1 (01h) h = (al Fla+01h,y + k) — 0 f(z + b, y))h.
Similarly, fix h € (—4,6) and set

En() == fx+hy+t)— flz,y+1).
Then o(h, k) = &,(k) — £,(0) and 3 03 € (0,1) such that

(6.5) o(h, k) = € (6ok) k = (32f(x Vgt Ook) — Do f(z,y + M))k.
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We now use the assumption that D?f(z,y) exists and write (6.1) in the following matrix form:

(Ouf(@x+hy+k) af(x+hy+k) = (0f(x,y) Oof(x,y))

(6.6) + (h k) (: ;>+(r1(h,k) ra(h, k)
where
O f(w,y) == (?j g)
and
(6.7) it B _ o gor i e 1,2}

1m
(h.k)=(0,0) [|(h, )
(hk)#(0,0)

Using (6.6), (6.4) and (6.5) can be rewritten as

O'(h, k) = ((0491]1 + bk‘) —abh + T‘l(elh, k) -7 (th, 0))h,
U(h, k‘) = ((ah + 602/{) — POk + Tg(h, 92k) — 7'2(0, HQk))k

Setting h = k and equating the right hand sides of the above equations gives

(b — a)h® = (ra(h, 02h) — r2(0,02h) — r1(61h, h) + r1(61h,0))h.
Dividing both sides by h? # 0, taking the limit as h — 0 and using (6.7) yields a = b as required. [J
Corollary 6.2.3. Assume that U C R" is open, f € CY(U) and assume Hess f(x) exists and is

continuous on U. Then for all x € U the matriz Hess f(x) is symmetric (i.e. all second order
partial derivatives of f at x commute).

Proof. The continuity of x — Hess f(x) together with Theorem 3.3.4 yields that x — Df(x) is
differentiable for all z € U. Proposition 6.2.1 then yields the statement. O
Definition of C* spaces. Recall the definition of C° and C*

CoUU,R*) := {f: U — R*¥| f is continuous}
CYHU,RF) .= {f: U = R* | 8f: U — R¥" is continuous}.

Similarly, we define

C*(U) = C*(U,R) := {f € CY(U) | &*f: U — R™" is continuous}
and CX(U,RF) .= {f: U = R* | f1,..., fr € C*(U)}, where f = (f1,..., fx).

If we wish to consider the third derivative of f: U — R, we identify R™" with R™ and proceed as



6.2. COMMUTATIVITY OF SECOND ORDER PARTIAL DERIVATIVES 40

for the second derivative of f. However, we shall have no need for this. Nevertheless, we define:

Ck(U, R™)={f: U — R™: all partial derivatives of f up to, and including, order k exist

and are continuous on U'}.

C*(U,R) is abbreviated to just C*(U). We say that u € C®(U) if u € C*(U) for all k € NU{0}.
Example 6.2.4 (Second order partial derivatives may not commute): Define f: R? — R by

Fay) = 2y (“J"yz) i (,5) # (0,0),  £(0,0)=0.

We shall show below that

0% f
0x0y

0% f
0yox

(6.8) (0,0)=1  but (0,0) = —1.

Remark 6.2.5: Using polar coordinates © = rcosf, y = rsinf, f can be written as xy cos(20)
which is approximately equal to zy near the z-axis (f = 0) but is approximately equal to —zy near
the y-axis (6 = w/2). This explains (6.8).

Formal Proof of (6.8). On observing that

-172_3/2_1 2y2 _ 21;2 )
:172"‘3/2_ $2+y2_$2+y2

we easily see that

of z? — 92 4y’ B 22 — 92 4292 .
oz 7 (mz +y2> I ((wQ 22) T\ T2 w0 7 (0.0

and that, similarly,

or =z <x2 v da*y” ) if (x,y) # (0,0).

oy 22 + 92 o (22 +12)2

Furthermore,

Ox z—0 T
and 0 0 0,0

Oy y—0 Yy
Therefore,

2 9% (2,0) — %L (0,0
o7 (0,0) = lim 2y (- 0) = 5, ( )—hm§:1
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and
0 f g0,y -G 0,0 -y

thereby verifying (6.8).

Remark 6.2.6: For f in the preceding example, D?f(0,0) does not exist, even though all the
second order partials do. For if it did, then by the preceding proposition, the mixed second order
partials would have to commute, which they do not.

6.3 Second order Taylor expansion

Recall that for f € C2((b,c)) we have the second order Taylor expansion around a € (b,c) C R and
h € R such that a + h € (b, c)

fla+h)= f(a)+ f'(a)h+ Lf"(a)h? + R(a, h)

where Ria, )]
a
lim ———2 =90.
WS B2 0
h#£0

Remark 6.3.1: In the usual Taylor expansion, if one makes the stronger assumption that f &€
C3((b,c)), one can show that for some 6§ € (0,1) (depending on h)

R(a,h) = f"(a+ 6h)h>.

We will show a higher dimensional analogue of the above result.

Theorem 6.3.2 (Second order Taylor expansion). Let U C R™ be open, conver and a € U. Then
for f € C*(U) and h € R"™ such that a + h € U it holds

fla+h) = f(a) + Df(a)(h) + 3D*f(a)(h, h) + R(a, h)

= F(@)+ Y auf(ahi+ 5 D 0 (@i + Rla,h)
=1

i.j=1
where R(a, )]
a
lim ————— =0.
AP
h#£0

Proof. Since U is convex we have a + th € U Vt € [0,1] and, keeping h fixed, we can define
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g:[0,1] — R by

n

g(t) = fla+th)+ (1 =) 0;f(a+th)h; + %(1 —t)? zn: 0%, f(a)hih;.

i=1 i,j=1

Note that by the chain rule g € C°([0,1]) N C((0,1)) and

69 g)=fa+h) and  g(0) = f@)+ D oS @hi+5 > O f(@hib;.

ij=1

By the Mean Value Theorem for real valued functions of a single real variable there exists § € (0, 1)
such that

(6.10) g(1) — 9(0) = 4'(0).

By the chain rule,

g)=> 0if(a+thh; =Y 0if(a+th)hi+ (1 —t) > 9% f(a+th)hh;
=1 =1

i.j=1

(6.11) —(1=1) Y 05 f(a)hih;
ij=1

=(1—t) > (05 f(a+th) — 3 f(a))hih;.

ij=1

By continuity of 8f at a, given € > 0, 3 § > 0 such that
(6.12) bl <6 = |0;f(a+th)—0;f(a) <e Vi, je{l,...,n} and Vtel0,1].
Set R(a,h) := ¢’(f). Then, substituting (6.9) and (6.11) in (6.10) we see that

n 1 n

fla+h) = fla)+ > dif(a)hi + 3 > 9% f(a)hihy + R(h)

i=1 ij=1

For ||| < 6 we have from (6.12) that |R(a, h)| < en?||h||* and thus

h
1o IR(@,h)

——=0.
h—0 || ]2
h£0
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6.4 Critical points, local maxima and minima, saddles

6.4.1 Critical points

Definition 6.4.1. Let U C R"™ be open and f € C*(U). A point p € U is calles a critical point of
fifvip)=0.

Recall that Lemma 4.0.2 implies that if f has a local maximum or minimum at p then V f(p) = 0.

We will now try to understand the Hessian at a critical point p of f to deduce if p is a local
maximum or minimum or neither. We first need some further linear algebra.

Recall that a symmetric matrix P € R™" is
(i) positive definite if 7 Px = (x, Px) >0 Yz € R"\ {0}.
(ii) positive semidefinite if x* Px = (x, Px) >0 Yz € R™.
(iii) negative definite if 27 Px = (z,Px) <0 Yz € R"\ {0}.
(iv) negative semidefinite if 27 Px = (x,Pz) <0 Vz € R"™.
(v) indefinite if there exist x,y € R such that 27 Pz > 0 and y” Py < 0.

Diagonalisation of symmetric matrices. Recall from Advanced Linear Algebra that every
symmetric matrix can be diagonalised by an orthogonal matrix, i.e. there exist real eigenvalues
ALy ..., Ap corresponding to an orthonormal set of eigenvectors {vy,...,v,}. Thus with respect to
this basis of eigenvectors P = diag(A1,...,\,). We can write this in the form that there exists an
orthogonal matrix O (the matrix corresponding to the change of basis {vi,...,v,} — {e1,...,en})
such that

0T PO = diag(\1,..., \) .

Proposition 6.4.2. If we arrange the eigenvalues of P in an increasing order, i.e. A1 < +-- < Ay,
then for all x € R™
Mlz|® < (z, Px) < Anl2]|? .

Proof. Let {v1,...,v,} be the orthonormal basis of R" consisting of eigenvectors of P, i.e. Pv; =
A\iv;. For x € R™ let a; := (v;,z). Then x = > I | a;v; and ||z|* = 3, a?. Thus
n n
(@, Pr) = (a;)?Xi > M Y _(a:)? = Az

i=1 =1
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and similarly
n

(2, Ps) = 3 (a)N < A 3 (@) = Al

i=1 =1

6.4.2 Second order derivative test

We will now discuss how we can use information on the Hessian to deduce if a critical point is a
local maximum, local minimum or a saddle point.
Proposition 6.4.3. Let U C R" be open and f € C?(U). Assume that V f(p) =0 for somep € U.
(i) If Hess f(p) is positive definite then f has a strict local minimum at p.
(ii) If Hess f(p) is negative definite then f has a strict local maximum at p.

(1ii) If Hess f(p) is indefinite then f has neither a local minimum nor a local mazimum at p and
p is called a saddle point. (If Hess f(p) is indefinite and has a zero eigenvalue then p is
called a degenerate saddle point. However, we shall not distinguish between nondegenerate
and degenerate saddle points, and we shall refer to both of them as just saddle points.)

(iv) If Hess f(p) is positive or negative semidefinite but not definite then the test is inconclusive,
i.e. f may have a minimum at p, or a mazimum or a saddle point.

Example 6.4.4 (Simplest examples to illustrate the second derivative test):

(i) f(z,y) =2?+y* f has aminimum at (0,0), V£(0,0) = 0 and Hess f(0,0) = (29) is positive
definite.

(ii) f(z,y) = —2% —y% f has a maximum at (0,0), V£(0,0) = 0 and Hess f(0,0) = (> %) is
negative definite.

(iii) f(z,y) = 22 — 9% f has a saddle point at (0,0), V£(0,0) = 0 and Hess f(0,0) = ((2) 02) is

indefinite.

(iv) f(z,y) = 22 + y* has a strict minimum at (0,0), g(z,y) = —2? — y* has a strict maximum at
(0,0), f(x,y) = 22 — y* has a saddle point at (0,0), f(x,y) = 22 has a nonstrict minimum at
(0,0), g(z,y) = —2? has a nonstrict maximum at (0,0). All these functions have a gradient

that vanishes at (0,0) and a semidefinite Hessian at (0,0). Explicitly,

Hess f(0,0) = (3 8) and Hess g(0,0) = (_02 8) .

Proof of Proposition 6.4.53. Set P := Hess f(p). Then, by Taylor’s second order expansion (Theo-
rem 6.3.2),

f(p+h) = f(p)+ 5(h, Ph) + R(p, h).
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(i)

(iii)

If P is positive definite, then its smallest eigenvalue A1 > 0 and there exists 4 > 0 such that

0<|lhl <3 = |R(R)| < IAi|A|?
= f(p+h) = fp) + x|l = IMA? > fp),

i.e. f has a strict local minimum at p.

If P is negative definite, then its largest eigenvalue A,, < 0. There exists 0 > 0 such that

A2

0<[hll <5 = |[R(h)| < -1\l
F0) + 3xallRl® = 2allRl® < (),

= flp+h) <

i.e. f has a strict local maximum at p.

If P is indefinite, then its smallest eigenvalue A1 must be negative and its largest eigenvalue
An, must be positive. Set g1(t) := f(p+tv1), t sufficiently small. Then g1(0) = f(p), g1(0) =
(Vf(p),v1) =0 and ¢{(0) = (v1, Pv1) < 0 and therefore, g; has a strict maximum at p.

Similarly, set g,(t) := f(p + tvy), t sufficiently small. Then g¢,(0) = f(p), ¢,(0) = 0 and
gn(0) = (vy, Pv,) > 0 and therefore, g, has a strict minimum at p. We have shown that f
has a saddle point at p.

Let

flwy) =o' vyt fo(ey) ==yt flry) =2t =yt
f+ has a strict local minimum at (0,0), f_ has a strict local maximum at (0,0) and f has
a saddle point at (0,0). Yet, all these functions have a gradient and Hessian that vanish
at (0,0). Therefore no conclusion can be drawn about a critical point p of a function whose
Hessian at p is positive or negative semidefinite. See also the functions in (iv) of the preceding
set of examples.

O

Definitiveness test for 2 x 2 symmetric matrices. For a symmetric matrix P € R?? it is
possible to gain information on the definiteness of P by looking at its determinant. More precisely

A 2 x 2 symmetric matrix P = (‘g g) 18

(i) positive definite if det P = ac — b*> > 0 and a > 0 or ¢ > 0.

(ii) negative definite if det P >0 and a <0 or ¢ < 0.

(iii) indefinite if det P < 0.

(iv) semidefinite if det P = 0.

Proof. Let A\; and Ao be the two real eigenvalues of P. Then, considering the characteristic poly-
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nomial of P

(a=N(c=A) ==X = (a+c)A+ ac — b?
= A=A)A=X2) = A2 — (AL + )N+ A,

we see that
ac —b% = Ao, a+c=M~+ N

(i) If ac — b* > 0, then ac > 0 and therefore a > 0 iff ¢ > 0. It follows that

ac—b>>0 anda>0o0orc>0 < A,\ >0 < P is positive definite.

(ii) If ac — b* > 0, then a < 0 iff ¢ < 0 and therefore,

ac—b>0 anda<Oore<0 < A, A2 <0 < P is negative definite.

(iii) ac — b? < 0 < A1, A2 have opposite signs < P is indefinite.
(iv) ac—b? = 0 < at least one of \; and Ay must vanish < P is positive or negative semidefinite.

O]

Example 6.4.5: Consider f(z,y) = 2° — 3xsiny, =z € R, y € (—n/4,37/4). Classify the three
criticial points of f.

Solution. We have
Vf(z,y) = (322 — 3siny, —3z cosy).

At a critical point, both equations 2> — siny = 0 and zcosy = 0 must hold. Starting with the

second equation we see that either z =0 or y = /2.

Looking at the first equation, if x = 0 then siny = 0 and therefore, y = 0 since y has to lie in
(—m/4,37/4). So f has a critical point at (0,0).

Again looking at the first equation, if y = 7/2 then 22 = 1 and therefore, z = 1 or z = —1. So f
has two more critical points at (1,7/2) and at (—1,7/2).

_ 6x —3cosy
Hess f(z,y) = <—3cosy 3xsiny> )
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0

Hess f(0,0) = <_3

Hess f(1,7/2) = (

Hess f(—1,7/2) = <_06

-3
0

6 0
0 3

0
-3

)
)

)

which is indefinite, and therefore f has a saddle point at (0, 0).

which is positive definite, and therefore
f has a strict local minimum at (1, 7/2).
which is negative definite, and therefore

f has a strict local maximum at (1,7/2).



7 Integration

In this section we will discuss Riemann intergration in higher dimensions.

7.1 Basic definitions

Definition 7.1.1. (i) Let a,b € R™ be s.t. a; < b; for alli € {1,...,n}. We call the set
R = {zx e R"|a; <x; < b; forallic {1,...,n}}

a rectangle. Note that this a natural extension of the notion of an interval.

(ii) Recall that a partition of an interval [c,d] C R is a (finite) sequence to, ...ty s.t. ¢ = tg <
ty <--- <ty =d. This divides [c,d] into k subintervals [t;—1,t;] fori=1,... k.

A partition of a rectangle [a1,bi] X -+ X [an,by] is a collection P = (P, ..., P,) where each P; is
a partition of |a;,b;]. Assume P; is a partition of |a;, b;] into N; subintervals of [a;,b;]. Then P
subdivides P into N = Ny --- N, subrectangles. We call this the subrectangles of the partition P.

Let A C R”™ be a rectangle, f: A — R and P a partition of A. Then for each subrectangle S of P
let

ms(f) =inf{f(z)|z € S}  Mg(f):=sup{f(z)|z € S}
and let
v(S) == (1 —p1) - (g0 — Pn)

be the volume of S = RP4. We define the lower sum and upper sum of f w.r.t. P as

L(f,P) =Y ms(f)o(S)  U(f,P):=)Y Ms(f)u(s).

SepP SepP

It clearly holds that L(f, P) < U(f, P).

Lemma 7.1.2. Suppose the partition P' refines P (that is each subrectangle of P’ is contained in
a subrectangle of P), then

L(f,P) < L(f,P') and U(f,P")<U(f,P).

Proof. Each subrectangle S of P is divided into Si, ..., S, subrectangles of P’, so v(S) = v(S1) +
<-4+ 0(Sq). Now mg(f) < mg,(f) since S; C S and thus

ms(f)o(S) =ms(fHo(S1) +--- +ms(f)v(Sa) < ms, (FHo(S1) + -+ + ms, (fv(Sa)

48
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which yields
L(f,P) < L(f, P").

The proof of the statement about upper sums is analogous. O

Remark 7.1.3: Let P, P’ be two partitions of a rectangle A. Then there exists a partition P” of
A which refines both P and P’.

Corollary 7.1.4. If P and P’ are any two partitions of the rectangle A. Then

L(f,P) <U(f,P')

Proof. Let P” be a partition that refines both P and P’. Then

L(f,P) < L(f,P") <U(f,P") <U(f,P).

O]

Definition 7.1.5. Let A C R™ be a rectangle and f : A — R and denote with P(A) the set of
partitions of A. Denote

/f— sup L(f, and U/f— inf U(f,P).

PeP(A PeP(A)

1t follows from Corollary 7.1.4 that LfAf < UfAf. We say f is integrable on the rectangle A if

f is bounded and
L/ f:U/ 3
A A

/Asz/Af=U/Af,

which we call the integral of f over A.

In this case, we denote

Theorem 7.1.6 (Riemann’s criterion). Let A C R™ be a rectangle and f : A — R be bounded.
Then f is integrable on A if and only if for all € > 0 there exists P € P(A) such that

U(f,P)—L(f,P)<e

Proof. If he above criterion holds, then clearly

sup L(f,P)= inf U(f,
o (f,P) paib (f,P)
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and f is integrable on A. On the other hand, if f is integrable on A then for any € > 0 there exist
P, P' € P(A) such that
U(f,P) _L(faP,) <Ee.

Let P” be a partition that refines both P and P’. Then by Lemma 7.1.2
U<f7PI/) _L(fvpll) < U(f7P) _L<f7P/) <e.

This proves the statement. ]

Example 7.1.7: (1) Let f : A — R be a constant function, i.e. f(z) = ¢ for some ¢ € R and for
all z € A. Then for any P € P(A) and subrectangle S we have mg(f) = Mg(f) = ¢ and thus
L(f,P)=U(f,P) =3 gcv(S) = cv(A). Thus f is integrable on A and [, f = cv(A).

(2) Every continuous function f: A — R is integrable, see assignment sheet 3.

(3) Let f:[0,1] x [0,1] — R be such that

f@,y) 0 if x rational,
T,y) =
Y 1 if z irrational.

Then for any P we have U(f, P) =1 and L(f, P) =0 and thus f is not integrable.

We collect some important properties of the integral.

Proposition 7.1.8. Let A C R" a closed rectangle and f,g : A — R. Then the following state-
ments hold.

(a) Assume f is integrable and f = g except at finitely many points. Then g is integrable and

Jat=Ja9-
(b) Assume both f,qg are integrable. Then f + g is integrable and fA f+g= fA f+ ng.
(c) Assume f is integrable and c € R. Then cf is integrable and [, cf =c [, f.

(d) Assume f is integrable and let P be a partition of A. Then for each subrectangle S € P the
restriciton of f to S, denoted with f|s, is integrable on S. Furthermore [, f =3 gcp [ fls-

(e) Assume both f,g are integrable and f < g. Then [ f < [g.
(f) Assume f is integrable. Then |f| is integrable and |[, f| < [,1f].

Proof. See example sheet 5. O

7.2 Measure zero and integrable functions

Definition 7.2.1. A C R" has (n-dimensional) measure 0 if for all € > 0 there exists a cover
{U1,Us, ...} of A by closed rectangles such that Y2, v(U;) < .
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Remark 7.2.2: (1) We obviously assume as well that the rectangles U; are open.
(2) Note that if A has measure 0 and B C A, then B has measure 0.

(3) Note that if A is countable then A has measure zero. To see this cover A by a sequence of
rectangles U; with v(U;) < 27%. Then Y 3%, v(U;) < 32, 27 =&.

Proposition 7.2.3. I[f A= A1 UAsUA3U--- and each A; has measure 0, then A has measure 0.

Proof. Let ¢ > 0. Since A; has measure 0, there is a cover {U; 1,U; 2, ...} of A; by closed rectangles
such that 222, v(U;;) < £27'. Then the collection of all U;; is a cover of A. We can now
arrange this array into one sequence Vi, Vs, Vs, ... (see picture in lectures). Clearly > o2 v(V;) <
X e2 i = O

We have the following characterisation of bounded integrable functions. For the proof (which is
neither difficult nor long) see [1, Theorem 3.8].

Theorem 7.2.4. Let A C R™ be a closed rectangle and f : A — R be bounded. Let B := {z €
A | f is not continuous at x}. Then f is integrable if and only if B is a set of measure 0.

Remark 7.2.5: Note that this implies that if f,g: A — R are bounded and integrable on A, then
f - g is integrable on A, see assignment sheet 3.

We have this far dealt only with integrals of functions over rectangles. Integrals of other sets are
easily reduced to this type. For C C R", the characteristic function xc of C is defined via

o z g C,
XC(I)'_{I zelC.

If C C A for some closed rectangle A and f : A — R bounded, then fC f is defined as fA 7 xc,
provided f - xc¢ is integrable. By the remark above this holds if f and y¢ are integrable.

We have the following characterisation when x¢ is integrable, for a proof see assignment sheet 3.

Theorem 7.2.6. For C C A for some closed rectangle A, the function xc¢ is integrable if and only
if the boundary of C' has measure 0.

7.3 Fubini’s theorem

In this section we will discuss and prove Fubini’s theorem, i.e. when it is possible to compute a
higher dimensional integral by computing one-dimensional iterated integrals.

Idea: consider f : [a,b] X [¢,d] — R positive and continuous. Let ¢y < --- < t; be a partition of
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[a, b] and divide [a, b] X [¢,d] into k strips [t;—1,t;] X [c,d] (compare the picture in the lectures). Let
92(y) := f(x,y), then the area under graph(f) above {x} x [c,d] is

/cdgx:/cdf(x,y)dy

So the volume under graph(f) above [t;_1,t;] X [¢, d] is therefore approximately equal to (t; —t;—1) -
f f(z,y)dy for any x € [t;_1,t;]. Thus

k

Lot =)=t [swas [ ([ e a)a

=1
for some choice of x; € [t;—1,t;].

Problem: f might be integrable on [a,b] X [c,d], but not continuous. Even more, fcd f(zo,y) dy
might not be defined for some xg € [a,b]. This will make the statement of Fubini’s theorem a
bit cumbersome, but we will see in the remarks that there are various special cases where simpler
statements are possible.

Theorem 7.3.1 (Fubini’s theorem). Let A C R™, B C R™ be closed rectangles and f : Ax B — R
be integrable. For x € A let g, : B — R, g,(y) = f(z,y) and

ﬁ(x)zL/BgzzL/Bﬂx,y)dy u(x)zU/ngzu/Bﬂx,y)dy
Then £ and U are integrable on A and
[t = o= [ (] srm i)
[t = Ju= (0 sna).

The integrals on the RHS are called iterated integrals of f.

Proof. Let P4 be a partition of A and Pp a partition of B. This yields a partition of A x B with
subrectangles of the form S4 x Sp. Thus

P) =Y ms(Hu(S) = D msyxsp(Hv(SaxSp) =D Y ms,xss(/)o(Sn) | v(Sa).
S Sa,5B Sa Sp

If x € Sy, then clearly mg, x5, (f) < ms,(9z). Thus for x € Sy

stAXsB 0S5) < Y ms sy (0:)0(S5) < L[ g0 = £0a).

Sp
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Taking the infimum over S4 yields

Z MSAxSp (f)U(SB) < msy, ([,)
Sp

which implies

L(f,P) =Y | Y msunss(£v(Sp) | v(Sa) < L(L, Pa).

Sa SB

Similarly we have U(U, P4) < U(f, P) and thus

Now note that any partition P of A x B can be written as a product of partitions P4 and Ppg, and
since f is integrable we have

swpL(f.P) =gt U(S.P) = [ 7.

AxB
RS

Similarly for U the statement follows from

This implies

Remark 7.3.2: (1) If for all z € A we have that g,(y) = f(z,y) is integrable on B then

£(x) = U(x) = /B fxy) dy

and

(7.1) /AXBf:/A(/Bﬂx,y)dy) .

This certainly occurs if f: A x B — R is continuous.

(2) Often g, is not integrable for finitely many z. In this case we can still write
L(x) = / f(z,y) dy
B

for all but finitely many z. Since [ 4 £ remains unchanged if £ is redefined at a finite number of
points (say we set [ f(z,y)dy = 0 at these points) we still have (7.1).

(3) There are cases when this will not work and Theorem 7.3.1 must be used as stated. For example,
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let f:[0,1] x [0,1] — R be defined via

1 if x is irrational,
flx,y) =11 if 2 is rational and y is irrational,

1- % if x = % in lowest terms and y is rational.

Then f is integrable (exercise) and f[o 1% [0,1] f =1. Now fol f(z,y)dy = 1 if z is irrational, and

does not exist if x is rational. Therefore h(z) = fol f(z,y)dy is not integrable even if we set
h(z) = 0 when the integral does not exist.

(4) If A=Ja1,b1] X --- X [an,by] and f: A — R is sufficiently nice, we can apply Fubini’s theorem

repeatedly to obtain
bn, by
/f:/ << f(xl,...,xn)dx1>---)dxn.
A an ai

Note that this also allows to interchange the order of integration, provided again that f is sufficiently
nice (say continuous).

7.4 Partitions of unity

We introduce a highly important tool in the theory of integration. Recall that for U C R™ open, a
function is in C*°(U) if it is in C*(U) for every k = 0,1,2,.... We record the following lemma.

Lemma 7.4.1. (1) Let U C R™ be open and C C U be compact. Then there is a compact set
D C U such that C is contained in the interior of D.

(2) There is a function f € C*(U) such that f(U) C [0,1], f(z) =1 for all x € C and f =0
outside some closed set contained in U.

Proof. See example sheet 5. O

Recall that for A C R™ a family of open sets O is called an open cover of A, provided

Ac Jo.

0e0o

Theorem 7.4.2 (Existence of partition of unity). Let A C R™ and O be an open cover of A. Then
there is a collection of C*° functions ®, with each ¢ € ® defined on U = UpcpO, with the following
properties

(1) For each x € U and ¢ € ® it holds 0 < p(x) < 1.
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(2) For each x € A there is an open neighborhood V,, of x such that all but finitely many ¢ € ®
vanish on V.

(3) For each x € A it holds }_ .4 ¢(x) =1 (note that by (2) this sum is finite on V).

(4) For each p € ® there is an open set O € O such that ¢ = 0 outside some closed set contained
in O.

Remark 7.4.3: A collection ® satisfying (1)-(3) is called a smooth partition of unity for A. If ®
also satisfies (4), it is said to be subordinate to the cover O.

Proof. We divide the proof in several cases.

Case 1. A is compact

If A is compact, then a finite number of O, ..., O,, of open sets in O cover A. It clearly suffices
to construct a partition of unity subordinate to the cover {Oy,...,O,,}. We will first find compact
sets D; C O; whose interiors cover A. The sets D; are constructed inductively as follows. Suppose
that Dq,..., Dy have been chosen so that {int Dy,...,int Dy, Oky1,...,On} covers A. Consider

CkJrl:A\(intDlU...UintDkUOk+2U...UOm).

Then Ciiq C Ug4q is compact. Hence by Lemma 7.4.1 (1) we can find a compact set Dy4q such
that
Cry1 Cint Dgy1 and  Dyyq C Opya,

and thus {int Dy, ...,int D41, Ok12,...,0On} covers A. This constructs the sets Dy,..., Dy,.

Having constructed the sets Di,...,D,,, by Lemma 7.4.1 (2), we can choose 1; to be a non-
negative C°°-function which is positive on D; and 0 outside of some closed set contained in O;.
Since {D1,..., Dy} covers A, we have 91(x) + -+ + ¢y (z) > 0 for all z in some open set 2
containing A. On € we can define

Yi(z)
1(z) + -+ m(x)

pi(z) == 1/1

Again by by Lemma 7.4.1 (2) we can then choose 7 : Q — [0, 1] a C*°-function which is 1 on A and
0 outside a closed set contained in 2. Then

{nei,. ... npm}
is the desired partition of unity.

Case 2. A=A UAyU---, where each A; is compact and A; C int Ajy1.

For each i let O; consist of all O N (int A;+1 \ A;—2) for O € O. Then O; is an open cover of the
compact set B; = A; \ int A;_1. By case 1 there is a partition of unity ®; for B; subordinate to O;.
For each x € A, the sum
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is a finite sum in an open neighbourhood of z, since if € A; we have ¢(z) = 0 for ¢ € ®; for
j > i+ 2. For each ¢ € U;®; define ¢p(z) = ¢(x)/o(x). The collection of all ¢ is the desired
partition of unity.
Case 3. A is open.
Let

A;:={x € Al||z|| < and dist(z,04) > 1/i}
and apply case 2.

Case 4. A is arbitrary.

Let U = UpecpO. By case 3 there is a partition of unity for U; this is also a partition of unity for
A. O

Remark 7.4.4: (1) We note an important consequence of condition (2) in the above theorem. Let
C C A be compact. For each x € C there is an open set V, containing x such that only finitely
many ¢ € ® are not 0 on V. Since C is compact, finitely many such V, cover C'. Thus only finitely
many @ € ¢ are not 0 on in an open neighborhood of C.

(2) We will see that an important application of partitions of unity will be to piece together results
obtained only locally. For example we have so far only defined integrals over (suitable) subsets of
closed rectangles. Partitions of unity can be used to define the integral of a function f over an
open set U C R™ (even if U is unbounded). See [1, Theorem 3.12]. We will encounter several other
applications later in the course.

7.5 Change of variables formula

Motivation. Assume g : [a,b] — R is continuously differentiable and f : R — R is continuous.

Then substitution implies that
9(b) b ,
[ = [eas.
g9(a) a

We can see this as follows. Let F': R — R be such that F’ = f. By the chain rule
(Fog) =(fog)d

and thus

g(b) b b
/ f = F(g(b)) — F(g(a)) = (F o g)(b) — (F o g)(a) = / (Fog) = / (Fog)d.
9(‘1) a a

If we assume that g is injective, and thus ¢’ > 0 or ¢’ <0 on (a,b) we can write this as

/ f= fogldl.
g([a.b]) [a.b]
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The analog in higher dimensions is given in the following theorem.

Theorem 7.5.1 (Change of variables formula). Let A C R™ be open, g : A — R™ be injective and
continuously differentiable. If f : g(A) — R is integrable, then

[ 1= sogieay.
g(A) A

For a proof see [1, Theorem 3.13 and following remarks|. The proof is not too difficult, but due to
time constraints we have chosen not cover it in this course.

Remark 7.5.2: (1) In case g is an affine map, then vol(g(A4)) = |det(dg)|vol(A) (see example
sheet 5). This confirms the above formula if f is a constant function and ¢ is affine.

(2) By approximating g locally by affine maps (i.e. using that g is assumed to be continuously
differentiable) and (1) one can give a proof of the change of variables formula.



8 The divergence theorem

8.1 Integration on hypersurfaces

Consider S C R™. We say that S is a smooth hypersurface if it is an (n—1)-dimensional submanifold
of R™. Recall from Section 5.1, especially Proposition 5.1.3 and Definition 5.1.4 that this means
that equivalently either (i) or (ii) hold:

(i) For each x € S there exists U C R™ an open neighborhood of z and f : U — R smooth such
that SNU = f71(0) and 0 is a regular value of f (i.e. Vf(z) #0 for all z € 9) .

(ii) For each x € S there exists U C R™ an open neighborhood of z such that SN U can be
written as the graph of a smooth function g : V' — R where V' C R""! is open (note that
R™~! corresponds here to the first n—1 coordinates, after suitably relabelling the coordinates).

Definition 8.1.1 (Smooth set). An open set Q@ C R™ is called smooth if 92 is a smooth hypersur-
face in R™. Note that this implies that for each point x € 0S) there is U C R™ an open neighborhood
of x such that 9QNU can be written as the graph of a smooth function g : V. — R where V.C R*~!
is open and QN U corresponds to the points above the graph of g.

Remark 8.1.2: Assume 2 C R" is smooth and bounded. Then one can easily show that 02
has measure zero (exercise). Thus by the results in Section 7.2 the characteristic function xq is
integrable and we can integrate functions over €.

Motivation for the definition of the integral along a hypersurface. Recall that for 7 :
[a,b] — R™ a regular curve (i.e. v/(¢) # 0 for all ¢t € (a,b)) the length of v is defined as

b
1) = [ 1o de
and for a continuous function h : v([a,b]) — R we can define its integral along v via
b
[ nisi= [ nae) 1@ de.
5 a

We can see that this does not depend on the paramatrisation of v, i.e. let ¢ : [c,d] — [a, b] be such
that ¢(c) = a and ¢(d) = b and ¢'(t) > 0 for all t € [¢,d]. Consider

Yile,d] = Rt (yo9)(t),

o8
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which is called a reparametrisation of . Note that

¥=(o¢)=¢"(1o¢)

and we can compute, using the change of variable formula (and that ¢’ > 0)
d d
[as= [ nGo) ROl = [ neeem) 16 o' 60 d
2l c c

d b
= [ o I 6l ¢ @t = [ ) I @ilde= [ nds

Note that if we consider a curve v in the plane (i.e. in R?), which is given as the graph of a function
f:a,b] = R, ie. y(t) = (¢, f(t)) we have that

Y1) = (L,f(#) and Y@l =1+ (1),

and thus for h : y([a,b]) — R continuous

b
/hds:/ h(t, g())V/1+ (9 ()2 dt

We would like to generalise this to be able to integrate over a hypersurface which is given as
the graph of a function f : U — R, where U C R"! is open. We assume first that f is affine,
i.e. f(£) := c+ L(#) where c € R and L € L(R" !, R). Note that this implies that there is @ € R"~*
such that L(9) = (i, ?) for all & € R®~!. We then consider a parametrisation of S = graph(f) over
U, i.e. the map

F:U— Rn,F(dAjl,...,.@n_l) = ({i‘l,...,i‘n_l,L(.f?l,... 75%71—1))-

We now would like to compute the (n — 1)-dimensional volume of F'([0,1] x --- x [0, 1]). To do this
note that for £ € U

(8.1) DF(#)(0) =: L(0) = (9, L(0)) = (0, (i, D))

and
V= DF(2)(R"") = Tp() S

is the tangent space of S at F(&), compare remark 5.1.5. Note that V is an (n — 1)-dimensional
subspace of R". From example sheet 5 we know that the (n — 1)-dimensional volume of F'(]0, 1] x
-+ x [0,1]) is given by the absolute value of the determinant of the linear map L:Rv1 5 v
(computed with respect to an orthonormal basis of R"~! and an orthonormal basis of V). To
compute this we can assume that w # 0, otherwise there is not much to show. We now rotate the
coordinate system in R"~! such that e, 1 = w/|}10|| (recall that the determinant of a map remains
unchanged if one rotates a basis to another orthonormal basis). In these coordinates we have from
(8.1) that

L(@la v 77}n—1) - (i)h ey {}n—la ||1Z)H{}n—1)

and thus an orthonormal basis of V is given by {e1, ..., en_2, (1 + [|0|?)~V%(en—1 + ||w|/en)}. We
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furthermore see that with respect to these orthonormal bases

(8.2) det L = /1 + |Jw|2.

Recall that for a general smooth function f : U — R we have that its affine approximation at a € U
is given by

&= fla) + Df(a)(& —a) = f(a) = (Vf(a),a) +(V[(a), 1),

i.e. we can identify V f(a) = w in (8.1). This motivates the following definition.

Definition 8.1.3 (Area of a graph). Let U C R" ™! be open and f € C'(U). Then the area A of
S = graph(f) C R™ is defined to be

majéw+ww—ﬁwuwmmww%

Furthermore for h € C°(S) we define

(/MAj/MF¢HWWW=/M@ﬂ®»1+WNM%W1,
S U U

where F : U — R : &+ (2, f(2)) and we write d2"~' as a short form for dxy - - - dx,_1.

We now show that the above definition does not depend on in which direction we write S as a
graph. We consider m; : R™ — R” the orthogonal projections parallel to the e;-direction and denote
P, = imm;, i.e. the (n — 1)-dimensional subspace of R™ orthogonal to e;. For U C P; open and
f:U — R we write

graphp (f) := {2+ f(2)e; |2 € U} CR"

for the graph of f over P;.

Lemma 8.1.4. Foric {1,...,n}, f:U; = R smooth and U; C P; open, let S = graphp, (f) C R™.
Assume that there exists j # i and g : U;j — R smooth with U; C P; open and that we can also
write S = graphp,(g). Then for h € CY(S) it holds

/hoF 1+vaif|12—/ hoG\/1+[Vpgl?.
Us Uj

where we denote with Vp,,Vp; the gradients on P;, P;, respectively.

Proof. Let p € S. Since for an open neighborhood U of ¢ there is v € C*°(U) such that SNU =
v~1(0), where 0 is a regular value of v we have by remark 5.1.5 that 7,,S = ker Dv(p) und thus 7,5
does not depend on if we write S = graphp, (f) or S = graphpj (9)-

Consider the maps F' : Uy — R", & — & + f(Z)e; and G : U; — R™, & — & + g(&)ej. Note that
F(U;) = G(Uj) = S and m;, 7 are the inverses of F' and G, respectively. For p = F(p) = G(p) € S
note that

DF(p):R" ! -5 V:=T,5 and DG(p):R" ' =V,
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where we consider DF(p), DG(p) not as maps into R™ but into V. Thus by (8.2)

det DF(p) = \/1+ Ve f ()| and et DG(3) = \/1+ [Va,9(0) -

: V — P, is the inverse to DF(p) : R"~! — V we obtain

Since 7; ‘ v

1

det m;
il ) = RO

Consider the map
v . Uj — UZ',JV,‘P—> (WiOG)(Lf).

Note that ¥ is smooth, ¥(U;) = U; and f o ¥(Z) = g(Z). Furthermore, we have by the above

discussion
I+ VR g@)IP

VIV @2

where = U(%). Thus by the change of variable formula, Theorem 7.5.1 we have

/hoF\/HHVPJII?:/ hoF \/1+(VrfI?
U; ¥ (Uj)

:/ hoF oW, /14 |Vpf|?|det DY|

/hoG\/1+I|VP9|2

This yields the desired statement. O

det DU (&) = det Dm;(G(%)) - det DG(&) =

We can now define the integral on the boundary of smooth, bounded open set. Note that 0f is
compact, so we can always assume that any open cover of 0f is finite.

Definition 8.1.5. Assume 2 C R"™ is open, bounded and smooth. Denote S := 082 and let O =
{O1,...,0n} be a finite open cover of S such that SN O; can be written as a graph, with graphic
parametrisation F; : U; — SN O; where U; C R™™! is open and bounded, corresponding to f; : Uy —
R. Let ® be a partition of unity of S subordinate to O. By Remark 7.4.4 (1) we can assume that
® = {p1,...,pum} is finite. Since @ is subordinate to O for each ¢; € ® we can choose Oy € O

such that {x € R"[@;(x) # 0} C Oy(j). Let h € C°(S). We then define

/hdA z/ (3h) © Figy/ 1+ 1V figy |12

Uis)

That this definition makes sense we need to check that it does not depend neither on the covering
by graphical parametrisations nor on the choice of partition of unity.

Proposition 8.1.6. The integral fS hdA defined above does not depend on the choice of covering
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O, the graphical parametrisations F; : U; — S N O; and the partition of unity ®.

Proof. Consider O = {0y, ... N} a second open cover of S such that S N O; can be written
as a graph, with graphic parametrlsatlons F U — SNOy, corresponding to fl U, — R. Let

= {P1,...,9,7} be a partition of unity of S subordinate to O, where we similarly assign Ol( )
to each ®m- We can then write

M

3 /U (Bumh) © Fympr/ 1+ 1V i 12 ZZ / (03Bmh) © Fram \/1 + IV Foom 2.
I(m)

m=1 j=1m=1 Ui(m)

Note that

{z € R"[¢;(z)@m(z) # 0} C 045y N Oy -
So by Lemma 8.1.4 we have
| (esub) o Fmp 1+ 19l = [ (esu) o Figp 1+ ¥ i P
1om) Ui(j)

and thus

M ) M M _
3 /U Buh) o B 1+ 19Tl = 3032 [ (o3t o Fim1+ [V fim
m=1 I(m)

j=1m=1 Ui(m)

M M
= Z Z / (pjPmh) Figyy/1+ ”Vfi(j)H2
j=lm=1 Ui
M
=Y [ eibroFa/T+ IVl
j=1"Vi@)
This gives the desired statement. O

8.2 Flux of a vectorfield

For © C R"™ open with smooth boundary, recall that for each p € 92 there is an open neighborhood
U of p and v € C°°(U) such that U N9 = v~1(0), where 0 is a regular value of v. Furthermore
we can assume that v < 0 on QN U (otherwise replace v by —v). Recall that by Remark 5.1.5 we
have that 7,00 = ker Dv(p). Note that this implies that

1,00 = {x € R" | (Vu(p),z) =0}.

Thus Vo(p) is normal to 7,02 and since v < 0 on Q@ N U we have that Vv(p) points towards the
outside of 2. We can then take the outward unit normal to be

Vv

= for all Q .
v(q) Vo (q) forallgeoddnU
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Note that since this choice is unique, and the above construction works in an open neighborhood
of every point p € 9€) we can extend this to a global unit normal along 0S2.

Definition 8.2.1 (Outward unit normal). For Q C R™ open with smooth boundary we denote with
v:0Q — R" the outward pointing unit normal.

For the graph of a function there is nice formula for the unit normal along the graph of f.

Lemma 8.2.2. Let U C R"! be open and f € CY(U). Then the downward pointing unit normal
of graph(f) at (z, f(Z)) is given by

1
v((&, f(2)) = —(01f(2),...,0n-1f(2),-1).
1+ [[VfI*(2)
Here V is the gradient on R" 1,
Proof. See assignment sheet 4. O

For V C R™ open, recall that X € C°(V,R") is also a called continuous vectorfield.

Definition 8.2.3 (Flux of a vectorfield). Let  C R™ be open and bounded with smooth boundary.
Let X € CY(0Q,R™) be a continuous vectorfield on ). The flux of X through 09 is defined to be

/89<X, V) dA.

8.3 The divergence theorem

Definition 8.3.1. Let V C R" be open and X € C1(V,R"™) be a continuously differentiable vector-
field. Then divergence of X = (X1,...,X,,) is defined to be

n
div X(z) =) 0:iX(x),
i=1
forallx € V.
The next lemma covers the trivial case of the divergence theorem.

Proposition 8.3.2 (Divergence theorem: trivial case). Let Q C R™ be open and bounded and
X € CH(Q,R™) be such that X vanishes outside a closed set contained in Q. Then

/divX:()
Q
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Proof. Recall that since X vanishes outside a closed set contained in 2 we can extend X by the
zero vectorfield to all of R” and can treat X as an element of X € C1(R",R"). Let R = R*’ be any
closed rectangle such that Q C int R. Note that since X € C'(R",R™) we have that div X € C°(R"?)
and thus div X is integrable on R. Since X vanishes outside a closed set contained in €2 we have

/diVX:/XQ diVX:/divX.
Q R R

Furthermore, by Fubini and the linearity of the integral
b1 bn n n bl bn
R ai an ;—q i—1 Ja1 an

Note that for i € {1,...,n} fixed we have by the fundamental theorem of calculus

b;
/ 0 Xi(x1, ..., zn)dr; = Xi(21, ..., 21, b, Tig1, ..., 2p)
a;

—Xi(:vl,...,:Ci,l,al-,xprl,...,xn)
=0-0=0,

since X vanishes on 0R. Since by Fubini we can interchange the order of integration we see that

by bn
/ | aiXida, .. de =0

1 an

and thus

n b1 bn
/divX:/divX:Z/ 0;X;dxy, ...dry =0.
Q R =17 a1 an

We now prove a localised version of the divergence theorem.

Proposition 8.3.3 (Divergence theorem: localised version). Let V' C R™ open. Assume R C V
is a closed rectangle of the form R' X |ay,b,] where R C U is a ((n-1)-dimensional) rectangle
and U C R" ! is open. Consider f € CY(U) such that a, < f(£) < b, for all # € R' and let
S = graph(f|r) and Q = {(z,t) € R| f(z) <t < by} the region above the graph of f in R. Let
X € CYV,R") be a vectorfield which vanishes on OR. Then

/disz/(X,u}dA,
Q S

where v is the downward pointing unit normal of S.

Proof. To start, we claim
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Claim. If ¢ € CY(V) and o =0 on OR, then for any j € {1,...,n}

(8.3) /Ojcp:/goujdA.
Q S

Assuming the claim for now, and writing X = (X1,...,X,,) we see

diVX:/ 0:X; = /8~X<
J= J=
:Z/XjdeA:/Zle/jdA
j=1"% S =1

:/S<X,y>d,4,

where we used the claim with ¢ = X for each j € {1,...,n} from the first to the second line. This
is the desired result.

Proof of claim.
Case j =n.

Note that since for & = (z1,...,2,-1) € R’ we have ¢(#,b,) = 0, the fundamental theorem of
calculus yields

(8.4) — (@, (7)) = (&, bn) — (&, £(2)) /f © Onpld ) o

We can thus compute, using Lemma 8.2.2, (8.4) and Fubini

- &, f(& (2)[|2dz"
[ooman=— [ ol 160 e VIF V@I i

b1 bn—1
/ / / Onp(x1, ... o) dep dry_1 - - dxy
'rlv Tn— 1)
= / Onp.
Q

This yields (8.3) for j = n.
Casej=1,....,n—1.
Note that by Leibnitz’ rule (i.e. differentiating under the integral sign, see question 4 (a) on assign-

ment sheet 3) and the chain rule, we have

8 bn bn
- ( I so((aaa:n»dxn) = (@ F@N@) + [ Opl(za)) day,
i \/1(@) @)
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and thus, since ¢ vanishes on JR

+/ (10(((x1""axj*1>bj’xj+1a"~a$n))d$n
f($1 ----- Xj 17b]:$]+1 ~~~~~ $'n.fl)
bn,
(85) _/ (,0(((51317-”,1’j_1,aj,l'j+1,...,wn))dxn
f(@1, % -1,85,Tj41,-,Tn—1)

b;
- / (@, F(2)))0;1(2) dj +0 — 0

J

b
_ / (&, (2)))0;1(2) da;

J

We can then compute (where use the notation that a >~ ’ over a symbol means that it is omitted),
using Fubini, (8.5) and Lemma 8.2.2

b"/
/(%-gpz/ / 8]90 (Z, xp)dxy drp—1 - - - dxy
Q ay an z
b1 bn 1 —_
:/ / / / / 0;0((&, xp)dxy drjdrp_q - - dzj - - - dxy
a1 f(z
bl j bn—l j —
= [ [T [ e £@003 @) day e
a a; An—1 aj

b
:/ / o((&, f(£)))0; f(Z) dep_1 - - dxy

an—1

_ r r af ~n—1
= [ ot o) T ISP
:/goyjdA.

S

This yields (8.3) for j=1,...,n — 1.

O

We are now in a position to collect the previous results to give a proof of the divergence theorem.

Theorem 8.3.4 (DEfergence theorem). Let V- C R"™ be open and Q be open, bounded with smooth
boundary such that Q C V. For any vectorfield X € C*(V,R") it holds

/diVX— (X,v)dA,
Q o0

where v is the outward unit normal vector to Of).
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Proof. Since 02 is smooth, we can find for any p € 9Q a rectangle R, C V, centered at p, such
that after relabeling the coordinates in R™ and/or switching x,, — —z,, we have that 9QN R, is the
graph of f, : R, — ((ap)n, (bp)n), where R, = R}, x [(ap)n, (bp)n], and 2N Ry, is the region above
graph(f,). Replacing R, with a slightly smaller rectangle (which we denote again by R,) we see
that we are in the setup of Proposition 8.3.3.

Note that {int R,},co0 is an open cover of 9€). Since 0f) is compact, there exists a finite subcover
O ={intR,,,...,int Ry, }. By Theorem 7.4.2 and Remark 7.4.4 (1) there is a finite partition of
unity ® = {p1,...,onm} of 92 subordinate to O.

This yields that for [ € {1,..., M} there exists k € {1,..., N} such that the vectorfield X; := ¢;- X
satisfies
{x e V|Xi(z) #0} C Ry, .

Note that this implies that X; vanishes on 0R,,. Thus we can apply Proposition 8.3.3 to obtain

(8.6) /dile:/ (X, v)dA
Q oN
foralll e {1,...,M}.

Now consider the function
M

n:Q— [0,1],:1:*—>1—Zg0;(x) .
I=1

Note that n € C*°(£2) and n vanishes outside a closed set contained in 2. Thus we can extend 7
by zero to all of R™ and treat n as an element of C°°(R™). Furthermore in an open neighborhood

V' c V of Q we have
M
Zﬂﬂl+77=17
=1

and we can write
M

X:ZXZ—H)X on V'
=1

Since the vectorfield nX vanishes outside a closed set contained in 2 we have by Proposition 8.3.2
that

(8.7) /Q div(nX) = 0.
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We can thus combine (8.6) and (8.7) to see that

M M
/deX:/de (;Xl+n-x) :/Q <§_;d1le+d1v(nX)>

=

:Z/Qdivxl+/ﬂdiv(n)():§/89<Xl,y>dA+0

=1

since X = > X, on 99,

This completes the proof of the divergence theorem. ]

Remark 8.3.5: (1) Physical interpretation: In words, if we see the vectorfield X as the speed
vectorfield of some quantity, then the divergence theorem asserts that the average rate at which
the quantity flows out of Q (i.e. the flux of X across 0f2) is equal to the integral of div X over €.
Now the vectorfield must, in a loosed sense, diverge, to have a net flow across 9€2. This provides
some justification for the terminology divergence.

(2) Note that if n = 1 we can take Q = (a,b) for a,b € R. For e; the unit basis vector in R we
see that the outward unit normal to 02 is given by v(a) = —e; and v(b) = e;. Furthermore for
[a,b] C (¢,d) and a vectorfield X € C*((c,d),R), we can write for x € (c,d)

for f € C'((c,d)). The divergence theorem then implies that
/( ) div X = (X (a),v(a)) + (X (b),v(b)) = f(a)(er, —e1) + f(b)(e1,e1) = f(b) — f(a).

But we also have

div(X)(z) = o f(z) = f'(2)

b
/ divX:/ f'(z) dx.
(a,b) a

This yields that for n = 1 the divergence theorem is equivalent to the fundamental theorem of
calculus:

and thus

b
/ f(x) dz = f(b) — f(a).

(3) Coming back to the physical interpretation, now for n = 1, we have seen that a function
f:[a,b] — R can be thought of as a vector field on the line. For instance, if we think of [a,b] as
a highway, then f(z) could represent the number of vehicles per minute that pass by x; we are
assuming that this rate is a function of position x but not a function of time which, of course, is
unrealistic. Anyway, f’(z) is then the divergence of f and f(b) — f(a) is the flux of f across the
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boundary 9(a,b), which consists of just the two points {a,b}. However, f(b) represents the rate at
which traffic is exiting the highway at b and f(a) represents the rate at which traffic is entering the
highway at a. Thus the flux f(b) — f(a) represents the rate at which traffic is building up on the
stretch [a, b] of highway between a and b. The fundamental theorem of calculus (or equivalently
the divergence theorem) states that this flux is equal to the integral of the divergence f’ of the rate
of traffic flow f along [a, b].

8.3.1 The divergence theorem in the plane

Consider a bounded open set  C R? with smooth boundary. Note that in this case 92 is compact,
and it can be parametrised by a collection {71,...,7x} of disjoint, closed, embedded (i.e. no self-
intersections) and regular curves. Here closed means that ~; : [a;, b;] — R? and

P (a;) = P (b;)

for all kK € N U {0}, in the sense of right and left derivatives. We will say that {y1,...,7x}
parametrise 0f).

Let us for the moment assume that 92 has only one component, parametrised (with the conditions
as above) by v : [a,b] — R2. Recall that in the definition of the integral along the boundary 9%,
Definition 8.1.5, we considered O = {O1,...,0On} be a finite open cover of 92 such that 9Q N O;
can be written as a graph, with graphic parametrisation F; : (a;,b;) — 09 N O;, corresponding to
fi: (ai,b;) — R. Considering ® = {p1,...,pap} a finite partition of unity of 9Q subordinate to O
for each ¢; € ® we choose O;(;) € O such that {z € R?|g;(x) # 0} C Oy(j). For h € C°(99) we
then defined

M
/ hds=Z/ (9ih) o Figgy/1+ Fi |
o0 =17 (@) b))

But in our case v : [a,b] — R? is a global parametrisation of 992 and we have by the invariance of
the integral along a curve under reparametrisation (see the beginning of Chapter 8) that for each
jeA{l,..., M} we have

(sh) 0 Fygy 1+ I, P=/ (esh) o IV Z/w'hds.
/(ai(j)’bi(j)) ’ ’ @ [a,b] ’ Y ’

This implies

M

M M
/3th8_2/( ) )((pjh)on(j)1/1+|fZ/(])’2_Z/SDJhdS_/Z(pjhds_/hds7
1 7 \@i(5):%(3) j v 7 j=1

j= 7j=1 v

b
/ hds:/hdSZ/ ho~|+ | dt,
o0 o' a

i.e. both our definitions of the integral along the boundary (for n = 1) and along a curve agree!
(As they should for both definitions to be reasonable).

and thus
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We can use the above discussion to restate the Divergence Theorem in the plane.

Theorem 8.3.6 (Divergence Theorem in the Plane). Let V C R? be open and Q be open, bounded
with smooth boundary such that @ C V. Assume {v1,...,vx} are disjoint, closed, embedded,
regular curves which parametrise 0. Then for any vectorfield X € C*(V,R?) it holds

K
/diszZ/(X,u)ds,
Q =17

where v is the outward unit normal vector to Of).

Remark 8.3.7: Note that if 7; : [a;, b;] — R? is oriented in such a way that Q lies locally to the
left of t — ~;(t) and v = (7], %), then we can write

) I SRSV SR 1 ()
(@) = a0 = <—vi(t)>

where R : R? — R? is the rotation by 7/2 in clockwise direction. (If  lies to the left of ¢ — v;(¢)
we have to multiply the expression on the RHS by —1). We can thus write

[ s = [ Xo@)Lva@IY@ld= [ XG0, Ry O)d.
Vi aq ai
Example 8.3.8: Consider the vectorfield W (z,y) := (z,y) on R? and the vectorfield V(z,y) :=
wgiiyg(:n, y) on R?\ {(0,0)}. Calculate
(a) div W and div V,
(b) the flux of V' across the circle Cy of radius 1 with centre at (0,0).

Explain why the answer in (b) does not contradict the divergence theorem and the answer in (a)
for V. Calculate

(c) the flux of V' across the circle Cy of radius 2 with centre at (0,0).

Explain why the answers in (b) and (c) are equal.

Solution.
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(a) div W = 2 (z) + (%(y) =2.

. 0 T 0 y
divV=- ")+ — (2
VY= 5 ($2+y2> "oy <$2+y2>

_ @4y —220) | (2% +y%) - y(2)
(a2 +y2)? (a2 +y2)?

=0.

(b) If (x,y) € C} then ||(z,y)|| = 1 and therefore, the unit normal v(z,y) at (z,y) € Cj is equal
o (z,y). It follows that

/Cl<V, v)yds = /Cl((:n,y), (z,y))ds = /C1 1ds = length(C}) = 2.

It is not possible to define V" at (0,0) in such a way as to make V' continuous (or even differentiable)
there. Therefore, the divergence theorem cannot be applied to V on the unit disk centred at the
origin.

(¢c) If (z,y) € Oy then ||(z,y)]| = 2 and therefore, the unit normal v(z,y) at (z,y) € Cs is equal
to 3(z,y). It follows that

/CQ<V, v)yds = /C2 %((az,y), (%(a:,y))> ds = / %ds = %length(Cg) = 2.

Co

We may apply the divergence theorem to V on the annulus A := {(z,y) € R?|1 < 2% +¢? < 4}.
Then A = C; U Cy. On Cs, the outer unit normal v to A is equal to 3(z,y) = v(z,y), as in (c).
However, on C1, the outer unit normal v is equal to —(z,y) = —v(z,y), i.e. the opposite of the
unit normal in (b). Therefore,

/8A<V,I/>ds:/CQ(V,Z/)ds—/Cl(V,u)ds:O,

ie., / (Vivyds = / div V dz dy, in agreement with the divergence theorem.
0A A

8.3.2 Integration by parts and Green’s formulas

We first note the following little formula. Consider U C R" open and X € CY(U,R"),p € CY(U).
We then have

(8.8) div(eX) =Y 9i(pXi)) =@ Y 0 Xi+ > (0ip)Xi = ¢ divX + (Vy, X).
i=1 i=1 i=1
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Using the divergence theorem we can generalise integration by parts to higher dimensions - without
appealing to Fubini.

Proposition 8.3.9 (Integration by parts). Let V' C R™ be open and Q2 C R" be bounded, open with
smooth boundary and Q C V. Let u,v € CY(V) and i € {1,...,n}, then

/u@iv:—/aiuv—i-/ uv v; dA
Q Q Ely)

Proof. Consider e; the i-th basis vector in R™. Note that we can write
Oiv =div(v - €;),
and thus, together with (8.8)
wOv = div(v - ;) = div(uv - €;) — (Vu,v - €;) = div(uv - ;) — v dju.

Thus by the divergence theorem

/u@iv:/div(uv-ei)—v&u:—/&-uv—l—/ (uv - e;,v) dA
0 0 Q a0

:—/@uv—f—/ uvv;dA.
Q onN

Remark 8.3.10: (1) Note that if either u or v vanish on 92, we obtain

(8.9) /u@iv:—/aiuv.
Q Q

(2) Even without any regularity assumptions on 2 (i.e. no smooth boundary), if say u,v € C*(£2)
and v vanishes outside a compact set contained in §2, then by Proposition 8.3.2 we still have that
(8.9) holds.

Definition 8.3.11 (Laplacian). Let U C R" be open and u € C?(U). We define the Laplacian of
uatx €U to be

Au(x) = Z dFu(x).
i=1

We note that we also alternatively write for x € U
(8.10) Au(z) = Z D?u(e;, €;)(z) = tr d*u(x) = div(Vu)(z),
i=1

where e, ..., e, is the standard basis of R".
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Proposition 8.3.12 (_Green’s formulas). Let V C R™ be open and Q C R™ be bounded, open with
smooth boundary and Q C V. Assume u,v € C*(V). Then

(8.11) /Q(uAv + (Vu, Vo)) = /(mu(Vv,w dA,

and

(8.12) /Q(UAU —vAu) = /aQ(u (Vu,v) —v(Vu,v))dA,

Proof. Using (8.10) and (8.8) we can compute
(8.13) uAv = u div(Vv) = div(uVv) — (Vu, Vo).

Integrating this over © and using the divergence theorem yields (8.11). Interchanging v and v in
(8.13) and substracting from (8.13) yields

uAv — v Ay = div(uVv) — div(vVu) .

Again integrating this over 2 and using the divergence theorem yields (8.12). O

8.3.3 Tangential line integral and Green’s theorem in the plane

We recall the definition a the unit tangent vector to a regular curve.

Definition 8.3.13 (Unit tangent vector). Let 7 : [a,b] — R"™ be a regular curve. Then its unit
tangent vector 7(t) is defined to be

We can use this to define the tangential line integral of a vectorfield along a regular curve.

Definition 8.3.14 (Tangential line integral). Let U C R™ be open and X € CO(U,R™). For a
reqular curve 7y : [a,b] — U we define the tangential line integral of X along 7 to be

b b
X, mYds:= [ (Xovy,T)ds= X T ! dt = X (1) dt .
L (X,7) / (X 07,7) / (X (1)), 7(®) | ()] dt. / (X((t)), (1)) dt

We should first check that this definition is invariant under a reparametrisation of v. Recall that
for a reparametrisation of v we consider a continuously differentiable function ¢ : [¢,d] — [a, b] such

that ¢(c) = a and ¢(d) = b and ¢'(t) > 0 for all ¢ € [¢,d]. Then

Viled =Rt (yod)(t),
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is a reparametrisation of . Note that

V=@0od)=¢" (00
and we can compute, using the change of variable formula
o d . #(b) . ,
[xeqnds= [(xGO. 7O = [ XO@O)A )¢ O
gl c é(a)

b
=[x @)= [ (X onrids,

and thus indeed the definition is invariant under reparametrisation.

Remark 8.3.15 (Physical interpretation): When the vector field X represents a force, then
fv (X, 7) ds represents the work done by X while pushing an object along .

When 7 is a closed curve, fv<X ,T)ds is sometimes referred to as the circulation of X around ~y
as it measures the rate at which the quantity described by the vector field X circulates around .
The symbol fv is sometimes used to indicate the fact that ~ is closed.

Finally we would like to discuss Green’s theorem in the plane.

Definition 8.3.16 (Curl of a vectorfield). Let U C R? be open and X € C*(U,R?) then we define

curl X := 01 Xy — 99X

Remark 8.3.17: Note that if R : R? — R? again denotes the clockwise rotation by /2 then
R(X) = R((X1,X2)) = (X2, —X1)

and we can write

curl X = divR(X).

Theorem 8.3.18 (Green’s theorem in the plane). Let V C R? be open and Q2 be open, bounded with
smooth boundary such that Q C V. Assume {y1,...,7k} are disjoint, closed, embedded, regular
curves which parametrise 0, which are oriented in such a way such that Q locally lies to the left
of vi fori=1,...,K. Then for any vectorfield X € C*(V,R?) it holds

K
/curlX—Zj(I{ (X,7)ds,
Q Vi

i=1

where T is the unit tangent vector along each ;.
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Proof. From Remark 8.3.17 we have that
curl X = divR(X),

and by the divergence theorem in the plane, Theorem 8.3.6

[ewix = [ awvrx) - z [ )i

where v is the unit outward normal to 9€). Note that since R preserves the scalar product between
two vectors (i.e. (Rv, Rw) =)v,w) for all v,w € R?) and R? = —I we have

(R(X),v) = (R*(X), R(v)) = (~X,R(v)) = ~(X, ~7) = (X,7),

and thus

/chrlX— /7_<X,T>ds_zj§<x,¢>ds.

=1 g =1 v

O]

Remark 8.3.19 (Physical interpretation): The obvious physical interpretation is that the circu-
lation of X around 02 equals the integral of curl X over €.



A Appendix

A.1 Local surjectivity via the contraction mapping principle

We will briefly explain how one can use the contraction mapping principle to obtain local surjectivity
in the proof of the Inverse Function Theorem, Theorem 4.0.4. We use the notation as in the proof
there, and we will give a different proof of

Step 2: f is surjective in a neighborhood around a.

Note that we can replace  — f(z) by z — f(a+ z) — f(a). So we can assume a = 0 € R" and
f(a) =0. Then (4.4) yields for g(x) = = — f(x)

1
(A1) lg(z) =gl < Sllz =yl Va,y € B(0,e).
Note that g(0) = 0 and so g(B(0,¢)) C B(0,e/2). For yo € B(0,¢/2) define

9o (%) 1= g(x) + 50

Note that g,,(B(0,¢)) C B(0,¢) and thus by continuity g,,(B(0,¢)) C B(0,¢). Furthermore (A.1)

yields (using again continuity of g, for the extension to B(0,¢))

1
l9yo (2) = gy W) < Sllz =yl Va,y € B(0,e).

Thus gy, : B(0,e) — B(0,¢) is a contraction mapping. Since (B(0,¢), ||z —y]|) is a complete metric

space, the contraction mapping principle yields that g,, has a unique fixed point zg € B(0,¢).
But
9yo (o) = w0 = w0 — f(z0) + Yo =20 < f(20) =40-

This yields local surjectivity of f.
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