Differential Calculus
Course at Paris VI University, 2009/2010 (v.7)

Pierre Schapira

http://www.math.jussieu.fr/“schapira/lectnotes

September 2009






Contents

1 Differentiable maps

1.1 Differential . . . . . . . . ...
1.2 Necessary conditions for extremum . . . . . ... ... . ...
1.3 The mean value theorem . . . . . . . .. ... ... ... ...
Exercises . . . . . . .
2 Higher differentials
2.1 The Schwarz lemma . . . . . . . . . . .. ... ... ... ...
2.2 The Taylor formula . . . . .. ... ... .. ... .......
2.3 Applications to extremum . . . . . .. ...
Exercises . . . . . . .o
3 Submanifolds
3.1 The local inversion theorem . . . . . . ... ... ... ....
3.2 The constant rank theorem . . . . . . . . . . . ... ... ...
3.3 Submanifolds . . . . .. ...
3.4 Tangent space . . . . . . ... o
Exercises . . . . . . .o

14
20
25

27
27
32
36
38



CONTENTS



Introduction

The aim of these Notes is to provide a short and self-contained presentation
of the main concepts of differential calculus.

Our point of view is to work in the abstract setting of a real normed
space, and when necessary to specialize to the case of a finite dimensional
space endowed with a basis. The main notion is that of the differential of a
function: it is the first linear approximation of the function, and it is impor-
tant since, in practice, linear functions are essentially the only ones which can
be computed. Hence, the game is to deduce some knowledge of the function
from that of its differential. We illustrate this point all over the course and
particularly in two situations:

(i) when searching extrema of a real function, by using the method of La-
grange multipliers,

(ii) when studying embedded submanifolds and calculating their tangent
spaces.

These Notes use the basic notions of general topology and are the contin-
uation of [4]. Among the vaste literature dealing with differential calculus,
let us only quote the books [1] and [3].

For the French students who would learn Mathematical English, see [2].
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Chapter 1

Differentiable maps

1.1 Differential

In all these Notes, unless otherwise specified, we will consider real normed
vector spaces. Recall that if F and I are two such spaces, L(E, F') denotes
the linear space of continuous linear maps from E to F. The space L(F, F)
is endowed with the norm |[|u|| = sup,<; |[u(z)||. Here, u € L(E,F), r € E
and || - || denotes either the norm on E, or on F or on L(FE, F).

In this Chapter, we will often encounter the following situation: U is an
open subset of F and f: U — F' is a map. We write for short

(1.1) EDULForalsof:EDUHF.

Definition 1.1.1. One says that f is differentiable at a € U if there exists
u € L(E, F) such that

(1.2) fla+h) = f(a) —u(h) = ||n]| - €(a, h)
where ¢(a, h) goes to 0 when h goes to 0.
Lemma 1.1.2. If u exists, then it is unique.

Proof. Assume we have u; and uy which satisfy (1.2). Set v = u; — uy. Then
v(h) = ||h||le(h), where e(h) goes to 0 when h goes to 0. Let us fix h and
choose a sequence {\,}, in R-, which goes to 0 when n goes to co. We have
1 1
o) = ok = Al h)
= [[hlle(Anh)

which goes to 0 when n goes to co. Since v(h) does not depend on n, v(h) = 0.
q.e.d.
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Definition 1.1.3. (i) If u exists, one denotes it by f'(a), or else df (a), and
calls it the differential of f at a.

(ii) If f'(a) exists for all @ € U one says that f is differentiable on U. If
moreover, the map U 3 a — f'(a) € L(E, F) is continuous, then one
says that f is of class C'' on U and one denotes by C'(U; F') the space
of such functions.

o If f is differentiable at a then f is continuous at a.
e If f is constant, then f is differentiable at each a € E and f’(a) = 0.
o If f e L(E,F), then f is differentiable at each a € E and f'(a) = f.

e If f is differentiable at a and A € R, then Af is differentiable at a and
(Af) (a) = Af'(a).

o If f and g are differentiable at a, then f + ¢ is differentiable at a and
(f +9)'(a) = f'(a) + ¢'(a).

o If F=F xFyand f = (f1, f2), then f is differentiable at a if and only
if f1 and fy are differentiable at a and in this case f'(a) = (f{(a), f5(a)).
A similar remark holds when F = F} x --- x F,,.

Example 1.1.4. (i) If £ = F = R, then f is differentiable at a € R if and
only if it is derivable at a. For example, the map x +— |z| from R to R is not
differentiable at 0.

(ii) Let K be a compact space and let E = C°(K;R) be the Banach space
of real continuous functions on K. Recall that E is a Banach space for the
sup-norm, ||f|| = sup,cx |f(x)|. Consider the map

frE—=E, f(p)=¢" p€ck.
Then f is differentiable at each ¢ € E and f'(¢) € L(E, E) is given by
Fo)W) =20 9.
To check it, note that
(p+9)° =" =2¢p- ¢ +9°

and ¢ = [[¢]| - e((p, ¥) with e(p,¥) = iy and e(,4) (which does not
depend on ¢ is this case) goes to 0 when 1 goes to 0.

(iii) Let A be a Banach algebra and let f: A — A be the map a — a®. Then
f'(a)(b) = ab + ba. The proof goes as in (ii).
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Proposition 1.1.5. Let E, F,G be normed spaces, let U an open subset of
E and V' an open subset of F'. Let f: E DU -V CF andg: FOV -G
be two maps. Let a € U and set b = f(a). Assume that f'(a) exists and g'(b)
exists. Set h:=go f. Then h'(a) exists and

h'(a) = g'(b) o f'(a).

Proof. Set y:= f(a+ x) — f(a). Then f(a+x) =b+y and
y="flatz)=fla) = fla)z+]lz(lale ),
g(b+y)—gb) = 4

b)y + |lyl|B(b,y),
ha+z)—h(a) = g(fla+x))—g(f(a))=g(+y)—g(b)

= g0 (f"(a)x + l|z]|ala, x)) + |(f'(a)x + [|z]|ala, 2))]] - B(D,y)
= (g'(b) o f'(a))x + ||z[|(a,z)

with

v(a, ) = g'(b)(ala,2)) + [|(f'(a )W +a(a,2))]| - B(b,y).
Here, a(a,x) goes to 0 when x goes to 0 and (b, y) goes to 0 when y goes
to 0. Since f is continuous at a, y goes to 0 when z goes to 0. Hence, 3(b, y)
goes to 0 when x goes to 0 and thus 7y(a,z) goes to 0 when x goes to 0.
q.e.d.

Example 1.1.6. Let E = C°(K;R) for a compact space K. Let U = {p €
E;p > 0}. The set U is open in E. Indeed, let ¢ € U. Let € denote the
minimum of ¢ on K. Since K is compact, there exists ¢t € K with ¢(t) = «.
Thus € > 0. It follows that the open ball B(p,¢) is contained in U. Now
take K = [0, 1] and consider the map

f:U—=R, o |—>/ In(p(t))dt

Then f = goh with h(¢) = In(¢) and g(¢ fo t)dt. Let us calculate h'.
Let [a, b] be a compact interval contained in Ryg. One has

In(x 4+ y) = In(z) + % + |yle(z,y)

with e(x,y) goes to 0 when x € [a,b] and y goes to 0. The function ¢ € U
being given, there exists such an interval [a, b] with ¢(t) € [a,b] for t € [0, 1].
Therefore

¥(t)

In((p +9)(t)) = In(p(t) + o (8)|e(p(t), (1))
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with e(¢(t),1(t)) goes to 0 when ||¢)|| goes to 0. Hence

In( -+ ) = Ine) + 2 -+ [[u]]ate. ¥
where a(p,v) € E is the function a(p,¢)(t) = %5(@@),1&(1&)). Hence,

a(p, 1) goes to 0 when 1) goes to 0 and we get that h is differentiable at each
p e U and

/ Y
h ==
(©)(¥) ”
Since ¢ is linear, ¢'(¢) = ¢g and we get
v [T
.f (99)(1D) - 0 g?(t) 2

Example 1.1.7. Let A be a Banach algebra. Denote by €2 the set of invert-
ible elements. Then € is open in A. Indeed, if x € Q, then z+y = z(1 +z~'y)
and 14z 'y is invertible as soon as ||y|| - ||[*7!|| < 1, hence as soon as

[yl < (=MD~
Now denote by J: Q — € the map z — x~!. Then J is differentiable at
each a € 2 and

(1.3) J'(a)h = —a " ha .

(i) Let us first prove that J is continuous, that is, (a + h)™' — a™! goes to 0
when & goes to 0. When multiplying (a + h)™' — a™! by a, this is equivalent
to saying that (1 —u)~! goes to 1 when u goes to 0. Since

11— =) = 11wl < Y [l
n>1 n>1
this follows from the fact that 2@1 g™ goes to 0 when & goes to 0.
(ii) Let us prove that J is differentiable and calculate its differential. We
have
(a+h)—at = atala+h) —a(a+h)(a+h)
= —a 'hla+h)™!
= —a'ha' —a'h((a+h) —a™t).
Therefore, (a +h)™t —a™' — (—a"tha™') = ||h||e(a, h), with

b a —1_ -1
e(a,h) = —a ||h||<( +h) ).

Hence, e(a, h) goes to 0 when h goes to 0, by (i).
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Partial differential

Let E, F,U,a be as above and let N be a vector subspace of F, endowed
with the norm induced by that of E. The set a + N C F is called an affine
subspace of E. It is the translated by a of the vector space N. Consider the
maps

(1.4) t:N—FE, x—2x t4a=t+a, x+—x+a.

The map ¢, is called an affine map, it is the sum of the linear map ¢ and the
constant map = — a.

Definition 1.1.8. Let £ > U L F be amap and let a € U. One says that f
is differentiable along N at a if fou,: ¢;1(U) — F is differentiable at 0 € N
and one denotes by fj (a) this differential.

e If f is differentiable along N at a, then fjy(a) € L(N, F).

e Applying Proposition 1.1.5, we find that if f is differentiable at a, then
f is differentiable along N at a and fi(a) = f'(a) o ¢, where ¢ is the
linear embedding N — E. Hence, f} (a) is the restriction of the linear
map f’(a) to the subspace N of E.

e As a particular case, assume that N has dimension 1. Let v € N,
v # 0. In this case, the differential of f along IV at a is also called the
differential along v at a and denoted f/(a) or else D, f(a). Then

fila) = & fla+ 0)(0).

In other words, the differential along v at a is the derivative at 0 of the
function R > t — f(a+tv) € F.

Now assume that £ = E; X Ej. (The extension to the case where E =
Ey x -+ x E, is left to the reader.)

A vector h € E will be written as h = (hy, he) € E1 X Ey or else h = hy+hy
with h; € E; (i = 1,2) when identifying E; with a subspace of E. A linear
map u: F — F may thus be written as

(15) u((hl, hg)) = Ul(hl) + Ug(hg),

where u; is the restriction of u to E; (i = 1,2).
Let a = (a1, ap) and assume that f is differentiable at a. Then

(1.6) flar+ hy,as + ho) — f(ar, a2) — f'(ar, a2)(h1, ha)
= (|[Pal[ + [|R2|[)e (a1, az, h1, ha)
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where e(ay, ag, h1, hy) goes to 0 when ||hq|| + ||h2|| goes to 0. Using (1.5), we
get that

f'(a)(hi, ha) = fr,(a)hy + fg,(a)hs.

Sometimes one denotes by dz; the projection Fy x Ey — E; (i = 1,2).
This notation makes sense since dx; is the differential of the linear map
x = (x1,22) — z; (see below). One also writes

(1.7) of = fp. orelse 0;f := fp. orelse fi = f .
a.Tj J J J J
Then we get
oy o Of of
f'(a) = T (a)dzy + 90 (a)dzy

i (a)dzy + fh,(a)dzs.

One shall be aware that the existence of partial derivatives does not imply
the existence of the differential.

Example 1.1.9. Let £ = R x R and consider the function f: £ — R given
by

T

flay) = Tyy for (z,y) #0, £(0,0) = 0.

Then f admits partial derivatives along {0} x R and along R x {0} at each
(z,y) € R? but f is not differentiable at (0,0) since it is not continuous at
this point.

Jacobian matrix

Assume that £ = E; x --- x E,. Let a € U C E, with U open, and let
f: U — F be a map. Assume f’(a) exists. This is a linear map from E to
F'. Recall the notation 1.7. Hence

0
a—gj;(a) e L(E;, F)

and for h = (hy,...,h,) € Ey X -+ X E,, we have

Fla)y=3" %(a)hj.

J=1
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0
When E is endowed with a basis (eq, ..., e,), a—f(a) is the derivative at ¢ = 0
"~

J
of the function R 3 t — f(a +t-e;). Moreover, denote by (ef,...,e!) the
dual basis to (e, ...,e,). Then € is the linear map

n
xr = E Xi€; — Xy,
1=1

that is, the projection x — x;. Hence, it is natural to set

Assume furthermore that F'is a product, F' = F} x --- x F},. In this case

f=0 )

Definition 1.1.10. The Jacobian matrix of f at a, denoted J¢(a), is the
matrix of the linear map f’(a).

Hence Jf(a) = {aj: (a)}iz1.... pij=1,...n, and af

(a) belongs to the i-th row

7
and j-th column of the matrix: !
oh of
a—xl(@) o, (a)
(1.8) fila) = L
oy fn
axl(a) aIn(a)

Now consider the situation of Proposition 1.1.5 and assume that £ =
Eyx- - -xFE,, F=F x---xF,and G = Gy X --- x G;. Let U an open
subset of E/, V an open subset of F, let f: EE D U — V C F and let
g: F DOV — G. Let a € U and set b = f(a). Assume that f'(a) exists
and ¢'(b) exists. Set h:=go f. We know that h'(a) exists and is equal to
g'(b) o f'(a). By translating this result in matrices notations, we get that the
Jacobian matrix of h is the composition of the Jacobian matrix of g and that
of f:

Jn(a) = Jy(b) o J5(a).
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C-differentiability

Assume that E and F' are both normed vector spaces over C (hence, they are
in particular real vector spaces). Let us denote as usual by L(E, F') the space
of R-linear maps from E to F' and let us denote by L¢(E, F') the C-vector
subspace consisting of C-linear maps.

Definition 1.1.11. Let U C E be an open subset and let a € U. Let
f: U — F be a map. One says that f is C-differentiable at a € U if f'(a)
exists and belongs to L¢(E, F).

Let us consider the particular case where £ = C and F'=C. Let U C C
be an open subset and let f: U — C. Assume that f’(a) exists. Then f
is C-differentiable at a € U if f'(a) is C-linear. Writting C = R x R with
coordinates z = (,y), and denoting by f; (resp. f,) the partial derivative
with respect to x (resp. y), we have

f'(a) = fi(a)dz + f,(a)dy

where dx is the projection z — z and dy is the projection z +— y.

Now recall that an R-linear map from C to C may be written as u =
adr + bdy and wu is C-linear if and only if a + tb = 0. Therefore f is C-
differentiable at a € U if and only if its partial derivatives f;(a) and f,(a)
satisfy f;(a) +if,(a) = 0. Writting d, f instead of f; and similarly with d, f
we get the Cauchy-Riemann equation:

(0 +140y) f)(a) = 0.

1.2 Necessary conditions for extremum
In this section, we consider real valued functions f: E DU — R. Let a € U.
e One says that f has a maximum at a if f(z) < f(a) for any x € U.

e One says that the maximum is strict if moreover f(z) < f(a) for any
relU, x#a.

e One says that f has a local maximum at a if f(z) < f(a) for any x in
a neighborhood of a.

e One says that f has a strict local maximum at a if f(z) < f(a) for any
x in a neighborhood of a.
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e Replacing < with >, we get similar notions, replacing maximum with
minimum.

e An extremum is either a maximum or a minimum, and similarly for a
local /strict extremum.

Theorem 1.2.1. Assume that f'(a) exists and that f has a local extremum
at a. Then f'(a) = 0.

First proof. Let N be a line in E (that is, a vector subspace of dimension
one) and set N, = a + N. Then the function f|y, has a local extremum at
a. This function is a real function defined on an interval of the real line N,.
Hence, its derivative is 0. Therefore f'(a)|y = 0 for all line N C E which
impies f’(a) = 0. q.e.d.

Second proof. Let us give a proof which does not reduce to the 1-dimensional
case.

Assume for example that f(a+z)— f(a) > 0 in a neighborhood of z = 0.
Using the definition of the differential, we get

f'(a) -z + [zl - £(a,x) > 0
where £(a, z) goes to 0 when x goes to 0. Set z = ty with t € R, ¢ > 0. Then
Fa@) -y + lplle(aty) > 0
Making ¢t — 0, we get f'(a) -y > 0. replacing y with —y, this implies
f'(a) = 0. q.e.d.
Lagrange’s multipliers

First, we need a lemma of linear algebra.

Lemma 1.2.2. Let E be a vector space over R, let uq,...,uq be d linear
maps from E to R. Set

(1.9) N ={z € E;uj(z) =0 forall j=1,...,d}.

In other words, N = ﬂ;l:l u;l(O). Letu: EE — R be a linear map and assume

that u|y = 0. Then there exist Ay, ..., \q in R such that u = Z?Zl Ajuj.

Proof. We shall only give the proof when dim ¥ < oco. In this case, we set
E* = L(E,R) and we set n = dim E, the dimension of F.
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(i) We may assume that the family (ui,...,uq) is free in E*. Indeed, if for
example u, is a linear combination of uy, ..., u4_1, then N = {z € F;u;(x) =
Oforall j=1,...,d—1.

(ii) Define the orthogonal space N+ as follows

Nt ={yec E*(y,2) =0 for all z € N}.

One has dim N* = d = n — dim N. Indeed, we may find a supplement L to
Nin E, thatis, E ~ N@® L and then E* ~ N*@® L* and N* ~ L*, L+ ~ N*.

(iii) To conclude, notice that the u;’s belong to N+t. Therefore (uy, ..., uq)
is a basis of N+ and if v vanishes on N, then v € N+, hence u is a linear
combination of the u;’s. q.e.d.

Corollary 1.2.3. Let f: E DU — R be a map and let a € U. Let N C E
be the vector subspace given by the equations (1.9) and let N, = a+ N be the
affine space passing through a and parallel to N. Assume that f'(a) exists
and f|n, has a local extremum at a on N, N U. Then there exist Ay, ..., \g
in R (the Lagrange multipliers) such that f'(a) = Z;l:l AU

Proof. Let t,: N — E be the map x — a+x. Then the map fo:, has a local
extremum at 0 on N. Applying Theorem 1.2.1, we get that (f o¢,)'(0) = 0.
Hence, f'(a)|y = 0 and it remains to apply Lemma 1.2.2. q.e.d.

Theorem 1.2.4 below will be easily deduced from Corollary 1.2.3 in Chap-
ter 3.

Theorem 1.2.4. (The Lagrange’s multipliers Theorem.) Let E be a finite
dimensional vector space, U an open subset and let a € U. Let f: E D
U — R be a map and assume that f'(a) exists. Also assume that there
..... 4 of class C' on U such that their differentials
at a, {¢j(a)}j=1,..4, are linearly independent. Set S = {xv € U;p;(r) =

0 forallyj = 1,...,d}. Now assume that f|s has a local extremum at a.
Then there ezist Ay, ..., \q in R (the Lagrange multipliers) such that f'(a) =

> A ().

Example 1.2.5. Let £ = C°([0,1];R), N = {y € F; fol (t)dt = 1} and
U = E. Consider the function

1
f: E—R, cp»—>/ ©*(t)dt.
0

Let us find the extrema of f on N. Denote by u: E — R the linear map
U fol o(t)dt. Then N = {¢ € F;u(e¢) = 1}. On the other hand,
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f = hog where g(¢) = ¢* and h(¢)) = fol Y(t)dt. Since ¢'(p) - 1 = 2¢1p and
h is linear, we get

oy =2 /O o(t)p(t)dt.

If f has an extremum at ¢ on N, then there exists A € R such that f'(¢) =
A (p) = Au. Hence

P = A / bt

for all v € E. Choosing ¢ = 2p — \, we get f01(2g0 — A)2dt = 0, hence
1
Y= 5)\. Since ¢ € N, this implies ¢ = 1. On the other hand, one has the

Schwarz’s inequality

( / S (B)d) < ( / (1)) / (t)dny?.

Choosing ¢ = 1, we find for ¢» € N:

1
1< ([ vl
0
that is, 1 < f(v). Therefore, ¢ =1 is a global minimum.

Example 1.2.6. Let £ = C°((0,1;R), N = {p € E; [ ¢(t)dt = 1} and
U= {p € E;p >0. Recall that U is open in E. Indeed, if ¢ € U, there
exists ¢ > 0 such that ¢(t) > ¢ for all ¢t € [0,1] and ||¢]| < ¢ implies that
@ + 1 still belongs to U.

Consider the function

FIESR, o H/O In(p(¢))dt.

Then

, O
o)y = i W)dt-

Therefore, if f has a local extremum at ¢, we get

/O1 %dt = )\/Olw(t)dt



18 CHAPTER 1. DIFFERENTIABLE MAPS

1
for all ¢ € E. Choose 1 = — — A. One gets
12

11
/ L aa—o,
0

¥

hence ¢ = A1, and since p € N, ¢ = 1.
Let us show that ¢ =1 is a strict local maximum. Set ¢y =1 4 0. Then
1 € N if and only if fol 6(t)dt = 0. We have

2

In(1+60) =6 — % + 6%¢(0),

where ||e(6)]| goes to 0 when ||0]| goes to 0. In particular, there exists 7 > 0
1
such that ||0|| < n implies €(0) < 7 Then

fa+0) = /01 In(1 + 6)dt

_ /le(t)dt— %/le(t)m _ 2:(6))dt.

For 6 # 0, ||8|] < n, the function 6(t)*(1—2¢(6)) is positive and not identically
0. Since fol 6(t)dt = 0, we get f(1+6) < 0.

Example 1.2.7. In this example, we shall prove the inequality

(110)  (oran)t < B 20 o ) € (Rog)

n
Note first that (1.10) is satisfied at (xy,...,x,) if and only if it is satisfied at
(Ax1,...,Ax,) for some A € R.y. Hence, we are reduce to prove that

1
(111 @1 - @n)7 < — for all (z1, ..., 2n) € (Rug)” with @1 + -+ + @, = 1.
n

Denote by K the compact set

K ={z € R";z; > 0 for all i,in =1}
i=1
Consider the function f: K — R, f(z) = (21 ---x,)w. This function being

continuous, it takes its maximum at some point @ € K. Since f # 0 and
f =0 on the boundary 0K, we have a € Int(K), that is, a € (R5¢)™. Set

U:(R>o)nCE:R",N:{xER”;Z%: 1}.

i=1
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Applying Corollary 1.2.3, there exists A € R such that f'(a) = AD>_ ., dz;).
Hence

n

Z(al ean)n d(ji = )\(Z dx;).
! i=1

=1

This implies a; = -+ = a,, and since Y ., a; = 1, we get a; = % for all 7. At
this point a, we have f(a) = ((1)")» = L1, which proves (1.11).

n

Example 1.2.8. Consider the plane curve I' defined by the equation
['={(z,y) € R* ¢(x,y) =0}, where o(z,y) = 32* + 2zy + 25> — 1.

First remark that since |p(x,y)| > 2® + y?, the function |p(z,y)| goes to
infinity when (z,y) goes to infinity. This implies that T is bounded, hence
compact since ¢ is continuous.

We search the Euclidian distance of 0 to I'. Hence, the problem is to find
the minimum of the function /22 + y2? on the compact set I

Since dy # 0 on I', we may apply Theorem 1.2.4 to the function f(x,y) =
x? 4+ y2. If this function admits a minimum on I at (z,y), we will have

2(xdx + ydy) = M\((62 + 2y)dx + (4y + 2x)dy.
Hence

Z Y

5,2 6,2 _
6r+2 dy+ 20 = 22" + 4dxy — 2y° — 62y = 0.

Since (x,y) € I, we get the system
322+ 22y +2y° —1=0, 22—y’ —ay=0,

which gives 522 = 1, hence z = Wit Then one calculates y and among the

four solutions for (z,y) one chooses that which minimizes z? + y*.

Example 1.2.9. let us calculate the Euclidian distance in R? between a line
A = {(z,y);ax + Py + v = 0} and a parabola I' = {(z,y);y — dz* = 0}.
A first method would be to calculate d((z,y),I") and then to mimimize this
function on A. But a simpler method is the following. Denote by a =
(z,y) a point of I and a’ = (2/,4') a point of A. The distance d(a,a’) is
V(=122 + (y — )% Hence, it is enough to search the minimum of the
function (z —2’)>+ (y — 9')? on the set ' x A C R*. We set

[y, 2 y) = (@ =) + (y—y)%

e1(z,y, ', y) = —02® +y,

ooz, y, 2" y) = ax’ + By + 7,

T xA=8={(z,y,2,¢) e RS pu(x,y,2",y) = po(z,y,2,¢) = 0}.
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If f|s has an extremum at some point A, there exist A\; and Ay such that

f(a) = Mgl (a) + Ao (a).

/

In other words, the system of 3 vectors in R, f/(a), ¢} (a), ¥5(a) has rank 2,
that is, the matrix

—20x 1 0 0
0 0 Q@ 16} has rank 2.
r—x y—vy 2 —x y —vy

We get

aly—y)—plz—2)=0, 202(y —y)+ (2" —z) =0.

The first equation tells us that the line passing through (z,y) and (2/,y') is
orthogonal to A and the second equation tells us that this line is orthogonal
to the tangent to I' at (x,y). Assuming for simplicity that g # 0, we find

x:;a

253"
Let us be more explicit and assume A = {y—x+1=0},T = {y—xQ = 0}.
Then z =3,y =1 and o/ = £, 3 = 3. Therefore, the value of the distance

1

is d= ((z' — 2+ ( —y)?)* = V2.

1.3 The mean value theorem

In this section, we consider a normed space F, an interval I = [a,b] in R
with —oo < a < b < 400, a continuous function f: I — F and a continuous
function ¢g: I — R.

Lemma 1.3.1. Assume that the right derivatives f(x) and g,(z) exist for
all x €la, b and that || fi(x)|| < g)(x) for all x €la,b]. Then ||f(b)— f(a)|] <
9(b) — g(a).

Proof. Let € > 0 and consider the relation
(x)e  f(@) = fla)l] < g(x) — g(a) +e(x —a) + <.

Let U be the set of = € [a,b] where (x). is not satisfied at x. Since f and ¢
are continuous, U is open. Assume U # () and denote by c¢ its lower bound.
If ¢ € U then ¢ = a (since U is open). But a ¢ U. Hence ¢ ¢ U. On the other

L«Te théoreme des accroissements finis” in French
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hand, ¢ # b, otherwise U = (). Hence, ¢ €]a, b[. Therefore, ||f;(c)|| < g)(c).
Hence, there exists 7 > 0 such that for all = € [¢, ¢ + n]:

(f(x) = fle),, ¢ :
: (9(x) —glc)) ¢
gale) = (x —¢) T2

Using the hypothesis that || f;(c)|| < g}(c) we get

(1.12) 1f () = ()l < g(x) —g(c) + ez = ¢).
Since ¢ ¢ U, we have
(1.13) 1f(e) = fla)] < g(¢) — g(a) +e(c —a) +e.

By adding (1.12) and (1.13), we get

1f (@) = fla)l| < g(x) — g(a) +e(z —a) +¢.

Hence, x ¢ U, which contredicts the fact that ¢ is the lower bound of U.
Therefore, U is empty. Since (k). holds for any ¢ > 0, it holds for ¢ = 0.
q.e.d.

Remark 1.3.2. Contrarily to the case F' = R, if dim F' > 1 then, in general,
there exists no ¢ € [a, b] such that f(b) — f(a) = (b —a)f’(c). For example,
consider the map f: R — R? given by f(t) = (cos(t),sin(t)).

Now let E be a real normed space and let U C FE be an open subset.
Recall that a subset A C U is convex if for any z,y € A, the interval
[z,y] = {tz + (1 — )y }+c)0,1) is contained in A.

Theorem 1.3.3. Let f: U — F be a map and assume that f is differentiable
on U. Let A C U be a conver subset and assume that ||f'|| < M on A for
some M > 0. Then ||f(z) — f(y)|| < M||x —y|| for all x,y € A.

Proof. Set h(t) = f((1 —t)z + ty). Then W (t) = f'((1 —t)z + ty) - (y — x).
Hence, [[I'(t)]| < M - [[z —y||. Therefore [[A(1) — R(0)[] < M - [|z —y|| by
Lemma 1.3.1. q.e.d.

Corollary 1.3.4. Let f: U — F be a map. Assume that f is differentiable
on U and U is connected. If f' = 0 then f is constant. If f' = u with
u € L(E, F) then there exists b € F such that f(x) = u(x)+b for allxz € U

(f is affine).
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Proof. (i) Assume that f’ = 0. Since U is connected, it is enough to prove
that f is locally constant. For each a € U there is a non empty open ball
B(a,e) C U and such a ball is convex. Then f is constant on B(a,e) by
Theorem 1.3.3.

(i) If f'=wu, set g = f —u. Then ¢’ = 0 hence ¢ is constant q.e.d.

Corollary 1.3.5. Let f: U — F' be a map and assume that [ is differentiable
onU. Let a € U and let € > 0 such that the closed ball B(a,¢€) is contained
in U. Then for any h € E with ||h|| < e, one has

[1f(a+h) = F@ll <[]l - sup [|f'(a+th)]]

<t<

Proof. Set M = supg<,<; ||f'(a + th)|| and apply Theorem 1.3.3with z = a,
y=a+hand A= la,a+ hl. q.e.d.
Corollary 1.3.6. Let f: U — F be a map and assume that f is differentiable

onU. Let a € U and let € > 0 such that the closed ball B(a,¢) is contained
in U. Then for any h € E with ||h|| < e, one has

@ 1) = f(@) = £'a) Il < [Jbl] - sup I (a-+ th) = (@)

Proof. Set g(z) = f(z) — f'(a)-x. Then g(a+h)—g(a) = f(a+h) — f(a) —
f'(a)-h and ¢'(a+th) = f'(a+th) — f'(a). Applying Corollary ??, we get

llg(a+h) = g(a)l| < [[A[ - sup [|g'(a +th)|].
0<t<1

q.e.d.

Remark 1.3.7. It is possible to generalize Theorem 1.3.3 by weakening
the hypothesis that A is convex with the hypothesis that A is connected.
Assuming that || f’|| < M on A for some M > 0, we get

1f (@) = f(W)l < Mda(z,y) for all z,y € A

where d4(z,y) is the infimum of all lengths of polygonial lines contained in
A and going from x to y.

Application to partial derivatives

Assume that E' = E; X Ey (the reader will extend the results to the case of
a finite product). Let U C E be an open subset as above. Recall Defini-
tion 1.1.3.

We know by Example 1.1.9 that there exist functions which admit partial
derivatives at each a € U but which are not continuous. However, such a
phenomena cannot happen if the partial derivatives are continuous functions
ofaeU.
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Theorem 1.3.8. Let f: U — F be a map. Then f is in CY(U, F) if and
only if the partial derivatives f, (a) (i = 1,2) exist on U and are continuous,
that is, the maps U — L(E;, F'), a — f; (a) (i = 1,2) are continuous.

Proof. (i) Denote by u;: E; — E the linear inclusion. Since f; (a) = f'(a)ou;,
the condition is clearly necessary.

(ii) Assume that the maps a +— f; (a) (i = 1,2) are continuous and let us
prove that f'(a) exists. For a = (a1,a3) € U we have

|| f(a1 + hi,a2 + ho) — f(ar,as + ha) — f;l(@h@ + ha) - |

< ||| | sup |1 £, (a1 + thy,as + he) — fi (a1, a2 + ho)l],
<t<

1 £2, (@1, a2 + ha) - hy — f, (a1, a2) - ha|
< |[hall - || fz, (a1, a2 + h2) = f;, (a1, a2)|l,
|1 f(ar, as + ha) — f(a1,a2) — f,,(a1,az) - hol|
<|lholl - sup ||fs,(a1, a2 +the) — f;, (a1, a2)|].
0<t<1

The first and third inequality follows from Corollary 1.3.6 and the second
one is obvious. By adding these inequalities we obtain

|| f (a1 + hy, az + ha) — fax,a2) — (f2, (a1, az) - by + f1, (a1, az) - he)l|
< ([l + [hell)(e1 + 2 + €3)

with

e1 = sup ||fi, (a1 +thy, as + ha) — f5 (a1, a2 + ho)||
0<t<1

eo = || fz, (a1, a0 + h2) — [, (a1, a2)]|
es = sup [|fy,(a1, a2 +the) — f3, (a1, a2)|l.
0<t<1

Therefore, €1 + 5 4 €3 goes to 0 when ||h|| goes to 0.

(iii) To conclude, let us prove that a +— f'(a) is continuous. By the hy-
pothesis, the maps a — f; (a) (i = 1,2) are continuous. Therefore the map
a — f'(a) = f. (a)dxy + f,, (a)dxy is continuous. (Recall that dw; is the

projection £ — E; (i = 1,2).) q.e.d.

Corollary 1.3.9. Let U be an open subset of E = Fy X Ey x --- X E, and
let F=Fy x Fyx--xXF,. Thenamap f = (f1,...,f,): U— Fis C', that
is, fis in CY(U, F) if and only if the maps % are C*.
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Sequences of differentiable functions
Let E and F' be Banach spaces, U an open subset of E.
Theorem 1.3.10. Let { f,}, be a sequence of functions f,: U — F. Assume:

(a) U is connected and there exists a € U such that the sequence {f.(a)},
has a limit b € F,

(b) the sequence {f!}, converges uniformly on U to a function g: U —

L(E, F).
Then
(i) for any x € U, the sequence { fn(x)}, has a limit f(x),

(i) the sequence { f,}n converges to f uniformly on any ball of E contained
U,

(iii) the function f: x — f(x) is differentiable and f' = g.

Proof. (A) First, assume that U is an open ball of radius R and denote by
B this ball. Applying Theorem 1.3.3 to f,, — f, we find for z € B:

ﬂl®Hﬁ@ﬂ—ﬁ@ﬂ—ﬁﬂw—JﬂwméHw—dﬁigHﬂw%—ﬂwm-
Hence

(L15) [Ifu(2) = fp(@)Il < [Ifula) = fp(a)l| + |l& = al[ - sup [[£,(y) = F ()]

yeB
By the hypotheses, for any € > 0 there exists N such that for n,p > N, we
have

3

[1fn(a) = fp(a)]] < LWl < 15

¥MV()

DO ™

Since ||z — al| < 2R, we find ||f,.(z) — f,(z) < € and therefore the sequence
{fn}n is a Cauchy sequence for the norm of uniform convergence on B. Since
F' is complete, it follows that the sequence {f,}, converges uniformly on B
to a continuous function f.

Let us show that f’(zg) exists and f'(zo) = g(x) for any o € B. We
have

17@) = 7() = glo) - (z — w0)]| <
(L.16) 17@) = £(0) = (ful) = Fulwo))]
| () = Fal0) = F(ao) - (& = o)
15 o) = gl0)) - (& = o).
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Let € > 0.
(i) By making p going to oo in (1.14), we see that there exists N; > 0 such
that n > N; implies:

(1.17) 1f (@) = f(x0) = (fu(2) = fulzo))[| < ellz — aol|.
(ii) Since f’(xo) = g(xo), there exists Ny > 0 such that n > N, implies:
(1.18) [|(fn(20) = g(x0)) - (& — wo)|| < ef|z — o]

(iii) Choose n > sup(Ny, No). There exists n > 0 such that ||z — zo|| < 7
implies:

(1.19) (fn(@) = fu(x0)) = fo(2o) - (z — @o)|| < eflz — wol.

By adding (1.17), (1.18) and (1.19), we obtain that for for each € > 0,
there exists 7 > 0 such that || — x¢|| < n implies that the left hand side
of (1.16) is less or equal to 3¢||z — xo]|.

(B) We have proved the theorem when U is an open ball. Assume that
U = B, U By where By and B, are open balls and B; N By # (). Assume for
example that the point a given in the statement belongs to B;. Then the
result holds on B;. Let b € By N By. Since f,(b) = f(b), we get the result
on Bs.

(C) By induction, we have proved the theorem when U is a finite union of
open balls

N
(1.20) U =By, with B;N Biy #0 for j < N.

J=1

(D) To conclude, remark that U being connected, for any pair a,b € U there
exists a finite set of open balls as in (1.20) whose union contains both a and b.
This last point is proved similarly as one proves that a connected topological
space which is locally arcwise connected, is arcwise connected. q.e.d.

Exercises to Chapter 1

Exercise 1.1. We follow the notations of Example 1.1.7: A is a Banach
algebra, {2 denotes the open set of invertible elements and J: 2 —  is the
map z — x~ 1. Without using the fact that J o J = id, check directly that
J'(J(a)) o J'(a) =idy4 for any a € .
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Exercise 1.2. Consider the map f = (f1, fo): R? — R? given by:

0if (2,4) = (0,0)
fl(x7y>:$7 fQ(‘I?y): y2_$4

otherwise.
yy2 + 1’4

(i) Show that 2z%|y| < z* + y? then that |y — fo(x,y)| < 2%
(i) Deduce that f; and f are differentiable at each (z,y) € R? and calculate
the differential of f at (0,0).

Exercise 1.3. Let A, B,C be 3 points on the unit circle of R?. How to
choose these points in order that the perimeter of the triangle (A, B, C) is
maximum?

Exercise 1.4. Let {b;}"_; be positive numbers and let f(z) = Z” biw?.
find the extrema of f on the unit sphere St = {z e R"; Y " 27 = 1}

Exercise 1.5. Find the local extrema of the following functions:
(i) flz,y) = 2% —zy +y* — 2z +y,

(i) f(z, )—:ry (6 —z—y),

(iii) (:E y) = 2° +y° — 3wy,

(iv) f(x,y) = exp(2x + 3y) (822 — 6zy + 3y?),

(v) f(z,y) = sin(x) sin(y) sin(z + y) (0 < 2,y < )

Exercise 1.6. Find the local extrema of u(z, y, z) = sin(x) sin(y) sin(z) when

r+y+z=7and x,y,2>0.

Exercise 1.7. Find the values of a and b in order that the integral

ol
/ ( —az — b)*dx
0

2+ 1

be as small as possible.



Chapter 2

Higher differentials

As in Chapter 1, E and F will denote real normed vector spaces.

2.1 The Schwarz lemma

Multilinear linear maps

Let Ey,---, E, and F' be real normed spaces. Recall that a map

u: By x---xE, = F o= (r,...,2,) — u(z)
is multilinear if u is separately linear, that is, u(ay, ..., a1, Zs, Giv1, - - -, Q)
is linear with respect to x; € E; for any (aq,...,a;_1,0;41,-..,a0,) in Fy X

e X B g X By X X B,

If n = 2, a multilinear map is called a bilinear map.

If F is the field R of C (here, the field is R), one says “a multilinear form”
instead of “a multilinear map”.

Similarly as for linear maps, one proves that

e the multilinear map wu is continuous if and only if it is continuous at 0,

e this last condition is also equivalent to the existence of a constant
M > 0 such that

[y, .o wn) [ < M- ][ - - |-

e If all E;’s are finite dimensional, any multilinear map is continuous.

One endows the vector space of multilinear linear maps from F; x --- X E,
to [ with the norm

llul| = sup [lu(zy, ... 2]l
[lz;|] <1,1<i<n

27
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Therefore
u(@y, .y m)[| < lul] - [|zal] - - []2n]]-

If E; = F for all ¢, a multilinear map is called an n-linear map. Forn € N,
we shall denote by L"(E, F') the space of continuous n-linear maps from E
to F.

Note that forn =1, L}(E, F) = L(E, F). For n = 0 one sets L°(E, F) =
R. Also note that

(2.1) L"(E,F)~ L(E,L"'(E,F)).

In other words, a continuous n-multilinear map from E to F is a continuous
linear map from F to the space of continuous (n — 1)-multilinear maps from
E to F.

One says that u is symmetric if it satisfies:

(2.2) W@y, ... L) = U(To(1), - - To(n))

for any permutation o of the set {1,...,n}. One denotes by L?(E, F') the
subspace of L"(E, F') consisting of symmetric maps.

If w e LY(E,F) is a symmetric n-multilinear map on F with values in
I, one associates to it a polynomial u homogeneous of order n by setting for
rek

(2.3) u(r) =u(z,...,z) =u-a".

Lemma 2.1.1. Let u € L'(E,F). Then the map u is differentiable on E
and

(2.4) w(x)-h=n-u-2""" h.
Proof. The map u is the composition of the linear map
0: E— E", x> (z,dots, )

and the n-linear map wu. It follows that

u'(z) - h= Zu;j(:ﬂ)~h:n-u(x,...,x,h).
=1
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Differential of order n

Let U be an open subset of F and let f: E D U — F be a map. One defines
by induction the notion of differential of order m at a € U.

Definition 2.1.2. (a) One says that f admits a differential of order m at
a € U, denoted f(™(a) if there exists an open neighborhood V of a
such that fm~Y(z) exists for any € V and the function f(™V is
differentiable at a. One then defines f™(a) = (f™=Y)(a).

(b) If f admits a differential of order m at any z € U and the function
x — [ (x) form U to L™ (E, F) is continuous, one says that f if of class
C™ on U. One denotes by C™(U, F') the R-vector space of functions of
class C™ on U.

(c) If f admits a differential of order m for all m € N one says that f is of
class C* and one denotes by C*(U, F') the R-vector space of functions
of class C* on U.

Recall that fM(a) = f'(a) € L(E,F). Hence, f® 1 is a map V —
L"Y(E,F) and f™(a) € L"(E, F) by (2.1). One sets for short

f// _ f(2)-
For z,y € E we write f”(a)zy instead of f"(a)(z,y).

Theorem 2.1.3. (The Schwarz Lemma.) If f™(a) exists, then the multi-
linear map f(™(a) is symmetric, that is, £ (a) € L"(E, F).

Proof. (i) Let us reduce the problem to the case n = 2. We argue by induction
and assume the result is proved for n — 1, with n > 2. Therefore

f"(a) € L(E, LY H(E, F)).

Hence, f™(a)(xy,...,x,) is symmetric with respect to (z1,...,2,-1). On
the other hand, f™(a) = (f™2)®(a). Hence

f(”)(a)(xl, ey Ty) = (f(”_Q))(Q)(a)(xl, ey T2, Ty 1, )

is symmetric with respect to (z,_1,2,). To conclude, notice that is an n-

multilinear map w(z1, ..., x,) is symmetric with respect to (z,...,2,_1) and
with respect to x,_1, z,), then it is symmetric. Indeed, any permutation o of
the set {1,...,n} is a composition of permutations of the set {1,...,n — 1}

and transposition of the set {n — 1,n}.
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(ii) Now we assume n = 2. Set

g(z,y) = fla+x+y)— flat+z)— flaty)+ fla)

Theorem 1.3.3 applied to h(y) = g(z,y) — f"(a)xy gives (noticing that h(0) =
0):

lg(z,y) = f(a)zyl| < [lyll - Sup 1f(a+z+ty) = flla+ty) — f(a) ||
Since f’ is differentiable at a, we have

fla+ty) = fi(a) = f"(a) -ty + [[tylle(ty),
flatz+ty) = fa) = f'(a) - (z +ty) + ||z + tyllea(x + ty),

where ¢1(ty) and eo(x + ty) go to 0 when ||z|| + ||y|| goes to 0. Therefore

flatz+ty) = fllatty) = f'a) (x+ty) = f(a) -ty + (lyll + llz|)es(z,y),
= fa) -z + (llyll + [lzl))es(z, y),

and we get
gz, y) = f(@zyll < [yl - (el + ylDes(z, y)-
By inverting the roles of x and y, we obtain
g (z,y) = f(@)yz|| < |2I] - (]| + [lylDes(z, y)-
Therefore,
1" (@)yz = f"(@)zyll < (]| + [yl es(z. y)

where e3(x,y) goes to 0 when ||z|| + ||y|| goes to 0.
(iii) To conclude, note that if a bilinear map u satisfies

lu(z, I < (=]l + [yl ez, y)

where e(x,y) goes to 0 when ||z|| + ||y|| goes to 0, then v = 0. Indeed,
consider xg and yo and let £ > 0. Then

[[u(tzo, tyo) || = #*[|u(wo, yo)l| < t*(Ilol| + llyol )2 txo, tyo)

Dividing by t* both terms, we get that ||[u(xo,yo)|| goes to 0 when ¢ goes to
0. Since u(xg, yo) does not depend on ¢, it is 0. q.e.d.
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Notation 2.1.4. Let £ = Ey x --- x E, and let f: E D U — F. Recall

0

that we have denoted by a—f(a) the restriction of f'(a) to E;. Assume that
Lj

2

f"(a) exists. Then

0
(a) is the restriction of (—f)’(a) to E;. This is a
L0 5 8:16]-

bilinear map on E; x Fj;.

Corollary 2.1.5. Let E = FEy x ---x E, and let f: E DU — F. Assume

that f"(a) exists. Then e (a) = el (a) for anyi,j € {1,...,n}
‘ 3%8373 - 8x]axl Y] ey .

Proof. Let h = (hy,...,h,) € By X -+ X E,. One has

i1 8:16]-
f”(a)-h-h:ii Of (a) - hj - h;.
P c%cﬁxj J

The bilinear map f”(a) is represented by the (n x n)-matrix

(2.5) f'(a) = ( 8:223];;' (@) )19‘,an

Since the bilinear map f”(a) is symmetric, the matrix is symmetric. q.e.d.

Definition 2.1.6. The matrix in (2.5) is called the Hessian matrix of f at
a.

One shall not confuse the Jacobian matrix (an (pxn)-matrix) and the Hessian
matrix (a symmetric (n X n)-matrix).

Notation 2.1.7. Let E =FE; x---x E,and let f: E DU — F. We set for
short

of _ o*f

of _ *f 3)
8:16]- ¥i’ 0:1510:15]

_ f// —
TirTy? Ox;0x 0y, PiTI TR

and so on.

Second differential of a composition

We shall consider the situation of Proposition 1.1.5 and calculate the second
derivative. First we need a lemma.
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Lemma 2.1.8. Let E, F,G be normed spaces, let U be an open subset of E
and let a € U. Let u: U — L(E,F) and v: U — L(F,G) be two maps. For
z € U, set w(x) = v(z) ou(x) € L(E,G). Assume that u'(a) € L*(E, F)
and v'(a) € L*(F,G) exist. Then w'(a) € L*(E,G) exists and for (hy, hy) €
E x E, one has:

w'(a)(hy, ha) = v'(a)(u(a)(hn), u(a)(h2)) + v(a) o u'(a)(hy, ha).
Proof. The proof is left as an exercise. q.e.d.

Proposition 2.1.9. Let E, F,G be normed spaces, let U an open subset of
E and V' an open subset of F. Let f: EDU -V CFandg: FDOV — G
be two maps. Let a € U and set b = f(a). Assume that f"(a) exists and
g"(b) exists. Set h:=go f. Then h"(a) exists and

h'(a) = g"(b) o f'(a) + 4'(b) © f"(a).
Note that f'(a) € L(E,F), ¢'(b) € L(F,G), f"(a) € L2(E, F), ¢"(b) €
L*(F,G), h'(a) € L*(F,G) and recall that
(9" (0) o f'(a))(h1, ha) = g" (b)(f" (@), f(a)ha),
(g'(b) o f"(a))(h1, ha) = g'(B)(f" () (ha, ha))-

Proof. By applying Proposition 1.1.5 we have h'(z) = ¢'(f(x)) o f'(z), and
the result follows from Lemma 2.1.8. q.e.d.

2.2 The Taylor formula

Let U be an open subset of F and let f: E D U — F be a map as above. Let
a € U. Assume that f admits differentials of order n — 1 in a neighborhood
of a and that f(™(a) exists.

Set A" :=(h,...,h) € E" and f™(a)-h" = f™(a)(h,...,h) € F. Define
R,(a,h) € F by the formula:

(2.6)  fla+h) = fla)+ %f’(a) et %f(”)(a) B+ Roy(a, ).

Theorem 2.2.1. (i) One has R,(a, h) = ||h||["(a, h) where (a, h) goes to
0 when h goes to 0.

(ii) Assume moreover that f*V(x) exists on the interval [a,a + h] C U
and || f")(x)|| < M for some constant M on this interval. Then

[[A]™
(n+ 1)1

|| Bn(a, h)|| < M -
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(iii) Assume now that f is of class C"™' on U and F is complete. Then if
the interval [a,a + h] is contained in U, one has

Pa—e)
Rn(a, h) = / %f(n—i—l) (CL + th)hn+1dt
0 .

Proof. (i) We argue by induction on n. For n = 1 this is nothing but the
definition of the differential. Assume the theorem is proved for n — 1. Set

o) = flat o) = (fla) + i/ (a) -2+ f D (a) 7).

Then
1

)

g'(x) = flatx)— (f’(a)+%f”(a) et

Note that g(z) € F and ¢'(x) € L(F,F). Also note that ¢g(0) = 0 and
g(h) = R,(a,h).
The induction hypothesis, applied to the function f'(a + ), gives

g'(z) =lz|I" " a(x)

where «a(x) goes to 0 when x goes to 0. In other words, for any € > 0 there
exists 7 > 0 such that ||z|| <7 implies a(x) < . Hence

lg' ()| < ell||"™ < | < ellpl]""
Applying Theorem 1.3.3 (more precisely, applying Corollary 1.3.5), we get
g(R)I| < el[A][™

This shows that the function W goes to 0 when |h| goes to 0 with h # 0.

(i) First, consider a function w: [0,1] — F, w of class C™ and such that
wm D (¢) exists for ¢ € [0, 1] and satisfying:

sup |[w"TV(@)[] < C, w(0) = w'(0) = - = w™(0) = 0.

te[0,1]

Let us prove that
tn+1

(27) (Ol < 7y
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We argue by induction on n. By assuming that the result is proved to the
order n — 1, we get

!/ tn
')l < e

Then (2.7) follows by applying Lemma 1.3.1.

Now consider a function v: [0,1] — F, v of class C" and such that
v (t) exists for ¢ € [0,1] and satisfying sup,coq [0 (2)]] < C. By
applying (2.7) to the function

w(t) = v(t) — (v(0) + 772/(0) + -+ ~o™(0))
we get
(2.8) [lv(t) — (v(0) + iU'(O) T ﬁv(”)(O))H ot
. 1! n! Syl

To conclude, let us apply (2.8) to the function v(t) = f(a + th). Since
v®)(t) = f®)(a + th) - h?, we have

@) < M- [[am ]

and we get the result.

(iii) Set ¢(t) = f(a +th). Then P (t) = f®)(a + th) - kP and

9, (1—-1¢) , 1L-u" ., 1-t" .,
29) (o) + LoDty o LoD yy = ooy
Let us integrate both terms of (2.9) from 0 to 1. Since
Lo (1 =#P p(1) —p(0) ifp=0,
(22 e (00

we obtain

o(1) = (90 + 1)+ -+ o) = [ E=D 00y

Since p®(t) = f®)(a + th) - h?, we get the result. q.e.d.
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Let us consider the particular case where £ = R™. In this case f'(a) - h =
S hi2L(a). Denote by 6, the differential operator

1 0x;

& 0
Oh = Zl i
Then f'(a)-h = 60,(f)(a), f"(a)-h? = 0,(0,(f))(a) and more generally:

fP(a) - b = 03 (f)(a).

Notation 2.2.2. Let us recall some classical and useful notations. For o =
(a1, ..., ) € N one sets

(2.10) lal=a;+ -+ an, al=al.. . )
and for a ring A and y = (y1,...,y,) € A", one sets

(2.11) yr =ty

One then has the generalized binomial formula:

Pl
(2.12) (y1 4+ +yn) = Z PNEA

la|=p

Using these notations and formula 2.12, we get for h = (hq, ..., hy):

) = 3 ),

|a|=p

Example 2.2.3. (i) Assume £ = R? a = 0. The Taylor formula to the
order 3 gives:

f(x>y) = f(O’O)
+2.f,(0,0) +yf,(0,0)

x? Ty y?

3 2
T o3 7Y (3
+§féx’x(0, 0) + ﬁféx’y(& 0) +

+(l2| + ly[)’e(z, ).

2 3
LY .3 Y .3
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(i) Now assume E = R? a = 0. Taylor’s formular to the order 2 gives:

f(ZL’,y,Z) = f(07070)
+2£,(0,0) +y£,(0,0) + z£.(0,0)

x2 yQ 22

" " "
+§fm(0, 0,0) + Efyy(o, 0,0)+ afzz(o, 0,0)
rz

111!

Yz o

LY .y

111y
+(|z] + y| + |2])%e(z, y, 2).

12:(0,0,0) + (0,0,0)

2.3 Applications to extremum

In Section 1.2, we have given a necessary condition for a real valued function
to have a local extremum. Here, we shall refined it and also give a sufficient
condition.

Positive definite forms

Definition 2.3.1. Let (E, ||-||) be a real normed space and let u: ExE — R
be a symmetric bilinear form.

(i) One says that u is positive semidefinite if u(h, h) > 0 for any h € E.

(ii) One says that u is positive definite if there exists a constant ¢ > 0 such
that w(h,h) > c- ||h||* for any h € E.

(iii) One says that u is negative semidefinite (resp. negative definite) if —u
is positive semidefinite (resp. positive definite).

We shall concentrate our study on positive forms.

Lemma 2.3.2. Assume that E is finite dimensional. Then u is positive
definite if and only if u(h,h) > 0 for any h # 0.

Proof. The unit sphere being compact, there exists ¢ > 0 such that u(h, h) >
c for any h with ||h|| = 1. For h # 0 one has

u(hh) = ||| “(H—hu’ ||—h||)

and the result follows. q.e.d.
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Now consider a real vector space £ endowed with a basis (ey,...,e,) (e.g.,
E = R") and let u be a symmetric bilinear form on F. To u one asso-
ciates the symmetric (n x n)-matrix with entries wu(e;,e;). Conversely, if
A ={a;j}ij=1, » is a symmetric (n x n)-matrix, it defines a bilinear form on
E by setting for h = (hy, ..., hy):

11 - - - Qip hy
2.13)  w(h,h) = (hi,... hy)
p1 =+ = Qpp hn

For a square matrix A = {a;;}; j=1.., and for 1 < p < n let us denote by A,
the determinant of the matrix {a;;}1<; j<p-
The next classical result will be admitted without proof.

Lemma 2.3.3. Let u be a symmetric bilinear form on the vector space E en-
dowed with a basis (e1, ..., e,) and let A be the associated symmetric matriz.
Then u 1s positive definite if and only if A, > 0 for all p with 1 <p <n.

One says that a symmetric square matrix is positive semidefinite (resp.
positive definite) if the bilinear form it defines on R” is positive semidefinite
(resp. positive definite) and similarly with negative instead of positive.

One shall be aware that for a matrix, to be negative definite does not
imply and is not implied by the condition that A, < 0 for all p with 1 <p <
n.

Necessary and sufficient conditions for extremum

Theorem 2.3.4. Let ESU LR be a map and let a € U with f'(a) = 0.

(i) Assume that f"(a) is positive definite. Then f has a local strict mini-
mum at a.

(ii) Assume that f has a local minimum at a. Then f"(a) is positive
semidefinite.

Proof. (i) One has

(214) flato) ~ f(a) = 5/"(a) -2 + ||a] Pe()

where £(z) goes to 0 when = goes to 0. There exists ¢ > 0 such that f”(a) -
2®> > c- ||z]|* and there exists > 0 such that [[e(z)|| < £ for ||z|| < n.
Therefore,

flata) > f(a) + 7 lal | for [|z]| <.
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(ii) Let us argue by contradiction and assume there exists h € E with f”(a)-

h* = ¢ < 0. Then f”(a) - (th)> = t*c. Let us choose n > 0 such that

Ls(x)\ < e for ||z|| < n, where e(z) is given in (2.14). For ||th|| < n we
ave:

Flatth)— f(a) = 5P7"(a) W+ |[th]P=(th)

- t2§ + 2|2 (th).

Since [t2||h||?e(th)| < t2<, we get f(a +th) — f(a) < t*< < 0 and a is not a
i i

local minimum. q.e.d.

Corollary 2.3.5. Let R® D U L Rbea map and let a € U. Assume that
f'(a) = 0 and the Hessian H(a) is positive definite. Then f has a local strict
minimum al a.

The conditions in Theorem 2.3.4 (i) and (ii) are not necessary and sufficient
conditions as shown by the examples below.

Example 2.3.6. (i) Consider the map f: R? — R, (z,y) — z*+y*. Then f
has a strict minimum at (0, 0). However, f”(0,0) = 0 is not positive definite.
(ii) Consider the map f: R* — R, (z,y) — 22 —y*. Then f”(0,0) is positive
semidefinite, but (0,0) is not a local minimum of f.

Exercises to Chapter 2

Exercise 2.1. We follow the notations of Example 1.1.7: A is a Banach
algebra, () denotes the open set of invertible elements and J: 2 —  is the
map x — z~!. Calculate J”(a) - h? for a € Q and h € A.

Exercise 2.2. Calculate the Taylor series at (0,0) of the function f(z,y) =
ﬁ. What is the radius of convergence of the series?

Exercise 2.3. Calculate the Taylor series to the order 3 at (0,0) of the
1—a?— 3/2)1
— )2,

functions f(z,y) = zy eXp(l%y) and g(z,y) = ( 1—y

Exercise 2.4. Search the local extrema of the functions from R? to R given
by f(z,y) = a* + 4% g(z,y) = zy and h(z,y) = 2* — y*> — ;y* and discuss
their nature (local/global, minimum /maximum).
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Exercise 2.5. Consider the function f: R*> — R given by f(z,y) = z* +

2yt — 22%y? — 22 — 2%

i) Show that (u —v)* +v? > %(u2 +v?) (u,v € R).
ii) Deduce that
) f(z,y) goes to +00 when |z| + |y| goes to +o0,
) the set {(x,y); f(z,y) < 0} is compact,
(c) f reaches its minimum on R
(iii) (a) Find all critical points of f, that is, the points where the differential
of f vanishes.
b) For each of this critical point of f, write the Hessian matrix of f.
c) At which points of R? does f have a local minimum (respectively, a local
maximum)? Find the minimum of f.

Exercise 2.6. Consider the function f: R*> — R given by f(z,y) = 2 +
y?—ay — 22 +y.

(i) Show that

a) f(x,y) goes to +o0o when |z| + |y| goes to 400,

b) the set {(x,y); f(z,y) < 0} is compact,

c¢) f reaches its minimum on R2.

ii) Calculate this minimum.

(
(
(
(
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Chapter 3

Submanifolds

3.1 The local inversion theorem

Let E and F be two Banach spaces. A continuous linear map u € L(E, F)
is a continuous linear isomorphism if there exists v € L(F,FE) such that
vou=1dg and wov = idrp. We shall admit here that if u is continuous and
if there exists a linear map v such that vou =idg and wov = idp, then v is
continuous. (This result is no more true when removing the hypothesis that
E and F are complete.)

Definition 3.1.1. Let E and F' be two Banach spaces and let U C E and
V C F be two open subsets. For k € NU{oo}, a C*-isomorphism f: U =%V

is a bijective map of class C* such that the inverse map f~! is also of class
Ck.

e A (Y isomorphism is nothing else but a topological isomorphism, also
called a homeomorphism.

e Ley U and V be as above and let W be an open subset of a Banach
space G. If f: U5V and g: V25 W are C*-isomorphisms, then
go f: U — W is a C*-isomorphism.

e A continuous linear isomorphism u € L(E, F) is a C*-isomorphism.
Indeed, a continuous linear map is of class C'*°.

Example 3.1.2. The map ¢t +— t® from R to R is a C°-isomorphism and is
of class C°, but it is not a C'-isomorphism.

Now assume that f: U 25V is a C*-isomorphism with & > 1 and let
a€U. Setb= f(a)and g = f~!. Then gof = idg implies ¢'(b)o f'(a) = idg,
and similarly, f'(a) o ¢’(b) = idp. Therefore, f'(a) € L(E, F') is a continuous
linear isomorphism. There is a converse statement.

41
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Theorem 3.1.3. The local inversion theorem. Let E and F' be two Banach
spaces and let E D U L Fobe a map of class C* with k > 1, defined on
an open set U of E. Let a € U. Assume that f'(a) is a continuous linear
isomorphism. Then there exists an open neighborhood V' of f(a) and an open
neighborhood W of a with W C U such that the restriction of f to W is a
Ck-isomorphism flw: W =5 V.

Proof. (i) Since f'(a) is an isomorphism, we may replace f with f'(a)"'o f
and assume from the beginning that /' = E and f'(a) = idg. Weset b = f(a).
Morover, since f'(x) is invertible in a neighborhood of a and by replacing U
with another neighborhood of a we may assume from the beginning that
f'(x) is invertible for x € U.

(ii) Set ®(x) = f(x) —x. Then ® is C* and @'(a) = 0. Hence, for any C > 0
there exists 7 > 0 such that ||z — a|| < r implies ||®'(z)|] < C. Applying
Theorem 1.3.3, we get

r, 2" € B(a,r) = ||®(z) — (2")|| < C - ||z —2||.

We shall repeat the argument of the fixed point theorem. Let us choose C'
with 0 < C' < 1. For y € B(b,(1 — C)r), we define a sequence {z,}, as
follows. We start with xg = a and we set

(3.1) Tni1 =y — P(zy).
Let us show that z,, € B(a,r) for all n. We have
|Zns1 = @nl| < [[@(2n) = P(zn-1)|| < C - [|l2n — Tnall.
Therefore
|41 — 2] < C™ - [[21 — 20|,
and

2ns1 = oll < tnss = Tl + 20 — 2ol + -+ [ler — 2o
< (OO 4 Dl — o)

Recall that g = a, y = ®(a) + 1 = b — a + x1, so that y — b = x; — x.
Therefore

1-C"
—lly bl <7,

[|[Zn1 — ol| <

This shows that x,.; € B(a,r). Moreover, {z,}, is a Cauchy sequence since

|2y = zall < (C" -+ C™P)a1 — o]
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and C"+-- -+ C"P < % goes to 0 when n goes to co. Since F is complete,
the sequence {x,}, has a limit z. Since

1
|zn =@l < ——Flly = 0ll,

1-C
we get ||z — xo|| < 25|y — b|| < r which shows that z € B(a, r). Making n
goes to infinity in (3.1), we get

x =y — ®(x), or equivalently y = f(x).

Moreover, x is unique in B(a,r) since z = y — ®(z) and 2/ = y — ¢(2')
implies © — 2’ = ®(z) — ®(2') hence ||z —2'|| < C - ||z — 2'|| and z = 2’. To
summarize, we have proved that for any y € B(b, (1 — C)r), there exists a
unique x € B(a,r) such that y = f(x).

(iii) Set V := B(b,(1 — C)r) and W := f~(V) N B(a,r). Then W is open
and f: W — V is continuous and bijective. Let us show that the inverse
map f~! is continuous. Let y = f(z) and v/ = f(2’). One has y — 3y =
r—a' + &(x) — P(2') and ||P(z) — P(2)|| < C - ||z — 2’||. Therefore

(3.2) ly =yl = (1= Oz -]

or equivalently
- _ 1
1~ W) = O < —Slly =yl

We have thus proved that f: W — V is a C%isomorphism.
(iv) Let us show that f=1is C'. Set for short g = f~!. For 7y € W, we have

(3.3) f(@) = f(xo) = f'(wo) - (x — wo) = ||z — wo|| - £1(20, 7)

where ey (zg, z) goes to 0 when = goes to xy. Recall that f’(z) is invertible
for z € U. Applying f'(z0)~! to (3.3), we get

(3-4) v =0 — f'(z0) "+ (f(2) = f(w0)) = [|z — @[ - €2(20, 2)

where ey(zo,7) = f'(70) ' (e1(wg, 7)) goes to 0 when x goes to zg. Set
y = f(z), yo = [(x0), hence z = g(y), 20 = g(yo). Since f is a C°-
isomorphism, e5(zo, 7) = ea(f~(30), ' (y)) = €3(y0,y) goes to 0 when y
goes to yo. Using (3.2), we have

||z — || < Ny = woll-

1
1-C
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It follows that

||z = ol| - €2(w0, ) = |y = ol - £4(v0,)

where £4(yo, y) goes to 0 when y goes to yo. Then (3.4) reads as

(3.5) 9(y) — 9(yo) — f'(o) ™" - (v — vo) = lly — wol| - £a(%0, v).

This shows that ¢'(yo) exists and

(3.6) 9'(yo) = f'(x0) "

Recall Example 1.1.7 and denote by 2 the open subset of L(F, E') consisting
of invertible maps and by J: Q —  the map u — u~!. Then (3.7) reads as

9'(yo) = [ (f"(w0)), that is,
(3.7) g =Jof of L

We have already seen in (1.3) that J is differentiable and that J'(a)h =
—a~tha™!. Tt follows easily that J is of class C°.

Now assume we have proved that when f is of class C*~! then g = f~!
is of class C*~1. If f is of class C*, it follows from (3.7) that ¢’ is of class
C*k-1. Hence, g is of class C*. q.e.d.

Corollary 3.1.4. Let F and F' be Banach spaces and let E D U L Fbea
map of class C*. Assume that f'(x) is invertible for any v € U. Then f is
open, that is, for any V open in U, the set f(V') is open in F.

Proof. 1t is enough to prove that f(U) is open. For any a € U there exists an
open neighborhood W of a and an open neighborhood V' of f(a) such that
f(W) = V. Therefore, f(U) is a neighborhood of each of its point, hence, is
open. q.e.d.

Corollary 3.1.5. Let E and F be Banach spaces and let E D U Lver
with U and V' open and f of class C* (k > 1). Assume that f is bijective
and f'(x) is invertible for any x € U. Then f is a C*-isomorphism.

Example 3.1.6. Let U = R?\ {0} and let f: U — R? be the map
fi(@y) = (@ =y, 2ay).

The Jacobian matrix of f is invertible at each (z,y) € U. Therefore, f(U) is
open. Note that, setting z = x + iy, f is the map 2z — 22
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Example 3.1.7. Let £ = C°([0,1],R). Denote by U the subset of E con-
sisting of functions ¢ such that ¢(¢) > 0 for all ¢t € [0,1]. We have already
noticed that U is open in E. Let us show that for |[¢|| < 1, the equation

1
w:mwlwwﬁ

admits a solution ¢ € U.
Consider the map

1
f:U—FE, cpr—>lng0/ o(t)dt.
0

Then
oyw ¥ [ '
f(¢) w—w/o so(t)dt+1n<,o/0 W(t)dt.

Hence, f’(1) = idg. (We denote by 1 the function ¢ +— 1.) Applying Theo-
rem 3.1.3, we deduce that there exists a neighborhood W of 1 and a neigh-
borhood V' of 0 such that f|y is an isomorphism W =5 V.

The implicit functions theorem

Before to state the theorem, let us take an example. Consider the circle
{(x,y) € R* 2? +y* = 1}, that is, the set {(z,y) € R?%; f(z,y) = 0} where
f(z,y) = 2*+y*—1. Fory > 0 it is the graph of the function y = /1 — a2, for
y < 0 it is the graph of the function y = —v/1 — 22, for x > 0, it is the graph
of the function = = /1 — y? and for x < 0, it is the graph of the function
r = —y/1 —y2 One sees that, locally on R? the equation f(z,y) = 0 is
equivalent to either an equation y = g(x) or an equation = = h(y).

In the sequel, for a function f defined on an open subset of F x F, we
write for short f; and f, instead of f3 and fp.

Theorem 3.1.8. The implicit functions theorem. Let E, F,G be three Ba-
nach spaces, U an open subset of E x F, f: U — G a map of class C*
(k> 1) and let (a,b) € U with f(a,b) = 0. Assume that f,(a,b) € L(F,G)
is invertible. Then there exists an open neighborhood V' of (a,b) in U, an
open neighborhood W of a in E and a map g: W — F of class C* such that

(z,y) €V, f(z,y) =0 2 € Wy = g(z)

Moreover ¢ (x) = —f (x, 9(x)) o fi(x. g(2)) for (v, y) € V.
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Proof. Consider the map

f:U—=ExG, (t,9)— (z f(z,y)).
idg 0
fo fy
is invertible at (a,b). Indeed, recall that for an invertible linear map u, the

. . id . . id
inverse of the matrix < idg 0 ) is the matrix ( l,f 91 )
voou —u" oV u

The differential is given by the matrix f’(a:, y) = ( ) This matrix

Therefore, we may apply Theorem 3.1.3 to f There exists an open neigh-
borhood V' of (a,b) in E X F and an open subset W C FE x G such that

f induces a C*-isomorphism f: V 2 W. Set & = f_l. Since f(x,y) =
(x, f(z,y)), we have

O (u,v) = (u, p(u,v)) for (u,v) € W CExG.
We get f(x,p(x,v)) =v. Then we set
W=WnEx{0}, g(x)=e(0).

Since ¢(u,v) is unique, g is unique, and since p(u,v) is C*, g is C*. Finally,
let us calculate the differential of 0 = f(z, g(z)). We have

f(x,y) = fode + fdy = fodx+ f, 0 g (x)dz,
hence
0= folz,g9(x)) + f,(z,9(x)) o g'(x)

and the result for ¢'(z) follows. q.e.d.

3.2 The constant rank theorem

In this section, the vector spaces F, I, etc. are finite dimensional.

Definition 3.2.1. Let U be an open subset of E, let a € U and let £ D

UL Fbea map. Assume that f'(a) exists. The rank of f at a, denoted
rk(f)(a) is the rank of the linear map f’(a).

e Recall that the rank of a linear map u: F — F'is

rk(u) :=dimu(E) = dim E — dim(Ker u).
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e If £ and F are endowed with basis, then the Jacobian matrix J¢(a) is
well-defined, and the rank of f at a is the rank of this matrix.

e Assume that f is C' on U. If tk(f)(a) = r, then rk(f)(x) > r for x in a
neighborhood of a. Indeed, we may endow F and F with basis. Then
J¢ has rank > r at a if there exists a square (r X r)-matrix extracted
from J¢(x) with non zero-determinant at x = a. This determinant will
remain different from 0 for x in a neighborhood of a.

Consider another map £ D U L Fwith U open in E and let a € U.

Definition 3.2.2. Let us say that the germ of f at a and the germ of fat
a are C*-equivalent if there exist:

(i) open neighborhoods W of a and W of G in E,
(ii) open subsets V and V in F,
(iii) C*-isomorphisms ¢: W =5 W and ¢: V 25V
such that ¢(a) =@ and f = o fop L.

This is visualized by the commutative diagram

(3.8) E-W—T ~vcr
P
__ f -
E-SW VCF.

Clearly, if the germ of f at a and the germ of fat a are C*-equivalent, then

rk(f)(a) = rk(f)(a).

Definition 3.2.3. Let E C U L F be a map of class C% (k > 1) and let
a € U. One says that

(i) f is a submersion at a if rk(f)(a) = dim F, that is, if f/(a) is surjective,
(ii) f is an immersion at a if rk(f)(a) = dim E, that is, if f’(a) is injective.

Note that is f is either a submersion or an immersion at a, then f has
constant rank in a neighborhood of a. Also note that f is both an immersion
and a submersion if and only if f is a local C*-isomorphism.
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Theorem 3.2.4. Let ES U L F be a map of class C* (k > 1) and assume
that f is a submersion at a. Then there exist a vector space G of dimension
dim F —dim F’, an open neighborhood W of a and a C*-isomorphism p: E D
W — W C FXG such that flw = mop where m: FxG — F is the projection.

This is visualized by the commutative diagram

(3.9) E>W

solN \

FxGOW - VCF.

Proof. Let us choose a basis on E and a basis on F'. For x € F we write

r = (x1,...,2,) and we write f = (f1,..., f,). After eventually re-ordering
the basis on E we may assume that the matrix

D(f1,... df;
(310) (f17 ?fp) — ( f )

D(xy,...,xp) 0% ) 1< j<p

is invertible. Set

o(x1,. ., xn) = (fi, oy fpr Tptts oo, Tn).

Then, denoting by I,,_, the unit ((n — p) x (n — p))-matrix and setting

Dlfrondy) . (6_f) we have
92 J1<i<pp+1<j<n

D(f1,-fp)  _D(f1,-fp)
J, = D(z1,..wp)  D(@pt1,eZn) | |

Therefore, ¢ is a C*-isomorphism of R” in a neighborhood W of a by Theo-
rem 3.1.3. Set G = R" P and denote by 7: RP x R"P — RP the projection,
we have f = 1o . q.e.d.

Theorem 3.2.5. Let ES U L F be a map of class C* (k > 1) and assume
that f is an immersion at a. Then there exist a vector space G of dimension
dim F' — dim E, an open neighborhood W of a x {0} in E x G and a C*-
isomorphism ¥: ExG DV — V C F such that setting W = (Ex {0}) NV,
flw = v o where ¢ is the linear embedding E — E x G, x +— (z,0).

This is visualized by the commutative diagram

(3.11) E>W - VCExG

\ le

VCF
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Proof. Let us choose a basis on E and a basis on F. For x € E we write

r = (x1,...,%,) and we write f = (f1,..., f,). After eventually re-ordering
the basis on F' we may assume that the matrix

D(fi,..., [n f;
(3.12) Df o fn) (_f)

D(zy,...,x,) 0% ) 1< j<n

is invertible. Set G = RP™™ and let y = (yn41,...,Yy,) € G. Consider the

map w: R" x RP™" — ]Rp’ w(% y) = (fl(x)> ey fn(x)a yn+1+fn+1(x)> s ayp+
fp(2)). Using notations similar as in the proof of Theorem 3.2.4, we have

D((fl ----- fn)) 0
D(zq,..., n
N T A ) -

D(z1,...,xn) Ip*”

Therefore, 1 is invertible in a neighborhood of (a,0). Moreover, setting
t(z) = (2,0) € E x G, we have f =1 o q.e.d.

One can formulate both Theorems 3.2.4 and 3.2.5 in a single statement.

Theorem 3.2.6. (The constant rank Theorem.) Let E D U L Fbea
map of class C* (k > 1) and assume that tk(f)(x) = r for any = in a
neighborhood of a. Then there exist p: E — E defined in a neighborhood of
a and : F — F defined in a neighborhood of f(a) such that ¢ and ¢ are

C*-isomorphisms and the map o f o o~! is linear of rank r.

This theorem asserts that if a map f of class C* (k > 1) has constant
rank in a neighborhood of a, then the germ of f at a is equivalent to a linear
map.

Proof. We may write F' = Fy X Fy and f = (f1, f2) such that dim F; = r and
f1 is a submersion at a. By Theorem 3.2.4, there exists a C*-isomorphism
¢: E — E defined in a neighborhood of a such that f; o ¢! is a linear
projection. Replacing f with foyp™!, we may assume from the beginning that
E=R"xXR" 7" F=R" xR, f=(f1,f2), isthemapx = (z1,...,2,) —

(1,...,2,). Let us write for short x = (2/,2") € E with 2’ = (z1,...,2,),

" = (y41,...,2,) and (2',y") € F with v = (Yr41,...,¥p). Since f has

rank r, we have %ﬁf@ = (0 for j > r in a neighborhood of a. Therefore,
J

fo(z) = fo(2') and f(a',2") = (2, fo(2")). Define the map ¢: FF — F,
(', y") = (¢, y" — fa(2’)). Then ¢ is a local isomorphism in a neighborhood
of f(a) and ¢ o f is the map E > (2/,2") — (2/,0) € F. q.e.d.
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3.3 Submanifolds

Again in this section, the vector spaces E, F', etc. are finite dimensional.
Recall that a subset S of a topological space X is said locally closed if
it is the intersection of an open subset U and a closed subset Z of X. Of
course, U and Z are not unique. Thi sis equivalent to saying that for each
x € 5, there exists an open neighborhood U, of x in X such that SN U, is
closed in U,. For example, an open interval of R is locally closed in C.
In the sequel, k is an integer > 1 or k = 4-00.

Definition 3.3.1. Let S be a subset of a real finite vector space E. One
says that S is a submanifold of class C* of E if for each a € S there exists
an open neighborhood U of a, an open subset V of E, a C*-isomorphism
¢: U5V such that ¢(SNU) = NNV and N is a linear subspace.

Consider two C*-isomorphisms p;: U =5V, (j = 1,2) such that ¢;(S N
U) = N;NV; and N, is a linear subspace. Then 6: ¢y o ;! is a C*-
isomorphism V; =%V, and 6(V; N Ny) = Vo N Ny, It follows that dim Ny =
dim N5. This allows us to set

Definition 3.3.2. Let S be a submanifold and let @ € S. The dimension of
S at a is the dimension of the linear space N given in Definition 3.3.1. The
codimension of S at a is the dimension of £ minus the dimension of S at a.

The dimension of S at x is a locally constant function. One denotes it by
dim S. One denotes by codimS the codimesnsion.

Remark 3.3.3. (i) A submanifold S of F is locally closed in E.

(i) If S is an affine space, that is, S = a + N where N is a linear subspace,
then S is a submanifold.

(iii) An open subset U of E is a submanifold of codimension 0. A discrete
subset of E is a submanifold of dimension 0.

(iv) Let : E D U ~5V C F be a C*-isomorphism form an open subset U
of E to an open subset V' of F. If S is a submanifold of E, then 6(S) is a
submanifold of F' of the same dimension.

We shall give many examples of submanifolds below.

Construction by submersion

Theorem 3.3.4. Let E O U L F be a map of class C* with k > 1. Let
be f(U) and set S = f~1(b). Assume that f is a submersion at each x € S.
Then S is a submanifold and codimS = dim F'.
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Proof. The problem is local on S, that is, we have to prove that each x € S
admits an open neighborhood for wwhich the conclusion of the statement
hold. Hence, applying Theorem 3.2.4, we may write f = m o ¢ where ¢ is
a CF-isomorphism and 7 is linear and surjective. By Remark 3.3.3 (iv), we
may assume from the beginning that f is linear and surjective. Then the
result is clear. q.e.d.

Example 3.3.5. (i) The n-sphere S":={z = (2, ..., 2,) € R*™ 370 (17 =
1} is a submanifold of dimension n and of class C'*°.

(ii) Let ED U L Fbea map of class C* and denote by 'y the graph of f:

Ly ={(z,y) e Ux F;y= f(z)}.

Then I'y = {(z,y) € U x F;g(x,y) = 0 where g(x,y) = y — f(z). Then
rk(g)(x,y) = dim F at each (z,y) which shows that g is a submersion. Hence
I't is a submanifold and its dimension is that of F.
(iii) The surface {(z,y,2) € R* 2z = zy} is a submanifold. The change
of variable (z,y) — (z + y,x — y) interchanges it with the submanifold
{(x,y,2) € R® 2 = 22 — y*} which is easier to draw.

Construction by immersion

Theorem 3.3.6. Let E > U L F be a map of class C* with k > 1. Let
a € U and assume that f is an immersion at a. Then there exists an open
neighborhood V- of a in U such that f(V') is a submanifold of F. Moreover,
dim f(V) = dim E.

Proof. Applying Theorem 3.2.5 and Remark 3.3.3 (vi), we may assume that
f = 1 o where ¢ is linear and injective. By Remark 3.3.3 (iv), we may
assume from the beginning that f is linear and injective. Then the result is
clear. q.e.d.

Remark 3.3.7. The map f may be an immersion at each x € U without
being injective. In such a case, f(U) will not be a submanifold. Moreover,
even if f is an immersion and is injective, f(U) may not be a submanifold.
However, if f: U — V C F is an immersion, is injective and is proper (the
inverse image by f of any compact set of V' is compact in U), then one can
show that f(U) is asubmanifold in this case.

Example 3.3.8. (i) One can also define the circle S! as the image of R in R?
by the map t — (cost,sint). For each (z,y) € S C R?, there exists an open
neighborhood U of (z,y) and an open interval I C R such that UNS! = f(I).
Therefore, S! is a submanifold of dimesnion 1.
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(ii) The torus T? = S' x S' C R? is the image of R? by the map

(R + rcos ) cos p,
(¢, 0) — (R + rcosf)sin g,

rsin 6.

Here 0 < r < R. One proves as for the circle that T? is a submanifold of
dimension 2.

3.4 Tangent space

Definition 3.4.1. Let E be a finite dimensional real vector space and let S
be a submanifold. Let a € S. A vector v € E is tangent to S at a if there
exists a Cl-map v: I — E, where I is an open interval of R and ¢, € I such
that v(t) € S for all t € I, y(to) = a and ' (ty) = v.

One denotes by T,S the subset of E consisting in vectors tangent to S at
a and calls it the tangent vector space to S at a.

Intuitively, one can think to v as an object moving along S. Then a
tangent vector v to S at a is the speed at time ¢t = ¢, of this object, assuming
it is at a at time ;.

Lemma 3.4.2. Let ESU LV C Fhea map of class C*. Let S C U
and Z C 'V be submanifolds and assume that f(S) C Z. Then f'(a)-T,S C
T 2.

Proof. Let v € T,S. There exists an open interval I, ty € I and a C'-map
v: 1 — E such that v(I) C S, y(to) = a and v/(ty) = v. Then (fov)(I) C Z,
(fov)(to) = f(a) and f'(a) - v = (f o7)'(to). q.e.d.

Proposition 3.4.3. Let S be a submanifold of E and let a € S. Then T,S
1s a linear subspace of E of dimension dim S.

Proof. There exists an open neighborhood W of a in U, an open subset
V C E, a linear subspace N of E and a C'-isomorphism f: W =%V such
that f: SNW =5V N N. Applying Lemma 3.4.2, we get that f’(a) induces
a bijection 1,5 =Ty N. Hence, it is enough to check the result when
S = N. In this case, this is clear since any vector v € N is the derivative at
t =0 of a C'-map v: R — N, namely the map v(t) =t - v. q.e.d.

Definition 3.4.4. The affine tangent space to S at a is the affine space
a+T,S.
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Tangent space for submersions

Proposition 3.4.5. Let S be a submanifold of E and let a € S. Assume
that there exists a submersion E > U - F of class C' and b € f(U) such
that S = f~1(b). Then T,S = Ker f'(a).

Proof. Since f(S) C {b}, f'(a)T,S C {0} by Lemma 3.4.2. Hence, T,S C
Ker f'(a). Since both spaces have the same dimension, the result follows.
q.e.d.

Example 3.4.6. Let
S={(r,y,2) eER* 2> —2®> —¢y*=0,20+y+ 1 =0}.

Consider the map f: R® — R? (z,y,2) — (22 —2® —y* 2z +y + 1), so that
S = f1(0). The Jacobian matrix of f is given by

—2x 2y 2z
Jf(x,y,z) - ( 2 1 0)

Hence f is a submersion at each (x,y,z) € S and S is a submanifold of
dimension 1.

Let a = (—1,1, \/5) € S and let us calculate the affine tangent space to
S at a.

The tangent vector space to S at a is the kernel of J¢(a), that is, the

kernel of < 2 =2 2V2

5 1 0 ) The tangent vector space is the line

A={(z,y,2) ER% 2z —y++v22=02z+y =0}
The affine tangent space is a + A, that is the set

a+A={(x,y,2) eR (z+1)— (y— 1)+ V2(z — V2) = 0,
2+ 1)+ (y — 1) = 0}.

Tangent space for immersions

Proposition 3.4.7. Let E D U L Fobea map of class C', a € U and
assume that f is an immersion at a. Let V' be an open neighborhood of a in
U such that f(V') is a submanifold of F. Set Z = f(V) and b= f(a). Then
TyZ = Im f'(a).

Proof. The tangent space to V' is E. Since f(V) C Z, f'(a)(F) C T,Z by
Lemma 3.4.2. Since both spaces have the same dimension, the result follows.
q.e.d.
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Applications to surfaces

Let f: U — F be a real function defined on an open set U of R? with values
in a normed space F (e.g., F'=R3). Let us write

f(z.y) = (@0, yo) + 2 f2 (%0, Yo) + y.f (0, yo) + -+ -

Set @ = f!(z0,yo) and 3= fo (@0, Yo)-

(a) First assume that @ and 3 are linearly independant. Consider the affine
plane

P = {f(xo,y0) + Ad + Mg}

Then, for U a sufficiently small neighborhood of (zg, ), P will be tangent
to the surface f(U).
(b) Now assume & # 0 but ﬁ is proportional to @. Then & generates a line to

which the surface f(U) will be “tangent”. For example, consider the surface
in R3

(z,y) = (2%, 2%y +27) at (0,0).

Denoting by (u,v,w) the coordinates on R3, this surface is also defined by
the equation v = |u|2. The w-axis is “tangent” to the surface.
(c) Assume that d = 3 = 0 but the three vectors & = f”, f = [y, and

Tx)
"

g = fr, are linearly independent. Then the surface f(U) will be “tangent”
to the cone

v = f(o,y0) + 2°€+ y* [ + 22y7.

To check that v is a cone, denote by (u, v, w) the coordinates on R? in the ba-
sis €, f, § and assume for short that f(x0,90) = 0. Then v = {(u, v, w); w? =
quv}. Settingu=X+Y, v=X-Y,2Z =w, we get v ={(X,Y, 2); Z*? =
X2 - Y2,

Applications to problems of extremum

We can now give another formulation of the the Lagrange’s multipliers The-
orem 1.2.4 and a complete proof.

Theorem 3.4.8. (The Lagrange’s multipliers Theorem.) Let E be a finite
dimensional vector space, U an open subset and let a € U. Let f: E DU —
R be a map and assume that f'(a) exists. Let S C U be a closed submanifold
with a € S. Assume that f|s has a local extremum at a. Then the restriction
of f'(a) to the tangent space T,S vanishes, that is, f'(a)|r,s = 0.
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Proof. We may assume that there exist an open neighborhood V' of a and
a submersion g: V — R? such that SNV = ¢g71(0). By Theorem 3.2.4
(with other notations), there exists a local isomorphism ¢ : F — E defined
in a neighborhood of b :=1~1(a) such that g o ¢ is linear. Set N = {z €
E;(gov)(x) =0}. Then fo1 has alocal extremum on N at b. Let us write
g = (¢1,...,¢4). Applying Corollary 1.2.3, we find scalars (A1,...,\,) such
that

d

(fou) () =D X (p;00)(b),

J=1

that is
d
fla) o () = A~ @jla) ot/ (b).
j=1
Since the linear map v’(b) is invertible, we get
d
flla) =X -wjla),
j=1

which is equivalent to saying that f’(a)|r,s = 0. q.e.d.
One can also extend Theorem 2.3.4 to submanifolds.

Theorem 3.4.9. Let E be a finite dimensional vector space, U an open
subset and let a € U. Let f: E DU — R be a map. Assume that f'(a) and
f"(a) exist and f'(a) =0. Let S C U be a closed submanifold with a € S.

(i) Assume that f"(a)|r,s is positive definite. Then f|s has a local strict
minimum at a.

(ii) Assume that f|s has a local minimum at a. Then f"(a)|r,s is positive
semidefinite.

Proof. The proof goes as for Theorem 3.4.8. We may assume that there
exist an open neighborhood V of @ and a submersion ¢g: V — R? such that
SNV = g7}0). By Theorem 3.2.4 (with other notations), there exists a
local isomorphism ¢: E — E defined in a neighborhood of b :=1~1(a) such
that g o ¢ is linear. Set N = {x € E;(gov)(x) = 0}. Then f has a local
(resp. strict local) minimum at a if and only if f o4 has a local (resp. strict
local) minimum on N at b.
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On the other hand, f”(a)|r,s is positive definite (resp. semidefinite) if
and only if (f o ¢)"(b)|n is positive definite (resp. semidefinite). Indeed,
Proposition 2.1.9 gives

(f 01p)"(b) = f"(a) o ' (b) + f'(a) 0 " (b)

and the hypothesis that f'(a) = 0 gives

(fo)"(b) = f"(a) o' (D).
To conclude, we apply Theorem 2.3.4 on N. q.e.d.

One shall be aware that the condition that f'(a) = 0 cannot be weaken by
only assuming that f’(a)|7,s = 0. For example, consider F = R?, a = (0,0),
S = {(z,y) € R}y — 2? = 0} and f(z,y) = 2> —y. Then f'(a) = 0,
T,S = {(z,y);y = 0}, f"(a)|r,s(z,z) = z* is positive definite, but f has not
a strict minimum at a on S.

Exercises to Chapter 3

Exercise 3.1. (This exercise is a continuation of Exercise 1.2.) Consider the
map f = (f1, f2): R? — R? given by:

0si (z,y) = (0,0)
fl(xvy):x7 fg(l',y): y2_x4

sinon.
yy2 + .T4

(i) Show that 2z?%|y| < 2* + y? then that |y — fo(z,y)| < 2%

(ii) Deduce that f, and f are differentiable at each (z,y) € R? and calculate
the differential of f at (0,0).

(iii) Show that for any neighborhood U of (0,0) in R?, there exist a,b € U
with a # b and f(a) = f(b).

(iv) Is the function f of class C'* ?
Exercise 3.2. (i) Show that the equation
u’ + 2u +exp(u — x — y*) = cos(x — y + u)

admits one and only one solution u for any given (z,y) € R
(il) Show that the function u(z,y) defined by (i) is of class C*°.
(iii) Calculate the Taylor series of u(z,y) up to order 2 in a neighborhood of

(ZL‘,y) = (070)
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Exercise 3.3. Let J = [—1, +1] and denote as usual by C°(J, R) the Banach
space of real valued continuous functions for the norm of uniform convergence
[|fllo = supses |f(¥)]. Let us say that f € C°(J) is C' on J if f is C!
on | — 1,+1[ and f’ admits a limit at —1 and at 1. Still denote by f’
the function so defined on J and denote by C'(J,R) the vector subspace of
C°(J,R) consisting of functions of class C' on J. One endows C!(.J) with the
norm

1Al = 11f 1o + 1/ To-

Denote by Cj(J) the vector subspace of C'(J) consisting of functions f
satisfying f(0) = 0 and let us endow Ci(J) with the norm induced by that
Cl(J).

(i) Show that C'(J) and C}(J) are Banach spaces. (use Theorem 1.3.10).
(ii) Denote by D: Cj(J) — C°(J) the linear map f + f’. Show that:

() [ID(A)llo < [If ]Iy for all f € C5(J),

(b) D is bijective,

) IF®] < IHID(f)|lo for all f e Ci(J) and all t € J,

(d) D is an isomorphism of Banach spaces from Cj(.J) onto C°(.J).

(iii) Define ®: C3(J) — C°(J) by setting for f € Ci(J), ®(f) = Df —
f?. Show that ® is C", calculate its differential and show that ®'(0) is an
isomorphism.

(iv) For r > 0, denote as usual by B(0;r) the open ball of center 0 and radius
rin C°(J). Show that there exist r > 0 and a function W: B(0;7) — C3(J)
of class C! such that for all g € B(0;r), ¥(g) is a solution of the differential
equation y’' = y* + g.

Exercise 3.4. Let S = {(z,y,2) € R*; 2% + y* — 22 — 2z = 0}.

(i) Prove that S is a submanifold of class C™ of R3.

(ii) Calculate the equations of the affine tangent planes to S which are parallel
to the 3 planes of equations x = 0, y = 0 and z = 0 respectively.

Exercise 3.5. Let a,b, c, R be strictly positive real numbers. Consider the
two surfaces

b2 2
S ={(z,9,2) ER%2* + 4 + (e — - Cy2 = g2},
1'2 y2 22
FZ{(.CE,:I/,Z) 61@37?4—? :g}

Calculate R in order that these two surfaces are tangent.
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Exercise 3.6. Find the equation of an affine tangent plane to the ellipsoid

[L’2 2 22
S={(z.,2) €RE S+ 5+ 5 =1)

which intersects the coordinates axis along intervals of the same length.

Exercise 3.7. Consider the map f: R* — R?
(z,y,2,t) — (u=2" + 2 + 327+ 4> —dv=a+y — 2 — 1)

and let S = {(x,y,2,t) € RY; f(z,y,2,t) = 0}.

(i) Prove that S is a compact submanifold of dimension 2.

(i) Calculate the affine tangent plane a + 7,5 at a = (1,0, 1,0).

(iii) Prove that the equation f(x,y, z,t) = 0 in a neighborhood of a is equiv-
alent to (z,t) = g(z,y) for a C*®-function g with values in R? and calculate
Jdz 0z Ot

ot
ox’ Oy’ Ox and oy*



