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PREFACE

THIS course packet is designed as a comprehensive guide with solved exercises covering
the official curriculum of the Mathematical Analysis III module. It is primarily aimed
at second-year engineering students in computer science but may also be beneficial for
second-year mathematics and technical science students.

At the end of each chapter, there is a selection of typical exercises with detailed solu-
tions, crafted progressively to help students familiarize themselves with new concepts
and ensure a solid understanding of key points.

The first chapter introduces parameterized integrals.

The second chapter covers the Laplace and Fourier transforms. The following chapter is
dedicated to elements of topology.

Chapter 4 focuses on functions of several variables and vector-valued functions, empha-
sizing limits and continuity.

Chapter 5 addresses differential calculus and the Jacobian matrix, while the final chapter
deals with optimization, both with and without constraints.



CHAPTER

1

PARAMETERIZED INTEGRALS

OFTEN, solving a differential equation involves computing an integral of the form:

Lb Flx,t)dt.

In many instances, we do not have an explicit expression for this integral, which necessi-
tates analyzing the function F(x) as it is presented—specifically, as an integral dependent
on the parameter x. This chapter outlines the conditions under which F(x) is continuous
and differentiable. We will apply these methods to the Laplace and Fourier transforms.

1.1 Integrals Depending on a Parameter

1.1.1 Function Defined by an Integral

Let f : (x,t) = f(x,t) be a function of two variables, x and t. We consider x as a parameter

and t € [a,b] as an integration variable. This allows us to define: F(x) = Jabf(x, t)dt.

For a fixed x, for F(x) to exist, it is enough that the partial application t — f(x,t) be
continuous on [a,b]. But this does not guarantee the continuity of the function F. We
provide sufficient conditions for F to be continuous, and then differentiable.

Theorem 1.1.1. Let I be an interval of R and | = [a,b] a bounded closed interval. Let f
be a continuous function on I x | with values in R (or C).

Then the function F defined for all x € I by F(x) = fabf(x, t)dt is continuous on I.

Example 1.1.2. Let F(x) = fon sin(x +t)- e dt, defined for x e I = R.

The function (x,t) — f(x,t) = sin(x +¢) - X is continuous on R x [0, 7], so the function
TC

x — F(x) is continuous on R. We have F(0) = Jon sin(t) - 1dt = —cos(t) 0 2. Even though

we do not have a formula for F(x) in general, we can deduce from the continuity that F(x) —
F(0)=2asx— 0.

Theorem 1.1.3. Let I be an interval of R and | = [a, b] a bounded closed interval. Assume
that:
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* (x,t) > f(x,t)is a continuous function on I x | (with values in R or C),
* the partial derivative (x,t) — g—i(x, t) exists and is continuous on I x J.

Then the function F defined for all x € I by F(x f f(x,t)dt is of class C1 on I and:

b
:L %(x,t)dt

We can remember the mnemonic abbreviation for the interchange of derivative and inte-

gral:
d (" ("o
), =) %

Example 1.1.4. Let us study F(x) JO P t2 for x € (0,+c0). Let f(x,t) = 2 el Then:

* f is continuous on (0,+00) % [0,1],

. g—f(x t)= (zi—tz)Q is continuous on (0,+00) x [0,1].
We will have F'( fo x2+t2 > dt. For this example, we can explicitly calculate F(x):
1 1 ) 1 1 1
F(x)= —arctan(—) = F'(x)= ——arctan(—)— _.
X X x2 x] x(1+x2)

This proves F'(x) = II — e dt =1 arctan(}—c) S—

0 (x2+t?) x(1+x2)°

Theorem 1.1.5 (Fubini’s Theorem). Let I = [a, 8] and ] = [a,b] be two bounded closed
intervals. Let f be a continuous function on I x J, with values in R (or C). Then the

function F defined for all x e I by F(x I f(x,t)dt is integrable on I and

Lﬁ dx—J (J flat dt)dx_J;b(Lﬁf(xlt)dx)dt_

The order of integration can be interchanged: Lf fahf(x, t)ydtdx = Lb Lf f(x, t)dxdt.

Example 1.1.6. Let’s calculate:

n rl
I:J f (tsinx + 2x)dtdx.
0o Jo

First method: We first integrate with respect to t, then with respect to x:

7 1 2 t=1
I :f (f (tsinx+2x)dt)dx:J —sinx + 2xt
x=0 Jt=0 0|2

t=

T 1 5
dx = (—smx+2x)dx:[——cosx+x]
. 0 \2 2

X=TC

x=0

=%+ 1.
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Second method: We use Fubini’s theorem, which states that we can first integrate with
respect to x, then with respect to t:

1 TC 1 1
I:J (J (tsinx+2x)dx)dt:J [ tcosx+x] dt—j (2t + 1) dt = [+ 12)=h = + 1.
t=0 Jx=0 t=0

1.1.2 Varying Bounds

Another category of integrals is when the bounds are the parameters of the function:

x) = j:(tc))f(t)dt, where u and v are functions of x.

Theorem 1.1.7. Let f be a continuous function on a closed interval [a, b] with values in
IR (or C). Let I be an interval in R and u,v:1 — [a,b] be functions of class C'. Then the

function G defined on the interval I by G(x f f t)dt is of class C' and
G'(x) = v (x)f (v(x)) — u'(x) f (us(x)).

2
Example 1.1.8. Let’s calculate the derivative of G(x) = fxx ﬁ(t) dt for x > 1.
To apply Theorem 4, we restrict to an interval [a,b] such that, for a fixed x, x € [a,b] C

(1,+00). With f(t)= lnt,u(x) x, and v(x) = x2 we have:

G'(x)zv(x) f) = (x) - flu(x) = 2x- s =1 o = 51

1.2 Improper Integrals Depending on a Parameter

Let f : I x[0,+00) — R be a function, where I is an interval in R. Suppose that the
integral of the partial application t — f(x,t) is convergent on [0,+00). We want to study
the function that associates to x € I the Value F(x f f(x,t)dt.

As you know, a convergent 1ntegra1 is deﬁned as the limit of integrals on bounded in-
tervals. Let’s set F,(x fo t)dt, so that F(x) = limy_,, o Fa(x). The results of the
previous sections give condltlons under which F4(x) is continuous and differentiable for
fixed A. To pass to the limit as A tends to infinity, we will add a condition called the
dominated convergence.

Definition 1.2.1 (Dominated Convergence Let f : Ix[0,+00) — IR (or C) be a continu-
ous function. We say that (x,t) — f(x, t) satisfies the hypothesis of dominated convergence
if there exists g : [0,+00) — R such that:

. the integral Io t)dt is convergent,

2. and such thatVt € [0,+00), Vxel, |f(x, 1) <g(t).

Remark 1.2.2. 1. Note that g must necessarily be non-negative, so Jomg(t)dt is actually
absolutely convergent.
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2. In the case of dominated convergence, for each x € I, F(x jo (x,t)dt is absolutely
convergent.

Example 1.2.3. Let f(x,t) = Sifl";fritnzt Then f satisﬁes the hypothesis of dominated conver-

— sin x+sin ¢
gence on I = R because |f (x, )] | e | < 1+t2 = g(t), with Io t)dt converging.

Theorem 1.2.4. Let I be an interval of R and | = [0,+o0). Let f be a continuous function
on I x J with values in R (or C) and which satisfies the hypothesis of dominated conver-

gence. Then the function F defined for all x € I by F(x fo t)dt is continuous on
I

Theorem 1.2.5. Let I be an interval of R and | = [0,+o0). Assume that:

* (x,t) > f(x,t)is a continuous function on I x J (with values in R or C).

o the partial derivative (x,t) — %(x, t) exists, is continuous on I x J, and satisfies the
hypothesis of dominated convergence.

Then F, defined for all x € I by F(x) = L;rwf(x,t)dt, is of class C' on I and: F'(x) =

Jy " et

Example 1.2.6. Let f(x,t) = T);t)z Then f is continuous on R x [0, +oc0) and

A A x XAy .
:J; f(x,t)dt:J; md =L 1+u2du:[arctan(u)]o

A

= arctan(xA) with u = xt.

+5  ifx>0,
Therefore: F(x fo (x,t)dt =limy_, o Fa(x) = lima_, o, arctan(xA) = { -5 ifx <0,
0 ifx=0.

Thus, F is discontinuous.

Theorem 1.2.7 (Fubini’s Theorem). Let I = [a, B] be a bounded closed interval and | =
[0,+00). Let f be a continuous function on I x J, with values in R (or C), and which
satisfies the hypothesis of dominated convergence. Then the function F is integrable on I

and ij(x)dx _ Lﬁ(J:OOf(x,t)dt)dx _ L+°°(Lﬁf(x,t)dx)dt
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1.3 Chapter 1 Exercises

Exercise 1
Consider the following functions:

2 X 1 px(t+1)
F(x) = J dt and G(x)= J dt.
1 0

1412 t+1

1. Study the continuity and differentiability of F and G on IR.

2. Calculate G'.

Correctionv [1]

Exercise 2
Consider the function

! 1
0= |, G

1. Show that F is continuous on R*.

2. Find the function F(x) (compute the integral).

3. Deduce the value of fol ﬁdt.

Correctionv [2]

Exercise 3
Consider the following functions:

X )\? 1= (14£2)x?
F(x) = (f e’ dt) , G(x)= J ———dt.

1. Show that F and G are differentiable on [0, +o0) and compute F” and G’.

2. Show that for all x € [0, +0), F(x) + G(x) = %.

3. Deduce the value of JO+OO et dt.

Correctionyv [3]

Exercise 4
Let

too -t
F(x) = L m
1. Show that F is continuous on [0, +oo[.
2. Show that F is differentiable on ]0, +oo|.

Correctionv [4]




CHAPTER

2

LAPLACE TRANSFORM AND
FOURIER TRANSFORM

2.1 Laplace Transform

This section serves as an introduction to the Laplace transform, a mathematical opera-
tion extensively utilized in electronics. It effectively converts a time-dependent function
t into a frequency-dependent function s. Additionally, the Laplace transform is valuable
for solving differential equations, as it transforms analytical operations such as differen-
tiation and integration into algebraic operations like multiplication and division.

Definition 2.1.1. Let f be a continuous function on the interval [0, +oo[, with values in
IR (or C). The Laplace transform of f is the function F defined by:

F(s) = Jom F(t)estdt (2.1)

If one wants to emphasize the dependence on the function f (rather than the parameter s),
then one can write this same integral as:

cn= | " fnetar (2.2)

Remark 2.1.2.
» We will assume that s is a real parameter, and the functions to be continuous.

* When we write F(s), this will conventionally mean that the integral converges.

Example 2.1.3. 1. Let f(t) = 1, the constant function equal to 1. Then, for s > 0,

+00 —st T —st 0
- - 1
F(s) :J- 1-etdt = [—e—] - lim (&) - (25 == (2.3)
0 S 0 t—+o00 S S S
2. Let f(t)=e'. Then, for s> 1,
+00 +00 (1-s)t +oo 1
F(s) = f etestdt = J 1=t gy — | = (2.4)
0 0 1-s 0 s—1

3. Let f(t) = t. We perform integration by parts with u(t) =t, v'(t) = e”*'. Then, for s > 0:

+00 —st ]+ +00 —st —st
- - 1. - 1
F(s):j t.e—sfdt:[t- ¢ ] —j L2 dr= 04 [ = = (25)
0 s o 0 s s- s s

11
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2.1.1 Properties

Proposition 2.1.4. 1. Linearity: L(Af + ug) = AL(f) + pL(g).
2. Differentiation: L(f’) =sL(f)— f(0).
3. Integration: E(Jf) = %ﬁ(f) where Jf is the primitive of f vanishing at t = 0.
4. Delay theorem: L(f(t — 1)) = e *"L(f(1)).
5. Initial value theorem: lim,_,, ., sF(s) = f(0), lim,_,,, F(s) = 0.

6. Final value theorem: If the limit of f(t) exists and is finite as t — +oo, then
limg_,osF(s) =lim;, o f(£).

2.1.2 Common Laplace transforms

f(t) | L(f(t)) = F(s) | Validity
c < ‘ s>0
" S,’% ‘ s>0
et — | s>a
theat (s—Z!)"H ‘ s>a
Here are some classical Laplace transforms:
sin(wt) szfr"wz ‘ s>0
cos(wt) P ‘ s>0
Vit % , /s% ‘ s>0
L T
Vi S ‘ s>0

2.1.3 Inverse Laplace Transform

Theorem 2.1.5. Let f, g :[0,+00) — R be two continuous functions, and let F and G be
their Laplace transforms. If for all s > 0, F(s) = G(s), then for all t > 0, f(t) = g(t).

This theorem allows us to talk about the inverse Laplace transform, i.e., going from F(s)
to f(t). There is no explicit formula at our disposal to make this transition. This is why
the tables of Laplace transforms are useful: knowing F(s), we manually search for the
corresponding f (t).

Example 2.1.6. Let’s find the function f(t) corresponding to the Laplace transform:
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_2s-1 3 5
Cs241 (s—-2)%

We can decompose F(s) as: F(s) = sfﬁ - # - ﬁ

Using the linearity of the Laplace transform and the tables of common transforms, the corre-
sponding function f(t)is: f(t)=2cost —sint - 3te*.

2.1.4 Differential Equations

If F(s) is the Laplace transform of a function f(t), then sF(s)—f(0) is the Laplace transform
of f’(t). The Laplace transform thus replaces the operation of differentiation on f(¢) by a
multiplication by s on F(s). Here is how we can solve differential equations:

Differential equation

Laplace transform

Algebraic equation

Algebraic solution

Inverse Laplace transform

Differential solution

We transform a differential problem into an algebraic problem, solve the algebraic prob-
lem, and then transform the algebraic solution into a differential solution. To respect the
conventions, in the following we will note the functions as y(¢) instead of f(¢).

Example 2.1.7. What is the solution to the differential equation: y’(t)+y(t) = t with y(0) =
37

1. Laplace transforms: Let’s calculate the Laplace transforms of the objects that appear:
- Let F(s) = L(y),
- Then we know that L(y’) = sF(s)—y(0),
- Finally, L(t) = slz

2. From the differential equation to the algebraic equation: Since y’(t) + y(t) = t,
then L(y’)+ L(y) = L(t). This gives sF(s) —y(0) + F(s) = Slz And since y(0) = 3 by
hypothesis, then: (s + 1)F(s) =3 + slz
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3. Solving the algebraic equation: It is simply a matter of: F(s) = % + oA

s2(s+1)"
But we will need the decomposition into partial fractions: F(s) = —% + Slz + s+i1'

4. Back to the differential solution: We need to find the function y(t) corresponding to
our algebraic solution F(s). This is where the tables are useful:

-For Fy(s) =1, it is y(t)=1,

s’

- For Fy(s) = Slz, itis yo(t) =t,
- For F5(s) = %, it is y3(t) = e

So by linearity, the solution is y(t) = —y1 (£)+y,(t)+4y3(t), and thus: y(t) = —1+t+4e".

We can verify that this function satisfies y’(t) + y(t) = t and y(0) = 3.

Example 2.1.8. Let’s solve the following differential equation:
v”(t)—4y(t) = 3e”" with y(0)=0 and y’(0)=1.
1. Let’s denote F(s) = L(y). We have L(y’) = sF(s) —v(0), and thus
L") =sL(y)-y(0) = s*F(s) —s3(0) —/(0).
Given our initial conditions, we have here L(y”) = s>F(s) — 1. Finally, L(e™") = %
2. The equation y”(t)—4y(t) = 3e~! becomes (s> —4)F(s) = 1 + %

3. Thus, after decomposition into partial fractions:

1 1
1 3 > 2 1
F(s) = + = + —
®) s2—4 (s+1)(s2-4) s+2 s-2 s+1
4. Using the tables, we recognize the solution:
1 1
y(t) = Ee_zt + EeZt -3¢,

2.2 Fourier Transform

This section is an introduction to the Fourier transform. Like the Laplace transform, the
Fourier transform changes a function that depends on time into a function that depends
on frequency and is widely used in signal theory. The Fourier transform applies to non-
periodic functions, in contrast to Fourier series.

2.2.1 Definition

Definition 2.2.1. Let f be a piecewise continuous function on R, with values in R (or
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C). The Fourier transform of f is the function F defined by:

= f;mf(t)e_iStdt

We also denote it as F (f).

Example 2.2.2. 1. Let f be the function defined by f(t)=1if t € [-1,+1], and f(t) =

otherwise. Then
0o 1 _ist 1l .
— " f(t)e—istdt — e—istdt — € st — 281n(5)
oo . —is |, s

2. What is the Fourier transform F(s) of the function defined by
f(t) = e, with a > 0?

+00 ) 0 ) +00 )
= J f(t)estdt = J eteT gt J e %St gy
—00 —00 0

[e(a—is)t ]O [e(—a—is)t :|+°°
= ; + -
a—is | | -—a-is|,

1 2a
= —+0+0+ —=——.
o —1s a+is a?+s

Remark 2.2.3. * Different definitions of the Fourier transform may be found in the liter-
ature, with different constants. So one must be careful about the specific definition being
used.

* The improper integral has two uncertain points at —co and +oo. By definition, an im-
proper integral rmg t)dt converges if and only if the integral I_Ooo g(t)dt converges and

the integral Io t)dt converges as well.

* Unlike the Laplace transform, the Fourier transform often takes values in C, even if the
original function is defined on R.

2.2.2 Properties

Proposition 2.2.4. 1. Linearity: F(Af + ug) = AF(f)+ puF(9).

2. Parity: If f is an even functzon then F(s) = 2[0 ycos(st)dt. If f is an odd
function, then F(s) = —2i Io )sin(st dt

3. Differentiation: F(f’) = isF(f).

4. Time-delay Theorem: F[f(t — )] = e STF[f(t)].
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2.2.3 Inverse Fourier Transform

The Fourier transform maps f(t) to F(s). There exists an inverse Fourier transform that
allows us to go back from F(s) to f(t).

Theorem 2.2.5. IfF(s) = J_J:O f(t)e 'tdt has an absolutely convergent integral J_J:)O |E(s)|ds,
then

f(t) ! J+mF(s)e+i“ds.

:ﬂ N

One must pay attention to the constant % and the positive sign in e™’*!. We accept this
theorem. In other words, if we denote the inverse Fourier transform as F !, we have:

Ff) =5 j:fu)e”“dt.

Then the inverse Fourier transform F ! is the operation that allows us to go back from F
to f:
FHUF(fN=f and FIFH(f)=T.

It is remarkable that the inverse transform has a form very close to the direct transform.

Example 2.2.6. What is the Fourier transform of g(t) = #?
1

In example 13, we saw that the Fourier transform of f(t) = el is F(s) = T2, which has an
absolutely convergent integral. This means that, according to Theorem 9, the inverse Fourier
transform of g(t) = 1+1t2 is: G(s) = 6_2‘5‘.

We just said that:

1 +o00

- g(t)etstdt = G(s)

So, evaluating this expression at —s, we get: % I:: g(t)e stdt = G(=s). In other words:

1 (™™ 1 e sl

2 o 1+¢#2 2

1

This allows us to conclude that the Fourier transform of g(t) = 1 is:

too ,—ist
F(g) = f I tzdt = e ¥l

In particular, when we take the real part of this last equality: roo s gt = eI, which

—oco  1+t?
. +00 .
gives for s = 1: Loo <osldt = Z. The correspondence is therefore:

1+t2
o F 2
€ . 1+s2
A I
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Relation with the Laplace transform

The Fourier and Laplace transforms, when they are well-defined, are related by the fol-
lowing relationship:

F(f)(s) = L{fr)(+is) + L{f-)(1s)
where f, and f_ are defined on [0, +oo[ by: f,(¢t) = f(t) and f_(t) = f(~t) for t > 0.

Example 2.2.7. Let’s calculate the Fourier transform of f(t) = t2e” 1,

We denote f,(t) and f_(t) as above. Since the function f is even, then f, = f_.

From the Laplace transform tables, we know that for f,(t) = t?e™" (with t > 0), which is of
the type t"e®!, we have L(f,) = ﬁ We can thus deduce that:

2 2 _4-1257
(is+1)3  (—is+1)3  (1+s2)3

F(f)s) = L{f)(+is) + Lf-)(=is) =

2.2.4 Convolution product

The convolution product, denoted by %, is a bilinear operator and a commutative product.

Definition 2.2.8. Let (f, g) be two functions defined on R (or C). If f and g are integrable
on R, we define:

(f *g)x) = Lf(x—y)g(y)dy

Basic Properties:
Let f and g be two functions in L!(R).

1. Commutativity: The convolution product is commutative:
(f*8)x) = (g*f)(x)

2. Translation: Let 7;,(-) denote the translation of a function f(x): 7,(f(x)) = f(x —h).
We then have:
T(f)*8 = Tn(f *g)

3. Derivative: If f and g are C!(R), and if f’ and g’ are in L' (RR), then we have:

(f+g) =f'+g=f=¢

Fourier Transform and Convolution: A key property of the Fourier transform F is that
it transforms the convolution product into multiplication.

Proposition 2.2.9. For f,g € L'(R), we have:

F((f+8)(x) = F(f(x))- F(g(x))
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2.3 Chapter 2 Exercises

Exercise 5
Calculate the Laplace transform of the following functions:

a)t— e, b)t—t"e™, o)t > sin(wt), d)t— e *sin(5t), e)t — t>cost .

Correctionv [5]

Exercise 6
Find the original functions of the following Laplace transforms:

1 -1 55+10 s—7
L (s+1)(s-2) 2. (5-2)2 * s2+3s-4 4. 52—14s+50
J—— 6. = 7 8. =
© s2-6s+13 ©s+3 * s2-q? * (s+3)3
Correction v [6]

Exercise 7
Solve the following differential equations (using the Laplace transform):

a)x'+3x=0, b)x"+3x=cos(3t) with x(0)=0,
c)x”+x=t with x(0)=1 and x’(0)=0.

Correctionv [71]

Exercise 8
Calculate the Fourier transform of:

1. f(t)y=e (a>0).

{1 if t €]-3,3]

0 otherwise

2. g(t)=

3. g(t)=

e i1 ifte]-3,3]
el otherwise

Correctionv [8]

Exercise 9
For a > 0, we define f(t) = e/,

1. Calculate the Fourier transform of f.

1

2. Using the reciprocity formula, deduce the Fourier transform of t — 1.

3. Calculate f * f; deduce the Fourier transform of t — m

4. Determine the Fourier transform of t — ﬁ

Correctionv [9]




CHAPTER

ELEMENTS OF TOPOLOGY

IN this chapter, we will examine the key concepts of topological, metric, and normed
spaces, which are essential to modern analysis. These notions provide a framework for
studying continuity and convergence, and are particularly important for the analysis of
functions of several variables.

3.1 Metric Spaces

Definition 3.1.1 (Distance). Let E be a non-empty set. A distance on E is a function
d : ExE — R" that satisfies, for all (x,y,z) € E>:

1. d(x,v) =0 if and only if x = y;
2. d(x,y) = d(y,%);
3. d(x,z) <d(x,y)+d(y,2).

If d is a distance on E, the pair (E,d) is called a metric space.

Remark 3.1.2. Property 3 is known as the "triangle inequality.” It leads to the following
inequality, called the "second triangle inequality”:

ld(x,v)—d(v,z)| < d(x,2).

Example 3.1.3. Let E be a set. The function d : E x E — IR" defined by

dx,x)=0 and d(x,y)=1 if x=y

is called the discrete metric. We verify that d satisfies the properties of a distance (or
metric):

1. Forall x,y € E, we have:

* Ifx =1y, then d(x,v) = 0, which is non-negative.

e If x #y, then d(x,y) = 1, which is also non-negative.

Thus, d(x,y) > 0 for all x,y € E.

2. This property states that d(x,y) = 0 if and only if x = y. We can see that:

19

3 <
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* Ifd(x,v) =0, then by definition, x must equal y.
* Conversely, if x =y, then d(x,y) = 0.

3. This property states that d(x,vy) = d(y, x) for all x,y € E. We have:
e Ifx=y, thend(x,y) =d(y,x) = 0.
e Ifx=y, thend(x,y)=d(y,x)=1.
4. The triangle inequality states that for all x,y,z € E:
d(x,z) <d(x,v)+d(y,2).

We will check the possible cases:

(a) Casel: x=y =z

* Here, d(x,2z) =d(x,v)+d(v,z) = 0+ 0 = 0, satisfying the inequality.
(b) Case 2: x=y #z

* Then d(x,z) =1 and d(x,y)+d(y,z) = 0+ 1 = 1, satisfying the inequality.
(c) Case 3: x#y =z

* Then d(x,z) =1 and d(x,y)+d(y,z) = 1+ 0 = 1, satisfying the inequality.
(d) Case4: x#y =z

* In this case, we have d(x,y) =1, d(y,z) =1, and d(x,z) = 1. Thus:

dix,z)=1<1+1=2,

which also satisfies the inequality.

Example 3.1.4. On R, the usual distance between two real numbers x and vy is given by
d)j(x,p) = |x -yl
The properties of the metric d)| can be summarized as follows:
1. Forall x,y € R, we have d||(x,y) > 0 since the absolute value is always non-negative.

2. d)|(x,y) = 0 if and only if x = y. This directly follows from the definition of absolute
value.

3. For all x,y € R, we have d||(x,y) = d||(y,x), which is a property of absolute values:
lx—yl=ly—x|.

4. For all x,y,z € R, we have
d|,|(x,z) < d|,|(x,y) + d|.|(y,z),
which follows from the property of absolute values:

|x—z| < |x—y|+ |y -zl

The metric space (R, |.|) is often denoted as (R, d| ).
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3.2 Normed Vector Spaces

Let IKK denote R or C.

Definition 3.2.1 (Norm). Let E be a vector space over K. A mapping ||.|| from E to R* is
a norm if it satisfies for all (x,y) € E and all A € K:

1. ||x|| = 0 if and only if x = 0.
2. || Ax]] = [All]x|

3. [+l < lxll + 12l

A vector space E equipped with a norm is called a normed vector space. The real
number ||x|| is called the norm of the vector x.

Example 3.2.2. The mapping ||-||; : K" — R defined by

n

Il =) Il

i=1
is a norm. We will verify the following properties:

1. Forall x e K",
n
llly = ) lxil > 0.
i=1

Since the absolute value |x;| is always non-negative, the sum of non-negative numbers
is also non-negative.

2. We have:
llx]ly =0 < x=0.

If llx|ly = 0, then Y}, |x;| = 0, which implies that each |x;| = 0 and hence x; = 0 for all
i. Conversely, if x = 0, then clearly ||x||; = 0.

3. For any scalar a € R and x € K",

n

n n
laxlly = ) laxi = ) ladlil = lal ) lxil =1l

i=1 i=1 i=1

4. Forall x,y e K",

n

n n n
e+l =) I+ pil <) (l+lpih =) led+ ) lyil =llxlh + [yl
i=1 i=1 i=1

i=1

This follows from the triangle inequality of absolute values, which states that |a+b| <
|la| + |b| for any real numbers a and b.
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Example 3.2.3. The mapping ||- ||, : K" — R defined by

1
n 2
2
E |x; | ]
i=1

is a norm. We will verify the following properties:

llxll> =

1. Forall x e K",

; 3
2
lIxll, = [Zw ] > 0.
i=1

Since each |x;|? is non-negative, their sum is also non-negative, and the square root of

a non-negative number is non-negative.

2. We have:
l|x]l, =0 < x=0.

If llxll, = 0, then ), Ix;|?> = 0, which implies that each |x;| = 0 and hence x; = 0 for

all i. Conversely, if x = 0, then clearly ||x||; = 0.

3. For any scalar o € R and x € K",

1
2

n % n n %

2 2 2 2
Z|axi|] :[Zw |xi|] :|a|[Z|xi|] = latllxll-
i=1 i=1 i=1

llacx]l> =

This shows that scaling a vector by a scalar scales its norm by the absolute value of

that scalar.

4. Forall x,y € K",

1
2

1

|x; +37i|2]

Using the Cauchy-Schwarz inequality, we have:

Il +ll2 = [

n
=1

2 2 2 2
;i + il < (il + [pi)7 = lxil™ + 2|x; || + |wil =

Thus,

n n

n n

2 2 2 2 2 2 2

e+ plB <) (il + 2bwillyd + i) = ) el + ) il +2 ) lxillyil < llxll3 + Iyl
i=1 i=1

=1 i=1

Taking the square root gives:

[l + pll> < lxll2 +[[3l]2-
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Example 3.2.4. The mapping || ||o : K" — R defined by

llxllco = max |x;|
1<i<

KISsH

is a norm. We will verify the following properties:

1. Forall x e K",
lIxllco = max [x;| > 0.
1<i<

SISsn

Since the absolute value |x;| is always non-negative, the maximum of a set of non-
negative numbers is also non-negative.

2. We have:
x|l =0 < x=0.

If |Ix|loo = O, then max¢j<y |x;| = 0, which implies that each |x;| = 0 and hence x; = 0
for all i. Conversely, if x = 0, then clearly ||x||, = 0.

3. For any scalar a € R and x € K",

llax]loo = max |ax;| = [a] max [x;] = |al||x[|.

ISn ]IS

4. Forall x,y € K",

llx + ylleo = max |x; +y;| < max (Ix;] + [p;]) < max |x;[+ max [p;] = [Ix]|oo + [[Pllco-
<isn 1<i< 1 <

SIS SIS SISsn SIS

The first inequality follows from the triangle inequality for absolute values, and the
second inequality holds because the maximum of a sum is less than or equal to the sum
of the maxima.

Every normed space is equipped with a distance.

Theorem 3.2.5. Let (E,||-||) be a normed space over K. The mapping d : ExXE — R
defined by
d(x,p) = llx -l

is a distance induced by the norm of E. Thus, every normed vector space is a metric space.

Proof. For all x,y € E, we have
dxy)=0 = |x-y[|=0 & x=1.

This shows that d satisfies the separation axiom. The symmetry follows from the fact
that, for all x,y € E,
=l =11= @ =2l = lly - x|

To verify the triangle inequality, we take x,v,z € E and write

d(x,p)+d(y,2) = llx=pll+lly -zl > l[(x = p) + (v - 2)l| = [Ix — 2l = d(x, 2).
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Definition 3.2.6. 1. Let E be a set, and let dy and d, be two distances on E. We say
that dy and d, are equivalent if there exist constants m, M > 0 such that for all
x,v € E:
mdy (x,9) < dy(x,9) < Mdy (x,).

2. Let X be a vector space, and let Ny and N, be two norms on X. We say that Ny and
N, are equivalent if there exist strictly positive constants m and M such that for all
x € X, the following inequalities hold:

MNl(X) < NQ(X) < MNl(X)

Example 3.2.7. Let (E,dg) and (F,dgp) be two metric spaces. The distances d; and d,
defined earlier are equivalent.
Indeed, for every (x,v),(x’,v’) € E x F, we have the following inequalities:

doo((x,9), (x',3") = max(dg(x,x), dp(3,9"))
By the triangle inequality, this can be bounded as follows:
doo((%,9), (x,9") <dp(x,x") + dp(9, 7).

Thus, we find:
doo((x,9), (x,3") <di((x,), (¥, ),

where
di((x,),(x, ) = dg(x,x") + dp(v, 7).
On the other hand, we can also establish:
dl ((X;y); (x', V’)) = dE(X, x,) + dP(}’: }/') < 2maX(dE(xlx’)r dF(y; V’)) = 2doo((x’y)f (x', y’))

We have thus established the inequalities:

dy <d, <2d,

3.3 Balls, Open Sets, Closed Sets, Topology, Neighborhood

Definition 3.3.1. Let (E,||.||) be a normed space.

1. The closed ball centered at a € E with radius r for the norm ||.|| is defined by

Br(a,r)={x€E|d(ax)<r}={xeE||x-al <}

2. The open ball centered at a € E with radius r for the norm ||.|| is defined by

B(a,r)={x€E|d(a,x)<r}={x€E||x—al <7}
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Example 3.3.2. In R equipped with the usual distance d(x,y) = |x —y|, we define the open
ball B(x,r) and the closed ball Bf(x, ) as follows:

1. The open ball centered at x with radius r is defined by:

Bx,r)={yeR||ly—x|<r}=(x—r,x+71).

2. The closed ball centered at x with radius r is defined by:

Br(x,r)={yeR||y—x|<r}=[x-rx+71].

Example 3.3.3. In R? equipped with the ||-||., norm, defined as

1, 9)llo = max{|x], [yl},
we can describe the associated distance as
d((x1,91), (x2,92)) = ll(x1 = x2, 91 = ¥2)lleo = max{lx; —x5|, [y1 - p2l}.
1. The open ball centered at the origin 0 = (0,0) with radius 1 is defined by:
B(0,1) = {(x,9) € R* [ [|(x,9)lloo < 1}-

This means that the open ball B(0, 1) consists of all points (x,y) such that the maximum
of the absolute values of the coordinates is less than 1.

Characterization of the Open Ball: The condition ||(x, V)|l <1 can be rewritten as:
maxf{|x|, |y} < 1.

This implies that both |x| < 1 and |y| < 1. Therefore, the open ball can be represented
as:
B(0,1)={(x,y) e R*|-1<x<land —1<y<1}=(-1,1)%

2. The closed ball centered at the origin with radius 1 is defined by:
B#(0,1) = {(x,9) € R* | |(x,9)lloo < 1} = [-1,1]%.

This includes all points (x,y) such that max{|x|,|y|} < 1, which corresponds to the
square with vertices at (-1,-1), (-1,1), (1,-1), and (1,1).

Definition 3.3.4. Let (E,d) be a metric space. A subset A of E is said to be open if for
every point a € A, there exists a radius r > 0 such that the open ball centered at a with

radius r is contained in A:
B(a,r)C A
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Example 3.3.5. 1. An open interval |a,b[, where a < b are two real numbers, is open in
(R,|-|). To see this, let us fix x €]a, b[. Then we have x —a > 0 and b —x > 0. We set

r =min(x—a,b - x).

Now, let v be such that |y — x| < r. Since |y — x| <r, it follows that both x —y and y — x
are greater than —r. Therefore, we can show:

y—a=(@y-x)+(x—a)>(x—a)—r>0.
Similarly, we can show:

b—y=(b-x)+(x-y)>(b-x)—r>0.
Thus, we conclude that y €|a, b[, demonstrating that B(x,r) Cla, b|.

2. An interval of the form [a,b[ is not open in (R,|-|). Indeed, for any r > 0, the ball
B(a,r), which corresponds to the open interval |la—r,a+ r[, is not contained in |a, b|.
Specifically, it includes points y < a, which are not in the interval [a, ].

Theorem 3.3.6. Let (E,d) be a metric space, r > 0, and xy € E. The open ball B(xg,r) is
an open set in (E,d).

Theorem 3.3.7. Let E be a set, and let dy and d, be two distances on E. Suppose that d,
and d, are equivalent. Then, the following equivalence holds for any subset A of E:

(Aisopenin (E,dy)) < (Aisopenin (E,d,)).

Definition 3.3.8. A subset A of a metric space (E,d) is said to be closed if its complement
E\ A is open.

Example 3.3.9. Let (E,d) be a metric space. In this context, we will demonstrate that both
the entire set E and the empty set () are considered to be open and closed sets.

» The empty set is open because for every point a € O (which does not exist), the condition
holds vacuously.

* The entire set E is open because for any point x € E, we can find a radius r > 0 such
that the open ball B(x,r) C E, since E contains all points in the space.

* The complement of the empty set is the entire space E, which is open by definition.
Therefore, 0 is also closed.

* The complement of E is the empty set O, which we established is open. Therefore, E is
also closed.
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Theorem 3.3.10. Let (E,d) be a metric space, r > 0, and x € E. The closed ball Bf(xo, r)
is a closed set in (E,d).

Theorem 3.3.11. Let (E,d) be a metric space. The following properties are verified:

1. If (O;)ie is a family of open sets, then
o,
i€l
is also an open set. (Any union of open sets is an open set.)

2. If O1,0,,...,0,, are open sets, then
01N0O,N...N 0O,

is also an open set. (Any finite intersection of open sets is an open set.)

3. If (F;)ies is a family of closed sets, then
)7
i€l
is also a closed set. (Any intersection of closed sets is a closed set.)

4. If F1,F,,...,F, are closed sets, then

F,UF,U...UF,

is also a closed set. (Any finite union of closed sets is a closed set.)

Example 3.3.12. In R equipped with the usual distance, we have:

1. An interval of the form
[c,d]={xeR|c<x<d}

is a closed set. This is because the complement of the closed interval [c,d] is the set
(—o0,c) U (d,+00).

This complement consists of the union of two open intervals. Thus, the complement is
open.

2. An interval of the form
(—o0,a]={xeR|x<a}

is a closed set. The complement, (a,+o0), is open, which confirms that (—co, a] is closed.
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3. For every n > 0, the set

11
)
" n'n

is an open interval. However, the intersection
()Ax =0}
n=1

is not open, since the only point in the intersection is 0, which does not have an open
contained entirely in {0}.

Similarly, for every n > 1, the set
1
B, = [0,1 - —]
n

is a closed interval. However, the union

UBu=101]

n=1

is not closed (see Example 3.3.5).

Definition 3.3.13. Let (E,d) be a metric space. The topology of (E,d) is defined as

7 ={U CE|U is open set }.

Definition 3.3.14. Let A and B be subsets of the metric space E. We say that B is a
neighborhood of A if there exists an open ball O in E such that

ACOCB,

If A = {x}, we simply say that B is a neighborhood of x. We denote by V(x) the set of
neighborhoods of x.

Remark 3.3.15. We note the ambiguity of the terminology: the notion of a neighborhood is
not necessarily related to the concept of proximity.

Indeed, in R, the interval ]0,1] is a neighborhood of every point in 0, 1[ but not of 0. In fact,
a set is considered a neighborhood of a point if that point is contained within the set.

In particular, the entire set E is a neighborhood of each of its points.

3.4 Interior, Closure, Boundary of a Set

Definition 3.4.1. Given a metric space (E,d) and a subset A C E, the interior of A,
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denoted fi, is the union of all open sets contained in A, that is,

A= |J o.
O open,OCA

Remark 3.4.2. « By definition, A is an open set, contained in A, and it contains all other
open sets contained in A: it is the largest open set contained in A.

» A set Ais open if and only if
A=A
Example 3.4.3. In (IR,|-|), the interior of the interval 10,1] is equal to |0, 1[. Indeed, ]0,1{
is an open set contained in ]0,1]. Furthermore, for any r > 0, the open ball
B(L,r)=(1-r,1+r)

is not contained in 10, 1], since it includes points greater than 1. Therefore, 1 does not belong
to the interior of ]0,1].

Definition 3.4.4. Let (E,d) be a metric space, and let A be a subset of E. The closure of
A, denoted A, is defined as the intersection of all closed sets containing A, that is,

A= ﬂ F.
F closed,F2A

We say that A is dense in E if

A=E.

Remark 3.4.5. e Aisa closed set, contains A, and is contained in all other closed sets that
contain A: it is the smallest closed set containing A.

» A set Ais closed if and only if
A=A

Theorem 3.4.6. Let (E,d) be a metric space, A a subset of E, and x € E. The following
properties are equivalent:

1. x€A.

2. For every open set U such that x € U, we have UNA = (.

Example 3.4.7. In the metric space (RR,|-|), the closure of the interval |0, 1] is equal to [0, 1].
To demonstrate this, we first observe that [0,1] is a closed set that contains |0, 1]. Therefore,
we have:

10,1] < [0,1].
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Next, we need to show that 0 is in the closure ]0,1]. For any € > 0, consider the open ball
B(0,€) = (—€,€). We can choose € to be any positive value, no matter how small. Since there
are points in 10,1] (for example, any x such that 0 < x < €) that lie within this ball. Thus,

0€]0,1].

hence,

10,1] = [0,1].

Remark 3.4.8. If (E,d) is any metric space, and if a € A and r > 0, it is not necessarily true
that B(a,r) = Bf(a,r) For example, consider the set IN equipped with the discrete metric. The
open ball B(0,1) = {0}, so

B(0,1) = {0}
However, by the definition of the discrete metric, we find that

Bf(0,1)=N.
Example 3.4.9. In R equipped with the usual distance, both Q and R\ Q are dense.
To show this, let x € R and r > 0. The open ball is given by
B(x,r)=]x—r,x+7].

It is known that between any two distinct real numbers, there always exists a rational num-
ber and an irrational number. This implies that

B(x,r)NQ =0 and B(x,r)N(R\Q)=0.

Thus, for any x € R, we find that there exist points in both Q and R\ Q within any open ball
around x. Hence, Q= Rand R\ Q =R.

Definition 3.4.10. For a subset A of a metric space E, the boundary dA is defined as the
set difference between its closure and its interior:

JA=A\A={x€eE|xecAandxeA)

Example 3.4.11. In R,
d(10,1]) = {1}.

3.5 Case in the Space R”

This section highlights key concepts from topology in the vector space R".
* The Euclidean norm, denoted ||x||, is defined as

[|x]| = \/xf+---+x,%.
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* The distance between points A = (ay,...,a,) and M = (xq,...,x,) is expressed as

IM = All =y =02+ + (=2
* The open ball centered at A with radius r > 0 is defined by
B(A,r)=B,(A)={M eR"|||M -A| <r}.

* A subset U of R" is a neighborhood of point A € U if it contains an open ball centered
at A. Additionally, U is classified as open if every point A € U has an open ball contained
within U.

e In R?, points are represented as (x,y), leading to:

()l = /x* + 22,

B, (x0,%0) = {(x,9) € R | (x —x0) + (¥ —pp)* <

The norm of a vector x = (xy,...,x,) is defined as

2}.

||x||:\/xf+x§+---+x,% €R.

This establishes R" as n-dimensional Euclidean space. The norm induces a metric given

by
d(x,v)=|lx—y|| forx,yeR"

Thus, R"” becomes a metric space and serves as an example of a topological space as
follows:
Open Sets in R”

* For a point x € R" and r > 0, the ball

B,(x) =y e R": |x—yll < 1)
is an open set.
* Open balls B,(x) are open sets in IR".
* A subset O C R" is open if, for each point x € O, there exists € > 0 such that

B.(x)CO.

* A subset U CR" is closed if its complement R" \ U is open.

Example 3.5.1. 1. Examples of open sets in R include open intervals, such as (0,1).
2. The Cartesian product of n open intervals (an open rectangle) is open in IR".

Closed intervals serve as examples of closed sets in IR.

The Cartesian product of n closed intervals (a closed rectangle) is closed in R".

The empty set O and R" itself are both open and closed sets.

A

However, not every subset of R" is open or closed. Many subsets are neither open nor
closed. For example, the interval (0,1] in R and the product of an open interval and a
closed interval in R?,
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3.6 Chapter 3 Exercises

Exercise 10

Let n € IN* and let dy,d;,d,, : R" x R" — R* be defined, for x = (xq,...,%,,),v = (¥1,..., V) €
R", by:

di(y) =Y Ixi—vil da(xy) = VLI (xi —9i)%  deo(x,y) = max{lx; —yi|, i =1,n}.

1. Verity that dy,d;, and d, are distances on R".

2. Assume n = 2. Draw the unit ball for each of these distances.
3. Show that dy,d,, and d,, are equivalent for n = 2.

Correctionv [10]

Exercise 11

We define the following three functions on R?:

Ni((x,p)) = lxl+Iyl,  No((x,9)) = 4/x* + 9, Neo((x,9)) = max(|x], |p]).
1. Prove that Nj,N,, N, define three norms on R?.
2. Prove that: Ya € R?, Ny (a)<Ny(a) < Nj(a) < 2Ny (a).
3. Are Ni,N,, N, equivalent?

Correctionv [11]

Exercise 12
Show that the following sets are open:

1. A={(x,y) eR*:y >0}

2. B={(x,y) e R?: x> +y? <4xand y > 0}
3. C={xeR:x>>x)
4, D:{erR:0<x<1ar1d%EZ}

Correctionv [12]

Exercise 13
Indicate whether each of the following intervals is or is not a neighborhood of 0 for R
equipped with the usual distance: a) |- %, %], b) 1-1,0], ¢) [0, %[, d) ]0,1].

Correctionv [13]

Exercise 14

Determine the Interior and Closure of Q, [0,1]NQ, and ]0,1[NQ (in R with its usual
distance)

Correctionvy [14]




CHAPTER
4 ‘43
FUNCTIONS OF SEVERAL
VARIABLES : LIMIT AND

CONTINUITY

IN this chapter, we will study functions of multiple variables. These functions will there-
fore be of the form
f:ECR'">R,

where n > 1 is a natural integer. In other words, the elements of the domain set E will be
n-tuples of the type (x1,...,x,), which can be considered as vectors, and the elements of
the codomain set will be real numbers. We will examine the properties of these functions,
focusing on their limits and continuity, which are essential for understanding their be-
havior in higher dimensions. Additionally, we will investigate how these concepts extend
to vector-valued functions, enriching our analysis of multivariable phenomena.

4.1 Domain of definition

Definition 4.1.1. Let E be a subset of R". A function f : E — R associates with each
(x1,...,xy,) € E a single real number f(xq,...,x,).

Definition 4.1.2. If we are first given an expression for f(xy,...,x,), then the domain
of definition of f is the largest subset Df C R" such that, for each (xi,...,x,) € Df,
f(x1,...,x,) is well-defined. The function is then f : Dy — R.

Example 4.1.3. 1. Let f(x,y) =In(1 + x+p). It is necessary for 1 + x +y to be strictly
positive in order to calculate its logarithm. Thus, we have:

Dy ={(x,p) e R*|1+x+p>0).

To plot this set, we first draw the line defined by the equation 1 + x+7y = 0. We then
determine which side of the line corresponds to the set 1 + x + vy > 0. Here, it is above
the line.

2. Let f(x,y) = exp(;;_}; ) The denominator must not be zero:

Dy ={(x,y) eR?|x*—p=0).

The points in the domain of definition are all the points in the plane that are not on
the parabola defined by the equation y = x°.

33
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3. Let f(x,9,2) = \/ﬁ The expression under the square root must be positive (to

allow for taking the square root) and must not be zero (to allow for taking the inverse).
Therefore, we have:

Ds ={(x,9,2) e R® | X2+ + 22> 2).

In other words, these are all the points outside the closed ball centered at (0,0, 0) with
radius V2.

4.2 Limit of Functions from IR” to R

The concepts of limit and continuity for functions of a single variable generalize to mul-
tiple variables without additional complexity: it suffices to replace the absolute value
with the Euclidean norm.

4.2.1 Definition

Let f be a function f : E C R” — IR defined in the neighborhood of x;, € R", except
possibly at x.

Definition 4.2.1. The function f has the limit | as x approaches x if:
Ye>0,36>0,VxeE, (0<|x—xp|l<o=|f(x)-I|<e).

We then write
lim f =1, or lim f(x)=1, or f(x)—I.

X=X X=X

We would similarly define lim,_,,  f(x) = +oco by:

YA>0,30>0,Vx€E, (0<|lx-xpl| <o =|f(x)|>A).

Remark 4.2.2. * The concept of limit does not depend on the norms used here.
o If it exists, the limit is unique.

4.2.2 Operations on Limits

To calculate limits, we rarely resort to this definition. Instead, we use general theorems:
operations on limits and bounding. These are the same statements as for functions of a
single variable: there is no difficulty or novelty.

Proposition 4.2.3. Let f,g: R" — IR be defined in the neighborhood of xo € R" and such
that f and g have limits at xy. Then:

lim(f+g):J}Lr§10f+ lim g,

X—X X—X

lim(f'g):)}Lrgofx lim g.

X—X X—Xg
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And if g does not vanish in a neighborhood of x,:

Remark 4.2.4. * The results above also hold for infinite limits with the usual conventions:
1 1
€+ 00=400, €—00=—00, 6:+oo, — =0, {xco=00 (£#0), ocoXoo=o0.
(6]

, %, %, 0 % 00, 00?2, 1%, and 00,

* The indeterminate forms are: +co — co
* Let f : R" — R be a function of several variables such that lim,_,, f(x)=¢,
Let g: R — R be a function of a single variable such that lim, ,,g(t)=1{".
Then the function of several variables g o f : R" — R defined by (g o f)(x) = g(f(x))
satisfies

lim (go f)(x)=¢".

X—Xq

Theorem 4.2.5. (Squeeze Theorem)
Let f,g,h:R" — R be three functions defined in a neighborhood U of x, € R™.

o If, for all x € U, we have f(x) < h(x) < g(x),

e and iflimy_,, f =lim,_,, ¢ =7{, then h has a limit at the point xq and lim,_,, h =

L

4.2.3 Limit along a Path

The uniqueness of the limit implies that, regardless of the way we approach the point x,
the limit value is always the same.

Proposition 4.2.6. Let f : IR" — R be a function defined in the neighborhood of xy € R",
except possibly at x.

1. If f has a limit € at the point x, then the restriction of f to any curve passing
through x has a limit at xy, and this limit is £.

2. By contraposition, if the restrictions of f to two curves passing through x, have
different limits at the point x, then f does not have a limit at the point x.

Let’s elaborate on the case of functions of 2 variables:

* A curve passing through the point (xg,9,) € IR? is a continuous function y : R — R?,
t — (x(t),y(t)), such that y(0) = (xg,vo)-

* The restriction of f along y is the function of one variable f oy : t = f(x(t),y(t)).

* If f has limit € at (xg, ), then the proposition asserts that f(x(t), y(t)) — £.
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Example 4.2.7. Let f : R? — R defined by

i ()= (0,0)
0 if(xy)=(0,0)

* If we take the path y(t) = (t,0), then (f o y1)(t) = f(t,0) = 0. Therefore, as t — 0,
1
j.

(f o y1)(t) = 0. If we take the path y,(t) = (t,t), then (f o y,)(t) = f(t,t) = ;_; -
Thus, ast — 0, (f o y,)(t) — 3.

f(x,y>={

Below, in the figure on the left, are the two paths in the plane; in the two figures on the
right, two different views of the values taken by f along these paths.

* If f had a limit {, then for any path y(t) such that y(t) — (0,0) as t — 0, we would
have (f o y)(t) — €. We would then obtain € = 0 and € = %, which would contradict
the uniqueness of the limit. Thus, f does not have a limit at (0, 0).

Y y
() 74(t)

(x40, ¥o) = 7(0) (t)

4.3 Continuity of Functions from R" to IR

Definition 4.3.1. 1. f : E CR" — Ris continuous at xy € E if lim,_,, f(x) = f(xo).
2. A function f is continuous on E if it is continuous at every point of E.

By the properties of limits, if f and g are two functions continuous at x;, then:
* The function f + g is continuous at x,
* Similarly, f - g and é (with g(x) = 0 in a neighborhood of x() are continuous at x,

* If h: R — R is continuous, then ho f is continuous at x.

Example 4.3.2. 1. The functions defined by (x,y) — x+ 7y, (x,v) — xy, and all poly-
nomial functions in two variables x and y are continuous on R? (for example,
(x,y) — x2 + 3xy). Likewise, all rational functions in two variables are continuous
where they are defined.

2. Since the exponential function is continuous, (x,v) > e is continuous on R>.
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3. The function defined by f(x,y) = ——— is continuous on R?\ {(0,0)}.

Definition 4.3.3. (Extension by Continuity).

Let f : ECR" — R. Let xq be a limit point of E not belonging to E. If f(x) has a limit
¢ as x — xo, we can extend the domain of definition of f to E U {xq} by setting f(xo) = ¢.
The extended function is continuous at x,. We say that we have obtained an extension of
f by continuity at the point x.

Example 4.3.4. Let f : R?\ {(0,0)} be defined by
Xy

flxy)= \/ﬁ

* Limit at the origin.

We use the inequalities |x| < \/x? + y? and |y| < A/x? + y2. Thus,

If (x,9) = M <AX2+92 >0 as(x,v)—(0,0).
\x2+y?
* Extension.
To extend f at (0,0), we choose the limit obtained as the value. We set f(0,0) = 0. (We
denote the extended function still by f : R*> —» R.)
» Continuity.
By our choice of f(0,0), f is continuous at (0,0). Outside the origin, f is continuous

as a sum, product, composition, and inverse of continuous functions.

Conclusion: The extended function is continuous over the entire R?,

4.4 Polar Coordinates

Instead of locating a point in the plane R? by its Cartesian coordinates (x,), we can do
so using its distance from the origin and the angle formed with the horizontal: these are
the polar coordinates.

4.4.1 Definition

i

Let M be a point in the plane R2. Let O = (0,0) be the origin. Let (O,Z] be a direct
orthonormal coordinate system.
* We denote r = ||OM]|, the distance from M to the origin.

* We denote O as the angle between 7and OM.
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Y
M=[r:0
Y=rsinO@---ceacececaee e aa L ]
r |
-~ :
; o
(0] H - x =rcosf X

We denote [r: 0] as the polar coordinates of the point M. In this course, r will always be
positive. The angle is not uniquely determined; several choices are possible. To ensure
uniqueness, we can restrict 6 to the interval [0,27[ or -t < 6 < w. Generally, polar
coordinates are not assigned to the origin (the angle would not have meaning).

4.4.2 From Polar Coordinates to Cartesian Coordinates

We recover the Cartesian coordinates (x,y) from the polar coordinates [r : 8] using the
formulas:
x=rcos, y=rsin0.

In other words, we have defined a function:

(0,+00) x [0, 21t[— R?, (r,60) > (rcosB,rsin6).

4.4.3 From Cartesian Coordinates to Polar Coordinates

We recover r and 6 from (x,y) using the following formulas:

r=4/x2+7?,

and, in the case where x >0and y >0, 6 = arctan(%).

For points in other quadrants, we reduce to the principal quadrant where x > 0 and y > 0.

4.4.4 Limit and Continuity

When considering functions f : E € R? — R, it is sometimes easier to prove results about
limits, continuity, etc., using polar coordinates.

Proposition 4.4.1. Let f : R? — R be a function defined in the neighborhood of (0,0) €
IR?, except possibly at (0,0). If

lim f(rcos6,rsinf) =€ € R

r—0

exists independently of 6, meaning there exists a function e€(r) — 0 such that, for all r >0
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and all 6, we have:
|f(rcosO,rsin@)—{| < e(r),

then

lim x,p)=~.
(x,y)—>(0,0)f( 2

To clarify this proposition and explain the different practical cases of the limit, here’s
how to proceed. We express f(x,v) in polar coordinates by calculating f(rcos6,rsin0).

1. If lim,_, f(rcos 0,rsin 0) exists and does not depend on the variable 6, then this
limit is the limit of f at the point (0, 0).

2. If lim, o f(rcos0,rsin6) does not exist (or the limit is not finite), then f does not
have a finite limit at the point (0, 0).

3. If lim, o f(rcosO,rsinB) = £(0) depends on O, then f does not have a limit at the
point (0,0). To justify this, we provide two values 6, and 6, such that £(6;) = £(0,).

Example 4.4.2. 1. Let

3
X
flx) = m
3 3
f(rcos@,rsin0) = rc:—zsa =rcos’ 6.

As |cos® 0] < 1, we have r|cos® 0| < r (for all r and also for all 0), with e(r) :=r — 0.
This implies that
f(rcos@,rsinf) -0 asr— 0.

The limit exists (independently of the values taken by ), so the function f does indeed
have a limit at (0,0):
f(x,v)—0 as(x,y)—(0,0).

For those who want to do everything by hand with more details, we can also write

|f (rcos6,rsin0)| < r, in other words |f (x,v)| < \/x? + v2. Thus,
f(x,y) >0 as(x,y)—(0,0).

2. Let

flxy)= 4

x2+p3
1 sin@
rcos0,rsinf) = — .
) ) 7 cos?6 +rsin® 0
Fix O such that sin@ = 0 (i.e., 0 = 0(mod 1)). Then, as r — 0, f(rcos0,rsin0) does
not have a finite limit. In particular, the function (x,y) = f(x,v) does not have a finite
limit at (0,0).
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3. Let Xy
flxy)= R
We have f(rcos0,rsin0) = 2c0s0sin6 — o5 Qsin @ = —Sin(zw).
r

For fixed 6, the function r +— f(rcos0,rsin0) does have a limit £(0) = %sin(26) as

r — 0. However, this limit depends on the angle 0: if 6 = 0, then {(0) = 0; on the
other hand, if 0 = 7, then £(0) = % Since the limit depends on the angle, the function
of two variables (x,y) — f(x,v) does not have a limit at (0,0).

4.5 Vector Functions

Definition 4.5.1. A function is said to be a vector function or vector-valued function
when the codomain is RP, with p > 2:

F:R" >R, x=(x1,...,%,) = (fi(x),-.., fp(x))

Each component f;, for j = 1,...,p, is a function of several variables with real values:
fi 1 R" > R. We denote x + F(x) or (xq,...,%,) = F(xq,...,x,).

Example 4.5.2. From R to R?: F(t) = (t?,t).
From R? to R%: F(x,) = (e* cosy,e*siny).

4.5.1 Limit of Functions from R" to R?

Definition 4.5.3. Let F : E C R" — RP defined by x — F(x) = (fi(x),..., f,(x)), a =
(a1,az,...,a,) €Eand 1 =(Iy,1y,...,1,) € RP, then:

limF(x)=1 & limfi(x)=1; fori=1,...,p.

X—a X—a

4.5.2 Continuity of Functions from R" to R”

Definition 4.5.4. The function f is continuous at the point a € E (respectively on E)
if and only if all the components f; (for i = 1,...,p) of f are continuous at the point a
(respectively on E).

e All algebraic operations on continuous functions remain valid for continuous vector-
valued functions.
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4.6 Chapter 4 Exercises

Exercise 15
In each case, determine and represent the domain of definition of the following func-
tions:

L filry) = Y22 3. fg(x,y)=\/:f:‘;zi-

2. frlxy) =2, 4. fixp)=In(x—p?).

S

7

Correctionyv [15]

Exercise 16
Find the limit of the following functions at (0, 0) (without using polar coordinates).

249241 . 2.2 1-
L Aley) =5 sint). 3. flxy)= 5 5. filvy)= =552
4yt _ sin(x?)+sin(y?) .
2 floy) = LREISTUSE T 6 Sy =S
Correctionv 16

Exercise 17
Do the following functions have a limit at the origin? (Use the path method)

4 x+y

L filxy) =700 2. flxy)= =L 3. fs(x9) =200

x4p0°

Correctionv [17]

Exercise 18
Calculate the limit, if it exists, or show that it does not exist, for the following functions
using polar coordinates.

. ) . 3 . xy
L. 1ln'l(x,y)—>(0,0) \/T_yz 2. hm(x,y)—>(1,0) (x_lyTyQ 3. hm(xfy)*((),o) xZxy+y?

Correctionv [18]

Exercise 19
Let

fxy)=

Show that f is continuous on IR

Correctionv [19]




CHAPTER

5

DIFFERENTIAL CALCULUS
AND JACOBIAN MATRIX

5.1 Differential Calculus

For a function of several variables, there is a derivative for each of the variables, called
the partial derivative. The set of partial derivatives allows us to reconstruct a linear
approximation of the function: this is the differential.

5.1.1 Partial Derivatives

Definition 5.1.1. Let f : R — R be a function of a single variable. The derivative of f at
xo € R, if it exists, is given by:

F(xg) = }llf(l) fxo+ h})l—f(xo)'

Example 5.1.2. The function f : R — R defined by f(x) = x? is differentiable, with deriva-

(xg+h)?—x
h

2
tive f’(xg) = 2x¢. Indeed, as h approaches 0, we have: 0 =2x9+h —p_0 2Xp-

Definition 5.1.3. Let f : U CIR" — IR, where U is an open set in R". We say that f has
a partial derivative with respect to the variable x; at the point xy = (ay,...,a,) € R" if the
function of one variable

xl "_)f(all'"'ai—lrxiyai+1;.-.,an)

is differentiable at the point a;. In other words, we define the partial derivative of f with
respect to x; at the point xy = (ay,...,a,) by

lim flay,...,a;_1,a;+h,a;q,...,a,)— f(ay,...,a,)
h—0 h

if this limit exists.

Notation. This limit is denoted by %(xo).
This is the partial derivative of f with respect to x; at the point xy. The symbol J is read

as "d round." Another notation is d,, f(xg) or f (xo).

42
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Thus, there are n partial derivatives at the point x: g_ai(x(])’ g_aé(x())’ . ng(xO).
In the case of a function of two variables (x,y) — f(x,v), we have:

af _ 1o J(xo+h90) = f (x0,%0)
ax(XO’yO) B Ilql—r}(l) h

and

af . f(xo, 90+ k)= f(x0,90)
3 (x0,Y0) —Il(l_I}(l) p

Example 5.1.4. For f : R? — R defined by f(x,v,z) = cos(x +y?)e %, we have:

g—i(x, y,z) = —sin(x + yz)e‘z, g—i(x,y,z) = —2ysin(x + yz)e‘z, %(x, Y,2) = —cos(x + yz)e‘z.

Example 5.1.5. The function f : R> — R defined as

a7 () =(0,0

flxy)= {0 at (0,0)

has partial derivatives at every point but is not continuous at (0,0):

1. Discontinuity at the Origin: Along the path y(t) = (t,t) for t # 0, we have
£2
f(y(t) = i) which does not tend to f(0,0) = 0.
Thus, f is not continuous at (0, 0).

2. Partial Derivatives Away from the Origin: Consider the point (xo,v9) # (0,0). In a
neighborhood of this point, f is defined by f(x,y) = % The function x — f(x,vg) is
therefore continuous and differentiable in the neighborhood of x,. The partial deriva-
tive is obtained by differentiating the function of one variable x — f(x,vy). Thus, we

have s
Jf Yo —*o%o
=—(X0,%0) = 55
9x (x5 +95)2
Similarly, by differentiating the function y — f(xq,7), we find g—];(xo,yo) = %
0 0

3. Partial Derivatives at the Origin:
Since the function f is defined at (0,0) by a special formula, we must return to the def-
inition of what partial derivatives are using limits. To calculate %(0' 0), we evaluate
at (xo, o) = (0,0):

f(0+h,0)—£(0,0)

:%:0 — 0 ash—0.

Therefore, %(O, 0)=0.

f(0,0+k13—f(0,0) 2£(0,0) = 0.

=0 — 0 ask—>0.Thus,a—y

o

Similarly:

Conclusion: For any point (xo,v0) € R?, the partial derivatives %(xo,yo) and %(xo,yo)
exist.
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5.1.2 Directional Derivative

It is possible to generalize the concept of partial derivative.

Definition 5.1.6. Let f : R" — R. Let v € R" be a non-zero vector. The directional
derivative of f at xy € R" in the direction of the vector v is defined, if it exists, by
f(xo+tv) - f(x)

D =1i .
vf(xo) tl—l;% f

For a function f : R? — R, the directional derivative at the point (x,v,) in the direction
of the vector v = (h, k) is given by

D, f(x0,v0) = }in& flxo+th, v +ttk) —f(xo,yo)'

Example 5.1.7. Let f be the function defined on R? by

2 if (x,y) £ (0,0)
f(x,y): x+y
{0 if (x,) = (0,0)

For any non-zero vector v = (h, k), we have:

(th)3+(tk)® 0
. f(O+th,0+tk)—f(0,0) .. (th)+(tk)? ~ W3+ k3
lim =lim = .
0 t t—0 t h? + k2

Thus, f has a directional derivative in the direction of any non-zero vector at the point

(0,0), and when v = (h,k): D,f(0,0) = szﬁ In general, if the vector v is a vector from the

canonical basis, we recover a partial derivative. Let f : R*> — R.
1. If v = (1,0), we have D, f (x,p) = 2L (x,p). 2. If v = (0, 1), we have D, f (x,) = 3_§<x,y>.

= ox

5.1.3 Differentiability

For a function f : R — IR of a single variable, another way to express that it is differen-
tiable at x is to verify that there exists € € R such that

hmf(xo+h)—f(x0)—€'h _

0.
h—0 h

We denote this € by f’(x(), so that we have f(xo+h) =~ f(xg)+ f'(xg)-h (for small real h).
In other words, we approximate the mapping h — f(xo +h)— f(x() by a linear function
h— f'(xg)-h.

We will perform the same work in higher dimensions.

Definition 5.1.8. Let f : R" — R. The function f is differentiable at x, € R" if there



5.1. DIFFERENTIAL CALCULUS 45

exists a linear mapping € : R" — IR such that:

im f(xo+h)—f(xq) — €(h)
(k|0 [l

=0.

The mapping € is the differential of f at xy and is denoted by d f (x;).

In the case of functions of one variable, we have df (xy) = f’(xg) (and d f (x¢)(h) = f'(x¢)-h).
For functions of several variables, we will see shortly how to express the differential
using partial derivatives. Note that d f(x() is a mapping from R” to R (like f), and thus
df(xg)(h) is a real number (for each h € R").

Just as for functions of one variable, if a function is differentiable, then it is continuous.

Proposition 5.1.9. If f is differentiable at x, € IR", then f is continuous at x.

5.1.4 Differential

Proposition 5.1.10. If f : R" — R is differentiable at x, € IR", then its partial derivatives
exist, and we have:
of of

df(xo)(h) = hla_xl(xO) +-othy 5 (x0)

where h = (hy,..., h,).

In particular, when it exists, the differential is unique. For f : R?> — R differentiable at
(x0,v0), the formula is:

d d
70 300 ) = 1550, 30) + K5 (k050

To show that a function is differentiable, one can use the fact that the sum, product,
inverse (of a non-zero function), and composition of differentiable functions are also
differentiable. Otherwise, it is necessary to revert to the definition. For example, for
f:R>>R:

1. First, compute the partial derivatives g—ﬁ(xo,yo) and g—i(xo,yo).

2. Write the candidate for the differential as €(h, k) = hg—i(xo,yo) + k%(xo,yo).

3. Finally, prove the limit as ||(h, k)|| — 0:

f(xo+h,yo + k) — £ (x0,90) — €(h, k)
[l(h, K|

— 0.

Example 5.1.11. Study the differentiability at every point of the function f defined by

fxy)=

x-3y+ % if (x,v) = (0,0)
0 if (x,v) = (0,0)
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* Away from (0,0), the function f is dzﬁerentzable because f is a sum, product, and
inverse ofdzﬁ‘erentzable functions (since x* +y? is only zero at the origin).

» At (0,0), we need to study differentiability manually.

* Partial derivative with respect to x:

8f f(h,0)=f(0,0) . h+h®

5x(0/0) = lim n =lim ==L
* Partial derivative with respect to y:

83} =50 k k—0 k

* The candidate for the differential is therefore:

ey =1L 0,004k (0,00 = h -3k,

dx Ay
e We calculate:
_ _ 4 4
ng(0+h,0+\1227f$,0) e k) _ h2h = <l%:w_)o as (h,k) — (0,0).
+ (h* +k=)2

Therefore, f is differentiable at the point (0,0) and d f(0,0)(h, k) = h - 3k.

5.1.5 Connection with Partial Derivatives

Partial Derivatives. We saw in Proposition 5.1.10 that if f : R?> — R is differentiable at
(Xo, yo), then

) d
df(x0,90)(1,0) = a—{c(xol}’o) and df(x0,90)(0,1) = a—i(xolyo)-

In any dimension, for f : R" — R differentiable at x, € R", and e; the i-th vector of the
canonical basis:

d
4 (o) = 2L (xo).

Directional Derivative. More generally, if f : R” — R is differentiable at x, € R”, then
df(xo)(v) = D, f(xg). For f:IR?> — R, this means that if v = (h,k), then:

Jd J
D f (x0,90) = ha—i(xo;yo) + ka—];(xoﬁ’o)'

If f is not differentiable, this formula may be false.
Gradient.
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The gradient is another way to represent the differential. The gradient of f at x is the
vector

%(Xo)
grad f(xo)=|
2L (xo)

If f is differentiable at x(, then
df (xo)(v) = (grad f(xo)lv),

where (u|v) is the inner product of u and v.

Summary.

When f is differentiable, the differential, the directional derivative, and the gradient
encode the same information and are related by the formulas:

D, f(xo) = df (xo)(v) = (grad f(xo)|v).
Example 5.1.12. Let f be the function defined by f(x,y) = In(1 + x +p?).
1. Determine the domain of definition U of f.

Calculate the partial derivatives of f.
Show that f is differentiable on U.

S

Calculate the gradient of f at (0,1) and express the differential at that point.

5. Calculate the directional derivative of f at (0,1) in the direction of the vector (2,1).
Solution.

1. The domainis U = {(x,y) € R? | 1 + x + > > 0}.

2. The partial derivatives are:

of 1 of

_ 2y
Z(x,y) Cl+x+p? 8y(x'y)

- l+x+y?

3. f is differentiable on U as it is the sum, product, and composition of differentiable
functions.

4. The gradient is obtained directly from the partial derivatives:
%0,1)) (L
grad £(0,1)=| 95~ :(2).
Fon) 1
The differential at this point df(0,1) : R? — R is the linear mapping defined by
1
af(0,1)(h, k) = (grad (0, 1)l(h,k)) =h+ k.

5. Since f is differentiable, the directional derivative is simply the linear combination of
the partial derivatives: D5 1)f(0,1)=2- g—’;(O,l) +1- 3—1;(0, 1)=2.

We could also perform the calculation using the formula D5 1)f(0,1) =df(0,1)(2,1).
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5.1.6 Functions of Class C!

In practice, functions are often of class C!, which implies differentiability and is easier
to verify.

Definition 5.1.13. Let f : R" — IR. We say that f is of class C! if the partial derivatives
of

o exist and are continuous (fori=1,...,n).
1

Of course, one can limit the definition to an open set. For example, if U is an open set in
R?, f : U — R will be of class C! on U if % and % exist and are continuous on U.

Theorem 5.1.14. If f is of class C!, then f is differentiable.

5.1.7 Taylor’s Formula of Order 1

Another way to say that f is differentiable is to state that f admits a first-order Taylor
expansion. For f : R? — R, at the point (x(,vy), if f is differentiable, then

d d
s+ g+ ) = (s, 30) + s 30) + K5k 0 + ol )
Knowing the values of f, g—ﬁ, and g—]; only at (xg,y), we obtain an approximation of f at
any (x,v) close to (xg,vp).
Notation: Let ¢ : R> — R be a function defined in the neighborhood of (0,0). We say
that g is negligible with respect to [|(x,)||" in the neighborhood of (0,0) and we denote
g =o(l(x,p)I") if
lim  S%y)

=0.
(x9)—(0,0) [|(x, v)||"

Example 5.1.15. Let f : R? — R defined by f(x,y) = sinx-e?.
of of

—(x,9)=cosx-e? and ——(x,y)=2sinx-e*.

Ix dy

Both partial derivatives exist and are continuous, hence f is of class C' on all R?.
In particular, f is differentiable at every point (xg,v,) € R? and

d f(x0,v0)(h, k) = hcos xge??® + 2k sin xye?.
For example, for (xg,vo) = (%, 1 ), we have the Taylor expansion:

F(Eenrer)=r(Ea) e (Ea)ekd (Z1) ot

Thus:

f(% +h,1 +k) = %ez + ?ezhﬂzzk +e(h,k)Vh2 + k2,

where e(h, k) — 0 as (h, k) — (0,0).
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Abstract

definition . . I
f is of class C! f has continuous partial derivatives

. . g . definition . .
f is continuous «—— f is differentiable € ° f has a first-order Taylor expansion

f has partial derivatives (and directional derivative)

Counterexamples

If f is differentiable, then f admits partial derivatives and directional derivatives in all
directions. The converse is false, by the following example.

Example 5.1.16. Let f : R? — R be the function defined by

3

Y .
Flxy) = Vit lf(x;y) #(0,0)
0 if (x,9) = (0,0)

Show that f has a directional derivative in every non-zero vector at the point (0,0), but it is
not differentiable there.

Solution.

1. Let v =(h,k) = (0,0).

- If h =0, we have [UW-T00) _ JOH) _

-If h =0, we have

t-v)—£(0,0 k312 k*
LA e R L )
W22 4 h44 h

Thus, D, f(0,0)=k if h=0, and 0 if h = 0.
2. With v = (1,0), we have %(0,0) =0, and with v = (0,1), we have %(0,0) =1. The
candidate for the differential at (0,0) is therefore {(h, k) = k. However, the expression

F(hk) = £(0,0)=€(hk) K3 —kVhZ+k*

e(h k)= =
Vh2 + k2 Vh2 + k2Vh2 + k*
does not tend to 0 as (h, k) — 0, since lim;_,¢+ €(¢,t) = —%. Thus, f is not differentiable at

the point (0,0).

If f is of class C!l, then it is differentiable. The converse is false, as demonstrated by
the following example.
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)

2sin(=—) if (x,v) = (0,0
Example 5.1.17. Let f : R? — R such that f(x,y) = Y SIH("2+3’2) 1f(x y)=(0,0) Show
0 if (x,) =(0,0)
that f is differentiable at every point in RR? but not of class C! at the origin.
Solution.
* Outside the origin:
The partial derivatives are given by
of 2xy? 1 of ‘ 293
%(x,y) T +y2)2 Cos(x2 +y2)' 8_y(x'y) = 2y51r1(x2 +y2)_(x2 +92)2 Cos(xz +y2

These exist and are continuous on R\ {(0,0)}. Thus, f is of class C' on IR?\ {(0,0))
and, by Theorem 5.1.14, is therefore differentiable on IR? \ {(0,0)}.

* Differentiability at the point (0,0).
We will calculate the partial derivatives of f at the point (0,0). Since f(x,0) =0, we

ave of £(1,0)~ £(0,0)
5x (00 = lim === =0.

And since f(0,y) = p? sin(}%), we find

A o FOK-FO0 (1)
oy (00 =im k ‘ilféksm(kZ)‘o‘

Thus, the candidate for the differential at (0,0) is €(h, k) =0

Moreover,
: f(hk)-f(0,0)=€(hk) . k2 ( 1 )
| li <k 0,
(E1(0.0) 2+ k2 = im0 Vi e )< H =

therefore f is differentiable at the point (0,0).

Conclusion.
on £ is differenti 2 o (1,1) = ~<laz)
The function f is differentiable on R”. Furthermore, 7 (t,t) = ———}=

as t — 0. Thus, the partial derivative g-i is not continuous at (0,0). Hence, f is not of class

does not have a limit

C! at the origin.

5.1.8 Second Order Partial Derivatives

Let f : R?> — R be a differentiable function. The two partial derivatives gf and J; are

also functions from R? to IR; suppose that these are also differentiable functions. Then

we can compute the partial derivatives of f aax( ‘3’; ), a%(g_f;)_
We can also compute the partial derivatives of af a‘i(af;) %(g_f;)
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) . P 2 f Rf 9
We denote these partial derivatives as: 7, o Iy

These are functions from R? to RR.
More generally, for f : R” — R, we denote the first order partial derivatives by g—){ ' R" —

R (for 1 <i < n) and the second order partial derivatives by 7, g (for 1 <i,j <n).

5.1.9 Schwarz’s Theorem

For f :R? — IR, there are four second order partial derivatives to compute, but generally,
two of them are equal.

Example 1.
Let f : U — R be defined by f(x,v) = x2cos(v) + In(x —v?) on U = {(x,y) € R* | x — 2 > 0}.
Then:

ax(x,y) = 2xcos(y) + =2y (x,9) = —x“sin(y) - g

We can now differentiate again to obtain the second order partial derivatives:

82f _ 1 2’ f _ ) 2y
= —2(x,y) = 2cos(y) — TR Byax( ,y) = —2xsin(y) + TR
82f 82f 2y 82f ) 2x+2y2

=—2xsin(y) +

8y<9x( )= axay( /%) =y 5y =5 (xy)=—x COS(y)—(x_yz)z-

We note from the previous example that aygx(x V) = ;gy (x,v). This is a general phe-

nomenon that we will detail.

Definition 5.1.18. A function f : R" — R is of class C? if f is of class C' (that is, its
partial derivatives exist and are continuous) and if its partial derivatives are also of class
cL.

The Schwarz theorem states that the result does not depend on the order in which the
derivatives are taken.

Theorem 5.1.19. (Schwarz’s Theorem) Let f : U C R" — R be a function of class C?. For

alli,j e{l,...,n}, we have:
i 8f Bf
ox; Bx- ax ax; |

Thus, for f : R? — R of class C?, we have: 888 (x,y)=

2

Ty 09)

For f :IR3 — R of class C?, there are 9 second-order partial derivatives, but only 6 calcu-
If  *f  If  I*f I’ f I?f  I*f I’ f I’ f
ox2’ dy?’ 922" dydx’  Ixdy’ dzdx' Ixdz’ dzdy dyoz’

lations to perform:
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Example 5.1.20. Let f : R? — R be the function defined by

2 if (x,y) % (0,0)
f(x,y): X+y
{o if (x,) = (0,0)

We verify that f is of class C' on IR? and that

ox’yd 3x3y?+xyt
8]’ (x,9) =1 (7 if (x,9) = (0,0) , a—f(x,y) _ | if (x,9) = (0,0)
o 0 if (x,9)=(0,0) 9 0 if (x,9) = (0,0)
2 0,9)-2L
The increment ratio W =1—->1 asy—0
shows that %(0,0) =1.
. , . Fx0-5(00)
Similarly, the increment ratio —————=0—0 asx—0

This shows that ;l(0,0) = 0. The mixed partial derivatives are not equal at (0,0). We

xdy
2 2
conclude that at least one of the second partial derivatives 2L or 2L s not continuous
dxdy dyox

at (0,0). In other words, the function f is not of class C? at (0,0), and the Schwarz theorem
does not apply.

5.1.10 Implicit Function

It involves replacing the study of a function of two variables with that of a function of a
single variable.

Let F : R> — R. We consider the level curve C : F(x,y) = 0. We say that the function
v = ¢(x) is implicitly defined by F(x,y) = 0 if F(x, ¢p(x)) = 0, meaning that (x, ¢(x)) € C. We
then state that y = ¢(x) is an implicit function of F(x,y) = 0.

Theorem 5.1.21. (Implicit Function Theorem) Let F : R*> — R be a C' function and let
(x0,v0) be a point such that F(xg,yy) = 0. Ifz—i(xo,yo) %0, then:

1. There exists a C' function ¢ : I — ] defining an implicit function y = ¢(x), where
I is an open interval containing x, | is an open interval containing vyo, and yy =
¢ (xg). More precisely, for all (x,y) € I x ], we have:

F(x,y)=0 = p=(x)
In particular, for all x € I, F(x, (j)(x)) =0.

2. Furthermore, for all x € I, we have (x,¢(x)) # 0, and the derivative of ¢ is given

by:

We have a symmetric statement when exchanging x and v if the other partial derivative
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does not vanish. If g—i(xo,yo) # 0, there exists a function ¢ : ] — I of the variable y,
defined around y,, which defines the implicit function ¢(p), such that in a neighborhood
of (xg,): )

F(x,y)=0 &= x=¢(y)

(this implies F(¢(y),y) = 0).
If both partial derivatives %(xo, 1p) and ‘3—5(960; o) simultaneously vanish, the point (xg, o)

is called a singular point, and the Implicit Function Theorem does not apply.

Example 5.1.22. Let’s examine what the Implicit Function Theorem signifies for the circle
defined by the equation x* +y> — 1 = 0, where 3_1; =2y.
o At the point (0,1):
JF

a—y(O,l):ZiO.

Thus, we can express y as a function of x around the point (0,1). We can give the

formula: y = V1 — x2.

o At the point (1,0):

JF

—(1,0)=0.

9y
We can no longer apply the Implicit Function Theorem, and indeed, y is no longer a
function of x around (1,0). This is because for points (x,v) close to (1,0) with x fixed,
the equation x>+ y? — 1 = 0 admits two possible solutions for y. However, around
(1,0), we can express x as a function of .

5.2 Differential Forms and Exterior Differential

5.2.1 Differential Forms

Differential Forms of Degree 0

Let D cR", n = 2,3 be a bounded domain.

Definition 5.2.1. A differential form of degree 0 on D is simply a continuous function
f:D—R

Differential Forms of Degree 1

Definition 5.2.2. A differential form of degree 1 on D is an expression of the form:

a=) fixdx,
j=1
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where the f; are continuous functions from D to R.

It will often be assumed that the functions f; are regular (infinitely differentiable on D).

Example 5.2.3. 1. a = cos(xlxg)dxl + (xfx3 —Xp)dxy + tan(x,x3) dx; is a differential
form of degree 1 on IR3.

2. a = (x? +sinx,)dx; + €97 dx, is a differential form of degree 1 on R,

ne L] n . . . . b
For now, dx; can be seen as "integration elements," similar to their use in L f(x)dx.

Differential Forms of Degree 2

Definition 5.2.4. A differential form of degree 2 on D is an expression of the form:

a= iiffk(x)dxf A dxy,

j=1 k=1

where the fjy are continuous functions from D to R.

It will often be assumed that the functions fj; are regular (infinitely differentiable on D).

Example 5.2.5. a = (xf cosxp)dxy Adxy + (x3 —2x1x2)dxy A dxs is a differential form of

degree 2 on R3.

Calculation Rules

The following calculation rules apply to the symbols dx; and A, analogous to those of the
vector product of two vectors:

dx;Adx; =0, 1<i<mn,
dxi Ndx;=—dx; Ndx;, 1<i,j<n

Example 5.2.6.
dxy, Ndx, =0, dxy ANdx; =—-dx; Adx,, etc.

By applying these rules, one can simplify the expressions of a form. For instance, if n = 2
and « is a degree 2 form, we have:

a = fll(x)dxl A de + flz(X)dxl A dX2 + f21 (X)dX2 A dX1 + fzz()C)dXz A\ dX2

= (fi2(x) = for(x))dxy Adxy = (fo1(x) = fia(x))dxy Adxy
= g12(x)dx; Adx,,

where g15 = fi2— fo1.
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Similarly, if n = 3 and « is a degree 2 form, we have:
a = f11 dxl/\dx1+f12 dxl/\dx2+f13 dxl/\dx3 +f21 dX2 /\dx1+f22 de/\dX2+

f23 dX2 /\dX3 +f31 dX3 /\dxl +f32 dX3 /\dXz +f33 dX3 /\dX3

= (fi2(x) = for1(x))dxy Adxy + (fo3(x) = f32(x))dxy Adxs +(f31(x) = fi3(x))dx3z Adx;
= g12(x)dx; Adx;y + gr3(x)dxy Adxs +g31(x)dx; Adxs,

by applying the rules:
dxl A dX1 = de A de = dX3 A dX3 = 0,

dXZ A dxl = —dx1 A de, dX3 A dxl = —dxl A dX3, dX3 A dX2 = —dXQ A dX3.

Remark 5.2.7. It is useful to adopt the practice of writing degree 2 forms using only the
symbols
dxy Ndxy, dxy ANdxs, and dxs Adxq .

Understanding the Notion of Degree

The degree of a differential form corresponds to the power of the "d" symbols present in
its expression: a degree 0 form is a function that has no "d" in its expression. A degree 1
form contains dx;, while a degree 2 form contains dx; A dx;.

Another way to understand degree is through the dimensionality of spaces: a curve in
R? or R3 is a 1-dimensional space (one parameter is sufficient to describe points on the
curve), and a surface in R® (a domain in R?) is a 2-dimensional space (two parameters
are needed to describe points on a surface). Following this perspective, a point in IR? or
R3 is a 0-dimensional space.

Now, if I have a function f (a degree 0 form), the simplest thing I can do is evaluate
its value at a point, which can be understood as "integrating the function f over a 0-
dimensional space." Degree 1 forms are likewise objects intended to be integrated over
curves, while degree 2 forms are meant to be integrated over surfaces. In other words, a
differential form of degree d will be integrated over a space of dimension d. A differential
form of degree d is often simply referred to as a d-form.

5.2.2 Integral of a 1-Form Along an Oriented Arc

Definition 5.2.8. Let y be an oriented arc in R? (i.e., a curve in R? with a specified
direction of traversal), and let a = fi(x)dx; + fo(x)dx, be a 1-form in R?>. We define the
integral of o along y as follows:

We choose a parameterization of y:

[a,b] 3 ¢ > x(t) = (x1(t), x2(t))
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compatible with the orientation of y. We define:

b
Ja:JQMMM&MMm+MMW&m%MMt
Y a

We can remember the following rules:

\fa:JﬁWMM+ﬁWWM,
V4 v

2. Al(o;;c; ¥, we replace x = (x1,x,) with x(t) = (x1(¢), x,(t)), and dx; with %dt, that is,
xi(t)dt.

1. We write

3. We integrate the resulting expression from a to b.

Definition 5.2.9. Let y be an oriented arc in R3, and let
a = fl dxl +f2 dX2 +f3 dX3

be a 1-form in R3. We define the integral of a along y as follows:
We choose a parameterization of y:

[a,b] 3 t > x(£) = (x1(8), x2(t), x3(£))

that is compatible with the orientation of . We then set:

Ja—Jwﬁ O+ O + f (D)) dr.

Again, the integral is independent of the parameterization as long as it remains compat-
ible with the orientation.

5.2.3 Exterior Differential

We now define an operation denoted by d that transforms a form of degree k into a form
of degree k + 1. This operation, which serves as a type of differentiation, is called the
exterior differential.

A differential form « is said to be of class C¥ if the functions appearing in its expression
are of class CX. We begin with the case of degree 0 forms, which are simply functions.

Definition 5.2.10. Let f : D — R be a function of class C'. We define the exterior

differential d f as:
df = Z 5 )i

Thus, the form df is a degree 1 form.
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Example 5.2.11. In dimension 2, if f(x1,x;) = sin(xlxg), then we have:

af = x% cos(xlxg)dxl +2x1% cos(xlxg)dxz.

Definition 5.2.12. Let ;
a=) filx)dx
i=1

be a degree 1 form assumed to be of class C! (meaning that the functions f; are of class
C!). We then define the exterior differential of a as:

n
da=) dfindx,
i=1

which is a degree 2 form.

Example 5.2.13. 1. Ifn=2and
a = fi(x)dx + f(x)dx;,

then we have:

da = afl (x)dx; Adxy + 8f( Ydx, Adxy + af( Ydxq Adxy + 8f( Ydxy Adxy
8 X1 a X7 a X1 a X5
_(2f2 af1
_(axl (x)— 8x2 )dxl Adx,,
after applying the calculation rules.
2. Ifn=3and
a = fi(x)dx; + fr(x)dxy + f3(x) dxs,
then we have:
da:%( Y Adaxy+—~ fl () dxoAdoxy+—— fl (x)dxs Adix == f2 )dxl/\dx2+§f (x)dxyAdxy+
! X2
o % % %
E 3 (x)dxs Adxy + o, (x)dxq ANdxs + axz(x)dxz/\dx3+ axg(X)dX3/\dX3
_(2f2 3f1 2 of of f
_(a—xl(x) ETN (x) | dxy Adoxy+| =2 2(x) 8x3( x) |dxpndxs+| 52 3( x) - 8x1 (x) |dx3Adx;.
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5.3 Jacobian Matrix

For a function of several variables, there is not just one derivative but several: one for
each variable. If the function is also vector-valued, then for each component and for each
variable, there is a derivative. All these derivatives are grouped in the Jacobian matrix.

5.3.1 Vector-Valued Functions

A function is said to be a vector-valued function when the target space is not R but R?,
with p > 2:
F:R" >R, x=(x,...,x,) = (fi(x),..., [p(x))

Each component f;, for j = 1,...,p, is a function of several variables with real values:
fi : R" —> R. We denote

x> F(x) or (xq,...,%x,) > F(xq1,...,x,).

5.3.2 Jacobian Matrix

Definition 5.3.1. Let F : R" — RP be a function, whose components are F = (fy,..., fp).
9f;

Let x € R". We assume that the partial derivatives a—x‘ exist at x (foralli=1,...,p and
]

j=1,...,n).
The Jacobian matrix of F at x = (xy,...,x,) € R" is
afi 2fi
L) - L)
Je(x)=[ . :
0 J
L) o P

It is a matrix with p rows and #n columns. The first row corresponds to the partial deriva-
tives of f;, the second row to the partial derivatives of f,, and so on.
For F : R? — R? with F = (f}, f») at (x,v) € R?, it looks like this:

Lxy) %—{;(m)]

JR)= 06y ) 9By

ox X

Example 5.3.2. 1. Let F : R> — R? defined by F(x,v) = (x*> + y2,e*7¥). At the point
(x,v), we have:
ey eV

o (6) a_y(xly)]_(Zx 2y )

For example, at the point (x,vy) = (2,1), the Jacobian matrix is:

]F(2;1)2(4 2)

e —e€
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2. For F(x,v,z) = (e*,zsinx), we have:

[ ye?Y xe¥ 0
“\zcosx 0 sinx

Je(x,9,2)

5.3.3 Gradient

For a scalar-valued function f : R” — IR whose partial derivatives exist, the gradient
vector is given by:

L)

grad f(x) =

5
()

This is a column vector that is the transpose of the Jacobian matrix (which, in this case,
is a row vector):

grad f(x) =J(x)".

We will return to the gradient in detail in the chapter "Gradient —- Mean Value Theorem."

Jd
L

Physicists denote the gradient as Vf(x) = : |, where V (read as "nabla") corresponds

oL (x)

to the operator:
d
Ix;

V=

5.3.4 Differential

The theoretical counterpart of the Jacobian matrix is the differential associated with F :
IR" — IRP at a point x. This section is more theoretical: for a first reading, one can simply
remember that the differential dF(x) is a linear map whose matrix (in the canonical basis)
is the Jacobian matrix Jg(x).

In other words:

dF(x)(h) =Jp(x) < h

where x € R" and h € R", while the result dF(x)(h) is an element of R.
We will examine what this means for the differential of a vector-valued function. Let
F:R" — RP whose components are F = (fy,..., f,) with each f; : R" — R.

Definition 5.3.3. * F:R" — P is differentiable at x € R" if each component f; :
R" - R (for j = 1,...,p) is differentiable at x. We denote the differential of f; at x
as dfj(x): R" - R.

* The differential of a differentiable vector-valued function F : R" — RP at x € R" is
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the linear map dF(x): R" — RP defined by:

dF(x) = (dfi (x),...,d f,(x).

Attention! The differential dF(x) of F at x € R” is a linear map, so it is indeed a function
(and not a vector). The evaluation of this function yields an expression involving vectors:

VheR", dF(x)(h) = (dfi(x)(h),...,df,(x)(h).

Proposition 5.3.4. Let F : R" — IRP be differentiable at x € R". Then

dF(x)(h) = Jg(x) x h

where Jp(x) is the Jacobian matrix of F at x, for any h € R".

In other words, finding the differential at x amounts to calculating the Jacobian matrix
at x. This proposition follows from the expression of each differential df;(x) using the

partial derivatives g—)’; (forj=1,...,n).

Example 5.3.5. Let F : R? — R? defined by F(x,y) = (ye"z,x2 -v). We will calculate
dE(x,v)(h k) for any (x,v), (h k) € R?.
- The Jacobian matrix of F is:
d d
Ly Fwy) | 2x -1

- At (x,v) and for (h, k) € R?, we have:

dF(x,)(h k) = Jp(x,p) x (Z) = ((2x§:h+_kk)ex )

- For example, at the point (xg,v9) = (1,1), we have: dF(1,1)(h, k) = ((2h+ k)e, 2h—k).

Remarks:

- If F has components of class C! (i.e., all partial derivatives exist and are continuous),
then they are differentiable, and F is also differentiable. - If F is differentiable at x, then
F is continuous at x. - If L : R” — [R? is a linear map, then its differential is the map itself
at every point: in other words, dL(x) = L for all x € R".

Remarks:

There is another equivalent definition of the two concepts encountered:

- F:R" — R? is differentiable at x € R” if there exists a linear map L : R" — R such that:

o FGet )~ F(x) - L(h)

=0.
[I1]|—0 [|F2]]

In this case, L is the differential of F at x and we denote it as dF(x).
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5.3.5 Jacobian Matrix of a Composition

Proposition 5.3.6. Let f,g: R — R be differentiable functions. Then gof is differentiable
and

(80 f)(x)=8"(f(x)x f'(x).

Remark:
It may be interesting to denote x as the variable of the function f and p as the variable of
the function g. The formula can then also be written as:

d(gof) dg df
e @(f (2)) x == (x).

By letting v = f(x), we can consider g as a function of the variable y, but also (through
composition) as a function of the variable x. We can then write, as physicists do:

g _dg dy
dx dy  dx’

This is a formula that is easily memorized by saying that we simplify the fraction by
eliminating dy in the numerator and the denominator.
Now let’s move on to the case of F: R” — RP and G : RP — RY. The composition is then
GoF:IR" — RY, and is defined by (G o F)(x) = G(F(x)).

Theorem 5.3.7. If F and G are differentiable, then GoF is differentiable, and the Jacobian
matrices are related by the following formula:

Jeor(x) = Jg(F(x)) x J(x)

n "

Here, "x" denotes the product of the two Jacobian matrices.

It is particularly noted that if the components of F and G are of class C! (i.e., the par-
tial derivatives exist and are continuous), then the functions are differentiable and the
formula is valid. Moreover, G o F is also of class C!.

Example 5.3.8. Let F : R? — R? be defined by F(x,y) = (x +v,e**7¥) and G : R* — R> be
defined by G(x,v) = (xy,ysinx,x?). The Jacobian matrices of F and G are:

1 1 y X
Ip(x,y)=(2€2x_y —ez"‘?)’ Jo(x,v) =|ycosx sinx|.
2x-y 0

Note that we need J5(F(x,v)). Thus, in J5(x,v), we replace x with the first component of F
(which is x +y) and y with the second component of F (which is e?*™). Therefore,

e?xy X+7y
Jo(F(x,)) = ezx‘}’cos(x+y) sin(x+7p) |.
2(x+p) 0
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To obtain the Jacobian matrix of the composition G o F : R?> — R3, we apply the formula
given by the product of matrices:

JGor(%,9) = JG(F(x,9)) x Jp(x, ).
We find:
(1+2x+2y)e>*¥ (1-x—y)e?*¥

Jeor(%,v) = | (cos(x +v) + 2sin(x +p))e** ¥  (cos(x +7p) —sin(x +p))e
2x+ 2y 2x+ 2y

2x-y |

Theorem 5.3.9. If F : R" — RRP is differentiable at x, and if G : RP — IR is differentiable
at F(x), then Go F : IR" — IRY is differentiable at x and we have:

d(Go F)(x) =dG(F(x)) o dF(x).

We will apply the formula for the Jacobian matrix of a composition to calculate partial
derivatives. The only two things to remember are, first, the formula J5.r(x) = Jg(F(x)) x
Jr(x), and second, how to apply it. Therefore, it is unnecessary to memorize the following
formulas.

Case: F:R—>R? G:R* > R

Proposition 5.3.10. Let F : R — IR? be defined by t +— F(t) = (x(t),v(t)), where t — x(t)
and t — y(t) are differentiable functions, and let G : R? — R be defined by (x,y) — G(x,)
as a differentiable function. Then h= G o F : R — R is defined by t — h(t) = G(x(t), y(1)).
is differentiable and

d d
()= S20),9(0) -0+ S2(0)9(0)- (0,

This is a direct application of the formula Jj(t) = Jg(F(t)) x Jr(t), with:

dh _ GO\ _ ()
0 =G5 =W, oty = (S S, gm0 =(H0)= ()

Example 5.3.11. Let G(x,y) = cos(y)e*. Calculate the derivative of the function h: t —
G(t?,sint).

Solution: One method would be to write h(t) = cos(sint)et2 and then differentiate h... But
let’s use the formula J;(t) = Jo(F(t))xJ(t), where we define F(t) = (t?,sint), so that h = GoF.
Knowing that: Jy(t) = h'(t), Jg(x,v)= (cos(y)ex —sin(y)ex), Je(t) = (szt),

we calculate Jg(F(t)) and obtain

W' (t) = 2t cos(sin )f)et2 + cos(t) - (—sin(sin t)etz) = 2t cos(sin )f)et2 —cos(t)sin(sin t)etz.

Case F: R — R", G: R" — R: More generally, we have the following result.
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Proposition 5.3.12. Let F : R — R" be a function whose components are all differen-

tiable, and let G : R" — IR be differentiable. Then the function h : R — IR defined by
h(t) = G(E(t)) is differentiable and:

h'(t) = (gradG(F()) | F'(t)).

Case: F:RZ->R%, G:RE> R

Proposition 5.3.13. Let F : R?> — R? defined by (x,v) = (f1(x,v), fo(x,v)) and G : R? —
R defined by (u,v) — G(u,v) be differentiable functions. The function H = GoF : R*? - R
defined by (x,v) — G(F(x,v)) is differentiable, and we have:

d d d d
o= 22 (R Doy + SR p)- L)

oH Ple afl 8fz
a—y(x;y) 8u( () <9y x,9)+ av( ()

It is once again the formula Jy(x,v) = Jg(F(x,v)) x Jp(x, v), with:

Jn(y) =(2 ) ), Jewv)=(Lwr) L)),

and

Example 5.3.14. Calculate the partial derivatives of the function (x,y) — G(x —y,x+ )
where G : R?> — R is a differentiable function.
Solution:

Let F(x,v) = (x—y,x+7v), and denote (u,v) as the variables of the function G and H(x,y) =
(GoF)(x,v)=G(x—v,x+7).
Thus, we have:

Jutoy)=(GHwy) Fxw), Jowv)=(Lwr) L)),

v
and
1 -1
]F(x’y):(l 1 )'
Therefore:
JH G G
g(x,y) = w(x—y,ery)‘l + %(x—y,x+y)~ 1,
JH

JG
a—y(x,y) = E(x—y,x+y)~(—1)+—v(x—y,x+y)~1.
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5.4 Chapter 5 Exercises

Exercise 20
We define f : R?\ {(0,0)} — R by

x2

flx,p) = ———.
(x? +y2)

Justify that we can extend f to a continuous function on IR?. Study the existence of partial

derivatives at (0, 0) for this extension.

Correctionv [20]

Exercise 21
Verity, using the definition, that the following functions are differentiable at the points

(x0,%0)-
L fi(x,p) =xy—-3x% (x0,9) = (1,2).

2. H(x,9)=yx, (x0,%0) =(4,1).

Correctionv [21]

Exercise 22
Let f : R? — R be the function defined by

3
flxy)= 4

VX2 +p4
Show that f has a directional derivative in every non-zero direction at the point (0,0),
but that it is not differentiable at that point.

Correctionv [22]

if (x,y)#(0,0) and £(0,0)=0.

Exercise 23
Let the function f : IR> — R be defined by

XV i (x,9) #(0,0),
=X+
foy) {0, if (x,) = (0,0).

Show that the partial derivatives 9 and % exist at every point in R? and that f is con-
ox dy

tinuous, but it is not differentiable at (0, 0).

Correctionyv [23]
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Exercise 24
Let the function f : IR> — R be defined by

(2 4y cos (k). if (03) % (0,0,
0, if (x,y) =(0,0).

flxy)=

1. Study the continuity of f on R%.

2. Calculate V£ (x,v).

3. Is the function f of class C! on R??

4. What can we conclude about the differentiability of f on R??

Correctionv [24]

Exercise 25
Calculate the integral of the differential form a along y in the following cases:

1. Let X v
= T1y? dx+x2+y2 dy

a

and let y be the arc of the parabola given by the equation y? = 2x + 1, joining the
points (0,—1) and (0, 1), traversed once in the direction of increasing y.

2. Let
a=(x-p>)dx+x>dy

and let y be the circle centered at the origin O with radius 1, traversed once in the
positive direction.

3. Let
a =xyzdx

and let y be the arc defined by x = cost,y = sint,z = costsint, where t varies from
0to %.
2

4. Let
a=y>dx+x*dy.

and let y be any circle in the plane, traversed once in the counterclockwise direc-
tion.

Correctionv [25]
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Exercise 26
Let F be the function defined by

F(x,v) = (x* + xcosy, e, p°x).
1. Justify the differentiability of F on IR?.
2. Write the Jacobian matrix Jr at every point in IR?.
3. Determine dF(a), the differential of F at the point a € R?.

Correctionv [26]

Exercise 27
Let f be the real function defined on R? by

f(x,y) =sin(x*> - p?)

and let g be a function from RR? to R? defined by
8(x,y)=(x+y,x-y).
1. Justify that f and g are differentiable at every point (x,v) € IR?.

2. Calculate the partial derivatives of f o g and the differential of f o g at the point
().

3. Calculate the Jacobian matrices of f and g at the point (x,p).

4. By applying the theorem on the composition of two differentiable functions, find
the Jacobian matrix of f og at the point (x,y) and the differential of f og at the point

(x,9).

Correctionv [27]




CHAPTER

OPTIMIZATION WITH AND
WITHOUT CONSTRAINTS

THIS chapter focuses on identifying the maximum and minimum values of functions.
We will explore the conditions for the existence of local extrema and conclude with the
concept of constrained extrema, where the search for extrema is subject to specific con-
straints. To facilitate understanding of these concepts in multiple variables, we will first
review the case of a single-variable function.

6.1 Optimization without constraints

6.1.1 Case of a Single Variable

Let f : IR — IR be a function of one variable.

* f has a local maximum at x; € R if there exists an open interval I containing x,
such that:

Vxel, f(x)<f(xo)

* f hasalocal minimum at x; € R if there exists an open interval I containing x, such
that:

Vxel, f(x)=f(xo)

* f has alocal extremum at xy € R if f has either a local maximum or a local mini-
mum at that point.

* f has a critical point at x5 € R if f’(xg) = 0. Geometrically, this is a point of hori-
zontal tangent.

Proposition 6.1.1. If f is differentiable and has a local minimum or a local maximum at
Xo, then f’(xg) = 0. In other words, if x is a local extremum, then it is a critical point.

The converse is not always true. For example, for f : x > x3, the point x, = 0 is a critical
point, but it is neither a local maximum nor a local minimum (it is an inflection point).

Example 6.1.2. 1. f:x+> x2, local minimum at 0, with f’(0) =0 and f”(0) > 0.

2. f:x+> —x2, local maximum at 0, with f’(0)=0and f”(0) < 0.

67
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3

3. f: x> x>, neither a local minimum nor a local maximum at 0, with f’(0) = 0 and

£7(0) = 0.

4 ' 'y

NP4 /
20 a

f(x)=x? flx)=—x? flx)=x3

Taylor’s Formula of Order 2

Let f : R — R be a function of one variable of class C2.

Theorem 6.1.3. (Taylor’s Formula of Order 2) For any x, € IR, we have

2
Fleo+ 1) = Fxo) +f (ko) + () + W)

where e(h) > 0 as h — 0.

The first-order Taylor expansion, f(xo+h) = f(xq) + hf’(xg), corresponds to the approxi-
mation of the graph of f by its tangent at x, (left figure below). The second-order Taylor
expansion, f(xg+h) = f(xg)+hf’(xq) + h—;f”(xo), corresponds to an approximation by a
parabola (right figure).

¥
y =1+ x
o y=1+x+%
s 0 1 x
L7 (0] 1 x

Let us choose a value for xy such that f’(xg) = 0 and f”(xg) # 0. Then, for sufficiently
small h, the term h—;f”(xo) +h?e(h) has the same sign as f”(xo). If, for example, f(xq) >0,
we can deduce that f(xo+h) > f(xq) (for h close to 0), and thus f has a local minimum at
X0-

Characterization of Minima and Maxima

The practical search for local extrema of a function of one variable proceeds as follows:

1. Identify the critical points given by the equation f’(x) = 0.

2. For each critical point x, calculate the second derivative:
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o If f”(x9) > 0, then f has a local minimum at x.
o If f”(x9) <0, then f has a local maximum at x.

o If f”(x9) = 0, further investigation is needed.

6.1.2 Case of Two Variables

Let f : U — R be a function of two variables, where U is an open subset of R?.

Definition 6.1.4. We say that f has a local maximum (resp. local minimum) at (xy,q) €
U if there exists an open disk D C U, centered at (x,v,), such that:

Y(x,9) €D, f(x,9)<f(x0,90) (resp. f(x,9)> f(x0,%0))-

We say that f has a local extremum at (xo,v) if it has a local maximum or a local mini-
mum there.

Critical Point

Let us assume that f is of class C? on an open set U, meaning that its partial derivatives
up to order 2 exist and are continuous.

Proposition 6.1.5. If f has a local extremum at (xq,v,) in an open set U, then

d Jd
a—{c(xo;yo)zo and a—];(xodfo)zo-

In other words, if f has a local minimum or maximum at a point, then the gradient of
f is the zero vector at that point. The points in U where the gradient of f vanishes are
called critical points of f. The previous result states that the extrema of a function on an
open set can only occur at a critical point. The converse is false.

By definition, a critical point that is neither a local maximum nor a local minimum is
called a saddle point.

Hessian matrix

The Jacobian matrix is the matrix of partial derivatives, while the Hessian matrix is the
matrix of second-order partial derivatives.

Definition 6.1.6. Let f : R” — R be a function of n variables. The Hessian matrix of f
at x = (xq,...,X,) is the n X n matrix:

92
1yt = 3

)1<i,j<n

For a function of class C?, according to Schwarz’s theorem, this matrix is symmetric.
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In the case of a function of two variables:

Pflry) IS
H _ dx? axay(x’y)
Fe9) =\ oy Pl |
aygx(xfy) 9y

For three variables, the Hessian matrix (evaluated at (x,y,z)) is given by:

2’f 2’f 2’ f

T Txgy ow:
Heo| 2 2 9y
P |

Pf S

Tk Gy 97

4 4

Example 6.1.7. Let’s calculate the Hessian matrix of f(x,y) = xp? + x* —p*.

First, we compute the partial derivatives:

O v Va2 O\ 3
ax(x,y)_ﬁlx +77, ay(x,y)_2xy—4y .
Thus, we have:

(12x2 2y )

92 9?
,;—,f;(x;y) —axg; (x,7)
2y 2x-12y?

H (X, ): 2 2
Y 9 P
[ng(w) Shxy)

Characterization of Minima and Maxima

For a function f : R? — R, we will use Monge’s notation, which provides a simple crite-
rion for detecting a local minimum or maximum.

Theorem 6.1.8. (Monge’s Criterion).
Let f :IR?> — R be a function of class C?, and let (xg,vo) be a critical point of f. Define

92 f J*f 9’ f
r= W(Xoyyo), s= %y (x0,%0), t= 8—})2(%'370)-

Then:
o Ifrt—s>>0andr>0, then (xo,30) is a local minimum of f.
o Ifrt—s?>>0and r <0, then (xo,30) is a local maximum of f.

o If rt—s% <0, then (xg,v) is neither a local minimum nor a local maximum: it is a
saddle point.

o Ifrt—s? =0, no direct conclusion can be drawn (further analysis is needed).

Remark: rt —s? is the determinant of the Hessian matrix at (x, yy):

Hf(xol}’o)=(r i)

S
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Example 6.1.9.

1. Let f(x,v) = x> +v2. The point (0,0) is the unique critical point of f. We calculate

aZf a2f 82f
r—ﬁ(0,0)—Z, S—axay(0,0)_O, t_a_yz((),())_z_

Thus, rt —s? = 4 with r > 0, so (0,0) is indeed a local minimum of f.

2. Let f(x,y) = x> —y2. We find a single critical point: (0,0). We calculate
2.0
oo 0

This time, r = 2, s = 0, and t = —2. Thus, rt —s*> = —4 < 0, and therefore (0,0)
corresponds to a saddle point.
3. Let f : R? — R defined by f(x,v) = x> + 3 - 3xy.

Partial Derivatives:

of a2 of _ a2
a—y(w)—@ —3x, -(ny)=3x"-3y

of

Critical Points: The critical points are where --(x,y) = 0 and %(x,y) = 0 simultane-
ously. This gives us the equations:

x*=y and y*=x

which implies x,y > 0. From this, we have: x* = y? = x.

The positive solutions are x = 0 (and then y = 0) and x = 1 (and then y = 1). Thus,
the critical points are (0,0) and (1,1).

Second Partial Derivatives:
22 f
ox?

I’ f I’ f

(x,9) = 6x, Ty (x,y)=-3, a—yz(x,y) =6y

* Analysis at (0,0): Hf(0,0) = (—03 _03)

This means r=0,s=-3,t=0, so rt —s> = -9 < 0, thus (0,0) is a saddle point.

* Analysis at (1,1): Hy(1,1) = (_63 _63)

This gives r = 6, s = =3, t = 6, so rt —s> = 27 > 0 with r > 0, hence (1,1) is a
minimum point of f (it is a local minimum and not a global minimum).

This is an example where the criterion does not allow us to conclude definitively. Further
analysis is required to complete the study.
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Example 6.1.10. Let f(x,p) = 2x° —y4 —3x%. We find two critical points: (0,0) and (1,0).
Moreover:

Hf(O,O):(_O6 8) and Hf(l,O):(g 8).

We cannot conclude because the determinant rt —s? is zero. We will analyze each case
manually.

» At (0,0): Let’s write f(x,v) = x>(2x — 3) —y*. For |x| < 1, we have 2x — 3 < 0, hence:
flxy)= x%(2x - 3) —y4 <0.
Since £(0,0) = 0, we conclude that f has a local maximum at the point (0, 0).

» At (1,0): First, we restrict ourselves to points of the form (1,y) (around yy =0):
f(Ly)=-1-p*<-1=£(1,0).
Next, we consider points of the form (x,0) (around xy = 1, for example, for |x—1| < 1):
f(x,0)=(x-1)*2x+1)-1>-1= f(1,0).

Thus, at (1,0), it is neither a minimum nor a maximum: it is a saddle point.

6.2 Optimization with constraints

Theorem 6.2.1. Let f,g: U — R be C! functions on an open set U C R?. Let (xg,90) € U
such that f subject to the constraint g(x,y) = 0 has an extremum at the point (xy,vo) and
Vg(x0,v0) # (0,0). Then there exists a real number A such that V f(xo,vo) = AVg(x0,v0)-
In other words, we have:

8(x0,90) =0
af _ .98
a—g(xo:?o) = /\g(xo:yo) (6.1)
J J
a—{;(xod’o) = /\8—5(3604’0)

Note that we can also consider the constraint g(x,y) = ¢ (where c is a constant), which
reduces to the case stated in the theorem by considering g(x,y)—c = 0.

6.2.1 Lagrangian Method

Let us form the Lagrangian L(x,y,A) = f(x,v)-Ag(x,v), where A (the Lagrange multiplier)
is an unknown. For this function to have an extremum, the gradient of L must be zero;
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in other words, we seek the triplet

Let (xg,v0, Ag) be a solution of this system. If Vg(xg,vg) = 0, then (xg,yy) is a critical point
of the function f under the constraint g. These critical points satisfy the constraint, but
now we need to classify these candidates.

As in the case of unconstrained extrema, we can formulate second-order conditions re-
lated to the critical points, but these only apply in certain cases. Let

L 2 L 2
A(x0,90, Ao) = w(x()r%ﬂ\o)a—yz(xo:yo, Ao) —(W(XOJJO; /\0)) ,

which is the determinant of the submatrix obtained from the Hessian of L by eliminating
the last row and the last column.
2 2 .
o If A(xg,v0,A9) > O, %(xo,yo, Ap) < 0, and g—;g(xo,yo, Ag) < 0, then there is a local

maximum at (xg, vg)-

o If A(xp,v9,A9) > O, %(xo,yo, Ap) > 0, and %(XO’})OI Ap) > 0, then there is a local
minimum at (xg, 9).

o If A(xg,v9,A9) < 0, we cannot conclude directly. We then study the sign of the
difference
d(h, k) = f(xo+h,yo +k) = f (x0,90),
with h and k being related by the equation g(xo + h,vo + k) = 0. If this difference
has a constant sign for (4, k) close to (0, 0), then it is a local extremum (a maximum
if d <0, a minimum if d > 0). Otherwise, f does not present a local extremum at

(x0,%0)-
Example 6.2.2. To study the existence of extrema of the function f : R?> — R defined by

fxy)=xy

under the constraint
gxy)=x+y-6=0

we use the method of Lagrange multipliers.
Let us introduce the Lagrangian L : R*> xR — R:

L(x,9,A) = f(x,9) - Ag(x,y) =xy - A(6-x~-Y)

By applying the necessary condition of Lagrange multipliers, we must calculate the triplets
(x,v,A) that are solutions to the following system:

%:y+/\:0
g—]};:xﬁ—/\:O

g(x,y)=x+y-6=0
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By solving this system of equations, we find the critical point
(x,v,4)=(3,3,-3).
The only extremum candidate for f under the constraint g is therefore the point (3,3), and

f(3,3) =9. The Hessian submatrix of L is

52
Hi(x,y,A) = o >
Sy d) Ghoy ) |\ 0

G0, %(%%A)]:(o 1)

For all x, v,
|Hy (x,9, )] = -1 < 0.

Thus, further investigation is needed. To determine the nature of this critical point, we must
examine the sign of the difference

d(x,y) = f(x,y)-f(3,3) =xp -9

where x and y are related by the equation 0 = g(x,y) = x +y — 6, which means y = 6 — x.
We have
d(x,6—x)=—(x—3)*<0 for all x e R.

This indicates that the difference d is negative for all x, which means that the point (3,3) is
a local maximum of f under the constraint g.



6.3. CHAPTER 6 EXERCISES

6.3 Chapter 6 Exercises

Exercise 28

75

Let f : IR? — R defined by

Is f of class C? at (0,0)?

Correctionv [28]
Exercise 29
Find the critical points of the following functions and determine their nature.

1.

flop)= (x> -p)e™.
2.
g(x,v) = x° + 6x% + 3p% — 12xp + 9x.
3.
h(x,v) = 3x° +3y° —x —p.

Correctionv [29]
Exercise 30
Find the critical points of the following functions and determine their nature.

1.

floy)=xt+yt-dx-p)
2.
gx,y)=x*+1y3 -3y -2.

Correctionyv [30]
Exercise 31
Determine the minima and maxima in the following cases:

1. fi(x,y) = x + v under the constraint x> + y? = 1.

2. f(x,v) = 4x% + p% under the constraint x* + y? = 4.
Correctionv [31]
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7.1 Solutions to Chapter 1 Exercises

Correction of the exercise 1 A

1. e Let f(t,x)= 1+t2 The function F(x L th
We have: f is continuous as the ratio of continuous functions on [1, 2] xR with

dt is a proper integral.

—2xt3e 0
1+t2
Conclusion: We use the theorem of conservation of differentiability under the

integral for the case of a proper parameterized integral. We deduce that F is
differentiable on R, which also implies its continuity on R.

a non-zero denominator and %(t,x) = is continuous on [1,2] x R.

1) +1)
e Let g(t,x) = trl The function G(x fo til dt is a proper integral.
We have: g is continuous as the ratio of continuous functions on [0, 1] xR with

x(t+1)

a non-zero denominator and 2 (t x)=¢e* is continuous on [0, 1] x IR.

Conclusion: We use the theorem of conservation of differentiability under the
integral for the case of a parameterized Riemann integral. We deduce that G
is differentiable on IR, which also implies its continuity on IR.

2. We have

2.

1 1 gt
. ifx#0,

G’(x):J\ g,(t;x)dt:J‘ ex(t+1)dt: X 1 X #
0 0 1; if x=0.

Correction of the exercise 2 a

Let f(t,x) =
integral.

1

The function F(x JO =y

m dt is a proper parameterized

1. Study the continuity of F on R}: Since f is continuous as the ratio of continu-
ous functions on [0,1] x R} with a non-zero denominator, by using the theorem of
conservation of continuity under the integral for the case of proper parameterized
integrals, we deduce that F is continuous on R,.

Moreover, the function F is even, which implies that F is continuous on all of R*.

2. From the previous question, we have in particular

1
lim F(x) = F(1) :f (;dt. (1)
0

x—1 12 4+ 1)2

76
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Furthermore,

1 1 1 1
f(t,x): = ( —

X x2 - X

(2 +x2)(t2+1) x2-1\t2+1 2+x?

, , 1 LS| LS|
lim F(x) = lim dt — ——dt
x—1 x—1 X2 -1 0 t2 +1 0 tz + X2

) forx=1and x = -1.

Thus,

1 1 A\
= }1(1_{1} P ([arctan(t)](l) ~ [arctan(;)]o)
_ 1 7 1 1 _ %—%arctan(%)
=lim (———arctan(—)): lim .
x—1 x2—1 4 X X x—1 x2—1

Using L'Hopital’s rule, we get

1
1 1 1, _~32
—(—)7arctan(;)+;-( )2+1) .
lim F(x) = lim =—+
x—1 x—1 2x 8

3. From (1) and (2), we deduce that

NI

1
1 T
—dt=—

J;) (t2+1)2 8Jr

Correction of the exercise 3 a

1. Let us show that F is differentiable. Let H(x) = fg e’ dt and h(t,x) = e*". We
apply the theorem of conservation of differentiability for proper parameterized in-
tegrals with variable limits, where u(x) = 0 and v(x) = x. The function h is C! on
[0, +00[x[0, +0co[ (since it is the composition of C! functions), so H is differentiable
and:

H'(x) = v/ (x)h(v(x)) — 1’ (x)h(u(x)) = e
(We can obtain the same result by noting that the function H is just an antideriva-
tive of the function t > e~').

Thus, F is differentiable since it is the product of differentiable functions, and we
have F’(x) = 2H'(x)H (x) = 2¢™’ J(f e dt.

_(14£2)x2
Let us show that G is differentiable. Let g(t,x) = % G is also a proper param-
eterized integral. The function g is C! on [0,1] x [0, +oo[ (since it is the composition
and the ratio of C! functions). Therefore, G is differentiable and:

! Ly (42 —(1+t2)x? 1

J 241

G’(X)=f g(t,x)dt:—zf X7+ e dt:—2j e+ g1
0 dx 0 t2+1 0
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2. To show that Vx € [0, +oo[, F(x)+G(x) = 7§, we start by showing that Vx € [0, +oo[, F'(x)+
G’(x) = 0. We have:

1 1
G'(x) = —2J xe ¥ gp = —2e‘x2j xe () gy,
0 0
Let us make the change of variables u = tx, du = xdt. We obtain:
X
G'(x) = —2e‘x2J- e du = —F(x).
0
Thus, for all x € [0,+oo[, F(x) + G(x) = C. To find the constant C, we can take x = 0
and get C = F(0) + G(0) = 0+ § = F (easy to verify).
We conclude that Vx € [0, +oo[, F(x) + G(x) = T.

3. To deduce the value of f0+°o et dt, we first recall that it is a convergent improper

integral (this can be shown, for example, using the order rule; lim; ,, - et =0
for a > 1). Therefore, lim,_, f(f e '’ dt exists and is finite. We can then compute

2
lim, (Ig e‘tzdt) , and then take its square root.
Thus, we need to calculate lim,_,, ., F(x), and for that we calculate lim,_, ., G(x):

1 o
We have G(x) < e 0 ﬁdt because e ¥ < 1 (we kept ¢’ to ensure the limit is
Zero).
1 .
ﬁdt = [arctan(t)], = , we have lim,_,,, G(x) = 0.

This gives us lim,_,,,, F(x) = I. Thus,

. . 2 1
Since lim,_, e =0and jo

Correction of the exercise 4 a

Thus,

1. Study of the continuity of F:
Dominated Convergence:

e—xt e—xt 1

Forall t>1and Yx € R, < < =75 = &(1).
ora and Vx Loy P2 S g(t)

Moreover, — dt converges (Riemann, a = = > 1).
1 $3/2 2

Thus, fooo f(t,x)dt satisfies the dominated convergence criterion on R".

Let us apply the continuity theorem:
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* f is continuous on R* X [1,+o0[, as it is a ratio and product of continuous
functions.

. IOOO f(x,t)dt satisfies the dominated convergence criterion on IR". Therefore, F
is continuous on R*.

2. Study of differentiability: we have

—xt

af e
> +1_ rt =-Vi .
Vtz1land Vx e R ax(x ) \/_1+t

Dominated Convergence:

_ —xt —xt —xt
\/Ee < \/?e < [4

For all t € [1,+oo[ and Vx € [, +o0[,a > 0, <

1+t t Wt

Now, JOOO e ¥t dt converges. Thus, floo 3—£(x, t)dt satisfies the dominated convergence
criterion on any interval of the form [a, +oo[ with a > 0.

< efxt < efat :g(t)-

Let us apply the differentiability theorem:

* f is of class C! on R* x [1,+00[, as it is a sum, ratio, and composition of Cl
functions.
. (XU t,x)dt satisfies the dominated convergence criterion on [a, +oo[, @ > 0.
a Oox g
Thus, F is differentiable on any interval of the form [a&, +oo[C [0, +co[= F is differ-
entiable on |0, +o0|.
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7.2 Solutions to Chapter 2 Exercises

Correction of the exercise 5 A
a) If F(s) is the Laplace transform of f(t), then we have:

F(s) = J;m e St (t)dt

In our case, f(t) = €%, s> a, so we can rewrite the integral as follows:

fo%) Y +00
J‘ e<“—5>fdt:[e(“ s)] _ 1
0 a-s |, s—a

b) For f(t) = t"e*. We perform integration by parts to find a recurrence formula for n > 1:

0o 0o o _e(g—s)t L n 0o )
Fn(5)=f eStf(t)dt:f eStt”e“tdt:J theldst gy = |47 + J ¢ Lela=s)t gy,
0 0 0 a—s 0 a—s 0

This simplifies to:

n
=—F,_1(s).
d—s n 1(5)
We calculate Fy(s) = %, leading to the recurrence F,(s) = #, s>a.
c) The Laplace transform of sin(wt) can be calculated using Euler’s formula. We know

that sin(wt) = g
transform:

>~ Thus, using this exponential form, we can calculate the Laplace

Therefore, the Laplace transform of sin(wt) is 7.
Here, L{e'®*) j e'“te™! dt = L according to part a).

L{e'“!} is the transform F(s) of f(t) such that f(t) = e'®*.
d) For f(t) = e *sin(5t):

5 5
(s+4)2+52  (s+4)2+25

F(S) = J €_4t Sin(5t)e_5tdf — J Sin(5t)e—(5+4)tdt —
0 0

according to the previous question.
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e) For f(t) = t%cos(t):

© 253 — 65
— 2 =St g4 _
F(s)—JO t-cos(t)e " dt = CEEIE

Correction of the exercise 6 A
1) We decompose the fraction into partial fractions, that is, we look for a and b such that

1 _a N b
(s+1)(s=2) s+1 s-2°

We finda=-L and b = % Thus,

3
1 1 1
F(s)=—-= +-—
35+1 3s5-2
It follows that the original function is
1 1
f(t) = —ge_t + 5e%.
2) Let G(s) = ﬁ and F(s) = —ﬁ. Then G’(s) = F(s). Now, the original function of G is
g(t) = e?*. Therefore,
too 9 too
F(s)=G'(s) = f —(g(t)e™h)dt = J —te*e St dt,
o s 0

which gives f (t) = —te*.
3) The denominator factors as (s +4)(s — 1). We decompose the fraction into partial frac-
tions by writing it in the form

a b (a+b)s+(4b—a)s> —3s+4

s+4+s—1_ (s+4)(s—1)

By identification, we get the system {a+b = 5,—a + 4b = 10}, which gives a =2 and b = 3.
Thus, the function is
2 3
s+ 51
The original function is 2e™#' + 3¢,
4) The discriminant of the quadratic in the denominator is negative, so it has no roots.
We rewrite it in canonical form as
s—=7 o s=7
s2—145+50 (s—-7)2+1"

S

o7 is cos(t), so

The original function of

which leads to
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Thus, the original function is f(t) = e’ cos(t).
5) The discriminant of the quadratic in the denominator is negative, so it has no roots.
We rewrite it in canonical form as

S _ S s—3 3 s—3 3 2

= = + = += .
—65+13 (s—3)2+4 (s—3)2+22 (s—-3)2+22 (s—3)2+22 2(s-3)2+22

By reasoning similarly as in the previous question, we find that the original function is
3 .
cos(2t)e® + > sin(2t)e®!

—2s/(s+3)

6) The original of 13 is f(t) = e73". To find the original of the function e , We use

the shifting theorem
L(f(t=1)) = e L(f (1))
Thus,

e’ZS% =e L) = L(f(t-2)),

leading to the original e3(/=2),

7) The original of 5 is

thus the original function is

8)
52 9 6 1 1 -1 9 2
= - + = +6 + = .

(s+3)2 (s+3)3 (s+3)2 s+3 s+3  (s+3)?2 2(s+3)3
We have 5 = £(e™) and 735 = (555) = L) = [§ 93( e ey dt = [7—te e dt.
Using the derivative property, we have — (s+3) = L(-te 3 (S+23)3 = L(t?e73"). There-
fore,

s? 9
:[:( SH1-6t+t? )
TE 2"

Thus, the original of s > — is t > e (1 - 6t + 312).

(s +3)

Correction of the exercise 7 A
Using the Laplace transform:
According to the property of the derivative transform,

We have:
a) sF(s) —x(0)+ 3F(s) = 0, or (s+ 3)F(s) = x(0), and thus F(s) = 103), which gives, reverting
to the original function, x(t) = x(0)e™3".

and

b) Here, we have x(0) = 0 but L(cos(31)) = ; +9, thus (s+ 3)F(s) = 52+9
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F(s) = 1 _a B 14

= + + .
(s+3)(s2+9) s+3 s+3i s-3i

By solving this equation, we obtain @ = -, f = 11—+2i, and y = % Thus,

1 1+i 50 1-i 5 1 1 1
F(s)zﬁ(—ge_3t+ 1-;16_3”4— 12Ze3”):£(—ge_3t+gcos(3t)+gsin(3t)).

Therefore, x(t) = %(cos(3t) +sin(3t) — e‘3t).

c) Using the Laplace transform:
We have L(t) = S% and £(x”) =sL(x’) —x"(0) = s(sL(x) —x(0)) — x’(0) = s?>F(s) —s.
The equation becomes:

1 1+s> 1 s 1 1 s

1

2

s°F(s)—s+F(s)=— = F(s)= . = + = - 4+ .
(s) (5) s2 s) s2+1  s2 s2(s2+1) s2+1  s2 s2+1  s2+1

The inverse Laplace transform is: x(t) = t —sin(t) + cos(t).

Correction of the exercise 8 A

1.

(oo )
Flfa)s)= | eMe™dt
J-c0

— e—a|t|e—1stdt + J e—a|t|e—lstdt

J -0 0

r0 ) o )

— e(a—ls)tdt + J- e(—a—zs)tdt

—00 0

[ 1 : e(oz—is)t]_c><j + [ 1 : e(—oc—is)t]c><j
a—is 0 —a —1is 0

1 1 2a
—+ — = ’
a—is —a-—is a?+s?

C

VseR

The second method: Since f, is even, we have
f@Mﬂ:f @memmzzf e~ cos(st)dt
—00 0
Using the Laplace transform, we have

(o]

L(cos(at)) = J- e~ cos(at)dt =
0

S
> VS>O,Q€IR.
S“+a

Replacing s with @ and a with s in £(cos(at)), we obtain
jooe‘”cos(st)dt =% seR
0 a?+s?’ '
Finally,

=———, Vsel
a?+s2’
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2. Since g is even,

F(g)s) :f_ g(ei*tdt

(o)

3
=2 J cos(st)dt
0

_5 [sin(st)]3
5 o

in(3
EPLLICO IRV
S

Since F(g)(0)= hnéZs%(?)s) =6
S—

We deduce that

2sin(3s) .
ifs=0,
F(g)(s) = { ’

6 ifs=0.

3. Since h is even,

J h(t)e 'dt =2 (e" +1)cos(st)dt + 2J e~'cos(st)dt
—00 JO 3
r3 3 s3]
=2 | e cos(st)dt+ 2J cos(st)dt + 2J e~ cos(st)dt
JO 0 3
oo 3
=2 e "' cos(st)dt + ZJ cos(st)dt
Jo 0

Calculating j;o e~'cos(st)dt using the Laplace transform: We have

L(cos(at)) = J e %! cos(at)dt = %, Vs>0,aeR.
0 S“+a

Replacing s with 1 and a with s in £(cos(at)), we obtain

j e ' cos(st)dt = Vse R
0

1+s2

3 . 3 .
j cos(st)dt = [sm(st)] = sm(3s), Vs e R".
0 s o s

Finally,

+00 ) +00 3
J- h(t)e S'dt = ZJ e~'cos(st)dt + 2-[ cos(st)dt
0

—00 0

2 2sin(3
= L2006 -y ge
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Correction of the exercise 9 a

1. Since f, is even, we have

= j fal(t)e Stdt = ZJ e~ cos(st)dt = L(cos(st))(a) = %, ¥seR.
—oo 0 a“+s
2. We have F(e~?lfl)(s) = azzfsp so 1+52 = ]:(1 ’|t|) and F~! ( ) = 17!, On the other
hand,
1 1 AR | ; 1 M| ; 1 1
]_——1( ):_ _ ptistge— —_IStdSZ—f(—)t.
1+5s2 271J;X, 1120 T oo 1+52° 2t \1+82 ®)

(by changing variables S = —s). Thus,

1 1
_ It — 1]
]:(1+52)(t)_27'(-§e =7e "

Therefore, the Fourier transform of the function t — ﬁ is s e,

3. Let’s start by calculating the convolution product. For x > 0:

0 0
frf(x)= J ety gy = J e~ V=2y) dy+f max dy+j+ e 42X gy = gmox (x + é)
R —00 0 X

Since f is even, f = f is also even, and we have
(e
fofe=e (x4 ).

Now, the Fourier transform of t — e‘“|t|(|t|+ é), fora=1,is s — e

the Fourier transform transforms the convolution product of two functions into a
regular product:

LQ)Z, since

2 2 4
1+s? 1+52_(1+52)2'

F(fxf)=F(f)xF(f)=

Thus, F~ (m) = %Le’lﬂ(ltl +1). We apply the Fourier inversion formula once

again. The Fourier transform of t — 7 is the function s - Je sl(|s| +1).

1
(1+12)2

4. Note that the derivative of the function t > —L5 is t >

ToF Using the differen-

1+t2)
tiation formulas, we deduce:

t 1 _(d 1 1 1 "
_— = —— | — = —— .1 — ~Isl
“T((1+t2)2) Zf(dt(1+t2)) 2 ZSF(th) %
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7.3 Solutions to Chapter 3 Exercises

Correction of the exercise 10 A

1. For dy:
* Non-negativity: dy(x,v) =) i lx;—v;| > 0,and d;(x,v) =0 < [x;—;| =0 for
all 7, which implies x = y.
* Symmetry: di(x,p) = Ly 16 - vl = LiLy [vi - xil = di (9, %)
* Triangle inequality:

n n n

dix2)=) Ii-zl<) Ri-pil+ ) lyi-zl=di(xy)+di@2).
i=1 i=1 i=1
For d,:
* dy(x,y) =Xl (xi—p)*>0,and dy(x,9) =0 = x=7.

* dy(x,y) = VXL (xi —vi)? = da(v, %)

* By Cauchy-Schwarz,

dy(x,2) = J ) (xi-z)’< J ) (xi—p)? +J (i —2i)* = da(x,9) + da(p, 2).

i=1

For d:

* do(x,v) =max{|lx; —y;[} > 0,and d,(x,9) =0 & x=17.
* deo(x,y) = max{lx; - pil} = doo (v, X).

doo(x,2) S max{lx; =yl +|y; — zil} = doo (%, 9) + doo (9, 2).
Thus, dy,d,, and d, are distances on R".

2. The unit ball for each distance in R? is defined as follows:

- For d;:
B1((0,0),1) = {(x1,x5) € R? : d1((0,0), (x1,%,)) < 1} = {(x1, %) : acy | + |xa] < 1.

This describes a diamond shape centered at the origin.
- For dy:

B,((0,0),1) = {(x1, %) € R : d»((0,0), (x1,%7)) < 1} = {(x1, %) : x} + x5 < 1}.

This describes a circular disk centered at the origin.
- For d:

Boo((0,0), 1) = {(xerZ) € IRZ : doo((0,0), (XIJXZ)) < 1} = {(xl’xZ) : max{lxl |,|x2|} < 1}'

This describes a square centered at the origin with vertices at (1,1),(-1,1),(-1,-1),(1,-1).
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+ou

d1<]. dy < 1

3. To show that d;,d,, and d,, are equivalent for n = 2, we need to demonstrate that

there exist constants C;, C, > 0 such that for all x,p € R2:

Cidy(x,9) < di(x,9) < Cadr(x,9)

and
Cido(x,y) < di(x,9) < Codoo (%, D).

From d, to d;: Using the Cauchy-Schwarz inequality:

d1(5,9) = ey 1]+ |2 = 2] < VI (1 =902 + (13 92)? = V2433, 9).

From d; to d,: Using the fact that Va + b < V2max{+/a, Vb}:

dy(x,y) = \/(xl —91)? + (X2 = 2)? < \/(|X1 —yol+1v1 —v2))? < dy(x, ).

From d, to dy:

d1(x,9) < 2de(x,).
From d; to d.:

deo(%,9) < d1(x,9).

Thus, we have shown that d,d;, and d,, are equivalent distances for n = 2.

Correction of the exercise 11 A

1.

For Ni((x,9)) = |x| +[yl:

- Non-negativity: Clearly, x| > 0 and |y| > 0, so Ny((x,v)) = 0. Moreover, Ni((x,)) =
0 if and only if |x| = 0 and |y| = 0, which implies (x,y) = (0, 0).

- Scalar multiplication: For c € R,
Ni(c(x,9)) = Ni((ex, cp)) = |ex| + eyl = [el(Ix] + [p]) = [e]N1 ((x,9))-
- Triangle inequality: For (xg,vo) and (x1,v;),

Ny ((xo+x1,v0+v1)) = [xo+x1 [+|vo+v1] < xgl+Ix1 [+[vol+v1] = N1 ((x0, 90))+ N1 ((x1,91))-
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Thus, Nj is a norm.

For N,((x,p)) = yx? + 2
- Clearly, N, ((x,v)) > 0 and N,((x,y)) = 0if and only if x=0and y = 0.
-ForcelR,
N> (c(x,9)) = Na((ex, cp)) = [(cx)? + (cy)? = [elyjx? + 3% = [cIN2((x,9))-
- Using the Cauchy-Schwarz inequality,
Na((x0 +x1,90 +91))> = (xo + x1)* + (90 +31)*.
Expanding this gives:
2

= x{ +X] + 9§ + 91 + 2(x0X1 + Yo1)-

By Cauchy-Schwarz,

2(xox + 90v1) < 2/x2 + 9y x2 + 97 < Nal(x0,90)) + Nal(x1,91)).
Hence,
Ny((xo +x1,%0 + 1)) < Na((x0,%0)) + Na((x1,91))-
Thus, N, is a norm.
For Neo((x,)) = max(x], [y]):
- Clearly, N, ((x,v)) = 0 and N ((x,v)) = 0 if and only if (x,y) = (0,0).
-ForceR,
Nao(e(,9)) = Nuo((ex, ¢9)) = max(lex], ley) = el max((x], ) = [e[Nwo((x,9))
- For (x¢,90) and (x1,1),
Noo((x0+x1,90+y1)) = max(|xo+x1], [vo+v11) < max(|xol+x1 | [pol+1]) < Neo((x0,90))+Neo((x1,1))-
Thus, N, is a norm.

2. We need to show:
Va e R?, N (a)<Ny(a)<Nj(a)< 2Ny (a).

1. Ng(a) < Ny(@): Since Ny (a) = max(|x|,|y[), We have |x| < y/x?+y? and |y| <
Vx? + 92, hence Ny (a) < Ny(a).

2. Ny(@) < Ny (a): From the identity (|x| +[y])? > x% + p2, we find that

Ny(a) = \(x? + 2 < x|+ [y| = Ny (a).

3. Ni(a) < 2N (a): Since |x| < N (a) and [y| < N (@), we have

Ni (@) = x| +[y] < Neo(@) + Neo (@) = 2N (@).
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3. The norms Ny, N,, N, are equivalent if there exist constants C;, C, > 0 such that:
CiNi(x) < Np(x) S C,Nj(x) and CyNy(x) < Np(x) < CyNy(x).
From the inequalities established, we have:
Noo(a) < Np(a) < Ni(a) < 2N (a).

Thus, the norms Ny, N, N, are equivalent because they can be bounded relative to
each other.

Correction of the exercise 12 A

1. We will use the definition of an open set to show that A is open in R%.
Let (x,y) € A be given. Since y > 0, we will show that the open ball B((x,y),y) is
entirely contained within A. Specifically, we have:
(a,b) € B((x,9),y) = (x—a)>+(y-b)* <p”.
From this inequality, we can derive:
(y-b)?<y? = |y-bl<y. = -y<b-p<y.

From b -y <y, we get: b < 2y. From —y <b -7y, 0 <b. Combining these results, we
have: 0 < b < 2y. Thus, (a,b) € A. This shows that B((x,v),y) C A, which demon-
strates that the set A is open in R?.

2. The given set is the intersection B = B; N B,, where
By ={(x,v)eR*:x*+y><4x} and B,={(x,y)eR*:y>0}.

Note that B, is open in IR? as shown in the previous example.

The set B; can be rewritten as: By = {(x,y) € R?: (x—2)?+p? < 4} = B((2,0), 2), which
describes an open ball in R? and is thus open.

Since B is the intersection of two open sets, it follows that the set B is also open.

3 2

3. Wehave, x> >x &= x> -x>0 & x(x*-1)>0. &= x(x-1)(x+1)>0.

The product x(x — 1)(x + 1) is positive in the intervals (-1,0) and (1, 0). Therefore,
we conclude that:
C=(-1,0)U(1,00).

Since both intervals are open, the set A is open in RR.

4. ConsiderthesetD:{erR:0<x<1and%eZ}.

This set D can be interpreted as the interval (0, 1) from which the points %, %, %,...
have been excluded. To express this more formally, we can write:

D:(O,l)\{%:neZJr}.
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The set D can be represented as :

.y

n=1

1 1)
n+1'n)

Since D is the union of these open intervals, we conclude that D is open in RR.

Correction of the exercise 13 A

1. We have 0 €] - %, %[C] - %, %], and the interval | - %, %[ is an open set. Thus, | - %, %]

is a neighborhood of 0.

Explanation: A neighborhood of a point x is an open set that contains an interval
around x. Here, since 0 is contained in the open interval | - %, %[, and this interval
is part of the larger set | — %, %], we conclude that | — %, %] is a neighborhood of 0.

2. 2) and 3) Any open set containing 0 must include points both greater than and less
than 0. Therefore, neither ] - 1,0] nor [0, 5[ can be considered neighborhoods of 0.

Explanation: The definition of an open set requires that for any point within it,
there exists a surrounding interval that also lies within the set. The interval | -1, 0]
includes 0 but does not contain any points greater than 0, while [0, %[ contains 0
but does not include any points less than 0. Thus, neither of these intervals can
serve as neighborhoods of 0.

3. The interval |0, 1] does not even contain 0 and is therefore not a neighborhood of 0.

Explanation: Since a neighborhood of 0 must include the point 0 itself, the interval
10,1] clearly cannot be a neighborhood of 0.

Correction of the exercise 14 A

1. The interior of Q is empty, that is, Q = 0. This means there are no open intervals in
IR that consist entirely of rational numbers. Since any open interval in R contains
irrational numbers, it cannot be fully contained within Q.

2. The closure of Q in R is Q = R. This is because for any real number and any open
interval around it, there will always be rational numbers present, ensuring that
every point in R is included in the closure.

3. The interior of [0,1] N Q is empty, that is, Int([0,1] N Q) = 0. Similar to Q, there are
no open sets within [0, 1] that can be entirely made up of rational numbers. Any
open interval in this range will also contain irrational numbers.

4. The closure of [0,1]NQ is [0,1]NQ = [0,1]. This occurs because for any point in
[0,1], there are rational numbers that can get arbitrarily close to it. Hence, all points
in the interval from 0 to 1 are included in the closure.
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5. The interior of ]0,1[NQ is empty, that is, Int(]0, 1[NQ) = 0. As with the previous
cases, there are no open sets in the interval 0, 1] that consist solely of rational num-
bers. Any open interval will also contain irrationals.

6. The closure of ]0,1[NQ is ]0,1[NQ = [0,1]. Every point in [0,1] can be reached by
rational numbers that lie within the interval |0, 1[. Therefore, the closure includes
all points in the interval from 0 to 1.
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7.4 Solutions to Chapter 4 Exercises

Correction of the exercise 15 A

Domains of Definition :

L filvy)= Y=

Conditions:

s p+x220 = yp<x?

* >0
Domain: {(x,y) e R?| 0 <y < x?}

2. f2<xry): lr;(i})

Conditions:

7

* >0
cx-p>0 = x>y

Domain: {(x,y) € R? |y > 0 and x > p}
Graphical Representation :

1. For f;: Plot the parabola y = x?

and shade the region above the x-
axis (excluding the curve itself).

X 34 :
| 3 [}
: r
 ; ’
“ 24 r
r
- .
* .
L)
£ D,
% 1 r Ta
» ,
% r
‘\ -
T
-2 -1 o 1 ]
-1 4

2. For f,: Shade the area above the line
v = 0 and to the right of the line x = y.

4-x2-y2?
3. fs(x'y)=m
Conditions:
e 4-x2-92>0 = x?+y’<4
e x2+12-1>0 = x*+y>>1

Domain: {(x,y) € R? | 1 <x? + 9% < 4}

4. fa(x,p) =In(x-9?)
Conditions:

e x-y2>0 = x>°

Domain: {(x,y) € R? | x > y?}

(8]

3. For f;: Draw the circle with ra-
dius 2 (boundary for x% + p? = 4)
and the circle with radius 1 (bound-
ary for x?> + > = 1). Shade the an-
nular region between these circles.
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right of the parabola x = 2

31

Dy,

4. For f;: Shade the area to the

Correction of the exercise 16 A

Sll’l

1. x2+y%+1 approaches 1, and ==~ approaches 1 as (x,y) approaches (0,0). Thus, f;
approaches 1 as (x,7) approaches (0,0).
2
2. For (x,9) € R?, [x*+p4| = (x> +9?)? - 2x2p2 < (x2+yz)2+2><(%(xz +y2)) = %(x2+y2)2,
and thus for (x,v) = (0,0),
4,4
vt 3

_ 2 2
|f2(x' )_ x2+y2 \E(x +y )

Since limyy y)_(0,0)3(x* + 3%) = 0, it follows that lim(, ) (0,0 f2(x,y) = 0 (by the
squeeze theorem).

3. For all (x,9) € R?, x* - 2|xy| + v% = (|x| - [y])*> > 0 and thus |xy| < %(x2 +7?). Conse-
quently, for (x,v) = (0,0),

2.,2 1

— 2 2
|_ x2+y2 SZ(X +y )

If3(x,9)

Since lim(x,y)_%o,o)%(xz +9?%) = 0, it follows that limy y)(0,0) f3(x,y) = 0 (by the
squeeze theorem).

4. We have , ) | 2) 5
|sin(x<)| x sin(y©)
o)< B0, il v
x Vx2+y y VxZ+y?
sin(x?) %2 (x2+p?) 3
However, —5— — 1 as (x,y) — (0,0), and \/x2+y \/sz <+/x%+y2. Thus, fy(x,y

approaches 0 as (x,y) approaches (0, 0).

5. We know that == Cos(t) — % as t — 0. Now, we can write f5(x,7) = x- Locost) 14 fol-

(xp)?
lows that 1%5(”) approaches 1 5 as (x,y) approaches (0,0). Thus, f5(x y) approaches

0 as (x,y) approaches (0,0).
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6. Using the fact that lim,_, &% =1, we can simplify the expression:

-1

Xy _ 1
lim & = lim —2-=0.
(x3)-(0,0) € =1 (xp)-(00) x&L

Therefore, f4(x,v) approaches 0 as (x,y) approaches (0,0).

Correction of the exercise 17 A

1.« If we take the path y;(t) = (,t) (since ¥1(0) = (xo,v9) = (0,0)), then (f o y;)(t) =
f(t,t) =45 = 1. Thus, lim,_o f(t,1) = .
* If we take the path y,(t) = (0,t) (since ¥,(0) = (x9,v9) = (0,0)), then (f o y,)(t) =
f(0,t)=0. Thus, lim;_,; f(0,¢) = 0.

Since lim;_,o f(t,t) = lim;_, f(0,t), f does not have a limit at (0, 0).

2.« If we take the path y;(t) = (¢, 1) (since y1(0) = (xg,¥9) = (0,0)), then (f o y)(t) =
f(t,t) = —5. Thus, lim,_,q f(t,t) = 0.

= 142
o If we take the path y,(t) = (t2,t) (since y,(0) = (x, o) = (0,0)), then (f oy,)(t) =
f(£%,t) = <. Thus, lim,_o f(t%,1) = 1.

Since lim,_, f(t,t) # lim,_, f(t?,), f does not have a limit at (0, 0).

3. If we take the path y(t) = (¢,t) (since y1(0) = (x9,v9) = (0,0)), then (f o y1)(t) =
f(t,t)= % Thus, lim;_, f(t,t) = co. Therefore, f does not have a limit at (0, 0).

Correction of the exercise 18 A

1. By switching to polar coordinates, we have:

x=rcosf
Yy =rsin0
r>0,0€[0,2nr]

Xy

r2cosOsin O r2cosOsin O

For the function f(x,y) = , we get:

=rcosOsin0.

f(rcos@,rsinf) =
r2(cos? O +sin” 6) r

The absolute value of f(rcos6,rsin0) is:
|f(rcosB,rsinB)| =|rcosOsinbO| < r.
As r approaches 0, the limit of f(rcos6,rsin0) is 0. Thus,

Xy

lim ———=0.

(x9)—(0,0) y/x? + y2
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2. By switching to polar coordinates, we have:

x=1+rcosf
Yy =rsin0
r>0,0€[0,2nr]

7, we get:

3
For the function f(x,y) = ﬁ

(rsin@)3 B r3sin3 6

= = rsin® 6.
(1+rcosO)—1)2+(rsin0)? (rcosf)? + (rsin0)? rem

f(l+rcosB,rsinf) =

The absolute value of f(1+rcos@,rsin0) is:
|f(1+7rcosB,rsinB)| = lrsin® 0| < r.

As r approaches 0, the limit of f(1 +rcos6,rsin0)is 0. Thus,

3
lim —2———=0.
(xy)—(1,0) (x = 1) + p?

3. By using polar coordinates, we set x = rcos6 and y = rsinf with 0 € [0,27] and
r> 0. Then the function f(rcos0,rsin0) can be expressed as:

cosBOsinf
0,rsinf) = ————.
f(rcosf,rsin) cosOsin0 +1
Thus,
cosBsinf
li ,TSi =
r1_r)r(1)f(rcos@ rsin®) cosOsinf +1

The limit depends on 6, therefore it does not exist.

Correction of the exercise 19 A

The function f is continuous on RR? —{(0,0)} because it is the quotient of continuous
functions whose denominator does not vanish. It is also continuous at (0,0) because by
using polar coordinates x = rcos 6 and y = rsin 0 with 6 € [0,27] and r > 0, we have:

r2cosOsin O - r2(cos? O —sin’ 6)
r2(cos2 6 +sin’ 0)

f(rcosO,rsinf) = =12 cos O sin B(cos® 6 —sin? 6).

And
|f(rcosB,rsin@)| = |r2c0393in9(C0529 —sin29)| <22,

2.2
Thus, as r — 0, limy, ) (0,0 f (x,9) = 0, so lim(x,y)e(0,0)xy;T};z =0 = £(0,0). In conclu-

sion, f is continuous on IR
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7.5 Solutions to Chapter 5 Exercises

Correction of the exercise 20 A
We define f : IR?\ {(0,0)} — R by

x2

flxy)=

(x2 +p2)T

To justify the extension of f to a continuous function on IR?, we need to study the limit
of f(x,v) as (x,y) approaches (0,0).
Using polar coordinates, we can rewrite f(x,v) as follows:

2 (a2
r<cos“(0)
fxy)=——F—
r2
where r = \/x2 + 9?2 is the distance from (x,) to the origin and 6 is the angle that the
vector (x,y) makes with the x-axis.
2 2
As (x,p) approaches (0,0), we have r — 0 and thus LSS(Q) — 0. Therefore, we can extend
r2
f to a continuous function on IR? by defining £(0,0) = 0.
Now let us examine the existence of partial derivatives at (0, 0) for this extension.
The partial derivative with respect to x at (0,0) is given by:

ox h—0 h '
Using the definition of f:
Jf (h:;)% 0 h? h? 1
00 =i 25— i = i =l

This limit does not exist, so the partial derivative with respect to x does not exist at (0, 0).
Since f(0,h) = 0 for all real h, f has a partial derivative with respect to the second variable
at (0,0) which equals g—£ =0.

In conclusion, the extension of f to a continuous function on IR? is possible by defin-
ing f(0,0) = 0. However, the partial derivative with respect to x does not exist for this
extension.

Correction of the exercise 21 A

1. We have

i _ of _
5-(12)=-4, a—y(l,z)_ 1.

Thus, f is differentiable at (1, 2) if and only if

; f(1+h,2+k)—f(1,2)—h§—§(1,2)—k§—f;(1,2)
(1k)2(0,0) ViZ + k2




7.5. SOLUTIONS TO CHAPTER 5 EXERCISES 97

Therefore,
_ (1+h)(2+k)=3(1+h)?+1+4h—k _ kh —3h?
I= lim = lim ———.
(h,k)—(0,0) Vh2 + k2 (h,k)—(0,0) Vh2 + k2

Using polar coordinates, we set h = rcos6 and k = rsin0 with 0 € [0,2n[ and r > 0.
f(rsinB,rcos0) = r2sin@cosO — 3r% cos? O = r(sin 6 cos 6 — 3cos? 0),
|f(rsin®,rcos )| = |r(sin O cos @ — 3cos> O)| < 4r.

Thus, lim,_,( f(rsin6,rcosO) = 0. Therefore,

F(L+h2+k)-f(1,2)-h%(1,2) —kg—;’(Lz)

(h,kl)l—r>r(10,0) ViZ k2 =0
The function f; is differentiable at (1, 2).
2. We have
. fd+m1 +k)—f(4,1)—h§—§(4,1)—k§—f;(4,1) (k) -k
(h,k)—(0,0) V2 + k2 (0,0) Vh2 1 k2
. hk
oDV

(Using polar coordinates). Thus, the function f, is differentiable at (4,1).

Correction of the exercise 22 A

1. Let v = (h k) = (0,0).

hmw :hmf(o’tk) =k ifh=0
t—0 t t—0 t
and yn%w =0, ifh=0.

Thus, D, f(0,0) =k if h =0, and D, £(0,0) = 0 if h = 0.

2. With v = (1,0), we have 2£(0,0) = 0, and with v = (0, 1), we have %(0,0) — 1. The

candidate for the differential at (0, 0) is thus €(h, k) = k. However, the expression

el k) = LR =F(0.0 - Ll k) _ k3 —kVhZ 1 k%
o W - \/h2+k2\/h2+k4

L

5

does not tend to 0 as (h, k) — (0, 0), because lim;_,o+ £(¢,t) =
differentiable at the point (0, 0).

Therefore, f is not
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Correction of the exercise 23 A

1. The function f has partial derivatives on IR? — {(0,0)} (since f is the quotient of
functions that have partial derivatives where the denominator does not vanish for
(x,3) € R? = {(0,0)}):

of _ xt43x%p% + 2xy°
x(x’y) - (.X2 +y2)2 ’ (x’y) * (0'0)’
af -yt - 3y2x? - 2px°
3 (x,9) = 2192 , (x,p)=(0,0).
For (x,y) = (0,0), we have
ax(o'o)_llql—r}(l) h k. 8y(0’0)_h1—r>r(1) h =1

Thus, g—i and 3_1; exist at every point in R,

2. The function f is continuous on IR? —{(0,0)} (since f is the quotient of continuous
functions). For (x,y) = (0,0), we use polar coordinates by setting x = rcos6 and
y =rsin@ with 6 € [0,2n[ and 7 > 0. Then,
r3(cos30 —sin®0)  r(cos® 6 —sin>0)

rsin@,rcosf) = = = r(cos® 6 —sin> 6).
f ) r2(cos20 +5sin’0)?  (cos?6 +sin’ 0)2 ( )

We have |f(rsin6,rcos0)| = |r(cos® 0 —sin® 0)| < 2r, so lim,_,o f(rsin@,rcos0) = 0.
Thus,

limy ) (0,0) f (x,9) = 0 = f(0,0), which shows that f is continuous at (0, 0).

3. The partial derivatives %(0, 0) and g—J;(O, 0) exist, and f is continuous at (0,0). The
function f is differentiable at (0, 0) if and only if

£ (k) = £(0,0) = 155 (0,0) - k55(0,0)

lim =0.
(h,k)—(0,0) \/hz +k2
We have
d J
L SR -f0.0-h0,0-KF0.0 i gk

+ ,
(1k)=(0,0) VhZ+ k2 (hK)=(0,0) (12 + k2)3 VK2 + k2

by switching to polar coordinates h = rcos6 and k = rsin® where 0 € [0, 27| and
r >0, we then have

f(rsin®,rcos0) = cos®> O —sin® O — cos O + sin 6.

The limit of f depends on 6, thus f is not differentiable at (0, 0).
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Correction of the exercise 24 A

1. Study the continuity of f on IR?: The function f is clearly continuous at every point
other than (0, 0) because it is defined by a composition of continuous functions. To
check the continuity at (0, 0), we need to calculate the limit

1
lim (x,9)= lim (x*+9?)3 cos( )
(W)—>(0,0)f 4 (x,y)ﬁ(0,0)( Y x2+y?

Using the property |cos 0| < 1, we can establish the following upper bound:

1

2, .2\3
[(x“ +v°) cos(x2+y2

)| <I(?+9%)’)
This bound approaches zero as (x,y) approaches (0,0). Therefore,

lim f(x,y)=0=£(0,0).
(X’y)ﬁ(o’o)f( y) £(6,0)

Thus, f is continuous on R

2. For (x,y) = (0,0), we have

9\ [6x(x*+7?)*cos (xZiyZ ) + 2x(x% + yz)sin(xziy2 )
Vi(x,y)= %: 2, .2\2 1 22 1 \|
dy 6y(x~+v°) cos(x2+y2)+2y(x +7p )s1n(x2+y2)

For (x,v) = (0,0), we have
9(0,0)) (lim,_, L0O-f©0Y 1o
V£(0,0) = grad £(0,0)=| g, ’ =(- =0 o) ):( )
(0,0)) " {limy,_,, L02-100 ] = {0

3. Let’s check the continuity of the partial derivatives of f on R?. We have

P
a—i(w) =

x2+y?

0 if (x,y) = (O, O),

6x(x2+y2)2cos( 1 )+2x(x2+y2)sin(xz}r—y2) if (x,v) = (0,0),

So, lim g ¢ g—i =0= %(0, 0) (Using polar coordinates), and

<

=
H

—
N
o

of

24 92)? 1 2,2\ o 1 .
a_y(x,y): 6v(x°+7v°) COS(xz+y2)+2y(x +v )s1n(—x2+y2) if (x

0 if (x,v) =(0,0).
Thus, lim g o) %(x,y) =0= %(0, 0). The function f is therefore of class C!(IR?).

4. Since the function f is of class C! on R?, it is differentiable on R?.




100 CHAPTER 7. SOLUTIONS

Correction of the exercise 25 A

1. Let y be the parametrized arc given by

12—
tr—>( 5 ,t), t varying from —1 to 1.

Then, we compute the integral:

1 t2-1
J a= J 22 t+ 5 dt =0 (odd function).
% A(5R) e (5 +#

Thus,

2. For the second case, we have:

271
J a = J ((cos t —sin® t)(—sint) + cos® t(cos t))dt.
Y 0

This simplifies to:
27 27
J (cos4 t +sin*t — costsin t)dt = f ((cos2 t +sint)? — 2cos tsin’ t — cos tsin t)dt.
0 0

Further simplifying, we find:

Lzﬂ(l - %sin(Zt)— i(l —cos(4t)))dt = 271(1 - i) .

Thus,

3. In the third case, we have:

s

3 p
J a= j (costsintcostsint)(—sint)dt = —J- cos® tsin®tdt.
V4 0 0

This can be rewritten as:

o
2

3 5

7 3 5
2 . ) cos”t cos’t
—f (—cosztsmt+cos4ts1nt)dt:[ ]
0

Thus,
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4. Consider the circle y centered at (a,b) with radius R > 0, traversed once in the

counterclockwise direction. Alternatively, we can consider the parametrized arc y
given by

t— (a+Rcost, b+ Rsint), tvarying from 0 to 27.

We compute the integral:

27
J a= J ((b+Rsin t)>(~Rsint) + (a+ Rcost)*(Rcos t))dt.
V4 0

27
:RJ ((b+Rsint)2(—sint)+(a+Rcost)2cost)dt.
0
27
:RJ (acost—bsint+ZaRcoszt—2bRsin2t+R2(cos3t—sin3t))dt
0
27
= RZJ (2a cos®t —2bsin® t + R(cos® t — sin® t))dt.
0
27
:RZJ- (a(l+cost)—b(1—cost)+R(cost—sint)(coszt+costsint+sin2t))dt
0
27
:RZJ (a—b+R(cost—sint)(1+costsint))dt
0

27
=R? (27‘((1) —a)+ J R(cost —sint + cos> tsint —sin’ t cos t)dt)
0

= 2nR*(b—a).

Correction of the exercise 26 A

1. Since the components f;(x,) = x> + xcos(y), fo(x,y) = e¥?, and f3 = p3x are differ-

entiable at every point (x,v) in IR?, it follows that F is differentiable at every point
(x,v) in R?.

2. Let’s write the Jacobian matrix Jr at every point in IR?:

of o,

g—x(x,y) g_y(x’y) 2x+cos(y) —xsin(y)
Tr(xy) = |2 (x,p) —f;(x,y) - ex;y _exz_y

of ofs

Ly Ly y 3y%x

3. Since F is differentiable, the differential of F is given by:

DE(x,p)(h) = Jp(xy)xh=| &7 —¢<¥
3

2x+cos(y) —xsin(y) L
o)
v 3y2x 2

DEF(x,y)(h) = (D f(x,)(h), D f2(x,9)(h), D f3(x, y)(h))
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where
) 0
Dfi(x,y)(h) = a—];l(x,y) chy + a—];(x,y) -hy = (2x + cos(v)) - hy — xsin(y) - h,
) J
Df2(xly)(h) = a_];z(x;y) . hl + 8—];2(3(,3)) . hZ = eX—}J . hl _ex_y . hZ
_9h 9

Dfs(x,p)(h) = —==(x,p) - hy + 5 (x,9)-hy =9°-hy +3y%x-h,

Correction of the exercise 27 A

1. Since f(x,) = sin(x?>—y?) and the components g;(x,7) = x+y and g,(x,v) = x—y are
y y P 8115y y 825 Y y

C! functions at every point (x,y) in R?, it follows that f and g are differentiable at
every point (x,y) in R?.

2. Let’s compute the partial derivatives of f o g and the differential of f og at the point

(x,v). First, we find f o g, where f(x,v) = sin(x?> —y?) and g(x,9) = (x + y, x — p):
fogxy)=f(g(xy) = flx+y,x-y)=sin((x+y)* - (x~p)°) = sin(4xp).

It follows that the differential of f o g at the point (x,p) is given by:
J J
D(fog)(x,y)(hy, 1) = %(fog)(x,y)~h1+8—y(f0g)(x,y)-h2 = 4y cos(4xy)-hy +4x cos(4xy)-h,.

3. Let’s compute the Jacobian matrices of f and g at the point (x,p):

Jr(xy) = (%(w) %(x,y)) = (2xcos(x? —3%) -2y cos(x>~p?)).

Setting g(x,y) = (¢1(x,9),82(x, ), we find:

381 381

() (%) [1 1]
Jexy)=| = :
) [—%%:(w) %—%(x,w]

4. Now let’s find the Jacobian matrix of f o g at the point (x,y) by applying the chain
rule:

Tog(,9) = J1(8(x,)) Jo(x,9) = [2(x + p)cos(dxp) —2(x - ) cos(4xp)| [} _11].

This simplifies to:
:[4ycos(4xy) 4xcos(4xy)].
Thus,

D(f 0 8)(x,9)(h1, ha) = Jfog<x,y>(fj;) = 4y cos(4xy) - Iy + 4xcos(4x) by,
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7.6 Solutions to Chapter 6 Exercises

Correction of the exercise 28 A
We have

2
f(x,y):{% if (x,9) % (0,0),
0 if (x,9) =(0,0).
To show that f is of class C? at (0,0), we need to demonstrate that f is of class C! at
(0,0) (its partial derivatives exist and are continuous) and that its partial derivatives are
of class C! (its second derivatives exist and are continuous).
Existence of first partial derivatives at (0,0):

f(1,0)-f(0,0) . 0-0__of

Hm h = fim = = 0= 5,00
fOm-f(0,00 . 0-0 _ df
i FAAEHED i 52 -0- F00)
For (x,v) = (0,0):
d 2(x +v) —xp? 3
F (s, p) = 2! y)zy S A
dx (x+7v) (x+7v)
8_f(x - v (x+p) - xy? 3 2x%y + xp?
YT T ey (kP
Existence of second derivatives at (0, 0):
Fon-2£00  p-o %
: dx \7’ ox\7’ _1: -V _ 4 _ f
lim - =lim — _1_aya(,)
9 (h,0) - 2L (0,0) 2
gy 0) =500, .. 0-0 9°f
Hm 7 = hm = = 0= 55, (00

2 2
Since %(0, 0)=1=20= aax—é;(o, 0), f is not of class C?, according to Schwarz’s theorem.

Correction of the exercise 29 A

1. The critical points of f:

Fop=0  _ [(Pe2x-per=0  _ [x+2x-p=0

Thus, the only critical point of f is

——
=R
o (=)

(|

INTS; NST[E

The Hessian matrix of f is

82
52 (%) Wgy(xﬁ)]_((x2+4x—y+2)ex‘? (—x?=2x+p—1)e*?
(

) %(x,y) “\(=x?-2x+y-1)e*? (x?2 -y +2)e*?
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H (l E)— Bt e =" *)=rt-s2=2¢2>0
f2’4_—e_% e_%_st_ B

2
Thus, (2, Z) is a local extremum of f. Since r = % (%, %) = 36_% >0, (%, %) is a local
minimum for f.

2. The critical points of g:

%(x, )=0 3x2+12x-12y+9=0
Jg —
a—y(x,y):() 6v—-12x =0
L JyE = (%,9) € {(1,2),(3,6))
x2—4x+3=0 Y T
To study the nature of the critical points (1,2) and (3, 6), we calculate the second
derivatives: >
g?% =6x+12
g _
a—y; =6
g _
dxdy — —12
Thus, for the point (1, 2), we have
2
g"Z(l -1 18 -12
azg — r s
=<(1,2)=6 ,2) = = .
g
axay(l,Z) -12

IHp(1,2) =rt—s*=-36<0

we conclude that the point (1,2) is a saddle point for f; it is neither a local maxi-
mum nor a local minimum.

For the critical point (3,6), |[Hf(3,6)] = rt - s2=216>0and r a—f(3,6) =30>0.
Thus, (3, 6) is a local minimum for f.

3. his of class C% on R%.
The critical points of h:

Dhixy)=9y2-1=0

The system thus has 4 solutions which are the critical points of f:

{gﬁ(x ,y)=9x2—1=0

_ 1
a) = ,—g)
11
as (_g’g)
1 1
as (_3’_5)

To determine the nature of the critical points, we calculate the second derivatives:

Py 52
ﬁ(x,y):l&c, 83;}; ') =18y, a—gy 9)=0
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e Ata; = (%,%), we have rt—s2=36>0and r=6 >0, so f has a local minimum
at a;.

* Ata, and a3, we have rt —s?> = =36 < 0, so f has no extremum at either of these
two points.

» Atay, wehave rt —s>=36>0and r = -6 <0, so f has a local maximum at a.

Correction of the exercise 30 A

1. The first-order partial derivatives of f are %(x,y) = 4x3 - 8(x - y) and %(x,y) =

493 + 8(x —p). The critical points are solutions to the system

4x3 = 8(x-y)
—4y° =8(x-y)

From this, we deduce that x* = —y3 = (—p)3. Since the cube function is injective, this
gives us x = —y. Substituting this back into the first equation, we find 4x> = 16x, or
x}—4x=0 & x(x*-4)=0 < x(x-2)(x+2) = 0. Thus, the critical points of f
are (0,0), (2,-2), and (-2, 2).

Now, let’s analyze the nature of these critical points. The second-order partial
. . 32 82 82
derivatives are a—x]z((x,y) =12x>-8, W’;(x,y) =12y% -8, and Tgy(x,y) =8.
* At (2,-2), using standard notation, we have r = 40, t = 40, and s = —8. This
time, rt —s> > 0 and r > 0, so the point (2,-2) is a local minimum for f. The
conclusion is the same for (-2,2).

* At (0,0), wehaver =-8,t=-8,and s = 8, which gives rt—s? = 0. Therefore, we
cannot conclude directly. However, we notice that f(x,0) = x* - 4x? is negative
when x is small, while f(x,x) = 2x* is always positive. Thus, (0,0) is neither a
maximum nor a minimum since, as close as we want to (0,0), we have points
(x,v) with f(x,v) > f(0,0) and other points (x,y) with f(x,v) < f(0,0).

2. Let’s start by calculating the first and second-order partial derivatives of f:

2 2 2
Ly =42, Fxy) =3y -3, Thxy) = 1222, TL(x9) =0, h(xy) = 6y.
A point (x,y) is critical if and only if x = 0 and y? = 1. The two critical points of f are
therefore (0,1) and (0,—1). At these two points, using standard notation, rt —s? = 0.
Thus, we cannot conclude directly. Instead of studying the sign of f(x,v)— f(xo,v0)
in the neighborhood of (x(,7(), we will study the sign of f(xq+ h,vo+k)— f(x0,v0)
in the neighborhood of (0, 0).

« At (0,1). We set y = 1+ h, with h close to 0. We then have f(x,1 +h) = x* +
(1+h)3—-31+h)—2=x*+h3+3Kh?-4. For x and h close to 0, x* > 0 and
3h? + h3 > 0 (in the neighborhood of 0, the h? term predominates). Thus, if x
and h are close to 0, we have f(x,1+h) > -4 = f(0,1). Therefore, (0,1) is a local
minimum for f.
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* At (0,-1) is similar, but this time we set y = —1 + h. We then have f(x,-1+h) =
x*~3h%+h3. Here, we notice that f(x,—1) = x* > 0 = f(0,-1) while f(0,-1+h) =
—3h? + h3 < 0 if h is small enough. Thus, (0,-1) is a saddle point.

Correction of the exercise 31 A

1. Let us introduce the Lagrangian:
L(x,9,0) =x+p—-A(x* +3> - 1)

We seek the critical points of L:

0
VL(x,9,A) = [0 — (x,y,A) € {(ii,ii,i%)}

Now, let’s analyze the nature of these critical points:

Pl o L)
ox2 Y= ox2\ 2' 2 2]
J°L L ’L1 1 1
= 5 ’ 7/\ :_2A S ol T~ T =" 7 :2
a2 Y - 5’3/2( Iy’ V2' V2 2)
9°L FAL( 1 1 1
Sy N=0 = oy a) 0
1 1 1
A(x,p, 1) =41* = A(——,——,——):2>0
(%9, 1) N
Thus, (—\/%,—%) is a minimum and (%,%) is a maximum for f under the con-
straint x> +y2 = 1.

2. Let g(x,y) =x*+y?—4and L(x,y,A) = f(x,7) - Ag(x,y) = 4x? + > — A(x? + > - 4).

Search for the critical points of L:

8x—2Ax
VL(x,y,A)=| 2y -2y
4—x2— y2

Thus,
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The critical points of L are: (x1,91,A1) =(2,0,4), (x2,92,A2) =(-2,0,4) , (x3,v3, A3) =
(0,2,1), (x4,94 Ag) = (0,-2,1).

Study of the Nature of Critical Points:

We have: 5
0°L
W(X,y, /\) =8-21
2
g—y];(x,y, A)=2-21
0’L DL )=
axdy YT
Therefore,

J0’L 0°L
Ep 2(xlty1r 1) X 77 (x1, 91,4 8x8y (x1, 91, A1)

0’L 0°L
8 2("2,3}2%\2) a B XZ’y2’/\2 xay

0’L 0°L 92L
Ep 2(X3;}/3,/\3) 72 (x3,93,43) =

2
Xz,?zr/\z)) =0,

2°L 9°L 9°L 2
5.2 (X494 Aa) X 8}}2(9%?41 Ag)— (axay (X4, 94, /\4)) =0.

Conclusion: The Lagrange method only allows us to find candidate extrema of f
under the constraint g but does not allow us to conclude whether they are indeed
extrema.

Direct Study of the Nature of Critical Points:

We are not required to use the Hessian submatrix of L to establish the nature of the
critical points. In fact, it is sufficient to study the sign of the distance function:

di(h k)= f(x; +hy; + k)= f(xi,vi),
fori=1,2,3,4and (h k)~ (0,0) with g(x; + h,y; + k) =
di(h k) = 4(x; + h)? + (p; + k) - 4x7 — 7,

Gi(xi +hy; +k) = (x; +h)? + (y; + k)> - 4.

If d,g(x;,y;) # 0, then the equation g(x; + h,y; + k) = 0 implicitly defines k as a
function of h near h = 0: solving g(x; + h,y; + k) = 0 gives

(vi+k)>=4—(x; +h)*.
Substituting this expression into d;(h, k), we obtain the function of a single variable:

di(h) = 3(x; + h)? + 4 — 4x7 —y?.
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If d,g(x;,v;) # 0, then the equation g(x; + h,y; + k) = 0 implicitly defines & as a
function of k near k = 0: solving g(x; + h,v; + k) = 0 gives

(x; + h)? = 4 (y; +k)*.
Substituting this expression into d;(h, k), we find the function of a single variable:
di(k) =16 -3(y; + k)? — 4x? — p?.
Conclusion:

* d; (k) = =3k? < 0 therefore the point (x;,y;) is a local minimum of f under the
constraint g.

s d,(k) = —=3k? < 0 therefore the point (x2,12) is a local minimum of f under the
constraint g.

s dz(h) = 3h? > 0 therefore the point (x3,3) is a local maximum of f under the
constraint g.

s dy(h) = 3h* > 0 therefore the point (xy, v4) is a local maximum of f under the
constraint g.
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