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CHAPTER 1

Euclidean Space R?

In a large part of this course, we will do Analysis in a multidimensional context,
RY .= {(x1,...,xq) : x;€R,i=1,...,d}.

The basic tool of Analysis, the concept of limit with its applications to continuity, differentiability,
integrability, is the protagonist of this Chapter. To catch the idea, let us recall we say that a sequence
(xn) € Rhas lim,, 400 X, =€ € Rif

Ve>0,ANeN : |x, -] <&, Vn > N.

The number |x,, — £| represents the distance between x,, and £ and the previous property can be interpreted
as follows: the distance between x,, and the limit € becomes arbitrarily small provided n is large enough.
If now (¥,) ¢ R4 and we want to say lim, ¥,, = ¢ € R? we need something similar to the modulus to
measure the distance between ¥, and £. This leads to the concept of norm, which is the starting point of
our story.

Chapter requirements: concept of vector space, limit for a function of one real variable, basic facts on
continuous functions of one real variable.

1.1. Euclidean norm
We start recalling that R is a vector space on R with operations of sum and product defined as
X1y ee s Xxa) + V1o s ya) = X1+ Y1, xa+ya), AXxy, ..., xq) = (Axy, ..., Axq).

Given any two vectors X = (x1,...,xg), ¥y = (y1...,yq), there is a natural way to measure the distance
between X and y. For ease of simplicity, consider the case of dimension d = 2 (see the figure).
According to Pythagorean Theorem, the length of the segment joining X to y is

\/Ix] —yil?+|x2 =2 = \/(xl —y1)? + (x2 = y2)2.

This idea can be introduced in the general R?: given X = (x1,...,x4) and ¥ = (y1,...,yq), then

dist(%,y) =

Since X =y = (x; — y1,...,Xd, —Ya), previous formula suggests the following
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Ficure 1. Euclidean distance

Definition 1.1.1

Given X = (xq,...,xq) € R, we call euclidean norm of x the quantity

The norm plays the same role of the modulus in R. Precisely

Proposition 1.1.2

Euclidean norm fulfils the following properties:
i) positivity: ||X]| > 0, VX € R?;
ii) vanishing: ||| = 0iff¥=0:= (0,...,0).
iii) homogeneity: ||1%|| = |1]||X]|, VA € R, VX € R<.
iv) triangular inequality: ||X + ¥|| < ||X]| + |[¥]l, V %, ¥ € R<.

Proor. Positivity is evident. Let us check the vanishing:
d
||)_C)|| =0, < Zx?:o’ — x?:(), Vi, — xj:(), \/J: 1,...,d.
Jj=1
Homogeneity is straightforward:

TN = D (2= 2 ) a3 =1al [ a3 = Al
J J J
Finally, the triangular inequality: for convenience let us square everything and notice that

IE+312 = "0+ )% = D 0+ 33+ 205y) = IFIP+ 1512 +2 > vy = [FI2 + 1717 + % - 5,
J J J

where X - ¥ is the scalar product of R¢. At this point we need the



Lemma 1.1.3: Cauchy-Schwarz inequality

(1.1.1) -5 <%, ¥, 5 € RY.

Proor. (Lemma) Excluding the trivial cases where ||X]| = 0 or ||¥|| = 0 we may assume ||X||, ||¥|| # 0. The
formula (1.1.1) is equivalent to
Z XY
[1%]] ||y||

Notice now that

1
ab<—uﬂ+wx(c=>Mb<a%uﬁ — w—bf>oy

Applying this inequality to a = ” ” and b = ” ”, and summing on j, we have

2 -
Z X Z (II%II2 . ||y|I2) _
1% IIyII <2 IIXII2 I|y||2 11> 12

By Cauchy—Schwarz,
o o > - SH1= - -2 5 o > -
1%+ FI12 < IRIP + 1317 + 2050131 = QRN+ 1F1D°, &= ¥ +FI <IN+ 15 o

From the norm, we define the concept of limit for a sequence and, later, the limit of a function:

Definition 1.1.4

Let (X,) € RY. We say that

¥, —leR?Y = |%, -£|| — o.

ExampLE 1.1.5. Show that (L, 21) — (0, 1).
n n

SoL. — According to the definition

) o=+

20F

2 1 1 V2
=y —=+—==-——50. O
n? n?2 n

1 n+1
nn

02 0.4 0.6 0.8 1.0

It is not difficult to prove that



Proposition 1.1.6: component-wise convergence

Let X, = (Xn.1,---,Xn.q)- Then

X — = (b, ly), = xp; — €, Vj=1,....d.

ExampLE 1.1.7. Is X,, ;= (% I‘T" sin n) convergent in R3?

SoL. — The components of ¥, are + — 0, =2 =1 _ 1 — —1 and sinn, which has no limit. We conclude that

%, is not convergent in R>. O

A little bit of care is needed for X,, — oo because, differently by R, there are not +co and —co:

Definition 1.1.8

Let (¥,) ¢ R? be a sequence of vectors. We say that

Xp = g, &= |[|Xn]| — +o0.

ExampLE 1.1.9. Show that (n, %) — 00).

SoL. — We have

1 ) 1
n,— ||| =+/n*+— — +co. O
n n?
1.0
08
06
04r
. 1
02 - (n,=)
.., n
2‘0 40 60 80 100
ReMARK 1.1.10. In particular, say that X, — o4 iff x, j — oo is false. ]

1.2. Limit of a function

In this section, we want to define the notion of limit,

lim F(¥) = ¢.

X—X0

Here

F=F® :DcR?Y—R"

As for one variable limit, limit makes sense only when X approaches an accumulation point of the domain
D. The definition of accumulation point is similar to the case of R:
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Definition 1.2.1

Let D c RY. We say that

e %y € R4 is accumulation point for D if 3(¥,) ¢ D\{Xo} such that ¥,, — %o;
e oo, is accumulation point for D if 3(X,)) C D such that X, — co,.

The set of all accumulation points of D is denoted by Acc(D).

We are now ready for the

Definition 1.2.2

LetF: D cRY— R™and ¥ € Acc(D). We say that
(12.1)  lim F(F) =feR"U{co,}, &= F(&,) — {, ¥(Z,) C D\{%o}, 1 — Xo.

X—X(

This Definition has the advantage of covering all the possibilities: limits at a finite point (when ¥y € R9),
at infinite (when Xy = co4) and finite limits (when le R™) or infinite limits (E: 09,,).

Compared to the limits of a single variable, the calculation of limits for vector-valued functions of a
vector variable can be extremely complicated. For simplicity, here we will limit ourselves to the case of
numerical functions of the vector variable, that is,

f=f®& : DcR?!—SR.

1.2.1. Sections. A natural idea is to reduce the problem of computing a limit in several variables
into a limit in a unique variable. Is it possible? And how? A way to do this is restricting f to a curve
that approaches point Xo.

Definition 1.2.3: Curve

A curve is a continuous function

y=%y() : IcR—RY ye®).

We say that y is in D (notation y C D) if y(¢) € D forevery t € I.

Evaluating f on vy, that is computing f(7y(¢)), means “sectioning” f along . Next result provides a
relation between the limit of f and limit of its sections.
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Proposition 1.2.4

Let f : D ¢ RY — R be such that
3 lim f(X) =¢€RU {xco}

X—X
Then e
lim f(7(1)) = ¢, ¥y curve, y < D\{Zo}, : (1) —" xo.
—1

Prookr. It is just an application of the definition. Take t,, — to, #,, # to. Then
;(tn) — )_505

and since ¥ (1) # X, we have
f(y@) — ¢ o

In practice, if f has limit € for X — X, then every section of f going to point X has the same limit.
Actually, this fact is useful to disprove that f has a limit. Indeed, if one proves that there are two sections
along which

lim f(71(2)) # lim f(72(2))
t—1) t—1
then lim,_,, f(x) cannot exists.

ExampLE 1.2.5. Show that Xy
lim ———
(x.y)—0; x2 + y?
does not exist.
SoL. — Let
Xy 2
f(x’y) = ﬁ’ (X,)’) €D = R \{(070)}
X +y

Let us check what happens along the two sections of the two axes. These are given by

y1(1) = (£,0), »2(2) = (0,1).
Clearly
y1(t) — (0,0), ¥2(t) — (0,0), whent — 0.
We have
f(yi(@)=f(&,0=0—0, f(¥2(¢)) = f(0,1)=0— 0, whent — 0.
Is this enough to conclude that the limit exists (and, in the case, it equals 0)? A big NO! This because we checked
only two of the infinitely many sections. Let consider a new section, that is a point moving along a straight line
y = mx. The curve describing this is simply
v3(1) := (t,mt), m € R.

Notice that the corresponding section of f is
2
t

ast — 0.

F@3(0) = ft.m) = 5 -

= —_ .
24m22 1+m? 1 +m?
‘We conclude that the limit does not exist. O



7

Next example shows that one might have limits along all straight sections, yet this is not sufficient to
ensure existence of the limit.

ExampLE 1.2.6. Show that

Xy2

lim
(x,y)—(0,0) x2 + y*

does not exist.

SoL. — Let
y2

flxy) = 2+ ——» (x.y) € D =R*\{(0,0)}.

The sections along the axes are f(#,0) =0 — 0 and f(0,7) = 0 — 0 both when t — 0. This says: if the limit
exists, it must be equal to 0. Now if we take a section along the line y = mx,
m2t3 m?t

t,mt) = = —> 0, ast — 0.
A ) 22 +m2t* 1 +m?2?

So apparently again no contradictions! But when we consider the line x = ay? we have

2,2
2 at-t a a
at-,t) = = — ,ast — 0.
A ) at*+1*  a?+1 a+1
This is different from O if @ # 0: so we have found a family of curves on which the limit of f exists but is different
on any family: we deduce that the limit doesn’t exists. O

ExawmpLE 1.2.7. Show that
lim (x2 + y2 - 4xy)
does not exist.
SoL. — Let f(x,y) := x> + y> — 4xy. Sections along the axes are f(#,0) = t>, f(0,1) = t>. Clearly the points
(2,0),(0,¢) go to cop if t —> +o0. In any case f(t,0), f(0,1) — +o0. So the candidate to be the eventual limit is
+co. However, along the line y = ax,

f(t,at) = 1> +a** — 4ar* = (1 + a® - 4a)i*.

If we chose a in such a way that 1 + a®> — 4a = 0, thatis a = 4+‘F =2 + /3 we see that f(t,at) = 0 —> 0 for
t — +o00. We conclude the limit does not exist. O

In conclusion, sections may be used

e to guess the possible candidate limit,
e to exclude existence of the limit.

1.2.2. Methods of calculus. We now introduce a technique which is sometimes useful to prove that
limit exists. We start with an example, hence we draw the general rule:

ExampLE 1.2.8. Compute

Xy2

Iim ———.
(x,y)—0, x% + y?
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Sor. — We start looking at f along standard sections. We have, f(x,0) = 0 — 0 for x — 0, so if the limit
exists it must be 0. This is confirmed by the y—axis section since f(0,y) = 0 — 0 for y — 0. More in general,
along y = mx we have

xm2x2 m2

X, mx) = =x

A ) X2 + m2x2 1 +m?
This says that if limit exists, it must be equal to 0. However, as we know, this does not prove yet existence. Let us
give a look to f by using different coordinates respect to Cartesian ones: in polar coordinates

— 0, x —0.

X = pcoséb,
y = psiné,
we have \ 5
- 0)(sin 6
f(pcos@,psinf) = M = p(cos 0)(sin 6)2,
thus

|f(pcos@, psinB)| < |p(cosB)(sinb)?| < p.
Returning to euclidean coordinates this last says that
Lf e < NG -
Hence, if (x,y) — 0, thatis ||(x, y)|| — O then | f(x, y)| — O, thatis f(x,y) — 0. O

What is the general argument used here? Basically, we obtained a bound

Lf (e )| < {1Ge )

Since (x,y) — 0 is equivalent to say ||(x, y)|| — 0, by Police theorem we conclude that f(x,y) — 0.
Notice that the important fact is that | f (x, y)| is controlled by a quantity that goes to O when ||(x, y)|| — O.
In other words, if

|f e )] < ¢l G WD,
where ¢ = ¢(p) — 0 when p — 0, the conclusion would be the same. In general, if f = f(X), is such
that

[F @] < $(IF]). with ¢ = (p) — 0. p — 0

the conclusion is
lim_f (X¥) =0.
Xx—0

Here is another example:

ExampLE 1.2.9. Compute
sin(xyz)
(x,y,2)—03 x2 + y2 + 22 '

SoL. — Let f(x,y,2) = ilzr:(xzﬂ Zz)z defined on its natural domain D = R3\{03}. The sections on the axes

f(x,0,0) = £(0,y,0) = £(0,0, z) =0, so the eventual candidate to be the limit is 0. Using spherical coordinates
X = pcosfsin g,
y = psin@sing,
Z=pCcosy,



we have
sin (p*(cos 6) (sin ) (sin ¢)?(cos ¢))

02

f(pcos@sin g, psinfsin @, p cos @) =
Recalling that | sin(£)| < |£] we have

| p*(cos 6)(sin 6) (sin ¢)?(cos ¢)
= p

| f (o cos@sin g, psinfsin ¢, p cos ¢)|

< p|cos ]| sin @] sin ¢|*| cos |

<p—0,

when p — 0. Therefore the limit exists and is 0. O

We can extend these ideas to the case
lim f(¥)=¢, ¥ eRY, ¢eR.

X—Xo

‘We have the

Proposition 1.2.10

Let f : D c RY — R, % € Acc(D) NR<. Suppose that
) 1£ () =€ < g(lIX = Xoll);
i) lim,—0+ ¢(p) = 0.

Then Flimz_,z, f(¥) = ¢.

In the case of
lim f(X)=C€eR,

X—004
previous argument can be adapted in the following way: if
D 1f(X) =€ < o(llxID;
i) lim,_,,0 ¢(p) = 0.
Then limz_,.,, f(X) = €. This strategy can be used also to prove infinite limits, that limits whose value
is infinity.
ExampLE 1.2.11. Compute
lim (x4 +yt - xy) .

(x,y)—00

SoL. — Looking at the sections along the axes we have f(x,0) = x* — 400 and f(0,y) = y* — +c0. So, if
the limit exists must be +co. This seems reasonable because x* + y* should dominate xy. Let us write f in polar
coordinates:

1
f(pcosh, psind) = p*(cos 0)* + p*(sin6)* — p(cos H) (sin ) = p* [(cos 6)* + (sin 6)4] - zpz sin(20).

Now: notice that the quantity K(6) := (cos 8)* + (sin#)* is always positive and has a minimum as 6 € [0, 27].
Indeed: we don’t need any computation because K is clearly continuous, hence K has a minimum by Weierstrass’s
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theorem. Moreover K(0) = 0 iff cos@ = sin6 = 0, and this in impossible. We call C the minimum value of K:
K(6) > C > 0 forany 9 € [0, 27]. Recalling also that | sin(26)| < 1 we have

1, 1
f(x,y) = Cp' = p?sin(20) > Cp* = 5p% = $(p) — +oo.

By this the conclusion follows. O

In previous example, we used the following argument:
) f(X) > o(lIX1D),
i) lim,_ 400 @(p) = +oo.
Then Jlimz_,,, f(X) = +co. Here below more examples.

ExampLE 1.2.12. Compute

lim [()c2 +y2+7%)? - xyz] .
(x,y,2)—e03

SorL. — A quick check on the sections along the axes show that they tend to +co. Again: it seems reasonable that
the fourth order term (x + y* + z?)?> dominates on xyz. Passing to spherical coordinates

f=(p*? = p’(cos 0)(sin ) (sin ¢)* (cos @) = p* — %p3 (sin(26)) (sin(2¢)) (sin @).
Now, because

|(sin(26))(sin(2¢))(sinp)| < 1,
we have

1
f2pt=gp = g(p) — +eo,
from which the conclusion follows. 0O
ExamrpLE 1.2.13. Compute

lim [()c2 +y))2+ 2 - xy]
(x,y,2) 003

SoL. — Easily the sections are all convergent to +co (e.g. f(x,0,0) = x* — +co when ||(x,0,0)|| = |x| — +o0).
In this case it is convenient to introduce cylindrical coordinates

X = pcosb,

y = psiné,

2=z

because x> + y% = p?. But be careful: (x,y,z) — co3 means ||(x,y,2)|| = Vx2 +y2 + 22 = y/p? + 22 —> 400, and
this doesn’t mean necessarily that p — +oco. However,

feit = (pH?+ 2% = p?cosOsing > p* + 72 — p%, (JcosBsinf| < 1).

Now: if we had f(x,y,z) > p> + 2> = ||(x, y, 2)||> we would be done. To this aim we may hope that p* — p? > p?
and indeed this is actually true if p is big enough but not for every p. To get a lower bound true for any p we may
notice that

3K : p*-p? > p? +K, Vp.
Indeed: this is equivalent to say that p* — 2p? > K, that is the function p > p* — 2p? is bounded below. But
a quick check shows that this function has a global minimum: so, if we call K the minimum of the function
p — p* —2p? we have the conclusion. O



1.3. Continuity

One of the major application of the concept of limit is to the definition of continuity:

Definition 1.3.1

Let F = 17()?) : D cRY — R™, %y € D N Acc(D). We say that F is continuous at X if
lim F(®) = F(%).

X— X0

If F is continuous in any point of D we say that F is continuous on D and we write F € € (D).

Sum, difference of continuous functions are continuous. Product makes sense if one of the two function is
numerical and the other is either numerical or vector valued. In this case, product of continuous functions
(provided well defined) is continuous. And, similarly, ratio of continuous functions is continuous. Also
the composition of continuous functions is continuous.

It is easy to prove that, for vector valued functions, continuity of F= (f1,. .., fim) holds iff each of
its components is continuous:

Proposition 1.3.2

Let F = F(¥) : D c R4 — R™, %y € D N Acc(D). Then

F = (fi,..., fm) is continuous at ¥y <= f; is continuous at X, Vj = 1,...,m.

Let us focus on numerical functions f = f(¥) : D ¢ R¢ — R. It is clear that every monomial

ki ky ka d
ax;'xy?---x ! € €(RY).

Thus, any polynomial, that is any finite sum of monomials is € (R). Since composition of continuous
functions is continuous, it is easy to draw that any elementary function of a polynomial is continuous
where defined.

ExaMPLE 1.3.3. Where is continuous the function f(x,y) = log(1 —x* — y?)?

SoL. — The function is defined on
D:{(x,y)e]R2 : 1—)(2—y2>0}={(x,y)€R2 cxt 4yt < 1}.
On D, f is log of a polynomial 1 — x> — y2, thus it is continuous on its domain. O

ExampLE 1.3.4. Euclidean norm is continuous on R9.
SoL. — Just remind that
20— 42 2
IXI| = Jx7 + ..+ x5,

that is, ||¥|| is root of a polynomial, then it is continuous where defined. Since the norm makes sense for every
vector X we conclude that ||X|| € € (RY). m|



ExampLE 1.3.5 (Important). Let A be an m X d matrix and define
ail ... daid X1 anxy+...+aigxq
F(R) := Ax = : : : : ,

aAml .- QAmd Xd aAmiX1+ ...+ amdxXd

F is called linear map and we write Fe% (R4, R™) (set of linear maps from R to R™). We have
F € G(RY).
SoL. — Since

F= (fis--+» fm), wWhere fi(x1,...,xq) =ajix;i+---+ajqxq € %(Rd), j=1,...,m,

we conclude that F € & (RY). O

1.4. Basic Topologial Concepts

Intervals play a special role with functions of real variable real valued, f = f(x) : D Cc R —
R. They are natural sets and they enter in most of the properties of continuity, differentiability and
integrability. Certain specific properties of intervals are implicitly used to prove important results on
functions. These properties are sort of qualitative properties as the fact that any interval is made by one
single piece, or an interval of type [a, b] is bounded and it contains the endpoints, or, again, any point of
an interval of type |a, b is in the interior of the interval itself.

When we move to the case of vector valued functions of vector variable, F = F (¥) : D cRY — R™,
domain D is a subset of R? and in R? there is not a “natural set” as an interval is for R. We need then
to introduce a number of new concepts that are implicitly verified by intervals. These concepts involve
properties of points respect to a given set and they go under the name of 7olopogy, which literally means
stufy of locations. The first key concept is the following

Definition 1.4.1

Let Xo € RZ and r > 0. We call closed ball centred at X, with radius r the set

B(Fp,r] = {¥eR? : ||Z-Xoll <r}.

/

Ficure 2. Balls in R, R? and R3
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Of course, it is hard to visualize a ball of dimension d > 4, but it still makes perfect sense. Balls can be
used to review the concept of accumulation point:

Proposition 1.4.2

Let D ¢ RY. Then
e %y € R4 is accumulation point for D iff (B(Xy,7]\{%o}) N D # @, Vr > 0;
e oo, is an accumulation point for D iftf B(0,r] N D # @, Vr > 0.

The proof of the previous Proposition is an important exercise left to the reader.

Definition 1.4.3

Let D c R4, A point ¥y € R is said to be
e in the interior of D if
3 B(Xp,r] Cc D.

(thus, in particular, X itself belongs to D). Set of interior points of D is denoted by
Int(D) and it is called interior of D.

e in the boundary of D if every ball centred at Xy contains at same time points of D and
points of D€, that is

B(Xo,r1ND # @, B(Xo,r]ND® # @, Vr>0.

The boundary of D is denoted with dD.

Let us see some simple examples. We will not provide detailed justifications in all cases (it might be
hard!).

e In R, Int([a, b]) =]a,b][, d[a,b] = {a,b}. Here D = [a,b]. Recalling that B(xg,r] =
[xo — r,x0 + r], it is easy to check that every point xg €]a, b[ is contained in D = [a, b] with
a suitable interval [xg — r,xo + r]. This is not true for endpoints a, b because, for example
[a—r, a+r] contains the subinterval [a —r, O] which has no points in D, thus [a—r,a+r] ¢ D.
About boundary: at a, every ball [a —r, a+r] has point of D and of D¢ (recall here D = [a, b])
and same for b. If xg €]a, b[ and the ball [xg — r,xp + r] C [a, b] then there cannot be points
of D€ in such a ball. Same for points out of [a, b]. This explains d[a, b] = {a, b}.
e InRY,
IntB (X, r] = {55 eR? : |IX -l < r} =: B(Xo, r[,
83()_50, r] = {)_f eR? : ||)_C>—)_C>0|| = r} .

Intuitively clear, some work has to be done to prove details (see exercises).

Definition 1.4.4

A set D c R9 is said to be open if Int(D) = D, that is if every point of D lies in D with an entire
ball. Empty set @ is considered open by definition.
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So, for example, B(Xy, r[ (open ball) is open (in the sense of the previous definition) but B(X, r] is not
open (because points of the edge {X : ||X — Xo|| = r} are not in the interior of B(Xy, r]).

Definition 1.4.5

A set D c R is said to be closed if D€, is open.

Clearly R? is open (obvious) and since (RY)¢ = @ is open, R is also closed. Similarly, @ is (by
definition) open, and since @° = R? is open, @ is also closed. This shows that a set could be both open
and closed. This remark is important because someone may think that a set D is either open or closed.
This is wrong! As we said, there are sets both open and closed. There are also sets which are neither open
nor closed. For example, in R, interval [a, b[ is not open (because a ¢ Int([a, b])) nor closed (because
[a, b[€=] — o0, a[U[b, +oo] is not open since b does not lie in its interior). For your information, R¢ and
@ are the unique subsets of R¢ both open and closed.
An important characterization of closed sets is provided by the following

Proposition 1.4.6: Cantor

A set D c R is closed if and only if it contains all possible finite limit of convergent sequences
in D. Formally:

Dclosed & V(%) cD : ¥, — {ecR? thenf e D.

Proor. = Assume D closed and let (¥,) C D be such that ¥, — ¢ € RY. The claim is: £ € D. If false,
¢ € D€, since D€ is open (by assumption, D is closed), then

3AB(,r] c DC.
Since ¥, — ¢, according to the definition of limit,
N : |% =l <r,¥n>N, = *,€B(,r]cD, Vn>N,

and this contradicts (X,) C D.
<= Assume that D contains all possible finite limit of convergent sequences in D. The goal is to prove that D
is closed, that is D€ is open. If D¢ = @ there is nothing to prove. So assume D # @ and pick a point £ € D¢. We
have to prove that
3B(,r] c DC.
Suppose, by contradiction, that ball does not exist. Then,
Vr>0, BE,r]ND # 2.

Take r = %: we have

Vn e N\{0}, 3%, € D : ||%, - £l <

1
n

Then, (¥,) ¢ D and X,, — ‘. By assumption, necessarily { € D and this contradicts £ € D€. O
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Open and closed sets are important classes of sets as we will see. It is therefore important to have general

and easily testable conditions to ensure whether a set D is open or closed. A common way to define sets
in R is through a certain number of equations or inequalities (strict or large).

2
FIGURE 3. The set D := {(x,y,z) eR} : X2+y?+22<1, (x—%) +y? < %}

It turns out that continuity is an important key to easily showing the topological nature of a set:

Proposition 1.4.7

Any set defined through a finite number of strict inequalities involving continuous functions is
open. Any set defined through a finite number of large inequalities and/or equalities involving
continuous functions is closed. Formally, let gy, ..., gm, h1,..., hx € %(Rd ). Then

D := {EERd D 81(X) <0,...,gm(X) <O} is open,

D:={¥eR? : g/(X) <0,...,gm(¥) <0, 1 (X) =0,...,h(¥) =0} is closed.

Proor. For simplicity, consider D = {¥ € R? : g(¥) < 0}. Since D = {¥ e R? : g(¥) = 0}¢ =: C€, if we
prove that C is closed, by definition D = C¢ must be open. If C = @ there is nothing to prove. Otherwise we use
the Cantor’s characterization to show that C is closed. That is, we have to prove that

if(#,)cC,: % —(ecRY = [eC.
We know
X eC, = g(x, =0.

Since g is continuous and X,, —> { € RY, then g(x,) — g(g). According to the permanence of sign, g(E) > 0,
that is £ € C as advertised. This shows that C is closed, hence D is open.

To prove that D := {¥ € R? : g(¥) < 0} is closed follows basically by the same argument we have shown
here above (the unique difference is the > that becomes a <). |



1.5. Weierstrass’ Theorem

The search for minimum/maximum points of a numerical function is one of the most important problems in
many applications. We consider here the case of a numerical function of vector variable:

Definition 1.5.1

Let f = f(X) : D c R? — R. We say that ¥,,;, € D is a global minimum point for f on D if
f()-émin) < f()-é)7 VX € D.
We call minimum value of f on D the value of f at minimum point ¥,,,;,,, that is f (X,,i,). We write
min f = min f(%) = f Fin)-
D XeD
Similar definitions for maximum point for f on D and maximum value of f on D (denoted by maxp f
or maxzep f(X)).

We recall that every f € €([a, b]) has global minimum/maximum over [a, b]. The conclusion is false if the
interval [a, b] is not closed and bounded. This is the important Weierstrass’ theorem. We look at an extension
of this result to the case of functions of vector variable f = f(¥) : D ¢ RY — R. We may expect that, under
suitable assumptions on D, if f € € (D) then f will have global min/max on D. The right general conditions on
D are that this must be closed and bounded:

Definition 1.5.2

A set D c R? is bounded if
aM : ||X|| < M, VX € D.

We have now all the ingredients for the

Theorem 1.5.3: Weierstrass

Every continuous function f : D ¢ RY — R on a closed and bounded domain D has global minimum
and global maximum on D.

Weierstrass” theorem points out the importance of the class of closed and bounded subsets of R?:

Definition 1.5.4

A set D c R? is compact if it is closed and bounded.

ExampLE 1.5.5. Every closed ball B(Xy, r] is compact.

SoL. — First, the ball is closed because defined by a large inequality involving a continuous function. Indeed

X=(x1,...,xq) € B(Xp,r], = \/(xl —x1,0)2+ -+ (xn —xn0)2 <1
Second, the ball is trivially bounded: since ||X — ¥y|| < r, we have

A
X1 = 11X = Xo + Xoll < [IX = Xoll + [[Xoll <7+ [IXoll = M, VX € B(Xo,r]. O



If it is relatively easy to check if a set is closed, less trivial is to show that is it bounded.
ExAMPLE 1.5.6. Show that the set D := {(x,y,z) € R? : x> +y*> =22 =1, y?> + 72 < 1} is compact.

SoL. — D is closed being defined through large inequalities or equalities involving continuous functions. Let us
see it is also bounded. Notice that, if (x,y,z) € D, y*> +z> < 1, thus y?> < 1 and z? < 1. By the first relation,

X+yi =1+, = =1+ -y*<1+22<1+1=2,
by which x> < 2. Therefore
||(x,y,z)||2 =)c2+y2+z2 <2+1+1=4=M,V(x,y,2) €D.
This proves that D is also bounded, hence compact. O
ExaMPLE 1.5.7. Discuss whether D = {(x,y,z) € R® : x = yz + 1} is compact or less.

SorL. — Clearly, D is defined through an equation involving a continuous function, it is therefore closed. About
boundedness, notice that D contains points of type (y* + 1, y, y) for every y € R. Now since
12+ Ly, )P = (7 +1)? +2y* — 400, y — oo,

we conclude that there cannot be a constant M such that ||(x, v, z)|| < M for every (x,y,z) € D. Therefore, D is
not bounded, hence certainly not compact. O

When the domain D on which f is continuous is closed and unbounded, Weierstrass’ theorem does not apply. In
this case, in certain situations we might still ensure existence of min/max by adding some further assumption. The
following result is actually a consequence of Weierstrass’ theorem

Proposition 1.5.8

Letf:D C R4 — R be continuous on D, closed and unbounded, such that

lim f(¥) = +oo (—c0).

X—004

Then f has a global minimum (maximum).

Proor. We do the proof for the minimum, the other case being similar. Assume then that

ldim f(X) = +oo.

X—00g
Pick a point X € D and consider the new domain
D:={feD : f(®) < f(X)+1}.
Notice that, in particular, Xy € D. Clearly D C D and since D is defined through an inequality involving a
continuous function, it is closed. We claim that D is also bounded. If false,
VneN, 3%, € D c D, : ||X,] > n.

Then %, —> cog, thus f(X,) —> +oo, and this is impossible since f(¥,) < f(¥) + 1 because ¥, € D.
Since D is closed and bounded, that is compact, Weierstrass’ theorem applies to f on D: there exists a point
Fmin € D C D such that _
f(fmtn) < f()_c)), VX € D.
If now X € D\D it means that £(¥) > f(Xo) +1 > f(X0) > f(Xmin). We conclude that, no matter where is taken
XeD, f(X) > f(Xmin), that is X, is a global minimum for f. m|



ExaMPLE 1.5.9. Show that the function f(x,y) = x* + y* — xy has global minimum on R?>. What about global
maximum?

SoL. — Of course f € € (R?) (because it is a polynomial). Notice that R? is closed but unbounded. We have also
seen (see Example 1.2.11) that
lim  f(x,y) = +oo.
(x,y)—e0;
Therefore, by the Corollary of Weierstrass’s thm we have that there exists a global minimum for f on R%. On the
other side, because f is upper unbounded (by the limit at coy) the global maximum doesn’t exists. O

Weiestrass® theorem is a pure existence result, it does not provide any concrete method to find global min/max
points. This will be provided by Differential Calculus we will develop in the next Chapter.

1.6. Intermediate values theorem

Another important property of continuous functions of one real variable is that, on intervals, if a function takes
both positive and negative values, then it must take also value O (zeroes theorem). More in general, if the function
takes any two numbers, the it takes all values between these two numbers (intermediate values theorem). Is this
somehow still true if f = f(¥) : D ¢ RY — R is function of vector variable? Under which assumptions on D?

The remarkable property fulfilled by intervals (independently from their specific shape) is that they are “made
by one single piece”. We will now introduce a definition to formulate this concept for a set D c R<:

Definition 1.6.1

We say that D is connected if any two points of D are joint by a continuous curve in D, that is
Vi, y€D, 3y =%():[a,b] cR—R?, : yc D, 7 €€([a,b]), : ¥(a) =X, y(b) =7.

To check whether a set D is connected or not it might be difficult. We will content here with a practical intuition.

Theorem 1.6.2

Let f = f(X) : D ¢ RY — R continue on D connected. Then, if f takes any two values, it takes also all
other values between these two.

Proor. Let &, € f(D), thatis & = f(X) and n = f(¥) for some X,y € D. Since D is connected, there exists
a continuous curve ¥ C D such that y(a) = X and y(b) = y. Define then

g:la,b] — R, g(1) := f(¥(1)).

Since g is composition of continuous functions it is itself continuous. Moreover g(a) = & and g(b) = n. According
to the ordinary intermediate values theorem, g takes all values between & and r. But this means that

Vie gl Ftela,b] : {=g(1)=f(¥(1),
that is [£,n7] € f(D) and this is the conclusion. O

Notice that if f € € (D) where D is compact and connected, then

f(D) = [min f, max /1.



This because minp f and maxp f are assumed at ¥,,;;, and X4 respectively. Thus [minp f, maxp f]
f(D). And because minp f and maxp f are, resp., the minimum and maximum values of f on D, f(D)
[minp f, maxp f].

al

1.7. Exercises

Exercisk 1.7.1. By using the definition of norm, prove the parallelogram identity:
1% + 17 + 1% = $II* = 201F|1> + 2[171I°, V%5 e RY.
ExEercisk 1.7.2. For each of the following sequences of vectors say whether it is convergent and, if yes, what
is the limit for n — +oo:

logn sinn
n’ n

vi) ¥, == ((-1)", (—1)”“).
ExEercisk 1.7.3 (x). For each of the following statements provide a proof (if true) or a counterexample (if
false):

tanh n,

V) X, =

_
<
N
s
0o
P N
=3
-
+
S
=

o if X, = (Xn1,---sXna) — (_))thenxn,j — Oforevery j =1,...,d.

o If X, = (Xn1,...,Xna) — 00g then |x, j| — +oo0, j=1,...,d.

e if x, ; — +oo for at least one component j then Xn=(Xnts.e s Xng) — c0g.

o if X, = (Xpn.1,...,%n,q) does not have limit, then all components Xn,j (j=1,...,d) do not have limit as
well.

Exercisk 1.7.4. Write parametric form ¥ = ¥(¢) for each of the following plane curves:

i) 3x+2y=1.
ii) x=5.
iii) y = x%.
iv) x =y3.

V) X2+y?=1.
vi) x2 +2y% =3.

Exercise 1.7.5. Let f(x,y) := xfi; onD = R2\{6}. Compute limits of f along the following sections:
i) y(1) = (£,0),t — 0.
ii) y(¢) = (0,1),t — 0.
iii) y(r) = e~'(cost,sint), t —> +oo.
What can you draw about lim(x’y)_)() fx,y)?

Exercisk 1.7.6. Looking at suitable sections, prove that the following limits do not exist:

22 2,3 2
— + —
1. im )% 2. im % 3. im %
(x,y)=02 x° +y (x,y)=02 X +y (x,y)=02 X +y
2.3 2
+v2 + +yy2+1-1
4, lim S2XFE s g IV T 6 im ks

. (x,y,2)—03 /xz +y2 + Z_2 : . (x.3)—05 x2 +y2 . (x.y.2) 05 x4 +y2 + ZZ'
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ExEercisg 1.7.7. Compute the following limits:

2.3 3 3
— X
Colim —2 20 lim 223 lim S 4 lim s Y
(x,3)=02 \[x2 4+ 32 (x.3)-0, (X% +y?) (x,y)=0, X~ +y (x,3)=02 x4 4 4 (x,3)-02 x| + |y]

Exercise 1.7.8. For each of the following limit, say if it exists (and in the case compute it) or less:

1

4y’ _ 2,2 24 yr)2
I fim L TCSW YD), 3 lim DT
(x.3)—0, x2 +y? (x.y.2)—=03 x2 + y2 + 22 (x3.2)=05 \[(x2 + y2)2 + 74
log(1 +2x3 3 sinh(y — 1 -D2(y-1)
4. log(1 +2x7) o gim SO =D g F-DG-D°
(x,y)—0; sinh(x2 + y?2) ()= (0,1) x2+y2 -2y +1 @)= WD ((x = 1)2 + (y - 1)2)5/2

ExEercisk 1.7.9. For each of the following limit, say if it exists (and in the case compute it) or less:

1. lim (x3 +xy? — yz). 2. lim  (x* =yt +y7 —x?).
(x,y)—00) (x,y)—00)

3. lim (xzy2 +x2+ y2 - xy) . 4. lim (x4 + y4 +74 - xyz) .
(x,y)—00; (x,y,2)—003

5. lim (x2 + y2 +74 - xz) . 6. lim (‘/xz +y2+ — z) .
(x,y,2)—003 (x,y,2)—003
7. lim (\/(x2 +y2)2+ 74 - xyz) .

(x,y,2)—003
Exgercise 1.7.10. Prove that
o IntB(Xo,r] = {X : ||X =Xl <r}.
e OB(Xg,r] ={X : |IX=Xoll =r}.

Exercise 1.7.11 (x). Prove Proposition 1.4. (it is a double implication).

Exercise 1.7.12. For each of the following sets say if it is open, closed, bounded, compact.
i) D:={(x,y) €R> : xy > 0}.
ii) D:={(x,y) eR? : |xy| < 1}.
iii) D:={(x,y) e R? : |x|+|y| < 1}.
iv) D:={(x,y) €eR? : 1 <xy<2 x<y<2x}
V) D :={(x,y,2) e R® : x? +2y? +3z* < 4}.
vi) D i={(x,y,2) €eR® : z>x*+y%, 22 +22< 1}
vii) D == {(x,y,2) eR> : x> —y2+ 72 < 1}.
viii) D :={(x,y,z) € R :xy=z+1, x?+y2 < 1}.



CHAPTER 2

Differential Calculus

In this chapter we extend the Differential Calculus to the case of vector-valued functions of several variables,
F=F® :DcR?—R™
The extension to the multi dimensional case of the concept of derivative is not straightforward. Indeed, we cannot
just write
_ FGE+h) -F®
=lm —7—
h—0 h

because the division by a vector is not defined. This difficulty is due to the nature of the domain R¢. We will see
two possible ways to solve this issue. First, we will introduce the concept of directional derivative (which only in
part solves the issue). Hence, we will introduce the true solution: the concept of differential. Differential Calculus
has a large number of applications. In this Chapter we will illustrate optimization techniques to solve unconstrained
and constrained optimization problems.

Chapter requirements: a good comprehension of ordinary derivative, basic linear algebra (vector spaces, algebra
of matrices).

2.1. Directional derivative

The first way to bypass the technical difficulty of dividing by 7 is to assume that i = 7 where ¢ € R is variable
and ¥ € R is fixed. This leads to the

Definition 2.1.1

Let F = F(¥): D c RY — R™, ¥ € Int(D). We call directional derivative of F at point ¥ along v # 0
the limit . .
> . FE+m)-F(&X
DsF(®) = lim M e R™.
t—

ExampLE 2.1.2. Compute D 4 1) f(0,0) for f(x,y) =xcosy.
SoL. — We have

f(0,0)+1(1,1)) — £(0,0) _ lim f(t,t)— £(0,0) _ limtcost limcost= 1. O

1 t—0 t t—0 t—0

D1,1)f(0,0) = }E}T(l)

Directional derivative does not provide a satisfactory definition of derivative. This because it may happens that all
the D F(X) exists but F is not even continuous!

21
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ExampLE 2.1.3. Let

xzy

m, (x,y) #0,

fx,y) =
0, (x,y) = 0.

Then f has all the directional derivatives at O but it is not therein continuous.

SorL. — Let us start with the continuity. Looking at principal sections. we have f(x,0) = f(0,y) = 0 — 0.
However, along the section y = x> we have

x2x? 1

1
f(x,x2) = m = E — E if(0,0) =0.

Therefore ,'ﬂlim(x O f(x,y) and consequently the function cannot be continuous! Let us prove now that
3D;£(0,0) for any 7. Let ¥ = (a, b) # 0. We have

3a’b

0,0) +t(a, b)) — £(0,0 , ta,tb . Tdw L 2p
D-£(0.0) = lim 209 +1@.0) = fO.O) _ . JlUatb) _\  Fatr o dh
t—0 t t—0 t t—0 t t—0 2a% + b2
that is
0, if b =0 (and of course a # 0),
D;£(0,0) = m

<, ifb#0.

What is disturbing here is that we associate differentiability with smoothness. Even if directional derivative is not
the right definition for a derivative, some special directional derivatives have great relevance:

Definition 2.1.4

Let f = f(X) : D c RY — R, x € Int(D) and let &;,...,&, be the canonical base of R¢, that is
e; =(0,...,0,1,0,...,0) with 1 in the j—th place. We call partial derivative of f with respect to the
Jj—th variable at point ¥ the

8, () = Dy, ().

Partial derivative 8; is nothing but an ordinary derivatives w.r.t x; considering all other variables x; i # j as fixed
parameters. Indeed

f((xl,...,xj,l,xj,xjﬂ,...,xd)+t(0,...,0, 1,0,...,0)) —f(x1,. .. xq)

0;f(x) =lim ;
limf(xl,...,xj_l,xj+t,xj+1,...,xd) =[xy X1, X X ikl e v X))
t—0 t

So, for instance

Ox (ysinx) = ycosx, 0, (ysinx) =sinx.
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2.2. Differential

Let
F=FX) :DcRY—R"
We already noticed that we cannot use the one dimensional definition
S . FGE+h) -F@&
F/ (X) = l,lnl M
h—0 h

to define F” (¥). For numerical functions, the ordinary definition of derivative can be rephrased in another equivalent

form. Indeed,
SOHm =) G = f0) = 1k

h h—0 h 0.

f/(x) = lim
that is
fx+h) = f(x) = f'(x)h = o(h).

Here, f’(x) is a number and f’(x)# is the algebraic product between f’(x) and h. Imagine now we wish to set this
relation in general: we should write

FG+h) - F&) - F&h=o(h).
We now show that we can give a precise meaning to this relation. The first point is on the interpretation of F ’()?)ﬁ.
Since F(X + h), F(X) € R™, also F’'(X)h € R™. Moreover, reasonably h +— F’(X)h must be a linear map
transforming i € R? into F’(¥)h € R™. In other words
F'(X) € Z(RY,R™).
Such type of transformation is represented by an m X d (linesx columns) matrix. Thus, we expect that F’ (X)isa
matrix. The second point involves the interpretation of o(/4). We cannot say that g(h) is o(h) if

g(h) =

— 0

-

h

because of the same problem: we cannot divide per h. However, the intuitive meaning of 0(71), a quantity smaller
than &, may lead to think that g (/) is smaller order of 4 if it is smaller order of its length, that is ||A||. This leads to
the following

Definition 2.2.1

LetF=F (¥) : D c RY — R™. We say that F is differentiable at point X if there exists an m X d matrix
(denoted by F” (X)) such that

s

FG+h) - F(X) - F ®h=o(h),
that is,
FR+h) - FQ&) - F®h
2.2.1) lim LE+H —FO) - F'(%)

h—0 [I72]]

The matrix F’ (X) is also called the jacobian matrix of F at the point X.

The first question is: how do we determine the entries of the Jacobian matrix? Here we appreciate the concept of
partial derivative:
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Proposition 2.2.2

(2.2.2) 3IF' (%), = 3ID;F(X) = F'(¥)%, V9 € R™.
In particular, if F= (f1,--., fm) then

i Wfi(X) hAR) ... dafiR)
(22.3) F'(3) = : : ;
O1fm(X)  Ofm(X) ... Oafm(X)

Proor. Let us prove (2.2.2). Fix v # 0. Then, since F is differentiable at ¥,

Y . FE+)-F&) = .. o(t¥
F@ ) - (F@ + F @) = o), = TEEDZIE g o)
Now, since
W v v h
tim ([ 222 = pim B _ iy DU iy DU _
t—0 t =0 |t t [2v]| o ||R]
we conclude that
FE+%) - F® = ..
lim FE+) - F() =F (X)v.

t—0 t

Let’s prove now the (2.2.3): if we call F' (X) = [a;j], it is well known by Linear Algebra that

F'(R)e;
gives the j—th column of the matrix F' (X). So, the element a;; of jad (¥) is obtained by taking the i—th component
of the vector F’ (X)€;. But: by (2.2.2) we have

F'(¥)é; = D3, F(¥) = 0;F (%) = (9, f1(%), 0, (%), . ... 0 fu (D) .
hence the i—th component is d; f; (X), and this proves (2.2.3). O
‘We mention a couple of important cases of the Jacobian matrix:
o f=f(%):D cR?— R: inthis case, f/(¥) is a | x d matrix, precisely
J' @) =101f(%) 02 f(X) ... daf(x)| = VF(X),
is called gradient of f at ¥. In this case
F@®h=Vf® - h,
where we denoted by - the scalar product of vectors in R<.
e ¥ :[a,b] c R — R¥: in this case ¥’ (1) is a d x 1 matrix, precisely

y1 (1)
Y (1) =
v, (1)
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ExampLE 2.2.3. Discuss the differentiability at (0,0) of

2,2
T i () #(0,0),

flx,y) =
0, if (x,y) = (0,0).

SoL. — We know that the candidate for f’(0,0,) = V£(0,0) if the gradient exists. Notice that we cannot simply

compute partial derivatives and evaluate in (0, 0) because, for instance,
x2y? a 2xy? (% + y%) — x?y?2x B 2xy*
¥2 + y2 - (xz + y2)2 - (xz + y2)2’

axf(x’ Y) = 0x

is of course not defined in (0, 0). In this case we have to proceed directly in the computation of dy f (0, 0), that is

5,700 = D 10,0) = i LOOHLD SO0 [0y, 0,

and similarly 9y, f(0,0) = 0. We deduce V f(0,0) = (0,0). To prove that f is differentiable at (0, 0) we have to
check that

FG+7) = 1O =970 Fi= oy, — i DA O
h—0

Now: call i = (u,v):
fO+h) = fO) = VFO)-h=fuv)—0-(0,0) (u,v) = f(u,v).

We have therefore to prove that

fuy) _

)= 0,0 ||, V)|~

This is a limit in R? that we will compute by using the methods of previous chapter. Notice that

2.,2
f(u’v) _ ubg+vv2 _ M2V2 u=p cos 6,_v:psin6 p4(COS Q)Z(Sil‘l 9)2 _ 0 2, . g 2
N~ ViZ ez (2 +v2)32 = 3 = p(cos 6)"(sin )",
>V u2 +v (u? +v?) P
hence
f(u,v)

<p—0,asp —0.

Il (e, v) |
This finishes the exercise and prove that f is differentiable in 0, and f’(0,) = (0,0). O

A useful differentiability test is the following:

Proposition 2.2.4

Let F = (fi,..., fn) : D c RY — R™, D open. If
dif; € 6(D), Vi, j, = 3f is differentiable at any X € D
A function F fulfilling this hypothesis is called a €' (D) function.
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ExampLE 2.2.5. Discuss differentiability for the function of Example 2.2.3.
SoL. — At (x,y) # 0 we may say that
x2y? 5 2x(x? +y?) — x? - 2x 2xy*

— — _ 2\ (0
6xf(x’ y) - axxz +y2 - y (xz +y2)2 - (xz +y2)2 € Cg(R \{0})’

and, similarly, 8, f (x, y) € €(R2\{0}). Thus f € €' (R2\{0}). At 0, we computed above d, f(0,0) = 0. Thus, to
apply previous proposition we need to check if dy f(x, y) is continuous at 6, that is, if

2xy*

0=0,f(0,0)= lim 0O,f(x,y)= lim LTI
(x,3) =0 (x.y)=0 (¥ +¥%)
Introducing polar coordinates,
2xy*
(x2 +y2)2

=2p|cos 0](sin§)* < 4p —> 0, when p — 0.

2p> cos f(sin 0)*
o

Thus d, f (x, y) is continuous at 0. Similarly dy f (x, y) is continuous at 0. In conclusion: f € €' (R?), hence it is
differentiable on R? and f”(x,y) = Vf(x, y) at every (x,y) € R%. O

Differentiability is stronger than directional differentiability. This follows as by product of the following

Proposition 2.2.6

If F is differentiable at X, then it is therein continuous.

ProoF. By F(¥) = F(X) + F/(¥)(§ — %) + 0(§ — ¥) —> F (%), when § — X. O
Rules of calculus of differentials basically follows the same rules of those of ordinary calculus. For instance
(F+G) (X)) =F (%) +G (3.

provided F and G are differentiable at ¥. Similarly it holds the important

Proposition 2.2.7: chain rule

LetF:D c R4 —>Rm,é : E ¢ R™ — RK, be such that
i) IF(3);
i) 3G (F(¥)).
Then
(2.2.4) I (G o F)(?) =G (FX)F ().

A special case of (2.2.4) is the following: suppose that we want to compute
d . . -
Ef(y(t)), wherey: I cR— R4, f:DcRY—R.

For example, in physics f represents the physical energy of the system, ¥ a trajectory of motion. Then f(g(¢))
represents the variation of energy along the trajectory of motion. Calculating its ordinary derivative, we aim to
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measure the rate of variation of this quantity. Assuming that all the required hypotheses are fulfilled, we have the
following.

y1 (1)

(2.2.5) %f(f/(t)) =Y @O =10fF@) ... daf (YN =+ | =V ¥ ().
V(1)

This quantity is also called total derivative of f along y.

2.3. Extrema

Roughly speaking, at the Min/Max points, the derivative vanishes. Under suitable specifications, this is a true
fact known as Fermat’s Theorem. Specifications concern the nature of the Min/Max point: they can be just local
and must be in the interior of the domain. Let us first introduce the concept of local Min/Max point:

Definition 2.3.1

Let f = f(X) : D c R — R. We say that a point Xy € D is a local minimum point for f if
IB(Xo,r] : f(Xo) < f(X), VX € B(Xp,r] N D.

Local maximum point for f is defined similarly.

The most important fact of this Section is the

Theorem 2.3.2: Fermat

Let f = f(X) : D ¢ R — R and Xy € Int(D) be a local min/max. If f is differentiable at ¥, then
Vf (%) = 0.

Proor. We consider the case of Xy a local minimum, the case of a local maximum being similar. Thus, we
assume that

3 B(Xo,r], : f(X) < f(Xo), VX € B(Xp,r] N D.
Since Xy € Int(D), we may assume directly that B(Xy, 7] C D. Now, consider the section of f on a straight line
passing by Xo. Fixed a direction v, this is described by

(1) = Xo +1v.

Notice that

|~

y(t) € B(Xo. 1], &= r > |[(Xo+1V —Xoll = |tV]| = [#][V]l, & 1] < Tk

Thus, if g(#) := f(¥(t)), we have
. r
(1) > g(0) = f(Xo), Vlt| < 5k
In particular, g ha a minimum at # = 0. According to the real variable Fermat’s Theorem, g’(0) = 0. But, recalling
of total derivative formula (2.2.5),
g =Vfy®) -y ),
by which
0=Vf(Xp) V.
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This relation holds whatever is ¥ € R?. Choosing ¥ = V f(¥,) we read

0=Vf(%) - VfE) = IVfE)I? = Vf(E)=0. o

Fermat’s theorem is a fundamental tool for the search of min/max points. However, exactly as in the case of one
real variable functions, some important remarks have to be done to have clear some features of the theorem. The
first one is the following: V f (%) = 0 does not mean necessarily that X is a min/max point.

ExampLE 2.3.3. Let f(x,y) = x> — y> on D = R%. Determine points where V f(x,y) = 0 and say if they are
min/max points.

SoL. — Clearly, Vf(x,y) = (2x,—2y), therefore Vf(0,0) = (0,0). However (0,0) is not a minimum nor a
maximum. Indeed, notice that

f(x,0)=x>> 0= £(0,0), Vx € R.
Thus (0, 0) is a minimum for the x—section. However,
f(0,y) = =y* <0=f(0,0), Vy €R,

thus (0, 0) is a max for the y—section. By this, (0, 0) is neither a local min nor local max for f. Indeed, whatever
is B(0, r], there are points (x, 0), (0, y) € B(0,r], then

£(0,y) =-y* <0=£(0,0) <x* = f(x,0). O

For this reason we introduce the

Definition 2.3.4

A point X such that Vf (%) = 0 is called stationary point for f.

Condition V f(Xg) = 0 is the same of condition f’(xg) = 0 for functions of one real variable. As in this case,
Vf(¥p) = 0 does not imply that Xy is a minimum or a maximum. For example, if

f(xay) =x2—y27

easily V£(0,0) = (0, 0) but (0, 0) is neither a local min (because £(0,y) = —y*> < £(0, 0)) nor a local max (because
f(x,0) = x> > £(0,0)). Furthermore, f(Xy) = 0 might give an information about possible min/max points only
for X € Int(D). We illustrate these issues with the following example.

ExAMPLE 2.3.5. Determine min/max for f(x,y) =x+y—xyonD ={(x,y) € R? : 0<y <3 —x}.

Sor. — Notice first that f € €(D) and D is manifestly closed (defined through a large inequality involving a
continuous function) and bounded (trivial), thus compact. According to Weierstrass’ theorem, min/max for f on
D exist.
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To determine them we may proceed as follows. Let (x,y) € D be a min/max point for f. Then
o if (x,y) € Int(D) = {0 < y < 4 —x}, according to Fermat’s theorem, Vf(x,y) = 0. Since Vf(x,y) =
(I —y,1—-x), we have
1-y=0,
Vf(x,y)=(00), = (x,y)=(1,1).
1-x=0,
Since (1, 1) € D, this point is a possible candidate to be min/max point for f.
o if (x,y) ¢ Int(D), that is (x,y) € dD, we cannot say Vf(x,y) = 0. However, it is easy to solve the
puzzle. Notice first that
0D ={(x,0): 0<x<4}U{(0,y) : 0<y<4}U{(x,4-x): 0<x<4}=T1UlLUl}s.
OnTy: f(x,0) = x with x € [0, 4], thus the min point of f on I'} is achieved at x = 0 (point (0, 0)) while
max point of f on I'} is achieved at x = 4 (point (4,0)). These points are, for now, min/max for f just
only.

On I'; we have a similar discussion because f(0,y) = y with y € [0,4]. Thus (0,0) is a min for f
on I, while (0,4) is a max for f on I';.

OnTs, f(x,4—x) =x+ (4—-x) —x(4—x) =4 —4x +x* = (x — 2)2, and this quantity is minimum
for x = 2 (thus f has a min on I'; at point (2, 2)), maximum at x = 0,4 (thus f has a maximum on I'; at
points (4,0) and (0, 4)).

We have now all the ingredients to draw the conclusion:
e max points: candidates to be max points for f on D are (1, 1) (stationary point in Int(D)), (4,0), (0,4).
Since
F,D) =1, f(4,0)=/(0,4) =4,
we conclude that (4, 0) and (0, 4) are max points for f on D.
e min points: candidates to be min points for f on D are (1, 1), (0,0) and (2,2). Since

f(,1)=1, £(0,0)=0, f(2,2) =0,
we conclude that (0, 0) and (2, 2) are minimum points for f on D.

Someone may ask: what is, then, point (1, 1) for f? Let us give a look at few sections of f passing through point
(1,1). We will consider the following ones:

y:1a -le, y=Xx, y=2—x
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We have f(x,1) =x+1—x-1=1, thatis f is 1
constant, and similarly f(1,y) = 1. On y = x, we have ’
flx,x) = 2x —x? =t g(x). Since g’(x) =2-2x >0
iff x < 1, we see that x = 1 is a max point for g, thus
(1,1) is max for f along curve y = x. This might
lead to think that (1, 1) is perhaps a (local) maximum.
However, when we consider y = 2 — x, we see that tin=1 D
F(x,2-x) = x+(2=x)—x(2—x) = 2-2x+x% = 1+(x—1)2 |
from which we clearly see that x = 1 is a minimum for !
this quantity. That is, (1, 1) is a min point for f along
y = 2 —x. Since we have two sections along which the | 10,2024 2457
same point (1, 1) is in one case a minimum, in the other {

a maximum for f, we conclude that (1, 1) is neither a
local minimum nor a local maximum for f. O

F(x,x) =2x-x2

fx1)=1

1 4.](‘7

Previous example suggests a definition:

Definition 2.3.6

Let X, be a stationary point for f. If there are two different curves y1,7%, : I ¢ R — R¢ passing through
point X (that is ¥, (fg) = ¥2(t9) = Xo for some 9 € I) such that X is max point for f along ¥; and min
point for f along ¥, that is

FG1(0) < f(Ro) < f(72(1)), Vi € I\{10},

then X is called saddle point for f.

ExampLE 2.3.7. Let

2+y2<1}.

f(x,y) =xyex2+y2, (,y)eD ={(x,y) €R*:x>0,y>0, x
Draw D. What can you say about D: is open? closed? compact? connected? Show that f admits global extrema
on D and find these points. Finally, determine f(D).

SoL. — Being D defined by large inequalities it is closed.
It is not open because the points on the boundary belongs
to D. Moreover, D is a subset of unit disk, therefore is
bounded, hence is compact. A picture of D is easy (see
figure). Let us now discuss min/max of f.

Existence. Since f is continuous and D compact, Weier-
strass’s thm says that f has global min and max.
Determination. Let (x,y) € D be a min/max point
(whose existence has been ensured above). We have the
alternative either (x,y) € Int(D) (hence, according to
Fermat’s theorem, V f(x, y) = 6) or (x,y) € 0D (and, in
this case, V f(x, y) is not necessarily null).
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Now,
L L y(1+2x%) =0,
Vi(x,y)= (ex W (y 4 2x2y), et (x+2y2x)) =0, = x=y=0.
x(1+2y%) =0,
The unique stationary point for f is (0,0) which is not, however, in the Int(D). This means that there are not

stationary points for f in Int(D). In particular, min/max points are certainly on dD.
So consider (x,y) € dD. We have

0D ={(x,0) : 0<x<1}U{(0,y) : 0<y< 1}U{(x,y) s x2+y?=1, x>0, y>0} =TulLuUTl}s.
On T} we have f(x,0) =0, so f is constant; on I'; we have the same f(0, y) = 0. On I3, noticed that we may also
write
Iz = {(cos@,sin@) Qe [O,g”,

we have .
f(cos®,sin@) = (cosf)(sinf)e' = 3 sin(20).

Clearly, this quantity is maximum when 26 = % thatis 0 = %, that is at point Lz(l, 1), minimum when 6 = 0, %
that is at points (1,0) and (0,1). In conclusion, candidates min points are points (x,0) (x € [0,1]), (0,y)
(y € [0, 1]) where f is constantly equal to 0, hence all these points are minimum points. Candidates max points

are, again, points (x, 0), (0, y) (for x,y € [0, 1]) and %(1, 1), where f takes value 5. We conclude that there is a
unique max point and it is %(1, 1).

Finally: because D is clearly connected, according to the intermediate values theorem f (D) is an interval, and
precisely f(D) = [0, 5]. O

So far we have seen examples of optimization problems on compact domains. Let us see an example of optimization
problem on a non compact domain.

ExAMPLE 2.3.8. Determine min/max (if any) of f(x,y,z) := x> + y> + 22 —xy + z on D := R3. What about
f(D)?

SoL. — Here D = R? is clearly closed and unbounded, therefore ordinary Weierstrass® theorem does not apply.
Clearly f € B (R?). Letus check if the limit at co3 exists. Notice that f(x,0,0) = x> — +o0if ||(x, 0, 0)|] —> +o0,
thus if lim(y y 7)o, f (X, ¥, 2) eXists it must be = +o0. To prove this, let us pass to spherical coordinates,

X = pcosfsin g,
y = psinfsing,
Z=pcosy.

We have
1
f(x,y,2) = p> — p*cosBsinb(sing)? + pcosp = p° |1 - 3 sin(26) (sin @)? | + p cos ¢.
Therefore,

1 2
f(x,y,2) >p2(1 —5) -p= %—p —> +00, when p — +o0.
This proves that lim, y 7)., f (X, y,2) = +00. According to Proposition 1.5, f has global minimum on R3 (but,
of course, there is no global maximum being f upper unbounded). This proves existence, let us now pass to the
determination.
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Let (x,y,z) € R3 be a min point for f. Since clearly (x, y, z) € Int(R?) = R3, according to Fermat’s theorem
Vf(x,y,z) =0. We have

2x -y =0, x =0,
Vilx,y,2)=2x—-y,2y—-x,2z-1)=0, 2y —x=0, y=0,
2z-1=0, z=1.

Thus, the unique possible minimum is (0, 0, %) and since minimum exists (previous part), this implies that (0, 0, %)
is the minimum for f on R3.
Finally, since D = R? is clearly connected, f(D) is an interval and this is [ £ (0,0, %) +oo[= [% +00 [ O

2.4. Constrained Optimization

Many applied problems can be formalized as the maximization/minimization of a certain quantity (function)
f of several variables over certain constraints on the variables. For instance, consider the problem of searching for
the parallelepiped with maximum volume among those with fixed surface S. Formalizing this we have

max xyz.
x,y,2>0 : 2(xy+yz+xz)=S

A general form for this problem is

min//%maxf(xl, cosXg), on M ={(x1,...,xq) € R : g1(xt,..,xq) =0,...,gm(x1,...,xq) =0}.

The method developed in the previous section does not work in this context. Indeed, the optimization domain .#
has no interior points in general. Thus, at min/max points (if any), V f is not necessarily = 0.

To understand the strategy, let us consider a “downsized” version of the problem posed above, that is the
problem of searching for the rectangle with maximum area with fixed perimeter P. Formally, we want to determine

max Xy.
(x,y)€]0,400[ : 2(x+y)=P

Here, the optimization domain is {y = g —x}, that is a straight line, clearly a set with no interior points in the plane
R2. In this simple case, we can easily solve the problem. Since y = g — x, we have that

Xy=x P—x
y= 2 .

Thus, maximizing xy is the same of maximizing x (g — x) where now x is “unconstrained” (the unique condition
is x €]0, +oo[). In other words

P

max Xy = max x(——x),
(x,y)€10,+00[ : 2(x+y)=P x€10, 2|

which is an elementary problem. This example suggests a general idea. Imagine we have to solve

min/max f (x, y).
g(x,y)=0

Suppose that we can use the equation g(x, y) = 0 to “extract” y = ¢(x) or, which is the same, x = ¢ (y). Then,

min/max f(x, y) = min/max f(x, ¢(x)) = min/max f (¥ (y),y).
8(x,y)=0 x y
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The problem is that, in general, we might not be able to explicit y or x from an equation g(x, y) = 0. The following
informal argument shows that this is not necessarily needed. Indeed, at min/max points for f(x, #(x)) we have

d
Tt =0,

By the chain rule, this means
0= 0y f(x, ¢(x)) + 8y f(x, $(x)) ¢’ (x).
Now, since y = ¢(x) verifies g(x, y) = 0, then

g(x,¢(x)) =0, = 0= d%g(x, $(x)) = 0xg(x, p(x)) + 0y 8 (x, $(x)) ¢’ (x),

from which, provided 0,g(x,y) # 0,
0, (1)
dyg(x, p(x))

0xg(x, ¢(x)) )
dyg(x,¢(x)) )’

¢(x) =
Thus
0= 8. F(x, 6(x)) + 0y £ (x, () (—

that is, rearranging terms,
(0x f, 6yf) : (ayg’ —0xg) = 0.
This means
VfL(0y8,-0xg), &= V[l (0xg,9y8) =Vg.
The same conclusion can be obtained if from g(x,y) = 0 we can explicit x = /(y), provided d,g # 0. Making a
formal proof we obtain the following:

Theorem 2.4.1: Lagrange multilplier

Let g : D ¢ R? — R be such that Vg # 0on 4 := {g = 0}. Then, if (x, y) is a min/max point for f on
M, necessarily
J1eR : Vf(x,y) =AVg(x,y).

ExampLE 2.4.2. Determine

min/max(x + y).
x2+y?=1

SoL. —Let f(x,y) =x+yand # = {x> +y> =1} = {x> +y> -1 = 0} =: {g = 0}. Clearly, .Z is closed and
bounded, hence compact, f € €, min and max of f on .# are ensured by Weierstrass’ theorem.
To determine these points, we apply Lagrange multiplier’s theorem. We first check that Vg # 0 on .Z. Indeed,
Vg=(2x,2y) =0, = (x,5) =(0,0) ¢ .4,

thus Vg # 0 on .. Now, if (x, y) is a min/max point, we have

Vf(x,y) = aVg(x,y).
Since V f = (1, 1), this means

1=2Ax,

1 1
(I, 1) =2(2x,2y), = = (xy)=—,=—].
B 21724
1 =22y,
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Now, this point must belong to ., that is

! 2+ ! 2—1 = 2>=1 <=>/l—+1
21 22) 7 - V2
! —L). These are candidates to be min/max points. It is now sufficient to

: L1
that leads points (%, \_Fz) and (_ﬁ’

S

notice that

1 1 1 1
() )
V2 V2 V2. V2
from which we see that the first point is a max point, the latter is a min point. O

We give a specific name to the technical requirement on g:

Definition 2.4.3

We say that g = g(x, y) is a submersion on S ¢ R? if Vg(x,y) # 0 for every (x,y) € S.

Lagrange multiplier A is unnecessary to determine points where V f = AVg. Indeed:

Vfx,y) Vfx,y)
Vf(x,y) =AVg(x,y), & rank =1, & det =0.

Ve(x,y) Vg(x,y)

ExaMPLE 2.4.4. Find points of the ellipse x> + 2y* — xy = 9 at min/max distance to the origin.

SoL. — We have to minimize/maximize the distance to the origin, that is the function

S y) = X2+ 2

Because of the properties of the root, to minimize this function or just x> + y? is the same (it produces the same
points but of course not the same values!) being /x2 + y2 min/max iff x> + y? it is, we replace the previous f with

fley) =224y
which is easier to be managed. Let also g(x, y) := x> + 2y> — xy — 9 in such a way we have to maximize/minimize
fon{g=0}
Existence. Clearly f € @(R?). The optimization domain is {g = 0} which is clearly closed being defined by en
equality involving a continuous function g € €. Let us check that {g = 0} is also bounded. Recalling that

1

xy < 5 (%47,

then, for (x, y) € {g = 0}, we have

2 2 2 2 2 2 2 2
x+2 —9+X <9+_x+ , —™ X <9’:’ X, <9’

by which x? < 18 (hence |x| < V18) and y% < 6 (thatis |y| < V6). In any case both x, y are bounded hence {g = 0}
is bounded. According to Weierstrass’ theorem, f admits both min/max on {g = 0}.

Determination. By the previous argument we know that min/max points for f exist. Let’s see if we can apply
Lagrange’s multipliers theorem. We need to check if g is a submersion on {g = 0}. To this aim let’s see where g is
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not a submersion. This happens iff
2x—y =0,
Vg=0, & (2x-y,4y—x)=(0,0), — x=y=0.
4y —x =0,
Therefore g is not a submersion at point (0, 0) and since g(0, 0) # 0 we conclude that (0,0) ¢ {g = 0}. Hence g is

a submersion on {g = 0}.
According to Lagrange’s theorem, at a min/max point we must have V f = AVg or, as noticed above,

0=det[vf]=det 2 2y
Vg

= - - - = 2 — 2
2x—y 4y—-x | 2x(4y —x) = 2y(2x — y) =2(y” —x7) +4xy.
This can be rewritten as

x+y)?-2x2=0, &= (x+y)? =242 & x+y=+V2, y:(i\/z—l)x.

Therefore we have points (x, (+V2 — 1)x). Of course we have to look at those of them that belongs to ./ :

3
x,(V2=Dx) e ll, = *+2(V2-1)22-(V2-1)x?=9, & (8-5V2)x’=9, &= x=+—".
8-5V2
This produces points ( 3 430 1)) (same sign, 2 points). Similarly
V8-5v2 Vs 5V2
3

(x, (=V2=1)x) € M, = *+2(—V2-1)22=(-V2-1)x? =9, = (8+5V2)x’ =9, = x=1=

8+5vV2

3, 3(=V2-1
Ve+5v2 T Vs5v2

( 3 3(«/’—1)) 36-18V2 ( 3 ,3(V2-1) _36+18V2
G52 vsosva) 8-5V2 '\ "Vsrsva VBesva) B8+5V2

we have that the first points are max for f, the latter are min. O

This produces points ( ) (same sign, two points). Now, being

Lagrange multiplier’s theorem extends to the more general case of problem

f _(x],...,xd).

Theorem 2.4.5: Lagrange multilplier

Let g : D ¢ RY — R be a submersion on ./ := {g = 0} (that is, Vg # 0 on A). Then, if X is a min/max
point for f on ., necessarily
JA1eR : VF(X) = AVg(X).

Notice that, in this case
Vf
Vf=AVg, &= rank =1.
Vg

This matrix is now a 2 X d matrix. Its rank is 1 iff all 2 X 2 sub-determinants are = Q.
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ExampLE 2.4.6. Solve the isoperimetric problem

max xyz.
(x,y,2)€R3: x,y,220, 2(xy+yz+xz)=S

SoL. — Let f(x,y,z) := xyz, clearly f € €. Let / := (x,y,z) €R*: x,v,2> 0, 2(xy + yz + x2) = S, thus ./
is closed. Unfortunately, .# is unbounded (for example, (0, y,z) €  iff yz = %, which is an hyperbola. However,
certainly the maximum of xyz cannot be attained if one of the three coordinates is big. Indeed, if x = K, then being
Xy, Xz < “25 we would have y, z < %, thus xyz < K% = %. Since the greater is K, the lower is this value, we
conclude that the maximum of xyz is attained for 0 < x, y, z < K with K big enough. Thus, search of max may be
restricted to a compact domain, wherein it is ensured by Weierstrass’ theorem.

To determine this maximum, we apply the Lagrange multiplier’s theorem. First, let us check that g =

2(xy + yz +xz) — A is a submersion. We have

. y+z=0,
Vg=02(+2),2(x+2),2(x+y)) =0, x+z=0, & (x,y,2)=(0,0,0)¢ 4.
x+y=0,

Thus Vg # 0on /.
Let now (x, y, z) be a max point for f. According to Lagrange’s theorem,

vz xz o],
2(y+z) 2(x+z) 2(x+y) )

This happens iff all the 2 x 2 sub-determinants of this last matrix vanish, that is

Vf(x,y,z) =AVg(x,y,z), & rank

yz(x+2z) —xz(y+2) =0, Z(y—x) =0,
yz(x+y) —xy(y+2) =0, < { y*(z-x)=0,
xz(x +y) —xy(x+2) =0, x*(z-y)=0.

The first poses either z = 0 or y = x. In the first case, the remaining equations reduces to xy = 0, that is either
x =0 ory = 0. This means points (0, y,0) and (x, 0, 0), none of which can be maximum point since in both cases
volume=0. In the second case, y = x, second and third equations reduce to xz(z —x) = 0, that is either x = 0
(then solutions (0, 0, z), none of which is maximum) or z = x. Thus the unique possible candidates are (x,x, x).

Imposing the perimeter condition, 3x> = % x = ‘/%, and we conclude that the volume is maximum when the

parallelepiped is a cube of side x = \/% O

ExampLE 2.4.7. A segment of length L is divided into n parts xi, . ..,Xx,. Find the maximum of x1 - - - x,.
Deduce by this the classical inequality

XpHtx
X1 xp < ;, VX1, ... X%y 2 0.
n
SorL. — We have to find
max X1 Xp.
X1+ +x,=L, x1,..., x5, >0

Let# :={x1+ - -+x,=L : x1,...,x, >0} = {g =0}, where g = x1 +--- +x, — L defined on D =]0, +oo[".

Clearly g € €' and since
Vg=(1,...,1) #0,

g is a submersion on /.
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Let f(x1,...,x,) = X1 ---x,. Clearly, # is closed. It is also bounded because, since x; > 0, for all j, and
Xi+---+x, =L, wehave 0 < x; < L, j=1,...,n Thus, f has min/max on .. Stationary points of f on ./
must obey to

Vf()CI,...,Xn) X2 Xy X1X3:-Xp X1 Xn—]
1 =rank = rank
Vg(xi,...,xn) 1 1 1

This is possible iff all the 2 X 2 sub determinants vanish. Choosing column i and j respectively we have

XLt XioAXipl © 0 Xn X1t Xjo1X e Xy
det =X Xio1 Xl X1 Xl Xn (X — X)),
1 1
Therefore, (x1,...,x,) € A is critic for f on / iff

X1t Xim1Xiwl - Xjo1Xjul - Xp (X —x;) =0, Vi£ j=1,...,n.

This produces points where a coordinate is null (hence f = 0) and, if x; > O for any j, x; —x; = O for all 7, j, and
this means that (x, ...,x,) = (@, @, ..., @). Imposing that this belongs to .# we find the point (%, e, %) where
f > 0: therefore this is the maximum! The moral is

n

L
max X1 xp=\—1] .
X1+...+x,=L, xq,..., x>0

In particular, recalling that x| + ... + x, = L, this can be rewritten as

X1+...+Xx, X1+...+x,

n
) , &— X1 Xy § —m8m88,

xl...xng(
n

n
that is just the classical inequality between arithmetic and geometric means. O

ExampLE 2.4.8. Among all the convex polygons inscribed into a circle, find those of maximum perimeter.
SoL. — Let r > 0 be the radius of the circle, 01, ..., 8, the subsequent angles formed by the vertexes of the

polygon. Then

n

0.

perimeter = P(6y,...,60,) = E 2r sin EJ
=1

Of course 0 < 0; < 2r and 0y + -+ + 6, = 2r. Thus, we have to find

.....

. 0
max Z2rsm—.
Or+..+0p=27, 0<0; <27, j=1,....n £ 2
. =

Let
Mo={(61,...,0,) €]0,2x[": 01 +---+6, =21}

Arguing as in the previous example, we easily find stationary points of P on . they must fulfil

i bn
7 Cos 5 7 cos =

04
rank =1, & rcos— =rcos
1 1 2

0,

5 Vi,j, — 6; 29]', Vi,j.

Therefore, the polygon with maximum perimeter has 6; =6, = ... =6, = 27”, thus it is a regular polygon. O



38

2.5. Lagrange multipliers’ theorem

Lagrange multiplier theorem extends to the case when there are more constraints, as for the problem

min/max f(X).
X @ g1(X)=0,...,gm (X)=0

We introduce the

Definition 2.5.1
Let G = (g1,---,8m): D C RY — R™. We say that G is a submersion on S if
(2.5.1) Vgi1(X),...,Vgn(X) are linearly independent, VX € S.

Remark 2.5.2. Since a vector is linearly independent iff it is different from zero, the previous definition

encompasses the definition of submersion given in the previous section. O
REMARK 2.5.3. Since Vg (%), ..., Vg (¥) are vectors of RY, they can be linearly independent only if m < d,
otherwise this is impossible. O

REMARK 2.5.4. A practical way to check condition (2.5.1) is the following:

Vg1 (%)

Vga (%) -
rank ) =rank G’ (X) = m.

Ve (@)

Since jacobian matrix G’ (¥) is an m X d matrix (with m < d as noticed in previous remark), rank G’ (¥) = m iff ar
least one m X m sub-determinant of G’(X) is not zero. O

Theorem 2.5.5: Lagrange’s multipliers theorem

Let f = f(X) € €' and G = (g1, ...,8m) € €' be a submersion on .4 := {g; =0, ..., gm = 0}. Then, if
X € M is a min/max point for f on 4,

2.5.2) JA, ..., A €R Vf()_c') = /hvgl()_c)) qroog +/ldng(Z).

The points X where (2.5.2) holds are called constrained stationary points.

Condition (2.5.2) says that Vf(X) is linearly dependent of Vg;(X),...,Vgu,(¥) and it involves “multipliers”

A1, ..., A, which, however, are unnecessary. In fact, since G = (g1, ..., gm) iS a submersion in X,
Vf(X) -
I Vgi(x
Ve ) 1o
(2.5.2) & rank . = rank : =m.
PR Vgm (X
Vam(F) gm(X)
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Notice that the left matrix is an (m + 1) X d matrix whose rank cannot be m + 1. Therefore

V()

Vg1 (%)
(2.5.3) (2.5.2) < all (m+1)x (m+ 1) subdeterminants of . equals 0.

V()

ExAMPLE 2.5.6. Let M := {(x, v,2) R} xy+2=1, 2 +y?= 1}. i) Show that M is the non-empty zero
set of a submersion in M. ii) Say whether M is compact or less. iii) Find the points of M at the minimum /
maximum distance from the origin.

SoL. — i) Let us check that ./ # @. Take a point of type (x,x, z). Imposing that it belongs to .# we get 2x> = 1,

. 1 2 2 : 2 2 1 1 1
= +— = = — = [ = +—
thatl 1S, X 5 By the first, then, x~ + z 1, that is, z 1-x 1 3 1.e. 2 +5 T'herefore

ok
(% oL i\i@, i%) € J (all combinations of signs provided the sign of the first two coordinates is equal). This
proves M * @.

Define now G = (g1.82) = (xy + 22 = 1, x>+ y*> — 1). Clearly Ge®'and M = {g1 =0, g» =0}. We must
discuss whether G is a submersion in .. To this aim, let us find any point where G is not a submersion. This
means

. y x 2z 2(y* - x%) =0,
rank G’ (x,y,7) <2, & rank <2, = —4xz =0,
2x 2y O —-4yz =0.
This produces the two cases
x=0,
y?=0, & y=0, or 2=0,
zER’ ’ x?-y2=0, &= y=x, Vy=-nx.

Therefore, G is not a submersion at points (0,0, z), z € R and (x, x,0), (x,—x,0), x € R. Clearly (0,0, z) ¢ 4 for
any z € R; moreover,

2=1

X s —xr=1,
2% =1,

22 = | (impossible).

(x,x,0) e M, = { (impossible), (x,-x,0) € M, — {

We conclude that é is a submersion on .

ii) Since A/ = {g; = 0,g> = 0} and g1, 4> € G, it follows that .Z is closed. It is also bounded because, by the
second constraint, x> + y? = 1 we deduce |x|, |y| < 1, and by the first

Z=1-xy<2, = |zl < V2.

iii) Distance from (x, y, z) to (0, 0, 0) is y/x2 + y2 + z2. Because this quantity is min/max when f(x, y, z) = x>+y>+z>
it is, we use this function to find min/max points. Since . is compact and f is continuous, Min/max exist by
Weierstrass’s theorem.

To determine these points, we may argue in the following way. Let (x,y,z) € ./ be a min/max point for f.
Since M = {é = 6} and G is a submersion on ./, at (x,y,z) we have

Vfxy.2) y x 2z
rank | Vgi(x,y,z) | =2, & det| 2x 2y 0 |=0.
Vga(x,y,2) 2x 2y 2z
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Computing the determinant by third column,
Zz(2y2 —2x%) =0, zZ(y—=x)(y+x)=0.

Candidates are therefore the points (x, y,0), x,y € R, (x,x, z), (x, —x, z), with x, z € R. Now

2
x =1,
(x,y,0) e, = = (x,y,0) =(£1,0,0).
x+yr=1,
Similarly
Pr=l, 11
(x,x,2) e M, = — (i—,i—,i—);
22 =1, 2 2 2
—x2+72= 1,
1 1 3
(x,~x,2) e M, = — |+—,F—,+—|:
22 =1, 2 2 V2
It is easy to conclude: (+1,0,0) are the points at min distance, (J_r\/% ¢\/L§’ iiz) are at max distance O

2.6. Exercises

ExErcise 2.6.1. Compute the following directional derivatives:
i) D(\B’l)f(l, 1) where f(x,y) :=1log(1+xy).
ii) D(2,2)f(1,0) where f(x,y) := arctan(x + y).
i) D(1.1)£(0,0) where f(x,y) := =2 for (x,y) # 0 and £(0,0) = 0.

T lxl+y?
iv) D(_1,1)£(0,0) where f(x,y) = xszyy“, for (x,y) # 0 and £(0,0) = 0.
 ¥(e-1) s _
V) D(-1,-2)f(0,0), where f(x,y) := e for (x,y) # 0 and f(0,0) = 0.

Exercisk 2.6.2. For each of the following functions say whether f is continuous at point (0, 0), there exist
0xf(0,0), 0, f(0,0), and f is differentiable in (0, 0).

1. f(x,y):= 2. f(x,y) =
0, (X,y) =0,. 0, (xsy) =02~
S () # 0, 2 exoy, (6)) £ 0,
3. f(x,y) = 4. f(x,y) =
0, (x,y) = 02. 0, (x,y) =0,

ExERrcisk 2.6.3. Show that the function f(x,y) = xv/x2 + y2, (x,y) € R? is differentiable on R>.

ExERcisE 2.6.4. Determine the stationary points of each of the following functions:

1) f(x,y) :=xy(x+1).
i) f(x,y) :==x2+y> +xy.
i) f(x,y) =+  + 262+ 2y +x +y.
iv) f(x,y:) =xe” +ye*.

V) f(x,y,2) = (3 =3x—y)2 + 2.
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EXERCISE 2.6.5. Find the value of the parameter A € R such that the function f(x, y) := x> + Ay> — 4x + 2y has
a stationary point in (2, —1). What kind of point is this?

EXERCISE 2.6.6. Letf(x,y) :=x*>(1—y)on D := {(x,y) € R? : x>+|y| < 4}. Study the sign of f, determine
its eventual stationary points on D and min/max of f on D. Determine f(D).

ExERrcIsk 2.6.7. Discuss min/max of f(x,y) :=xye Y onD ={(x,y) € R? : 1 <x<4,y>0, [xy| <1}

Exercise 2.6.8. For each of the following functions a) find the stationary points, b) find any min/max in the
domain, c) find the image of the domain.
i) f(x,y)=x*+y*-xy,on D =R
ii) f(x,y) =x((logx)?+y?) on D =]0, +co[XR.
iii) f(x,y) =xy(x+y),onD =R2
iv) f(x,v,2) =x2+y*+7> - 2xy+2xzon D =R>.
V) f(x,y,2) =x*+y*+z* —xyz,on D =R3.
ExERcisk 2.6.9. Let
FOuy) = (@ +y%)? =327y, (x,y) € R
i) Determine lim(y y)—, f(x,y) (if any). ii) Find stationary points of f. iii) Find eventual global min/max of f
on R? and find f(R?).

ExEercisi 2.6.10. Let
[y, = (P +y* + ) —xyz, (x,7,2) € R,
i) Show that limy y 7)., f (X, y,2) = +oo. ii) Find stationary points of f. iii) Show that f has global minimum
on R3 and find f(R?).

Exercisi 2.6.11. Let f(x,y) :=x* (y* = (x = 1)?), (x,y) € R%. i) Does it exists lim(y y)—o0, f(x,¥)? If yes,
compute it. ii) Find and classify the stationary points of f on R2. iii) What about extrema of f on R?? Determine
f(R?). iv) Show that f has min/max on D := {(x,y) € R? : y <0, 0 <x < y+ 1} and find them. Whatis f(D)?

ExERcisE 2.6.12. Consider the function f(x, y) := x*+y*—8(x?+y?) on R?. i) Compute limx,y)—c0, [ (X, ¥).
ii) Find and classify the stationary points of f. What can you say about global min/max points of f? What about
f(R?)? iii) Find the min/max points of f on the domain D := {(x,y) € R? : x*>+y? < 9}.

ExeRrcise 2.6.13. Consider the function

xy2

G () # 02
(x4+y2)2’ > s
fxy) =

0’ ('x’ y) = 02'

i) Say if f is continuos, differentiable in 0, (and in this case compute V f(0;)). ii) Find any stationary points of f
on R? and discuss their nature. Does f has min/max points on R?? iii) Show that f has min/max on the domain
D ={(x,y) € R?> : |x| <1, |y| < 1} and find them.

Exercisk 2.6.14. Let f be the function defined as

-xyeXZJ;yz’ (xs y) € Rz\{02}’
flxy) =
0, (x,y) = 0s.
i) Say if f is continuous and differentiable at 0. ii) Does it exists limy, y)—c0, f(X,y)? (in the case affirmative,
what is the value?). Is f bounded on R?? iii) Show that f has min/max on {(x,y) € R> : x>+ y? < 1} and find
them.
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ExERrcisk 2.6.15. Determine min/max of f on the set D in the following cases:
) f=x+y,D={(x,y) : x> +y>=1};
i) f=222+y2—x,D={(x,y) : X>+y* =1}
i) f=xy,D={(x,y) : X*+y*+xy—-1=0}
iv) f=x2+5y2 - 1xy, D ={(x,y) : X2 +4y> =4}
ExERrcisE 2.6.16. Determine min/max of f on the set D in the following cases:
i) f=x-2y+2z,D={(x,y,2) : x> +y?+7>=9};
ii) f=z2,D={(x,y,2) : X>+y>+z>=1}.
Exercise 2.6.17. Let # := {(x,y,z) € R® : 22 =x?+y?+1, z =2x? +y?}. Show that i) /# # @ is the zero
set of a submersion on ./, ii) / is compact. iii) ./ has points of maximum quote: find them.

ExErcise 2.6.18. Let / := {(x,y,z) € R® : z2 = xy+1}. Show thati) .# # @ is the zero set of a submersion
on i) / is not compact. iii) Show that there exists points of .# at minimum distance to the origin and find
them.

ExERcISE 2.6.19. Let # = {(x,y,27) € R® : (x> +y>+z%)? —xyz = 1}. i) Show that ./# # @ is the zero set
of a submersion on /. ii) Say if ./ is compact or not. iii) Determine, if they exists, points on .# at maximum
distance to the origin.

ExErcise 2.6.20. Let £ := {(x,y,2) € R} : x? +y? =22 =0, x> — y* = 1}. i) Show that ./ # @ is the zero
set of a submersion on /. ii) Say if ./ is compact or less. iii) Noticed that O3 is not on ., show that exists points
of / at minimum distance from 03 and find them.

ExERciSE 2.6.21. Let & := {(x, v,2) €RY 1 X2 —xy+y? -2 =1, x+y? = 1}. i) Show that /# + @ is the
zero set of a submersion on . ii) Show that ./ is compact. iii) Find stationary points of f(x, y,z) = xyz on /.
What can you say about the problem to find extrema of f on . ?

EXERCISE 2.6.22. Let /4 = {(x,y,z) € R® : x*+y*>—z%> = 1}. i) Show that ./# # @ is the zero set of a
submersion on /. ii) Is ./ compact? iii) Find points of .# at minimum distance from the origin 0s.

2 2
Exercisk 2.6.23. Find the stationary points of f(x, v, z) := xyz, (x,y,z) € R? on the ellipsoid =t 4 i—; =1

b2
(here a, b, ¢ > 0). Deduce min/max of f on the ellipsoid.
ExERcISE 2.6.24. Determine min/max of f(x,y,z) =xy + yz + zx on the plane x + y + z = 3.
EXERCISE 2.6.25. Compute the min/max distance of the point (0, 1, 0) to the following subset of R:

+yr+=1,

22 +y? =x.

Exercise 2.6.26. Consider the set / := {(x, y,2) €R? 1 z=x+y% x+y+z= 0}. Show that .Z is not
empty and is a . . . Find points of .# with min/max quote.

EXERCISE 2.6.27. Let M/ = {(x,y,z) € R? : x?+y?>+z2 =1, 2z—3x =0} and f(x, y, z) := xz. i) Show that
M + 2 is the zero set of a submersion on .. ii) Show that . is compact. iii) Find extrema of f on /.

ExErciSE 2.6.28. Let /4 := {(x,y,z) € R3 : 2x*> +2y? =22 =1, (x — y)> + z = 2}. i) Show that /# # @ is
the zero set of a submersion on .. ii) Show that .Z is not compact. iii) Find stationary points of f(x,y,z) :=z
on /.
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EXERcISE 2.6.29. Let
X2+ yTZ -3
fley.2) = A —

i) Compute lim(y y ;)—e; f(X,y,2): what can you deduce by this about min/max f? 1ii) Find and classify
all the stationary points of f on R3. Find, if there exist, min/max of f on R3. What is f(R?)? iii) Let
M= {(x,y,z) €R3 : f(x,y,z) = 1}. Prove that # # @ is the zero set of a submersion on .Z. Is ./ compact?
iv) Show that there exists points of .# at min/max distance to the origin. Find them.

Exercise 2.6.30. Find

+ zz, (x,y,2) € R3.

max{xy’z> : x,y,2>0, x+y+2z=6}.






CHAPTER 3

Vector fields

Consider a function f = f(X) : D ¢ RY — R differentiable on D. Then
Vf:DcRY— R

A function F of this type, that is a function F = F(¥) : D ¢ RY — R9, is called vector field. Vector fields
are very important entities in Physics. The classical example is a force field. For example, the gravitational field
induced by a point mass m positioned at point ¥y € R3 is
X—Xo

I})(J_C)) = —Gm_,—_,g7
l|IX = Xoll

¥ e R\{%} =D,
where G is the universal gravitational constant.

An important concept related to a vector field is its potential, namely a function f, if any, such that Vf = F.
For example, in the case of the gravitational field it is easy to check that

(&) = Gm———. F e D,
[1X = Xoll
is a potential for F (check this). The main scope of this Chapter is to understand how the problem of determining
a potential of a vector field can be solved in general.
In dimension d = 1, this problem is well known and it consists in finding a primitive for function of one real
variable: given F, determine f such that f’ = F. By the Fundamental Theorem of Integral Calculus, we know that
if f € €([a, b]) then the solution always exists and it is given by

£(x) =J F(y) dy.

C

As we will see, the multidimensional version we’re going to study in this Chapter, is much more involved and even
extremely regular fields do not have any potential. We will discover what is behind this and we will recover that,
under suitable definition of integral, a formula very similar to the previous one holds true.

Chapter requirements: differential calculus for functions of several variables, integration for function of one real
variable, primitives.

3.1. Preliminaries

We start with the

Definition 3.1.1

A continuous function F = F (¥) : D c RY — R? on D open set is called vector field on D.

45
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Practical examples of vector fields are, as in the introduction, force fields and velocity fields. These last are used to
describe, for instance, velocities in a fluid or gas. Imagine a fluid in movement: at every point X the molecule of
water at x has ha velocity ¥(vecx). If we consider a fluid in space this function is a vector field.

Apart for the case d = 1, even for d = 2 it is not immediate to visualize a vector field. Physics suggests an
interesting way: in practice, at every point X € D we may trace a vector F (x).

:;/////
A AAAA

N
\
N
|
i

FIGURE 1. Left to right: vector fields (—y, x), (x,y) and (y, x* — x).

Definition 3.1.2

We say that F is conservative on D if there exists f € €1(D) such that F=V f on D. The function f is
called potential of F'.

IfF=(fi,...,fs) then
o f(%) = fi(X),
Vf:ﬁ, on D, : VX € D.
daf (%) = fa(%),

Clearly, if f is a potential for F, also f + ¢, where c is a real constant, is a potential for F because V(f+c) =
Vf+ Ve = F +0 = F. In dimension 1, because potentials are the primitives, if the domain is an interval all the
potentials differ by an additive constant. In higher dimension this remains true if the domain D is made of one
piece, that is if it is connected.

Proposition 3.1.3

Let D be a connected set and f, g potentials of the vector field Fe % (D). Then f — g =constant.

ProoF. Assume Vf = F= Vg. ThenV(f - g) = 0. Let h := f—g,s0Vh= 0. The conclusion follows from
the

If VA = 0 on D connected then / is constant.
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Proor. (Lemma) Pick two points X,y € D. We show h(X) = h(y). Since D is connected, there exists a curve
¥ =%(t) in D joining X to ¥, thatis ¥ : [a, b] — R? such that ¥(a) = X, ¥(b) = ¥. Consider ¢ (1) := h(7(1)). We
may assume ¥ is regular, that is 3y’ () for every ¢ € [a, b]. Since ¥(¢) € D for every ¢, we have

¢ (1) = Vh(F(1) -7 (1) = 0, Vi € [a,b], = o(1) =C,
that is, in particular, ¢(a) = ¢(b). But ¢(a) = h(y(a)) = h(X) and ¢(b) = h(y (b)) = h(). m|
ExampLE 3.1.5. Find the potentials for the field
ﬁ(x,y) =(y,x), (x,y) € R’ =: D.

SoL. — We have to find f € €' (R?) such that

axf(x’ y) = y3
(x,y) € R%.

Oy f(x,y) =x,

Consider the first equation, d, f (x, y) = y. We can see this as a problem of one variable primitive and say that

flx.y) = J y dx =yx +c,
where c is a free constant: of course constant w.r.t. x. Then we may imagine ¢ = c¢(y), that is
fx,y) =xy+c(y).
To find ¢ we use the second equation, d, f (x, y) = x. Indeed
Oy f(x,y)=x, &= x+c(y)=x, &= (y)=0, = c(y)=c,

and we deduce f(x,y) =xy+c, c €R. O

3.2. Irrotational fields

As reminded, in dimension 1 the problem to find a primitive of a function F has always an answer if F is
continuous. Moving to dimensions > 2, things are different: even if F is continuous, the problem V f = F might
not have any solution!

ExampLE 3.2.1. Show that the field
ﬁ(x,y) = (y,-x), (x,y) €eR*=:D,
has not any potential.
SoL. — We have to find f € €' (R?) such that

Oxf(x,y) =y,
(x,y) € R%.

ayf(x, )’) ==X,
Consider the first equation, d, f(x, y) = y. We can see this as a problem of one variable primitive and say that
flx,y) = J y dx =xy+c(y).
Now, by the second equation
Oy f(x,y)=—x, & x+(y)=—x, &= '(y)=-2x.

Now this is impossible because ¢ must be constant in x! We deduce that it is impossible that f exists. O
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In the previous Example actually Fe®> (its components are polynomials). The reason why this is not sufficient
to ensure the existence of a potential has to be found in a consequence of the following

Theorem 3.2.2: Schwarz

Let f : D c RY — Rbesuch that 9, f € €'(D) foreveryi = 1,...,d (that is 0;(0y) € €(D) for every
i,j=1,...,d). Then
0;(0:f) = 0;(0;f), on D.

The proof is technical and not interesting here. Schwarz’s flipping rule (obvious if i = ;) says that we can always
flip the order of derivatives in a nested derivation provided all the partial derivatives are continuous.

ExaMPLE 3.2.3. Check the Schwarz rule on a simple case: f(x,y) = xy” + xy.

SoL. — Clearly 9, f = y*> + y and 0y f = 2xy + x are both continuous. Furthermore

Ox(0yf) = 0x(2xy +x) =2y +1,

ay(axf) = ay(yZ +y)=2y+1.
As you can see 0x (0 f) = 0y (0x f). O

Schwarz’s flipping rule has an immediate consequence:

Proposition 3.2.4

LetF € &'(D), F= (f1,..., fa) be a conservative vector field. Then
3.2.1) 0;fi=0;fi, onD, Vi,j=1,...,n.

ProoF. Since F = V£ for some f € €1(D), thatis f; = &;f, and F € €', it follows that &; f € !,
i=1,...,d. Therefore, by Schwarz’s theorem

Schwarz

ajfl = (9](3,]“ = 6,(’),f = Bifj. O

Definition 3.2.5

A €' (D) vector field F fulfilling (3.2.1) is called irrotational vector field.

ExampLE 3.2.6. It is easy to check that in the Examples 3.2.1 the proposed fields are not irrotational. For
instance,

(y,—x) is irrotational &= 9y (y) = dx(—x), &= 1=-1,

which is false. o

Therefore, to be conservative the vector field F € &' must be first of all irrotational. The natural question is if to
be irrotational is a sufficient condition to be conservative? The answer is no!
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ExampLE 3.2.7 (Important!). The field

F(x,y) = (—L, L) (x,y) € R2\{0,}

2+y2 X242
is irrotational but not conservative on R*\{0,}.

SoL. — Let us check first that F is irrotational. It is evident that F € €' and F is irrotational iff
y _ X
% (_xz +y2) =0 (x2 +y2)

N :_x2+y2—y2y:_x2—y2 x :_xz_yz
Y X242 (x2 + y2)2 2+y2 X242 x2+y2

‘We have

Therefore F is irrotational. Let us assume that a potential f exists. Then

y y 1 1 x
0 DY) = ————, &= V)= —————=dx+ =— | ———dx+ = —arctan — + .
S (x,y) e fxy) J e c(y) yJH(i)z x+c(y) arctan = c(y)
y
Thisif y # 0. If y = 0,
O f(x,0) =0, & f(x,0) =c(0),

Therefore the candidate is
— arctan ’y—‘ +c(y), y#0,

flx.y) =
c(0), y=0.

On the other hand, if y # 0,
X X x ,
O f(x,y)=5——, & Oy|-arcctan—+c(y)| = 5——, = ' (y) =0,
2+y y x2 +y?

so ¢ = C. We derive then that
—arctanf +C, y#0,

flx,y) =
C, y=0.

We are done apparently. But. .. looking carefully to f we see that the f we found is not even continuous! To see
this consider a point (x,0) with x > 0. If (x,y) — (x,0) with y — 0+ then

flx,y) = —arctanf + C — —arctan(+o0) + C = —g +C.
y

But if (x,y) — (x,0) with y — 0— we have

flx,y) = —arctan = + C —> —arctan(—OO)+C=+g+C.
y

The conclusion is that lim(y yy_(x,0) f(x, y) doesn’t exists, for any x > 0. O



3.3. Path Integral

An important concept of Physics is the work done by a force along a path. This quantifies the energy spent
by a force to move a mass from a point to another along a certain path. We may describe a path through a curve
7 € €'([a, b];R%). At point (r), force f()‘/’(t)) acts on the mass. The component of ﬁ()‘/’(t)) along ¥ at is
measured by

IF (o)l (6)] cos 6(2),
where 6(7) is the angle made by F (¥(r)) and ¥’ (z). Previous formula is nothing but the scalar product
F(y(1) 7' (1),

where - is the standard scalar product of R?. This is a static picture. Considering now a time frame [a, b], the
natural operation is to consider

b
fﬁmmwme

a

Definition 3.3.1

Let F : D ¢ R? — R4 be a continuous vector field on D, ¥ € €'([a, b]; D) a continuous curve in D.
We call path integral of F' along y the integral

b
[ =] Fom 7@
Y a
If y is a circuit, that is 7(a) = 7(b), we call circulation of F along ¥ the integral
§F| 7.
¥ ¥
The following result is the analogous of Fundamental Theorem of Integral Calculus for line integrals:

Proposition 3.3.2

LetF € % (D) be a conservative vector field with potential f. Then, if y € €'([a, b]; D)

(33.1) | F=sGon - rG@.
Y
In particular, if ¥ is a circuit in D,
(33.2) 3[; F=0.
7

Proor. If F =V f then, by the fundamental formula of integral calculus,
R b b d
[ =] vrom) yaa=| Lr6m) =GO - @),
Y a a

because of the fundamental thm of integral calculus. The (3.3.3) follows immediately because for a circuit y we
have y(b) = y(a). m|
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ExampLE 3.3.3. Compute fﬁx ﬁfor the F of Example 3.2.7.

2+y2=1

SoL. — Let F = (—x2+y2, x2+y2) We may parametrize the unit circle as y(¢) = (cost,sint), t € [0,2x]. Then

2

2n H
> — t t
ﬂg“J sin (_Sm,“&wstdtzj dt=2r. O
Y 0 1 1 0

We have seen that (3.3.3) is a necessary condition for F to be conservative. It turns out that if D is connected
(’made of one piece”), then it is also sufficient:

Theorem 3.3.4: fundamental theorem of calculus for fields

LetF € % (D) be a vector field on D c R open and connected and such that

(3.3.3) 3§ F=0, Yy € €'([a, b]; D), circuit.
Y
Then F is conservative and all the possible potentials are
(3.3.4) f(®) = j F+c,XeD, c€R,
Yzg.%

where 3, 5 is any regular path contained in D that joins X to X.

J

Proor. We will prove that i) formula (3.3.4) is well posed, that is, the line integral is independent of the specific
path connecting Xy to X; ii) Vf = F.
First: Let ¥z, 3 be a second path connecting X to X. We want to prove that

L/ P-| 7

5.5

V. &

Let —yx, z be the path y3, 3 oriented in the opposite direction. Formally, if
Yoo : la,b] — RY, —yz (1) = vz, z(a+b—1).

Then, if we consider the path formed made first by 7y, and then by —y,, , we get a circuit that we will denote by
the symbol yz, 3 — ¥x,,z- Then, by our assumption
F-| #+|_ R
7% —Vzg.%

o:§
bz %%

ENE I 2N

A straightforward calculation shows that
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Therefore
J ﬁzj F.
Vzo.E Vzp &
This proves the well posedness of definition (3.3.4). The second step consists in proving that V f = F. We have to
prove that

fGE+h) - f(X) =F&) - h+o(h).
First,
f(f+ﬁ)—f(f)=f ﬁ-J F.
Vo540 Yzg.®
Since the integral does not depend on the particular path connecting Xy to X + 71, we can write

j ﬁ:J qﬁ:f ﬁ+J F
Y. y«(]’£+[)?,)’c+h] Yz [X,X+h]

R»%+h X X0-%

where [¥, % + h] stands for the linear segment joining X to X + /1.

Therefore

FE+R) - F(3) = f F.

[#.%+h]

Now, the natural parametrization of the segment [X, X + 71] isy(t) =X+ thte [0,1] soy'(t) = h. Hence
1 1
j P =J F()?+th)~hdt=J (F(5c'+th)—F(5c’)+F(5c’))-hdt
[X,3+0] 0 0

- F@E) - h+ Jl (ﬁ(fuﬁ) - ﬁ(z)) T dt..
0

&(h)

It remains to prove that s(ﬁ) = 0(71). Notice first that Now,

le(h)| = Uol (ﬁ(znfz) - ﬁ()?)) di] < Ll ||(ﬁ(f+r%) - ﬁ(z)) : 71“ ar < (Jol ||ﬁ(z+zfz) @ dt) 1,
thus - 1

e (h)] <J ”ﬁ(ﬂzﬁ) _F@)| ar.

(7]l 0

Since F is continuous, ||ﬁ (X + tfz) -F (X)|| — 0 when h — 0 and by this (with some work to be done) the
conclusion follows. O
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In general, to check null circulations condition (3.3.3) can be a prohibitive task. Under certain conditions on the
domain, however, an irrotational field verifies condition (3.3.3):

Proposition 3.3.5

Let F : D c R2 —> R2 an irrotational vector field. Assume that D verifies the following condition:
Y y circuit, 3Q C D open : y = 0Q.

Then, F is conservative.

The proof of this proposition is a consequence of the Green formula, a formula involving multiple integration. We
will postpone the proof in Section 4.6.

3.4. Exercises
ExEercise 3.4.1. Compute fy F in the following cases:

(1) ﬁ(x, y) := (¥* +x,=vx) on D = [0, +00[ xR,  of equation x = y> connecting (0,0) to (1, 1).

(2) F(x,y) := (2, 2xy+ 1) on D = R2, y of equation y = +/[x — 1], x € [0,2].

(3) F(x,y) := (y5, x> +y) on D = R x [0, +0o[ along y = x2 connecting (1,1) to (2, 4).

4) F(x,y) = (;‘—fll, i—j) onD = {(x,y) € R? : y # 1, x # 1}, along the segment connecting (0, 0) to
(1/2,1/2).

5) ﬁ(x, y) := (log(1 + y),log(1 +x)), on D =] — 1, +00[?, along the segment connecting (1, 0) to (0, 1).

(6) ﬁ(x, y,2) := (y +z,x +z,x + y) on D = R3 along the helix y(¢) = (r cost,rsint, kt), t € [0, 27].

ExEercise 3.4.2. For each of the following vector fields on the given domains, check if they are irrotational,
conservative and, in this case, find a potential:

(1) F(x,y) = (x,y = 1), (x,y) € R%;

() F(x,y) = (y.x), (x,y) € R%;

(3) F(x,y) = (x,-y), (x,y) € R%;

@) F(x,y,2) = (y+z.x+2,x+Y), (,7,2) € RY;

ExEercise 3.4.3. Find al possible values for a, b, ¢ € R such that the field
ﬁ(x, y) = (ax3 +by+3x%% ext + 2%y + 1) ,
be irrotational on R?. In the case say if it is also conservative and find all the potentials.

ExEercisk 3.4.4. Consider the vector field
2
F(x,y) = (sin T+ % cos )—C, _x_2 cos = + 3) , on D = Rx]0, +co.
y oy y oy y

Check that F is irrotational and say if it is also conservative. In this case compute a potential f such that f(x, 1) = 3.
ExEercisk 3.4.5. Consider the vector field

ﬁ(x,y) = ()% cos ))—:,—jl—ccos %) , on D =]0, +co[XR.

Find values of @ € R such that F is irrotational. For such value say if F is also conservative and, in the case, find
the potentials.
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ExEeRrciske 3.4.6. Consider the vector field

N 1 2x
F(x,y) = ( 4

1+y2 (1+y2)2

), (x,y) € R2.

Is F irrotational? Conservative? Compute, the path integral fy F where v(t) = (esmt, 1+2(Zg:f)2 ) t € [0,n].

Exercise 3.4.7. Consider the vector field

axy bx* —y?
(2 +y2)2" (2 +y2)2

F(x,y) :=( ) on D = R*\{0,}.

Find values of a, b € R such that F be irrotational. For such value say if F is also conservative and, in the case,
find the potentials.
Exerciske 3.4.8. Consider the vector field
F(x,y,2) = (a(x, ¥, 2), %% +2yz, ¥ - ZZ) , (x,y,2) € R,
where a is a €' function. Find all the possible @ in such a way that F be irrotational. Show that there is a unique a
null as y = z = 0. In that case find all the potentials of F.

ExEercisk 3.4.9. Find a, b, ¢, d € R in such a way that the vector field

ax+by cx+dy
x2+y27 x2+y2

F(x,y) = ( ) (x,y) € R?\{02}

be irrotational. For such values, find those such that F is conservative and find also its potentials.
ExEercisk 3.4.10. Let g be the vector field defined by

ax* + by? cxXy
(2 +y2)2" (a2 +y2)?

F(x,y) = ( ) , (x,y) € D :=R*\{02}, (a,b,c €R).
i) Find a, b, ¢ € R such that F is irrotational. ii) Find a, b, ¢ € R such that F is conservative: for such a, b, c find
the potentials of F' (hint: . start with 9, f = fo(x,y)...)

Exercise 3.4.11. Let F be the vector field defined as

axy? bx%y +cy3

(xz +y2)1/2’ (xz +y2)1/2

ﬁmw:( ),mwewwm:D.

i) Find a,b,c € R such that F be irrotational. ii) For the values found at i), say if F is conservative on
R2\{(0,y) : y > 0} and on D. iii) For the values a, b, ¢ such that F is conservative on D find the potentials of F.

ExErcise 3.4.12. Leta,b,a, 8 # 0 and F € C'(D) be the vector field

ax by
(2 +y2) @ (x2 +y2)p

ﬁww:( ),wweWWM=D-

i) Find a, b, @, 8 € R\{0} such that F be irrotational on D. ii) For the values found in i) compute fy F where y is

the poligonal connecting (2, 0), (0, 1) and (-2, 0). iii) Find the values a, b, , 8 such that F be conservative on D
and compute the eventual potentials.
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Exercisk 3.4.13. Consider the vector field

> X ax+b
F(x,y) :=(

VEFy NIty
1) Find values a, b € R such that F be irrotational. For such values may you say, without computing the potential,
if F is also conservative? ii) For values a, b € R such that F' be conservative, find all its potentials.

), (x,y)eDzz{(x,y)eR2 : x+y>0}.

Exercise 3.4.14. Let

ﬁ(x,y,z) = (l l) , (x,¥,2) e]O,+oo[3.

ye 1 x
+ ,—+ ,
x  1+x%y27y  1+4x%2y? z

i) Find all the possible @ > 0 such that F be irrotational. ii) For the values « found in i), say if F is also conservative
and compute all the potentials.

Exercise 3.4.15. Let @ € R and consider the vector field

X X+az
\/1+x2+y2, \/1+)c2+y2

F(x,y,2) = ( +ey+z,ey+z), (x,v,2) € R,
1) Find all the possible @ > 0 such that F be irrotational. ii) For the values a found in i), say if F is also conservative
and compute all the potentials.

ExERcisE 3.4.16. Consider the vector field F(x, y) := (xz+y2’ u(x, y)) on D = R*\{0,}, where u € €' (D).
Find all the possible u in order that F be conservative.

Exercisk 3.4.17. Find all the possible functions # = u(x, y) belonging to €' (R?) such that the vector field
F(x,v,2) := (2xz, yz, u(x, y)) be conservative in D = R3.






CHAPTER 4

Integration

In the first course of Mathematical Analysis, the concept of integral for a function depending on one real
variable has been introduced. Integration is of paramount relevance in Analysis and applications since it gives a
method to solve geometrical problems (calculus of areas of figures), Probability, Physics, Engineering etc. We
recall that if f = f(x) : [a,b] — [0, +co],

J f(x) dx = Area (Trap(f)), where Trap(f) := {(x,y) €R?> : x € [a,b], 0 < y < f(x)},
[a,b]

where AreaTrap(f) is defined through a complex exhaustion method. This Chapter extends this operation to the
case of functions f of several variables. For instance, if f = f(x,y) : E ¢ RZ — [0, +o],

j f(x,y) dxdy = Volume (Trap(f)), where Trap(f) := {(x,y,2) € R® : (x,y) € E, 0< z < f(x,y)}.
E

—

'

More in general, given f = f(¥) : E C R™ — [0, +oo[, we aim to define the integral

J‘ f(X) d¥ = measure ({(J_c’,y) eR™! : xeE,0<y< f(fc’)}).
E

Of course, how to compute this measure is the main problem of the construction. In the case of functions of one
real variable we start defining

S(m) = 25 mi(Xke1 —xk), where my = infye[x, 0, 1 F(X),

S(n) = gt Mi(x41 — xi), where My := SUP e [, xrnr] S (X)-

where 7 = {xo = a < x; < ... < x, = b} is a subdivision of [a,b]. S(r) and S(n) are, respectively, called
inferior (superior) sum on subdivision . These quantities represent approximations by defect (excess) of the area
of Trap(f). Then, we define

A(f) :=sup, S(x), (inferior area),

A(f) :=inf, S(r), (superior area),

57



58

which are, respectively, the best approximations by defect (excess) of the area of Trap(f). Finally, we say that this
area A(f) is well defined when

A(f) = A(f) < +oo.

This same procedure can be repeated for functions f = f(X) with ¥ € R¢. We will sketch this in the first section.
Once the area A(f) of a trapezoid is defined, the definition of integral follows by an algebraic argument. As in the
one dimensional case, the main issue is on methods of computing integrals. In the case of multiple integrals, two
main tools are

o the reduction formula, that allows to transform the calculus of an integral for a function of m variables
into the calculus of m integrals each on a single variable (this basically reduces calculus to the well
known one dimensional integral)

o the change of variables formula, a well known technique with integrals that allows to simplify calculations
under special coordinate systems.

Along this Chapter we will provide precise definitions and statements but we will omit all proofs. These are
too technical and beyond our scope here. Nonetheless, we will provide informal justifications to the several
results. Actually, these are the main ides behind the true proofs, without the technical complications to make them
completely rigorous arguments. Yet, they are interesting to get some insight into this topic.

4.1. Measure of a trapezoid

In this section we define the operation of integral for a positive function. To prepare the ground, we introduce
some useful definition. We call multi-interval of R¢ any set

I: [ahb]] X e X [am,bm]-
The measure of a multi-interval is, by definition, the number
|I| = (bl _al)"'(bm _am)~

Notice that

e in dimension m = 1, a multi-interval is just an interval [a, b], its measure is its length |I| = b — a;

e in dimension m = 2, a multi-inerval is a rectangle I = [ai,b,] X [az, by], its measure is its area
| = (b1 = a1) (b2 — az);

e in dimension m = 3, a multi-interval is a parallelepiped I = [a;, b{] X [az, bz] X [a3, b3], its measure is
its volume |I| = (b1 — a1)(by — az) (b3 — a3).

Letnow f = f(X) : I Cc R™ — [0, +co[, I a multi-interval.

Definition 4.1.1

A family 7 := (1) =1,..,
i) I= UZ:] I;
i) [Ix n1j| =0forj + k.

We denote by I1(7) the class made of all the partitions of 7.

n 18 called partition of I if

Notice that if 7 and J are multi-intervals, easily / N J is a multi-interval thus |/ N J| is well defined.
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Definition 4.1.2

Let f : I ¢ R™ — [0, +oo[, I interval. Given a partition 7 € TI(/) we set

S(m) == Y5_, millx], where my :=infz¢; f(X),

S(m) == Xi_; Mi|Ix|, where My := supze; f(X).

S(m) and S(r) are called, respectively, inferior sum (superior sum) of the partition 7.

As for one dimensional integral, S(r) and S(r) are, respectively, an approximation by defect (excess) of the measure
of Trap( f). We now introduce the best approximations by defect and excess:

Definition 4.1.3

A(f) = sup e S(n), (inner measure of Trap(f)),

A(f) = inf rem(r) S(n), (outer measure of Trap(f))

Easily, A(f) < A(f). When they coincide, we say that

Definition 4.1.4

Let f: 1 C R™ — [0, +co[. If A(f) = A(f) we pose

‘Lf=AUU=ZU)GWAw]

Similarly to one dimensional definition, it may well happen that L f might not be defined:
ExampLE 4.1.5 (Dirichlet function). Let

0, (x,y)eQxQ,
= 0y) 10,11 — [0,+00[, f(x,y):=
I, (x,y)¢QxQ.

Then, A(f) =0 < 1 = A(f).

SoL. — The argument is similar to the one dimensional case. If 7 = (I},) is a partition of I = [0, 1]?, then, because
of the density of rational numbers and irrational numbers in R, certainly in each Iy there are points of Q X Q as
well as points of (R\Q) x (R\Q). Then my = infy, f(x,y) = 0 while My = sup; f(x,y) = 1. Therefore

S(m) =0, S(r) =Y Il =111=1.

k
As a consequence, A(f) =0, while A(f) = 1. O

Multi-intervals are not “natural” sets for R™ as intervals are in R. A function f = f(X) : D ¢ R™ — [0, +o0[ can
well be defined on a domain D which is not a multi-interval. We can easily extend previous definition to this case
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when D is bounded. In this case, there exists a multi-interval / > D. Defining

flp(x) = { t})"(x), i 2 ID\D

we have

Definition 4.1.6

Let f: D c R™ — [0, +oco[, D bounded. We pose

L)f = Lle'

It is possible to prove that previous definition does not depend of /. As the intuition suggests, since f > 0, if
D, c D, then

<l 7

D D,
This leads to the idea to define JD f when D c R™ is generic (also unbounded). Call

Cy :=[-N,N]" =[-N,N] x--- X [-N,N],
the hyper-cube centred at 0 with sides of length 2N. Let
Dy :=DNCy.
Since Dy C Dy, we have

r<] r
Dn D+
This justifies the

Definition 4.1.7

Let f = f(X) : D c R"™ — [0, +oo[. We pose

f = lim f.
JD N —+0c0 Dn

This way, fD f is now defined for > 0. In particular, taking f = 1 on D we have the

Definition 4.1.8

Let D c R™. We call (m dimensional) measure of D the number
4.1.1) Am(D) ::J 1,
D

provided this last is well defined (in this case we say that D is measurable).

The following example, which is again the Dirichlet function under other form, tells that not every set is measurable:

ExampLE 4.1.9. Let D := {(x,y) € [0,1]® : (x,y) ¢ QX Q}. Then A>(D) is not defined.
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SoL. — Just notice that 1, is the Dirichlet function, thus fD 1= JIU 12 1p which is not defined as shown in

Example 4.1.5. O

Class of measurable sets is large enough to contain sets used in most of the applications:

Proposition 4.1.10

Open and closed sets are measurable.

We will see that, through techniques of calculus for integrals, calculus of measures is feasible in many applied
cases.
4.2. Integral

So far, we defined the integral of a positive function. Let’s now consider f = f(X) : D ¢ R™ — R and define

f(x), if f(X) >0, -f(X), if f(¥) <0,
fr(X) = f-(X) =
0, iff(® <0, 0, if £(%) > 0.

Functions f. are called, respectively, positive part and negative part of f. Both f. are positive and

f=f=r Ifl=f+f

We want to introduce the concept of area with sign or integral of f:

Definition 4.2.1

We say that f is integrable on D if JD f+ < +o0o. We pose

=Ll

We write f € Z(D).

Notice that, since

L) fi+ L) f = L)(f+ if) = L) 171,

JDfi<+oo, — L)|f|<+m

In general, it is practically impossible to check if a given function is integrable by using the definition. This also
happens with the one dimensional Riemann integral. In certain common cases, integrability can be easily drawn
from good properties of function and integration domain:

we have

Theorem 4.2.2

Let f € €(D), D compact set. Then f is integrable on D.

In general, if D is not compact, in particular if D is closed and unbounded, continuity is not sufficient to ensure
integrability (trivially, take f = 1 on D = R?, then fRz 1 = +00). We have the following test
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Proposition 4.2.3: absolute integrability

Let f € €(D), D closed. Then, if

4.2.1) I |f] < +c0
D
f is integrable on D. When (4.2.1) holds we say that f is absolutely integrable.

For continuous function it is possible to prove that, if f is integrable on D, then for every & > 0 there exists

o a family of multi-intervals (I )ren such that D C |Jy Ix;
e points Xy € Iy N D;

such that

4.2.2) <e.

L)f—zk]f(wu

This justifies the idea that, for good functions on good domains,
[ 1= r@oan .
D K

Properties of the integral are very similar to those of one dimensional integral:

Proposition 4.2.4

The following properties hold true:
i) (linearity) if f,g € R(D) then of + fg € R(D) for any o, € R and ID (af +Bg) =
alp f+B[pe
ii) (isotonicity) if f < g on D with f,g € R(D) then [, f < [, &;
iii) (triangular inequality) if f € Z(D) then UD f| < _fD [fl1;
iv) (decomposition) if f € R(Dy), R(D,) with D; N Dy = @, then f € K(D; U D) and
.[DIUsz = L)l f+ID2 f

J

With this, the definition of integral is completed. Of course, as for one dimensional integral, we need efficient tools
to check integrability and to compute an integral. The two most important tools are reduction formula and change
of variables formula, which we illustrate in next sections.

4.3. Reduction formula

In this Section we introduce the technique based on the reduction formula that allows to reduce the calculus of
a multiple variables integral to iterated one variable integrals. For pedagogical reasons we present first the case of
double integrals, then we will extend to the general case.

4.3.1. Double Integrals. To understand the idea, let’s consider the problem of computing

J f(x,y) dxdy.
D
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Assuming f continuous and integrable,
| resays Y renyasay,
b (x.y)eD)

Informally, associative and commutative properties lead to

D fyddy=Y > flxy)dy| dx.

(x,y)eD) xeR\y : (x,y)eD

Now,

D, fydys I f(x,y) dy, where Dy :={y : (x,y) € D}.
y:(x.y)eD D

We call D, the x—section of D. Notice that D, is the set of ordinates of points of D with abscissas = x. Thus,
denoting by

F(x) = JD Flxy) dy,

(this is a function of x, y is “integrated” and it does not appear out of the integral), we would have
[ s sty ~ 3w ass [ Fooae=[ ([ s as
D = R R \JD,

Similarly, flipping the role of x and y we have a similar formula with exchanged order of the integrations. Of course,
this is not a proof, but the conclusion is a true fact:

Proposition 4.3.1: reduction formula

Let f € € (D) be absolutely integrable on D. Then

4.3.1) L) f(x,y) dxdy = JR (IDX f(x,y) dy) dx = JR ('Lw f(x,y) dx) dy.

where

e D,:={yeR : (x,y) € D};
e DY :={xeR : (x,y) € D}.
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Notice that D, (DY) may be empty for certain values of x (y). For such x (y), clearly fD f=0 (ny f=0).
Therefore, formula (4.3.1) and be actually written as

j F(x.y) dedy =j ( ) dy) dx =J ( ) dx) dy.
D x : Dx#2 D, y:DY+@ DY

However, for future use we prefer to keep a lighter notation as in (4.3.1).
Reduction formula (RF) says that we can reduce the calculation of a ”double integral” fD f(x,y) dxdy to two
iterated one variable integrals:

e first, one computes integral JD f(x,y) dy: the output is a function F(x) of x;

e second, one computes integrale fR F(x) dx.

ExampLE 4.3.2. Compute

f cos(x +y) dxdy, where D :={(x,y) €eR* : 0<y<x<n}.
D

SoL. — First notice that f(x,y) = cos(x + y) € €(R?), thus | f| € €(D), D is clearly closed and bounded hence
compact. Therefore, f is absolutely integrable on D. To compute the integral we apply the RF. In this case, it is
indifferent which one of the two forms, thus we write

J cos(x +y) dxdy = J (J cos(x +y) dy) dx.
D xeR \JyeDy

[0,x], xe€]0,n],

Notice that

Dy={y : (x,y)eD}=

@, x ¢ [0,7].
Thus
T X
J cos(x +y) dxdy = I (I cos(x +y) dy) dx.
D o \Jo
Now,
x —
[ cos(x +y) dy = [sin(x + y)]i;g =sin(2x) — sinx,
0
thus
n 2 X=T7T l l
J cos(x +y) dxdy = J (sin(2x) — sinx) dx = —COS( *) +cosx = (—— - 1) - (—— + 1) =-2. 0O
D 0 =0 2 2

RF (4.3.1) requires f absolutely integrable. This means to check that

J |f(x, )| dxdy < +oo.
D

To check this, in principle one should compute a double integral. Applying the reduction formula to | f|,

[, iretasas = [ ([ i) as=[ ([ et o

80, in particular if f is integrable

JR (J ) If(x,y)] dy) dx, J;R (J‘Ey Lf (x, )] dx) dy < +co.

It turns out that also the vice versa holds true:
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Proposition 4.3.3

Let f € €(D) on D closed or open. If one of the following iterated integrals

(432) JR (J 1) dy) dx, JR (L) £l dx) dy

is finite, then f is absolutely integrable on D and reduction formula (4.3.1) holds.

Combining the previous Propositions we have an algorithm to check integrability and compute double integrals: fo
compute ID f(x,y) dxdy we have

o first, to check that at least one of the iterated integrals (4.3.2) is finite;
e second, apply RF (4.3.1) to compute the integral.

Notice that, if f > O the first step, if the outcome is finite, automatically gives the value of the second step.

ExampLe 4.3.4. Discuss if f(x,y) := Be v s integrable on D = [0, +00[X[1,2] and, in this case, compute
its integral.

SorL. — Clearly f € € (D) where D = [0, +oo[X[1,2] is closed. Trivially,

:l O

We deduce f is integrable and being f > 0, the previous calculation provides also J[o too[x[1.2] f=3

ExampLE 4.3.5. Discuss if f(x,y) := e~ is integrable on D := {(x,y) € R* : x >0, 0 < y < x*}. In such
case compute the integral of f on D.

SoL. — Clearly f € €(D) and D is closed (defined by large inequalities on continuous functions). Applying
(4.3.2), notice that
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Therefore,
+oo [ px? +00 +00
J‘ J |fldy dx = J f e *dy| dx = J xle ¥ dx = J x*(—e™*) dx
R JD, 0 0 0 0
oo +00 +00
= [—xze_x]x_o +J 2xe ¥ dx = ZJ x(—e ™) dx
B 0 0
+00
=2 [[—xe_x]izgoo +J e ™ dx] =2[-e 557 =2.
0
This says that f is integrable on D and, at same time, fD f=2 O

A particular case of RF (4.3.1) is obtained by taking f = 1. Recalling that fD 1 = 22(D) we obtain

(4.3.3) A2(D) = J (J 1 dy) dx = J A1(Dy) dx = J A1(DY) dy.
r \JD, R R
Formula (4.3.3) is called slicing formula.

ExampLE 4.3.6. Compute the area of a disk of radius r.

SoL. — Let
D = {(x,y) eR? : x*+)? <r2}.

This set D is closed, hence measurable. According to the slicing formula,

(D) = JRAIUM dx.

Let’s determine an x—section. We have

@, |x| > r,

2 2_,2

yeD,, & (x,y) €D, = x’+y’<r’, & Y’ <r’-x%,

[—Vr2 —x2,Vr2 —xz] , x| <.
Therefore

(D) = J\R/II(DX) dx =£ A ([—V 2 —x2,Vr? —xz]) dx =I 2Vr? — x2 dx.

x|<r |x|<r

Setting x = rsinf, 6 € [—%, %], we have

/2 /2
(D) = ZrJ V1 —(sin#)2 rcos 6 db = 2r2J (cos )% db.
-n/2

-n/2
Now f(cos 0)? = Jcos 6(sinf)’ = cosHsinb + J(sin 0)? = % sin(26) + 6 — f(cos #)? hence

O=m/2
= 7Tr2. O

1
(D) = 4r? [Z sin(26) + o

=0

Warning! It might well happen that both iterated integrals of RF make sense but they are different! Of course, in
this case, f cannot be absolutely integrable (otherwise they should coincide).



ExampLE 4.3.7. Let

XY

G (x,y) € D :=[0,1]%

flx,y) =

Then [ ([, £ dv) dx # [, ([ f dx) dv.
SoL. — Notice first that

@, x ¢[0,1],
Di={yeR : (x.y) €[0.1]°} =
[0,1] x€[0,1]
and similarly for DY. Therefore

0, vy ¢[0,1],

JDyf(x,y)dX= Jlgd —Jl 1 x—2y£)1

o (x+y)3 T Jo (x+y)?

Gy dx. ye|[0,1].

Apart for y = 0, both integrals are finite equal to

<x+y>-1r=l .
-1 x=0

(x+y)_2]x_1 N S ( 1 1 ) 1

y —_— = - — y —_—— = —-——
-2 | ¥y y+l (y+1?2 2 (y+1)?
Hence

1 ! 1=l 1 1
Joll,, s as) av= [ () dr=Loe 0= 5 -1=5

Exchanging x with y we obtain the same result except for the sign: jR (ID f(x, y)dy) dx = %
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4.3.2. General Multiple Integrals. The previous mechanism can be extended to functions f of m variables.
Let f = f(xy,...,xn), and imagine we group (xi, ..., X, ) into two blocks, one of k variables and the remaining

of m — k variables, that is

(X1 e s Xm) = (X1 o s Xk Xkt Ls - - - Xm) = (£, 7), X e RF, § e R™7K,
—_— —

X y
With this notation we may write
flxn . xm) = f(R).

‘We have the
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Theorem 4.3.8

Let f € €(D) be absolutely integrable on D closed or open in R”. Then

(43.4) o= ( ) di) ai- | ( PG df) d5.
D Rk \J Dy rm-k \Jp3

Moreover, if one of integrals

Jo (L) senas) i [ ([ @i

is finite, then f is absolutely integrable on D (and the reduction formula (4.3.4) holds). In particular, by
taking f = 1 we have the slicing formula

(4.3.5) An(D) = j Am-r(D3) d¥ = J
Rk

Rm-

(DY) d5.
k

REMARK 4.3.9. Consider a function of three variables f = f(x,y,z) € €(D), D c R? open/closed. In
this common case, the three variables may be grouped is six different ways, this leading to six different possible
applications of reduction formula:

xand (3,2), [, 7= [o ([ 0pep, £ dvde) dx= [ [ dx) dydz,
yand (x,2), [, f=[; (j(x,z)EDy f dXdZ) dy =[5, (JyeD(“) f dy) dxdz,

zand (x,y), ID f= IR (J(y,z)eEX f dydz) dx = .[RZ (jxeD(M) f dx) dydz,

Which choice is the best one depends by the complexity of calculus. O

ExampLE 4.3.10. Compute the volume of a rugby ball D := {(x,y,z) eR3 X, Z—i < 1}, (a,b > 0).

a2

SoL. — Clearly D is closed and bounded in R3, hence measurable. Slicing D along the z-axis,

(D) = fR (D) d-.

Now,

(x,y,2) €D,
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Thus
2 5 2 b 2
A3(E) =J A2 | B0y, a4/l — = dzzj na (1——)dz=I na (1——)dz
l2l<b b? |2l<b b? b b?
3 1b
2 b Zz 2 2 4 5
=ra ([z]_b - [m]_h) =na (2b - §b) =nza b.
Taking a = b = r we obtain the volume of a sphere of radius r, the well known %ﬂr3. O

4.4. Change of variable

Change of variable is an important technique of calculus for integrals. We recall that if we have to compute

J‘ab f(x) dx

for an f € €([a, b]) and supposing that, for convenience we wish to set y = ¢(x), with ¢ € €' a regular bijection
such that ¢! € @' as well (thus x = ¢~'(y)), then

b f(f((:;f(¢’1(y))(¢’1)’(y) dy, it /,
[ =
’ 2 e NG 0 dy, i,

Denoting with ¢([a, b]) the image of [a, b] through ¢, we have, in a unique formula

b
[rwa=] retonie o ay
a ¢([a,b])
Suppose now we have to compute
| e
D

for f = f(¥) : D ¢ R — R and we wish to introduce a new variable y = ®(¥). We have the

Theorem 4.4.1

Let f € €(D), D closed or open domain in R. Suppose that ® : D —s F = ®(D) is a diffeomorphism
on D that is

e @ is a bijection: 3@~ : F — D;

o @, & ! are regular, that is @, ®~! € ' on their domains.
Then

(44.1) j @ az OO f
D

F(@7'(3)|det(@71) ()] dy.
®(D)

ExampLE 4.4.2. Compute

y*arctan(xy)

dxdy, 0<a < 1.
«[1<xy<2, O<ax<y<Z (x2 + y2)2



70

SoL. — The domain is closed in R and f € .

Notice that
y*arctan(xy) (y)4 arctan(xy)
2022 \x 2"
(x +y) X (1+(%)2)

It seems therefore natural to introduce the new variables
y
f =Xy, n= ;’ (f,ﬂ) = q’(X,)’),
where @ :]0, +00[2—]0, +oo[2, ®(x, y) = (xy, )y—c) is clearly €'. We need ®@~!. If (¢,7) €]0, +co[? then

é::xy’ fzﬂxz, X = ,é’
— = \/7 = o= (\/% \/g—n)

77=)y77 y =nx, y:\/é—"
Therefore

4 t 4
y* arctan(xy) drdy =J T arctan | det(®™1Y (¢, )| dédn.

I(a) := J L - S
1<xy<2, O<ax<y<= (xz + y2)2 1<£<2, a<n<t (1+ 772)2

and because

—1\s —
|det(q) ) (é:’ 77)| - |det¢)/(¢)7l(§, 7]))|’

with
y X
®'(x,y) = , = detCD’(x,y)=X+xl2=22=2n.
_x 1 X X X
xz X
we have
1(a) J U ané— déd I(Jz tgdg)f‘l’ 7y
a)= ————arctané — == arctan —_— .
1<€<2, a<17<£ (1 + 772)2 27] 7 2 1 a (1 + 772)2 7
Now
2 2
1 5
Jl arctan & d€ = & arctanf]% - L %@52 dé =2arctan2 — % -3 log 5
while

1

1 3 1
a ]7 a 77 a T] 11
———=dn = dn — — ' _dp=-loga+—-———.
L (1+n2)?2 g L 1472 g L (1+7?)2 1 BT ST a2
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4.4.1. Polar coordinates in R?. A very important change of variable in plane integration is

X = pcosé,
= (x,y) =¥(p,0) = (pcosh,psinh).
y = psiné,

Here we may notice that change of variable is defined in the form (x, y) = ¥(p, #). This means that, referring to
notations of (4.4.1), present ¥ is just ®~!. Thus

cosf —psinf
det(®™") = det ¥’ = det = p(cos® 0 +sin? 0) = p,
sinf pcosf

and (4.4.1) becomes
4.4.2) J f(x,y) dxdy = J‘ f(pcosh, psinb)p dopdb,
E Epol

where E,; is E in polar coordinates.

ExampLE 4.4.3. Compute

J eV dxdy.
R2

SoL. — We have

+00
J‘ e VI dxdy = J‘ e Pp dpdf = J‘ (
R2 o

2 +00
J e Pp dH) dp = 2JTJ pe P dp
0

>0,0€[0,27] 0 0

+00
— =+00 —
= 2n([—pe p]zzo +L e ® dp) =2x. 0O
Next one is a very smart calculation:

ExampLE 4.4.4 (Gaussian integral). We have
%2
J e 7 dx=V2m.
R
More in general: if C is a m X m positive symmetric matrix,

(4.4.3) J e 2C7x gy = \J2m)m det C.

SoL. — Let’s start by the integral

x2+y? x24y? x2 ¥2 x2 2
J e~ 2 dxdy =J (J e 2 dx) dy =J e 7 (J e 7 dx) dy = (J e 7 dx) .
R2 R \JR R R R

On the other hand, by (4.4.2)

X2+y2 +oo
J e” 2 dxdy= j (
R2 0

and by this the conclusion follows.

2 2 +00 2
J e_zpdé?) dp=27rJ e Tpdo=2n
0 0
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To compute (4.4.3) notice first that, being C symmetric, it is diagonalizable: this means that there exists T
invertible such that 7-!CT = diag(o, . .., 0q4). Furthermore, because C is symmetric, T is also orthogonal, that
is 7~! = T* (transposed matrix). Therefore C = TDT ™!, hence

_le-12.z - _1 I-y-12.3 ;> _1 “lrl-y2.% - _Ip-tp-ltg.pr-1y¢ .o
I e 5C xxdxzj e 5(I'DT'™) xxdxzj e ;(ID™'T )xxdx:J e ;DT T X-T X 4z
m m m

m

Now, set ¥ = T~'X, in such a way that ¥ = Ty and
ID-ITIRTR = _1p-15.3 - _1p55 o
J e IPTTIRTR dx:J e 2P VY | det T dy:f e 2PV gy,

Last = is justified because, being T orthogonal, TT* = I, hence 1 = det(TT") = detT det T’ = (detT)? by which
|detT| = 1. Moreover,

therefore

To conclude just notice that
o1---om=detD =det(T~'CT) =detT ' detCdetT =detC. O
4.4.2. Spherical and cylindrical coordinates. The analogous of polar coordinates for functions of three
variables are spherical coordinates:

X = pcosfsinep,
y=psinfsing, (p,0,¢) € [0,+c0[X][0,27] X [0, x].
7= pCcose.

Also in this case the change of variable is defined in the form

(x,¥,2) =¥(p,0,9),
thus, referring to (4.4.1), ¥ = @', Hence,

cosfsing —psinfsing pcosécosgy
det(®~ ') =det| sinfsing pcosfsing psinfcose | = p*sing.
cos ¢ 0 —p sin g

Therefore, (4.4.1) reads as

I f(x,y,2) dxdydz = J f(pcos@sin g, psinbsing, pcos )p? sing de do dp.
E E

spher

Here E;pper is E in spherical coordinates. This type of change of variable is often useful when f has some
spherical symmetry, that is it depends on x? + y? + z2.

ExampLE 4.4.5. Using spherical coordinates, compute the volume of a sphere of radius r.
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SoL. — We have

/l} ({x2 + y2 —+ Z2 < I’Z}) = J‘ dxdydz = J
x2+y2+22<r

p?sing dpdfde

0<p<r, 0<0<2x, 0<p<n

T . r 5 4 5
=2r sin g do p-do|=-nr’. O
0 0 3

When f has not a central symmetry but it is symmetric respect to some of the axes, a further variant of polar
coordinates may be useful. Let first introduce this system of coordinates defined as

X = pcosb,
y=psiné, (p,0,z7) € [0,+00[X[0,271] X R.
=2

Also in this case the change of variables is defined in the form

(x,y,2) =¥(p,0,z), where ¥ ="
Being,

cosf§ —psing O
sinf pcosf O
0 0 1

det?’ = det =p,

according to (4.4.1) we have

J f(x,y,2) dxdydz = J f(pcosB,psind, z)p dodddz.
E E

cil

This change of variables is particularly useful in the case of functions symmetric respect to the z axis (that is
depending on x? + y? that becomes p? in new coords).

EXAMPLE 4.4.6. Compute the volume of the rugby ball E = {(x,y,z) € R? : xz;zyz
cylindrical coordinates.

+ Z—i < 1} by adapting
Proor. Adapting the cylindrical coords (x,y,z) = ¥Y~!(p, 6, z) := (ap cos 8, ap sin @, bz) we have
acosf —apsinf 0

asin@ apcosf O
0 0 b

det(¥~1) = det = ba’p,

therefore

A3(E) = J ba*p dpdfdz = 27ra2bj p dpdz.
p2+72<1, p=0, 6€[0,27], ZeR p2+72<1, p=0
To compute the last integral we may use polar coords for (p, z) = (r cos a, r sina). Then

7 ! 2
J pdpdz:J (rcosa)r drdazj cos & daJ rrdr==.
p2+22<1, p>0 -Z<a<%, O<r<l -z 0 3
Moral: A3(E) = 4T”azb. O
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4.5. Barycenter, center of mass, inertia moments

Through multiple integrals we can define several quantities relevant in Geometry and Physics. To fix ideas
consider a set D c R3. We call barycenter of D the point (X, y, z) defined as

1 1 1
x dx dy dz, _=—J dx dy dz, Zz—J zdx dy dz.
LD) ) T TRy T LD Jp T

In other words, the barycenter is the point whose coords are the mean values of the coords of D. With special
symmetries some of the coords of the barycenter may vanish. For instance, if D is symmetric with respect to the
plane yz, thatis (x, y, z) € D iff (—=x,y,z) € D), then X = 0. Indeed, if ®(x, y, z) = (—x,y, z) we have ®(D) = D
and det @’ = 1, therefore, by change of variables,

X =

J x dxdydz = J x dxdydz = J (=x)| det®’ (x,y, z)| dxdydz = —J x dxdydz
D ®(D) D D

from which it follows that fD x dxdydz = 0.
If D represents a solid body with density of mass o = o(x, y, z), the total mass is, by definition,

(D) = J o(x,y,z) dxdydz.
D

In Physics it is important the center of mass: it is the point where the sum of all the forces acting on D could be
applied to get the same effect. This point has coords (xg, yG, zG)

1 J 1 1
xG = —— | xo(x,y,2) dxdydz, yg = —J yo(x,y,z) dxdydz, zg = —J zo(x,y, z) dxdydz.
u(D) Jp u(D) Jp u(D) Jp

If the body is homogeneous (that is o = 09 € R) the center of mass coincide with the barycenter, as it is easy to
verify.

Another important quantity for Physics is the inertia moment with respect to some axis. For instance, if the
axis is the z one, this is defined by

I, = J ()c2 + yz)g(x, v, z) dxdydz.
D
ExAMPLE 4.5.1. Determine the barycenter of a spherical cap E = {(x,y,z) : x> +y>+2z> <r?, z > h} with
O<h<r.

SoL. — By symmetry, it is evident that x =y = 0. Let’s compute

1
A3(D) Jp

It seems convenient to slice D perpendicularly to the z—axis:

zZ= z dxdydz.

r

15(D) =f

h

r 37%=r
(I dxdy) dh = J n(r? =) dz=nr*(r-h)-n Z—}
x24y2<r2—72 h 3 2=h

=n(r—h) (r2 - %(r2+rh+h2)).
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Similarly

r r r
J zdxdydz = j (J z dxdy) dz = j z (J‘ dxdy) dz = I zn(r2 - zz) dz
D h \JIx2+y?<ri-z2 h x24y2<r2-z2 h

z[zzrzr [Z4]Z:V 2r2—h2 r4_h4 rz_hz ( , r2+h2)
nr - = re—

- — =nr -7 =7

2], 41, 2 4 2 2
(r2 _ h2)2
=r—.
4
By this we get z. In the case 4 = 0 (that is when D is the half-sphere) we have 7 = %r. O

Let D c R3 by a domain obtained by a rotation around one of the axes of a plane set E. To fix ideas, let’s
assume that the rotation be around the z—axis of a domain E in the plane yz. This domain can be identified by
{(0,v,2) : (y,z) € E} c R3. Therefore, D can be represented as

D ={(ycosb,ysinb,z) : (y,z) €E, 6 €[0,2n]} = ®(E x [0, 2n]),

where @ is nothing but the cylindrical coordinates map.

By the formula of change of variables

A3(D) =J

Ex[0,27]

|®’(y,6,2)| dy db dz = f

ydy df dz = 27rJ y dydz,
Ex[0,27] E

that gives the Pappo’s Theorem:
4.5.1) A3(D) =21 A(E)Yy.

ExaMPpLE 4.5.2. Compute the volume of a thorus T, g = {(x,y,z) eRY . (Wx2+y2-R)?+7%< r2} (0 <
r <R).

SoL. — According to Pappo’s formula (4.5.1), we have
A3(Ty r) =272 ({(y R+ < r2) y = 2nlar?y = 4n*r?y.

Here  it’s the ordinate of the barycenter of the disk E := {(y — R)*> + z> < r?}, so

_ 1 I 1
- dydz = _J dydz.
4 /lQ(E) E s 7'(}"2 (y=R)2+z2<r2 yay

Changing to polar coord y — R = pcos 0, z = p sin 6, we have easily

_ 1 2n
y_ﬁr2 0

1

2
—2r—R =R,
nr? d 2

J‘ p(R + pcosB) dp) do =
0
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(as it is natural!). Hence A3(T, g) = 4n%r*R. o

4.6. Green formula

Green formula is a remarkable application of multiple integrals to vector fields. Let F = (FI,F,) : D cC
R? — R? be a two dimensional vector field.

Theorem 4.6.1

Let F = (F),F) : Q@ ¢ R? — R2 be a vector field. Let y = dD where D C Q is open. Then, if y is
counterclockwise oriented,

(4.6.1) 3@ F= J (0yFy — 0, F>) dxdy.
y D

Prookr. For the proof, we assume, for simplicity, that the domain D is the region delimited by two functions,
that is,

D ={(x,y) €R* : x € [a,b], $(x) <y <y(y)}
and ¢(a) = ¥ (a), ¢(b) = ¥ (b). In this case

0D = Graph(¢) U Graph(y).

y=¢(x)

y=0D

Since y = 0Q, we may assume the following parameterization for y:

Y=Yy +7¢9 where yl//(x) = ()C, l//()C)), X € [Cl,b], 7¢(X) = ()C, ¢(X)), X € [b’a]'
With x € [b, a] we mean that x runs from b to a (right to left). With all these premises,

§F = [T FCrp(0) - (1Ly' () dx+ [ Flx,6(x) - (1, ¢/ (x) d
= [} FiCe,w () + Fale, y ()’ (x) dx = [ Fi(x, (x)) + Fa(x, () (x) dx

=- Lf (Fi1(x,¢(x)) = F1(x,¢(x))) dx - f: (F2(x, ¢(x))¢" (x) = F2(x, ¢ (x))y" (x)) dx.
Now, by the fundamental theorem of integral calculus,

o(x)
muwu»—ﬂuwunzj () dy

(x
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A bit more complicate the remaining term. First notice that, according to the fundamental theorem of integral
calculus,
#(x) #(x)
Ox . F(x,y) dy = Fa(x, (x))¢" (x) = Fa(x, ¢ (x))¢’ (x) + L( : OxFy(x,y) dy
X X

thus,

[ (Falr, 600D (x) = Falr, y ()’ (1)) e = [ (0x [s) Falry) dy) e = [7 ([0 0. Fax,y) dy)

a

X =b x
= “j((x; Fr(x,y) dy]; - L]: (Jj((x)) 0xF>(x,y) dy) dx

a

=- jj (ff((;:)) 0 F>(x,y) dy) dx

being ¢(a) = ¢y (a), ¢(b) = ¥ (b). In conclusion,
#(x)
J Ay Fi(x,y) + 0xFa(x,y) dy) dx = J (0yF\ — 0xF>) dxdy,
D

R b
oL
Y a ¥(x)

which is the conclusion. O

In particular, we have the

Corollary 4.6.2

Let F be an irrotational field on Q and suppose that for every y C Q circuit, it holds y = dD where D C Q
open. Then F is conservative.

Proor. Lety c Q be aclosed path. According to hypotheses, y = dD for some open D C Q. But then,
3€ F= J (8yFi — 8, F>) dxdy = 0.
y D

The conclusion follows now from Theorem 3.3. O

Green formula has some other curious consequence:

Corollary 4.6.3: Area formula

Let D be an open and bounded domain with dD = v, where ¥ = (x,y) is a counterclockwise oriented
circuit. Then

A2(D) =3€

ydxz—ﬂg x dy.
Y Y

ProoF. Let F = (¥,0). Then 0y F1 — 0xF> = 1, thus

3€7(y,0) = L) 1 dxdy = 2;(D).
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ExampLE 4.6.4. Compute the area of a disk of radius r.
SoL. — Let y(t) = r(cost,sint), t € [0,2r]. Then
2

2
(D) = J rsint d(rcost) = —rZJ (sint)? dt.
0 0

Integrating by parts

2r 2 2n
—J‘ (sinf)* dt = [sinzcos 1]'=2" — J (cost)? dt =2m — J (sint)? dt,
0 0 0

from which — foh(sin 1)? dt = —n. Therefore A,(D) = nir’> as well known. O

4.7. Exercises

Exercise 4.7.1. Compute

. . 1

1. xe¥ dxdy. 2. Y dxdy. 3. J dxdy.
Jogy<l, 0<x<1-y? Jogsy<1-x2 2+y |y|<1-x2 I+y

4, s dxdy 5. Y dxdy. 6. J e gy,
Jio,11x[2.4] (x =) Jicx<2, Ly<x ¥ [0,1]2
[ 4 (" x2e—x2

7. e ™™ dxdy 8. xX+/y2 = x% dxdy. 9. J ——— dxdy.

2

J[0,+00[ X[ 1,+00[ Josx<y<l lxyl<1 1+ (xy)

ExErcisg 4.7.2. Compute

2y2\Jx2 + zy dxdydz.

Exercise4.7.3. Let D := {(x,y) e R?: x >0, y > 0, x> +y? < r?}. Draw D and describe it in polar coords.
Determine its barycenter and compute the integral

xX+y
—— dxdy.
JDXZ"‘}’Z Y

1. J y3zge_xy223 dxdydz. 2. J‘
[1,+oo[3

x>0, y>0, x+y+z<1

xyz dxdydz. 3. J
0

<x,y<l, 0<z<x?

ExERcisE 4.7.4 (polar, spherical, cylindrical coords). Compute the volume of
1. {(x,y,z) (91 —x2+y2)2 +472 < 1} . 2. {(x,y,z) cxr ey’ (x - §)2+y2 < ’4—2} .

3. {(x,y,z)eR3 : X—§+Z—2+é < 1}, (a,b,c >0). 4. {(x,y,z) X2+ <L P2 < Y2 42K 1}.

a C

5. {(x,y,z)ER3 :x2+y2<4, 4x2+4y2+22<64}. 6. {(x,y,z)E]R3 : x2+y2+zz< 16, x2+y2>4}

7. {(x,y,z)eR3 D22 X242 Pyt < 1}. 8. {(x,y,2) e R : z>x?+)% z< 18 -x* —y?}.



Exercise 4.7.5. Compute

i 1
1. A4 —x2—y2dxd Z.J ——— dxdy.
JIx24+y2<4 Y Y x2y2<l 1+ x2+y? Y
X2+ y? dxdydz.

" (2 2
3. e ) dxdy. 4.J
x2+y2<16, —5<z<4

JR2

JR3
ExERcisg 4.7.6. By using the suggested change of variables, compute

r

1. | xydxdy, D={(x,y) €eR* : 1<xy<3, x<y<3x}, (u=xy, vzz).
D X

r

2. | y*dxdy, D={(x,y) €eR? : 1 <xy<2 1<xy?<2}.(u=xy, v=xy).
D

UD
Exercise 4.7.7. Leta > 1 and
L,

1
Dazz{(x,y)eR2 P —<y< -, x°<y axz}.
ax X

N

Draw D,. Then, using the change of variables u = xy, v = % compute
2
I(a) :=J —e™ dxdy.
E, Y
ExErcise 4.7.8. Let

flx,y) =

3/2 32 )
e () eD = {(x,y) €R? : 0<x <y}

N
Use the change of variables (u, v) := (xy,x/y) to compute fD f.

ExEeRrcise 4.7.9. Let

flx,y) = %, (x,y) € D :={(x,y) € [0,+c0[*: xy > 1}.

Use the change of variables (u, v) := (xy, y;) to compute fD f-

" x
5.0 X2+ y2 4 22e= D) grdyds., 6.[ dxdydsz.
Y ¢ iz [0,+c0[3 1+ (xz + 2y2 + 3Z2)2 iz

3. Jx2—y2dxdy, D={(x,y) €R? : 1 <x?—y* <2, x<y<2x}. (u=x>—-y> v

Y

).
X
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CHAPTER 5

Surface integrals

Consider a surface .# embedded into Euclidean space R>. Intuitively, a surface is a two dimensional object in
space, like a curved sheet of paper. It seems natural that as such, .Z will have measure zero in R3, that is A3(M).
This because A3 is a volume, and a surface should have positive area while its volume is zero. The problem we
tackle here is how to define a proper concept of area. Of course, we cannot use A, (.#) because A, applies to sets
contained in R?. Furthermore, we may expect that curvature of J# matters.

The concept of area of a surface embedded in R? is just, as we will see, a particular case of the concept of
surface integral, an operation we will introduce in this Chapter. Through this, many important entities used in
Physics and Engineering, as fluxes of a vector fields through a surface, can be rigorously defined and computed.
This shows, once more, how much important is Integration in applications of Mathematics.

5.1. Parametric Surfaces

In this section we will give a definition to the concept of area of a surface embedded into an Euclidean space
R3. The first step is to give a precise definition of what is a surface. Normally, there are two ways to define a
surface in the space:
o through a Cartesian equation;
o through a parametrization.

The first method is perhaps the most simple and general. Let us see some examples:

ExaMPLE 5.1.1. The following are surfaces embedded in R3:
e aplane ax + by + cz =r where a,b,c,r € R, and (a, b, c) # 6;
e a spherical surface, as for example

Pyt =r

e a paraboloid,
Z=ax2+by2, a,b > 0.
e acone,

2= axz, byz, a,b>0.

If a Cartesian equation is a natural way to describe an embedded surface, also parametrizations a pretty natural.
Everybody, even a kid, knows a remarkable example of this: our planet. Indeed, nobody uses Cartesian coordinates
to identify points on the surface of the planet. Rather, we use latitude and longitude, which are, in fact, spherical
coordinates:

ExaMpLE 5.1.2. Let S, := {(x,y,2) € R® : x?+y%+z% = r?} be the spherical surface of radius » > 0. Points
(x,y,z) € S, can be also described through

(x,y,z) = (rcos@sin g, rsin@sin ¢, r cos ¢),

81
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where (6, ¢) € [0,2nr] X [0, ]. Referring 8 = 0 to the Greenwich meridian, ¢ is the so-called colatitude, that is
latitude = 6 — 5. O

We formalize now the idea presented in the previous example. We had a set .4 c R? such that
M = ®(D), where ® = ®(u,v) : D c R? — R>.

We may expect that some technical condition is needed to ensure .# be a true surface, that is a two dimensional
object. Indeed, if, for example, @ is a constant function, say ®(u,v) = (0,0, 0) for all (u,v) € D = R3, clearly

@(D) = {0}

is not a surface. So, what is the right condition to ask on ® in order .# = ®(D) be a true surface?
The idea is suggested from the example of coordinates on Earth. Let us consider the standard spherical
parametrization

D(0, @) := (rcosfsing,rsindsin g, rcosp) .
We may notice, if we fix the longitude 6 = 6y, the line
@ +— ©(6o, ¢),
is a meridian while, for a fixed co-latitude ¢ = ¢, the line
6 — (6, ¢o),

is a parallel. Latitude and longitude are good coordinates on the planet because locally, around to a point (g, ),
they works are cartesian coordinates x, y on the plane xy. In other words, the longitude axis ¢ = ¢g and latitude axis
0 = 8y are perpendicular. How this geometrical intuition might be expressed known that lines ¢ = ¢ and 8 = 6,
are circles on S, ? Taking the parallel ¢ = ¢y, that is the curve 8 — D (0, ¢p), its tangent vector at theta = 0y is

99 (6o, ¥o).
Similarly, the tangent vector to the meridian 6 = 6y at ¢ = ¢ is
0, P (60, ¢0)-
These two vectors are perpendicular. Indeed:
0o ®@(0, ) = (—rsinfsing, rcos@sing,0), 0,(P(0, ) = (rcosbcos g, rsinbcos ¢, —rsin p),
thus
0@ - 0,P = —r2(sin @ sin @) (cos 6 cos ¢) + r*(cos @ sin @) (sin 6 cos ¢) = 0.

This condition might be used in general as condition ® = ®(u, v) must obey in order .4 = ®(D) be a surface. In
this way, u, v would act as “orthogonal coordinates” on .#. Written in this form, this condition is too restrictive.
We actually just need that u and v axes be linearly independent. This is why we introduce the

Definition 5.1.3

Let ® =®(u,v): D C RZ — R3. We say that @ is an immersion if
0,D(u,v), 8,®(u,v) are linearly independent V(u, v) € D.
The set 4 := ®(D) is called parametric surface described by ® and @ is called parametrization of ./ .
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ReMARK 5.1.4. Linear independence of 9, ®, d,® may be equivalently expressed in the following way:

0,®
rank =2. O
0,

Let us review some of the above examples.
ExAMPLE 5.1.5. A cartesian plane ax + by + cz = r, with (a, b, c) # 0, is a parametric surface.
SoL. — Assume, for example ¢ # 0. Then
ax+by+cz=r, & z=%(r—ax—by).
Define
D =D(x,y) := x,y,%(r—ax—by) , (x,y) e D =R

Then @ is a parametrization of # := {(x,y,z) : ax+by+cz =r}. Indeed:

0x D 10 -2
rank = rank =2,
dy® 01 -%
clearly. Thus @ is an immersion and by construction .# = ®(D). O

EXAMPLE 5.1.6. Let M = {(x,v,2) : z=ax*+by?*}, a,b > 0 fixed. Then M is a parametric surface.

SoL. — Indeed, define
@ = d(x,y) = (x,y,ax> + by?), (x,y) e R* = D.

Then
0, D 1 0 2ax
rank = rank =2,
0,® 0 1 2by
clearly. Thus ® is an immersion and by construction ./#Z = ®(D). O

Previous examples suggests a general fact:

Proposition 5.1.7

Graphs of regular functions are parametric surfaces. Precisely, if f = f(x,y) : D ¢ R> — R then

M= {(x,3,2) €R® : 2= f(x, 0},
is a parametric surface with standard parametrization ®(x, y) := (x, y, f(x,)).

Proor. It is sufficient to notice that

0D 1 0 O.f
rank = rank =2. 0O
0y ® 0 1 oyf
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5.2. Area of a parametric surface

Now we are acquainted with the definition of parametric surface, let us see how to use this to define a proper
concept of area for M = ®(D), where ® is an immersion on D.

AR . jpg

A natural idea consists in dividing D in small rectangles [u;, uir1] X [v;, vj4+1]. It seems then reasonable that

Area( ) = ZArea (D([ui, uis] X [vj,vje1])) -
i,
Now, if u; ~ uje1 and v; ~ v, we could say that @ ([u;, u;r1] X [v;,v4+1]) is almost a parallelogram of sides
D(u;j,vjer) — O(u;,vy) and @ (Ui, vy) — @(ui, vj).

Surt3|.Suift4apdéparall .pdf

Then,
D(uip1,vj) — P(ui,vy) = 0, @i, vy) (uier —ui), ©(ui,vie) — O(ui,vy) = 0,0 (ui,vi)(vis —vj),
S0
Area (@([u;, uir1] X [vj,vje1])) = Area ([0, P (ui, vj) @ (ui, vi)]) (i1 — ur) (vjsr = v;),

where we settled [a Z] the parallelogram of sides @ and b. Notice incidentally that Area|d, B] # 0 iff @ and b are
linearly independent, which is true here because @ is supposed to be an immersion. Elementary geometry gives
the formula

Area[d, b] = [|d@]|||b|l sin 6,

where 0 is the angle formed by @ and b. By recalling the vector product,

i J ok
Areald, b] = ||d||||b]| sin@ = ||d@ x b||, wheredx b =det| a; az a3
by by b3

Returning to the initial problem
Area (O([u, uin1] X [vj,vjn])) = 18P (ui, vi) X 8, (uz, vi) | (ivs = wi) (Vi = vj)

hence

Area(M) ~ Z 10, D@ (1, vi) X By ®(ui, vi)ll (g1 — ui) (Vi —vj) = J 10, @(u, v) X 8,®(u,v)|| dudv.
i, D

This informal argument justifies the

Definition 5.2.1

Let # = ©(D) be a parametric surface. We call area of .# the quantity

(5.2.1) o (M) = J [|0,@(u,v) X 0,®(u, v)|| dudv = J |0, D@ %X 0,P||.
D D
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ExAMPLE 5.2.2. Compute the area of a spherical surface of radius r, S? := {(x,y,z) € R® : x> +y>+7% = r?}.
SoL. — Recalling the natural parametrization of the spherical surface,
(0, ¢) :=r (cosfsin g, sinOsin g, cos @), (6, ¢) € [0,27] x [0, 7],
we have
0@ = r(—sinfsin g, cos Gsin,0), d,P = r(cosfcos ¢,sinb cos ¢, —sin g).
Shortening § = sin @, C = cosd, s = sin g, ¢ = cos ¢,
i ik
0gP X0, ® =det| —rSs rCs 0 = rz(—Csz, —Ss?, —S%sc - Czsc) = —rz(Csz, Ss2, sc),
rCc rSc -rs

thus

[[0g® x 3,P|| = r2NC2s4 + §25% + 52¢2 = rAs2(s2 + ¢2) = r*Vs? = r2|s| = r*| sing|.
Therefore

o = [

0<0<2n, O<ep<n

Ve
2| sin ¢| d0dy = 2nr? J sing dp =4nr*. O
0

Apparently, formula (5.2.1) depends on the parametrization ®. Were this be the case, this would be disturbing.
Fortunately, it may be proved that, under natural assumptions, o (.# ) does not depend on a specific parametrization.
We will deduce as a particular case of invariance of a surface integral.

5.3. Surface Integral

We may see at the area of a parametric surface as
O'z(.ﬂ) = J‘ 1 dO’z,
M

where

] dos = (|8, @ (u, v) X 0y ®(u, v)|| dudv,

is called area element. This leads to a natural extension:

Definition 5.3.1

Let f : /4 — R be continuous on .4 = ®(D) parametric surface. We set

(5.3.1) L% fdop = JD f(®(u,v))||0,D(u,v) X 8,D(u,v)|| dudv = JD f(D)||0,D x 9,

provided integral exists and it is finite.

Apparently, the surface integral J y J do depends on the specific parametrization ®. In particular, if f = 1, area
of a parametric surface depends on the parametrization. Of course, this is not the case if we can pass from one
parametrization to another one regularly:
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Proposition 5.3.2

Let /4 = ®(D) = ¥(D), with ®, ¥ € €' immersions such that ®~' o ¥ be a diffeomorphism (that is, it is
differentiable with its inverse). Then

(5.32) L F (@ )10, v) X 3y®(u, )| dudy = L} FOPE)IOB(En) x 0, (& )| dédn

Proor. Call x = (u,v) and y = (£,7) and set I" := ®~! o ¥ be the change of parametrization.

‘ﬁfﬁw fwdf pdf

Then, by chain rule,

Y(y) = @@ (¥(y) =@((y), = ¥ (y) =& TO)HI (),
that is
[0:¥ 0,¥] = [0,P(T) 3,®(I")]T".
Therefore

10:% x 8,¥| = Area[d:¥ 8,¥] = Area ([8,®(T") 8,®(I")]I") = Area ([8,D(I") 8,®(I)]) | det I’ (y)]

= [0, @(I") X 8, ®(I)|[| det I""].

To finish, by the change of variables
fﬁ JEOIN0: ()Y x 8, ¥ ()|l dy = LS F@TNNG.P(T () X 8, @ (T ()l det T (y)| dy

L) JD £ (@ () 0,0(x) X 3,®(0)]| dx. O

Similarly to the case of multidimensional integral, the barycentre of a surface ./ is the point

If o(x, y, z) is a mass density on ./, the total mass of ./ is

() = Jﬂ 0 do.

If the distribution is homogeneous, that is if o = g, then u(#) = poo> (). The center of mass of .Z is the

point
o[, i ], rean [, i)
— xodoy, | yodoa, | zodoa].
u( M) ( o a Vi

For homogeneous bodies the center of mass is the barycenter.
An important particular case is the following:
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Proposition 5.3.3

Let ¢ = ¢(x,y) : D ¢ R* — R be a function of class €' and let

Moo= {(x,y,¢(x,y)) : (x,y) € D}.
Then

(53.3) L% o= L G386 )AL+ [V, )| dxdy.

In particular, we have the area of a graph formula,

534 M) = 1 Vol|? dxdy.
(53.4) o2 (M) L\/ + Vol drdy

ProOF. Just compute the area element: here ® : D — R3 is given by ®(x, y) = (x,y, ¢(x,y)). Then

i j ok
0,P =(1,0,0x¢), 0,0 =(0,1,0yp), = 0 Px0oyP=det| 1 0 0y |=(-0cp,—0yp,1),

0 1 oy

o)

10:@ x 3,@] = [(3:0)% + (3,9 + 1 = 1 4 [Vg|2. O
ExAMPLE 5.3.4. Compute, by using area of graph formula, the area of spherical surface S2.
SoL. — We can see the spherical surface S? as twice the area of an half sphere. This last is a graph: for instance
in the half plane z > 0, z = /r2 — (x2 + y2) =: ¢(x, y). Then
& =2] 1+ ITew P dvdy.
x24y2<r?
Being Vo = —\/% we have

($2(r)) 2J PR L 2J 1+ =2 dpdo
fox r = X =
: x2+y2<r? r - (x2 + yz) Y 0<p<r, 0<6<2n r?— pzp &

r p=r
P 2
=47rrJ ———=dp =4nr [—\/rZ—pz] =4nre. O
0 r2-p? p=0
ExampLE 5.3.5. Compute the barycenter of an half sphere.

SoL. — The half sphere is the graph of 8 : D = {(x,y) € R? : x> +y> <r?} — R, ¢(x,y) = Vr2 — (x2 +y2).
By simmetry it is evident that J X dor = f Y doa = 0. It remains

dxdy = nr®.
2

’
J zdagzj z—dxdyzrj
i x24+y2<r2 r2 — (x2 + y2) x2+y2<r

Being o () = 27r* we obtain the barycenter as the point ﬁ (0,0,7r3) = (0,0, 5). m]
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5.3.1. Guldino’s formula. This is an analogous for surfaces of the thm of Pappo. Let’s consider a rotation
surface ./ obtained by a rotation of a curve respect to one of the axes. To fix ideas let y = (y(1), z(¢)) € €'([a, b])
be in the plan yz with y(¢) > 0.

SurfGl.pdf SurfG2. jpg

We may describe the rotation around the z axis as
M ={(y(t)cos 0, y(1)sin®,z(1)) : 1 € [a,b], 6 € [0,27]} = ®([a, b] X [0,27]),
where of course ®(¢,60) = (y(t) cos 6, y(t) sin 0, z(t)). Let’s prove the

Theorem 5.3.6: Guldino

Let y(1) = (y(1),z(1)) € €' ([a, b]) with ||y’|| # 0 and let
M= {(y(t)cosO,y(t)sinb,z(t)) : t € [a,b], 6 € [0,27]},

be the rotation surface of y around the z axis. Then
b

(53.5) @cﬂ>:%ﬂ[yam¢0mdn

a

Proor. Notice that # = ®([a, b] X [0,2n]) where ®(z,0) = (y(t) cos 0, y(t) sin b, z(t)), hence
0;® = (y' cos 0,y sin6,7"), 0g® = (—ysinb, ycos¥,0),
hence the area element is
i j k
det| y'cos® y'sinf <z ||| =|(yz cosd,yz sin6,yy’ (cos> 6 +sin’6))]|
—ysind ycosf O

10: @ x 0P|

. >0
\/yZZ’z(COS2 6 +sin’ 6) + y2y"2 = \/yz(y’2 +22) =Y.
Finally

b
ywmmw=hfymmm.m

a

o2 (M) :J

tela,b], 6€[0,2n]

ExampLE 5.3.7. Compute the area of a torus T, of radius 0 < r < R.

SoL. — The torus may be seen as the rotation of a circumference of radius r at distance R by the z axis. Taking the
section in the plane yz with y > 0,
y @ (y(1),z(t)) = (R +rcost,rsint), t € [0,2x].

By Guldino’s formula
2n

o02(Tr,y) =27 (R+rcost)|y’|l dt.
0
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Now, v’ = (—rsint,rcost) hence clearly ||y’|| = r. Therefore

2
o2 (Tr,) = 27TI (R+rcost)r dt =4n’rR. O
0

5.4. Flux of a vector field

One of the main applications of surface integrals is to give a correct definition of flux of a vector field through
a surface. Let Ml = ®(D) be a parametric surface and let F : Q ¢ R3 — R3 be a vector field defined on Q > /.
Our aim is to define

(5.4.1) J‘ F -7 do», where 7(X) = unit normal to ./ at point X.
M

Of course, the main problem is how to define the normalii(X). Assume that X = ®(u, v). Then, vectors 9, D(u, v)
and 0, ®(u, v) are tangent to /.

SurfA3.pdf

It is therefore natural to pose

0,P(u,v) X 0,0(u,v)
10.®(u, v) x 8, ®(u, v)||’

Notice that also —7 is unitary and orthogonal to .. To obtain this as normal it is sufficient to change the order of
the two parameters. Indeed, by setting ¥(u, v) := ®(v, u), then

oY =00, ,b¥Y=0,0, = 9,¥*x0,¥=0,0x%x9,P=-0,0x09,P,

(5.4.2) ne(u,v) :=

o)

ny = —ig.
This remark shows that there could be an ambiguity in the notation (5.4.1): indeed the surface integral doesn’t
depend by the specific parametrization, but the vector 7 depends clearly by this in such a way that we could have

different parametrization of the same .# and fluxes with opposite signs. This doesn’t seems a dramatic problem
but some care is needed when we define the flux:

Definition 5.4.1

Let F : Q ¢ R} — R3 be a continuous vector field on Q > ./ = @ (D) parametric surface. We call flux
of F through .Z

(5.4.3) (FY.q = J F i do.
M

Notice that
0,® x 0, D

FYu=| F(@®) —2—"2""1|0,®x8,®| dudv =| F(®)-(6,® x d,®) dudv.
(Fra JD ()||3u<1>><r9vd>ll||(9 X Oyl dudy JD (®) - (P x 8, ) dudv

It is easy to check that

(5.4.4) (Fyy= L) det [ﬁ(cp(u, V) u®(u, v) 8, (u, v)] dudv.
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ExampLE 5.4.2. Compute the flux ofﬁ = (x,y, 2) through the paraboloid 7 = x> + y* included between 7 = 1
and 7 =2.

SoL. —Ona / = ®(D) ot ®(u,v) = (u,v,u® +v*) et (u,v) € D = {1 <u®>+v?> <2}. Parla (5.4.4)

u 1 0 ]
(ﬁ)ﬂ = J det v 0 1 | dudv= J (—2142 -2 — (u* + v2)) dudv
1<u?+v2<2 wZ+v: 2u 2y | 1<u?+v2<2
c2n [ V2 ot p=V2 9
=—3J (u* +v?) dudv = -3 J p?-pdp d6’=—67r[—] =—-nm. O
1<u2+12<2 Jo \hi S P 2

A special but important case is when . is described as graph of a regular function, that is

M= {(x,y,¢(x,y)) : (x,y) € D CR*}.
In this case a natural parametrization is ®(x,y) := (x,y, ¢(x,y)) and

(1,0,9x¢) x (0,1, 0y¢)

n= s
1(1,0,0x¢) x (0, 1,0y )l
and being
i j ok
(]’O’ 6X‘10) X (0’ lvaygo) =det| 1 0 (9x<P = (_ax(p’ _ayQO’ 1)
0 1 dy¢
we obtain
7= (—3x90» _ay‘;p’ 1)
1+[|Vel?
The (5.4.4) take the form
(545) (Fra=[ Fo(-0u0-0,0.1) drdy.
D

where, of course, F = I?(x, v, o(x,y)).
An important case of flux is the following. Suppose that the parametric surface . is the boundary of an open
domain €, that is

M = 0Q.
At any point X € # = dQ we may expect that 7(X) can point only in two directions: either inward or outward.

Formalizing this intuitive idea is not easy, but, yet, this concept is quite natural. For example, it is possible to prove
that

Proposition 5.4.3

Let Q:={(x,y,2) € R? : g(x,y,z) < 0} with g € €' such that Vg # 0 on dQ = {g = 0}. Then

Ve(x,y,z)

, Y(x,y,z) € 0Q.
VeCoy. ol

fie(x,y,2) =
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Proor. To show that Vg is pointing outward, consider the straight line passing through point ¥ with direction
Vg(X), that is
X+1tVg(X).
We claim that for ¢ > 0 small, X + tVg(X) ¢ Q, thus this line leaves Q at least for a while.

norﬁ\ext .pdf

¢(1) == g(X +1Vg(X)).
Clearly ¢(0) = g(X) = 0 because X € IQ. Now,
¢'(1) = V(X +1Vg(X)) - Vg(X, = ¢'(0) = Vg(¥) - Vg(¥) = [[Vg(X)|*> > 0.

Therefore, for some 6 > 0, we have ¢’ > 0 on [0,d], thus ¢ " on [0,§] and since ¢(0) = O this means
(1) = g (X +1Vg(X)) > 0. Thus, in particular, X + tVg(¥) ¢ Q for 7 € [0, §] as claimed. m|

To show this, let

ExaMmpLE 5.4.4. Inthe case of the ball Q = {(x,v,2) € R® : x?+y>+22 <r?}, g(x,v,2) = x> +y> + 22 =12,

hence Vg = (2x,2y,2z) = 0iff (x,y,z) = 03 ¢ AQ. Therefore

7 (x y 7) = Vg _ Z(X,y,Z) _ (X,y,z)
e » ) - —_ = .
(IVell \/4)(2 +4.y2+412 \/x2+y2+z2
It is easy to check directly that 7, is outward. O

5.5. Divergence theorem

Divergence theorem allows to transform the computation of an outward flux (which is, in general, not an easy
task) into a volume integral (in general much easier).

Theorem 5.5.1: Gauss

Let Q ¢ R3 be an open and bounded set equipped with outward normal. Let F= (f, 8, h): QUIQ — R?
be a @' vector field on Q and continuous on Q. Then

(5.5.1) J F i, doy = J divF.
o0Q Q

where div F = f+0y8 +0;his called divergence of F.

Proor. The proof in the general case of  is hard and technical. We will do on a very simple case that however
will show the basic idea. Let’s consider Q be a parallelepiped Q =]ay, b1[X]az, b2[X]as, b3[ and let’s call ',
Ay and A5 the opposite sides.

fluxl. jpg

Then

<ﬁ>BQ=J ﬁ'ﬁeda2+f ﬁ'ﬁedUZ+J
M -

1 ‘1 ‘%2

F'ﬁed0'2+J
+ M.
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Let’s take the outward flux by .#; that can be described as

AP ={(b1,y,z) : y€laybs], z € las,b3]}, My ={(ai,y.z) : y € a2, bs], z € [a3, b3]}
It is clear that i, = (1,0, 0) on .Z; while i, = (~1,0,0) on .Z . Therefore

J ﬁ-ﬁedUQ+J
i

M

F'ﬁe d0'2
I

r

r

(f,g,h) -(1,0,0) dydz+J‘ (f,g,h) -(-1,0,0) dydz
(y,z)€laz,ba]x[a3,bs3] (y,2)€laz,ba]x[a3,b3]
Fbry.z) dydz - f(ar,y.2) dydz
J(y,z)€laz,ba]x[asz,b3] (y,z)€laz,b2]x[asz,b3]

(f(b1,y,2) — f(a1,y,2)) dydz.
(y,z)€laz,br]x[a3,b3]

Now, by the fundamental formula of integral calculus

hence

b
f(bl,y,Z) _f(alvy7Z) =I

- - b
J F-ﬁed0'2+J F‘ﬁedOZZJ (
Wia AT (y.z)€laz,ba]x[as3,bs3]
Similarly

%ﬂL%@ﬂ)@&zjaJ.
ai Q

J ﬁ'ﬁed02+J

A5

I_*:-r_iedtrzzjﬁyg, J ﬁ-ﬁgd02+J ﬁ-ﬁedozzj
My Q M My
Summing up these formulas we obtain finally

Q

O f(x,y,2) dx,

ai

. h.

J ﬁ.ﬁedo—zj ((9xf+0yg+6zh)=f divF. O
0Q Q Q

2 2_
ExampLE 5.5.2. Compute the outward flux by D = {(x, y,2) €R3 : % +2z< 1} of the vector field
F(x,y,2) = (x,,2).

SorL. — By divergence thm

J F i, doy = I divF dxdydz = I (1+1+27) dxdydz = 2[ dxdydz + 2[ z dxdydz.
oQ Q Q Q D

The second integral vanishes being Q invariant by symmetry (x,y, z) — (x,y,—z) while the integrand is odd.
The first integral is instead the volume of Q: by using adapted cylindrical coordinates,

X = pcosb, X = pcosb,
5 =psing, y = 2psiné,
=12,

=2
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we have

Qp.o.) = {(p,G,z) eR, X [0,27] xR : p +22 <1, & p<4Q —zz)}.

Notice that this last condition forces z € [—1, 1] whence

1 2n
J dxdydz = J 2p dpdOdz = ZJ dz (J de (
D Dp.o.z) -1 0

1
4 2
=27TJ 16(1—2z2+z4)dz=2n(32—%+%).
-1

4(1-22) 1
J o dp =2n[ 16(1 - 7%)* dz
-1

0

EXAMPLE 5.53. Let Q = {(x,y,2) € R? : x> +y? < z < 1++/1 = (x2+y2)}. Compute the outward flux
by Q of the vector field F(x,y,z) := (x,y, x>+ y?), computing also all the part of the flux relative to the several
portions of 0Q.

SoL. — Q is the region included between the paraboloid z = x> + y* and the ball centered at (0, 0, 1) with radius 2.

ITIcompl.pdf

By divergence thm
(F)oa = J F i, do = J divF dxdydz = J (1+1+0) drdydz = 2m3(Q).
aQ Q Q
Let’s compute m3 (). In cylindrical coordinates

m3(Q) = J;} dxdydz = J‘Q p dpdfdz,

cil

where
Qi1 = {(p,@,z) € [0, +00[x[0,27] xR : p> <z < 1+4/1 —pz}.

Of course one need that 1 — p? > 0, thatis 0 < p < I and also p?> < 1 ++/1 — p2, always true being p < 1.
Therefore

m3(Q) = L p dpdédz 2 Izn (Ll (J e P dz) dp) de

<p<l, 0<0<2x, p2<z<1+\1-p? 0 02
1 271 1 41l
/ 1
=27TJ‘ P 1+ 1—p2—p2 dp:2ﬂ' p_ __(1_p2)3/2 _ ,0_
0 2 3 0 41,

+
0
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Let’s compute now the component of the flux outgoing by the paraboloid. This is described by the equation
z = x> + y? and the part interior to Q is z > x> + y2, that is g(x, y, z) := x> + y> — z < 0. Therefore,

. Vg _ (2-x ) 2)’ s 1)

fle = = .
< vgll VI +4(x2+y3?)

Hence, calling & the paraboloid, we have

. 2x,2y, -1 24+y?
J F i, do‘zzj (x,y,x2+y2)-wdozzj Ldo’;
P P V1+4(x2+y?) P A1 +4(x% +y?)

Now, & is the graph of (x,y) — x> + y* on the domain D = x? + y> < 1: therefore

2,2 2,2
L doy = Yy N +4(x2 +y?) dxdy =J (x2+y2) dxdy
2 A1 +4(x% +y?) D A1 +4(x2+y?) D

1 2r
=J (J p3 d@) dp:z.
o \Jo 2

The remaining component of the flux (that one relative to the half sphere) can be now deduce by difference by the
total outward flux. m]

5.5.1. Gauss theorem on central fields. A beautiful application of the divergence theorem is the beautiful
Gauss theorem on outward flux of a central field. This result is very important for gravitation and electric forces.

Theorem 5.5.4: Gauss

Let ( )
= X, ¥, 2
F(x9y9 Z) = Fo%a (x3 y’Z) € RS\{03}‘
lI(x, v, 2)l
Then, for any open set Q C R?,
0, if 03 € Q°\0Q,

(Faq =
4nFy, if03 € Q.

Proor. Assume first that 03 € Q°\dQ. Then Fe®! (Q) N € (0R). By divergence thm
(Faq = J

F i, doy = J divF dxdydsz.
OQ Q

Now: the key point is that divF = 0. Indeed,

Lo X y Z
divk = Fo (6X (x2 +y2 +72)3/2 +y (x2 +y2 4+ 72)3/2 + 0z (x2+y2 + Z2)3/2)

3 (242 +722) =322 (P +y?+22) =3y (P +y?+75) -3 -0
- (x2 + y2 +72)3/2 (x2 + y2 +72)3/2 (2 +y2+22)52 |

Therefore we deduce (ﬁ Yoo = 0.
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Let’s pass to the other case: 03 € Q. In this case we cannot say that Fe®' (L2) because Q contains 03 which is
the singularity of F', so we cannot apply the divergence thm on Q. However we can take out a suitably small ball
B(03, p] C Q (it exists because Q is open and 03 € Q) and define

Q = Q\B(0, p].

Gauss. jpg

It is clear that Q is open and Q= 9QU 0B(0, p] and now Fe@! (ﬁ) N %(6?2). By the divergence thm then
0:J~divﬁzj~ﬁ~ﬁedcrzzj ﬁ%ed(rz—J F i, do.
Q o0Q oQ 0B(0,p]

The agreement here is that in the second integral 7, stand for the outward normal unit vector by B(0, p] (therefore
the outward normal by the ball is inward for 2. Now, because

P _ (x,y,2) (%2
F'I’le d0'2 = 0 3"
AB(0.,p] aB0,p] Ny, 2P 1Cx,y, 2l

we conclude that L?Q F i, doy = 4rFy. O
Let’s consider for instance the case of the electric field generated by a point charge g at point (xg, yo, zo), that is

d0'2 = F()J

1
ya—cY doy = Fo—247rp2 = 4rnFy,
aB(0.p] I1(x, y, 2l P

qo (x —x0,y —¥0,2 — 20)

Ex? , )= —
D = G = x0.y = yorz = 20)]

where ¢ is the permittivity. By the Gauss thm

. 47r%°, if (xo0, y0,20) € Q,
(E)oa =
0, if (X(), Yo, Zo) € QC\aQ.

Let o = o(x, v, z) be now a charge density. We’ll have
= 4
(E)oq = — J 0.
€ Ja
On the other hand, by divergence thm,

(E)on =I

E i, do = J divE,
o0Q

Q
whence

. (4 . 4
J divE =J Mo, VQ, e divE = 2.
Q Q € &

This is the first of Maxwell equations, the fundamental equations of the electro-magnetic field.
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5.5.2. Gradient theorem. By the divergence thm we have the

Corollary 5.5.5

Let Q c R3 be an open and bounded set equipped with outward normal and let f : Q U dQ — R be a
function €' on Q and continuous on Q. Then

L Vi=| fii do.

oQ

Proor. Let’s check the first component of the stated identity, that is

L ouf = LQ FGio)s

where (7i.), is the first component of 7. To this aim introduce the vector field F = (f,0,0). Then,
divF = O, f + 8,0+ 8,0 = 3, f,
whence

Jaxfzjdivﬁzf ﬁ-ﬁezj (f,0,0)~ﬁe=J f(fi)x. O
Q Q O0Q OQ oQ

A nice application of this Corollary is the well known

Corollary 5.5.6: Archimedean principle

A body immersed in an incompressible homogeneous fluid experiences a buoyant force equal to the weight
of the displaced fluid.

Proor. Assume that the fluid has a constant density per unit of volume o and let p = p(x, y, z) the pressure
(weight force per unit of surface) exercised by the fluid at point (x, y, z). For simplicity we may assume that the z
axis corresponds to the vertical axis and z = 0 correspond to the surface of the fluid (assumed to be flat). Therefore,
if po (constant) is the atmospheric pressure on the surface of the fluid,

p(x,y,2) = —08z+ po.

Now, assume that the body is represented by an open and bounded set Q C {z < 0}. The resultant of the pressure
forces on the body is therefore

—I pite do.
oQ
The — gives account of the fact that are counted positively pressures inward directed to Q. Now, by the gradient
thm
—J piie don = —J Vp dxdydz = —J (0,0,-0g) dxdydz = ng3(Q)l_<),
aQ Q Q

that is the resultant of the pressure forces is upward oriented with intensity ogm3(€2) which is nothing but the
weight of the body. O
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5.6. Green formula

The divergence theorem hods also in the case of a plane domain Q c R?. In this case dQ is a 1—-dim. surface,
that is a curve that can be parametrized by y = y(¢) : [a, b] — R?. Proceeding similarly to the surface integrals,
we define

b
fdoy = J FOOIY O] dr.
0Q a

With this agreement,

Theorem 5.6.1

Let Q c R? be a stokian open and bounded set and let F= (f,8) : QUAQ —s R? be a €' vector field on
Q continuous on dQ2. Then

(5.6.1) J F i, doy =J divF.
oQ Q

where divF = Ox f + 0yg is called divergence of F.

\. J

Now, assume that Q = y([a, b]) where y : [a,b] € R — R? be a regular circuit (that is 9Q be the trace of the
circuit y).

Greenl.pdf

We notice that if y(z) = (x(¢), y(¢)), then y’(¢) = (x’(¢), y’(¢)) is tangent to y hence the vectors
(_y’(t)’x,(t))$ (y,(t)7_x’(t))

are perpendicular to y. Of course, being opposite, one will be outward and the other inward to . The question is, of
course: which one is the outward? The intuition suggests that if y is counter-clock wise oriented, then (y’(t), —x’(t))
will be outward by Q, otherwise it will be (—y’ (1), x' (t)) the outward vector. Assuming the counter-clock orientation
and that y’ # 0 always,

OG0, =x"(1) _ @), 2 (1) _ (1), =x"(1))

YO = Ol T Yemrey @z IO

In this way

(' (@), =x"(1))

b
Ly ona= | ()0 =

Lg(f, §) Fedoy = Lb(f, Q)

- Lb(—g,ﬁ () = 3€y(—g,f).

By this remark we derive the
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Theorem 5.6.2: Green

Let F = (f, g) be a vector field €' (Q) with Q c R? open and bounded and such that Q = y be a circuit.
Then

(5.6.2) 3% F= L (0xg — 0y f)

Proor. By the preliminaries we have that

3%1? = Lb(f,g) (X, y) = Lg(g,—f) he doy = deiv(g, -f)= Jg(axg —-0dyf). O

ExampLE 5.6.3. Compute the counter-clock circulation ofﬁ = (y3, —x*) ony =4B(0,2].

SoL. — By Green’s formula

2 2
4)‘ F = J‘ (8x(—x3) - ﬁy(y3)) dxdy = —3J‘ (x% +y?) dxdy = —3J‘ (I o’ dp) de
y Py Xy2<d o o
31P=2
=—6n p—] =-16. O
3 1m0

As particular case of the Green formula we obtain the

Corollary 5.6.4: Area formula

Let Q c R? be open and bounded such that AQ = y, with y € €'. Then

(5.6.3) 1(Q) = Sgy(O,x) = i{x dy = —i{y dx.

Proor. By the Green formula

ﬁ(o,x) = Lz div(x,-0) = JQ 1=2(Q). O

ExXAMPLE 5.6.5. Compute the area Q delimitated by the cycloid (a(t —sint),a(1 —cost)), t € [0,2n] and the
X—axis.
SoL. — Let’s apply the area formula 2, (Q2) = — ggag y dx. The part of this integral relative to the part of 9Q on the

axis vanishes because y = 0. Considering also the orientation of the cycloid,

2 2
AZ(Q):J a(l —cost)-a(l —cost) dtz—azj (1 —cost)? dt.
0 0
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Now, Jozn(l —cost)>dt=2n -2 IOZK cost df + Jg” (cost)? dt =2 + f;” (cost)? dt hence,

2r 2 2 2
L (cost)?dt = L cost(sint)’ dt = [costsin t]iié” - L (—sint) sint dt = L (1 - (cost)?) dt

2n
=21 — J (cos z‘)2 dt,
0

so, finally, fozﬂ (cost)? dt = m. We obtain 1,(Q) = 3a>x. O

5.7. Stokes Formula

Green’s formula transform a plane circulation along y c R? into a plane integral on a domain D such that
its boundary coincides with the circuit y. Stokes’ formula is the extension of Green’s formula to the case of a
circulation along y ¢ R3. Let’s start with the

Definition 5.7.1

We say that a parametric surface ./ := ®(D) c R has an edge if 9D = v circuit. The image of y through
® is called edge of ./ and it is denoted by 8.4 (9. We say that 3./ is counter clock wise oriented iff y is
counter-clock wise oriented w.r.t. D.

“Warning: here ./ is not the boundary of .Z.

. l§é‘§f—sz .pdf

We have the

Theorem 5.7.2: Stokes’

Let ./ be a parametric surface with edge counter-clock wise oriented and let F:DcR—R3bea®'
vector field on D D .. Then

(5.7.1) 3@ ﬁ:J (VX F)-7i do,
oM M

where R L.
. i J ok

VXF:=det| 9, 0y, 9; |= (Byh—ézg,azf—ﬁxh,axg—(9yf).
S g h

In other words: the circulation of F is the flux of V x F (called curl of F ) through /.

Proor. Let’s limit to a special (but important) case: . be the graph of a regular function,
Mo={(x,y,0(x,y)) : (x,y) € D C R*}, withdD = y.
Assume that y = y(¢) = (x(¢), y(¢)) be counter-clock wise oriented. Then

R b
§ F:J (f,g,h)~(x,y,tp(x,y))'-
oM a
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Noticed that
(6, y,0(x, ) = (X', Y, Oxpx” + dyy’),
we have

b b
f]gm F= J (fx" +gy" +h(dxpx’ +dyey)) = J (f + hoxp, g + hoyg) - (X', y") = jgw(f +hoxp, g + hoyp).
By Green formula then
5{; ﬁ:J (3x (g + hdyg) — By (f + hdrg)) .
oM D

Now, recall that every of f, g, h is evaluated at (x, y, ¢(x, y)). Therefore
Oy (g + hdyp) = Oxg + 0:80xp + (Oxh + 0,hdx ) Dy + hdxyp,

Oy (f +hoxp) =0y f + 0, fOyp + (Oyh + 0, hdy ) Oxp + hOxyep,
and by taking their difference we obtain the quantity
(0x8 = Oy f) + 0x(028 — Oyh) + Oyp(dxh — 02 f) =V X (f,8, h) - (=0xp, =0y, 1),
hence
S (5.4.5) S
Fo | @ (e oo asay 2 [ (vx(.em) ido o
Y4 D V4
ExampLE 5.7.3. Compute the circulation ofﬁ(x, y,2) i= (x%z2,xy%, %) along y = {x +y+z =1, x> +y?> =9}.
SoL. — Clearly v is an ellipse that we may think as edge of
M=dD), ®:DcR>—R} O, y) =y 1-x+y), D:={(xy) : x>+y> <9}

It is easy to take the normal unit vector to .# in such a way thaty = 8. be counter-clock wise oriented: 7 = (1’\}3’1) .

Moreover, being . graph of f(x,y) :==1- (x+y) (x,y) € D, we have

dos = \J1+ |V £ e, WI? dxdy = 1+ (=1, =D)|? dxdy = V3 dxdy.

Therefore being V x F = (0,x2, y2), by the curl theorem

> N 1,1,1
SEF :J‘ VxF-r_ida'zf (O,xz,yz)-g\@dxdyzj‘ (x% +y?) dxdy
y M x24+y2<9 [I(1, 1, D] x24+y2<9

2 3 41p=3 4
3

=J dﬁj p3dp=27r[p—] =r—. O
0 0 4 p=0 2

5.8. Exercices

Exercise 5.8.1. For each of the following surfaces, determine a parametrization and check if these are
parametric surfaces:
D) M={(x,y,2) R’ : x+y+z=1, x> +y> < 1}.
i) M ={(x,y,z) eR? : X2 +y* -2 =1}.
iii) M ={(x,y,2) €R3 : 2=xy+1}
ExEercisk 5.8.2. Compute the area of each of the following surfaces:
o M:={(x;y;2) €R® 1 x>0,2>0, x+2=2, x> +y* - 2x <0}.



101

o M = {(x, ¥,2) 1220, 2+y?+22=r% (x - %)2 +y2 < %} (Viviani’s vault).

e ./ rotation surface around the x—axis of the graph of the function f(x) = ax?, x € [0,a], a,a > 0.
e / rotation surface around the z—axis of the graph of the function f(y) =2 —coshy, y € [0, a], a such
that f > 0.

ExEercisk 5.8.3. Let ./ be the rotation surface around the z—axis of the curve y = ze™%, z € [0, ] (h > 0).
Compute the outward flux of F(x,y,z) := (x + y2, y + x2, z) through /.

EXERCISE 5.8.4. Let Q := {(x,y,z) € R? : 1 <z <2, yx2+y2 < z}. Draw Q and compute the outward flux
of ﬁ(x, y,z) = (x3,0,2%) by Q.

Exercise 5.8.5. Let Q := {(x,y,2) €R? : (x-2)2+(y+2)? <z% 0<z<b} (b > 0). Compute the
outward flux of F(x, y,z) = (xy,x — y, yz) by Q.

ExERCISE 5.8.6. Let Q := {(x,y,2) € R} : ¥ +y? < z < 1}. Draw Q, compute its volume and the area of Q.

Hence, compute the outward flux of F (x,y,2) := (x,y,2) by Q, computing the components of the flux by each part
of 0Q.

EXERCISE 5.8.7. Let Q := {(x,y,2) € R? :x?+y?+7° < 1, a < z < 1} with0 < a < 1. Draw Q, compute its
volume and its barycenter. Compute the outward flux of F(x, y, z) := (x2, —=y?, z) by Q and each of its components
on the several parts of 9Q.

Exercise 5.8.8. Let Q := {(x,y,2) € R® : x>+ 7% < ¢”,0 < y < a} with a > 0. Draw Q and compute
outward flux and relative components of F(x, y, z) := (=z, (x> + z%)y, x) by Q.

ExEercisk 5.8.9. Let ./ the rotation surface around the z—axis of the curve z = 4 — cosh(y — 1), y € [1,2].
Calculate its area. Let now

" (x,y,z) (x,y,z) 3
F(x,y,z) = = , (x,y,2) e R7\{03}.
C D ol Wyt ey 0 d SR
Compute the flux of F through . (hint: introduce an auxiliary disk {(x, y,2) €RY X2 +y?2 =12, 2= a} and
apply suitably the divergence theorem. .. ).

Exercise 5.8.10. Let . the rotation surface around the z—axis of the curve y = z2 z € [0,h] (h > 0).
Compute the area of .# and the flux of F(x,y, z) := (xz, yz, —z) through ./Z.

Exercise 5.8.11. Let Q = {(x,y,2) €R? : 22+6 <x?+y? <5z}. Is Q is a rotation solid? Draw Q,
compute its volume and the outward flux of F(x, y, z) := (x2,, z2) by Q.

EXERCISE 5.8.12. Let D := {(x,y) € R* : x > 0, V1 +x2 < y < 2} and let Q the solid obtained by rotating D
around the y—axis. Compute the area of Q and the outward flux by Q of F(x, y, z) := (x2,y,2%).

Exercise 5.8.13. Let Q := {(x,y,2) € [0,+00[? : 1 < x?+y? < 4 - z?}. Compute the outward flux by Q of
F(x,y,z) := (x,y,z%). Determine in particular the component of this flux on 9Q N {x? + y + 7> = 4}.

ExERrcisk 5.8.14. Compute the outward flux by Q = {(x,y,z) € R® : max{|x|,|y|,|z]} < 1} of the vector

field F(x,y,z) = I((;}y,}zj)|3-

EXERCISE 5.8.15. Let F (x,y,z) := (y,x,z). Show that g is conservative and find all its potentials on R*. Now,
let

Hx,y,2) = u (x2 +y2) Fx,y,2), (x,y,2) € R\{(0,0,2) : z € R},
where u € €'(]0, +o0[).
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i) Compute fﬁy H where v(t) :=(rcost,rsint, k), t € [0,2x],r > 0 and k € R fixed parameters.

ii) Find all the possible u such that H be irrotational.
iii) Find all the possible u such that H be conservative.

ExEercise 5.8.16. By applying the Green formula compute
3) 3@ (> +5.27), ¥(0) = (1 +cost,sing), 1 € [0,2].
Y

D § y3xe ), y = o[-,
Y

2) 3€ (cosx +6y%, 3x — e’yz), vy=0B(0,1]. 4) 3@ -y +y), y=0 (B(O, r] N [0, +oo[ )
¥ y

ExEercisg 5.8.17. Compute the area delimitated by the following curves:
1) t(cost,sint), t € [0,27].  2) (sint +sin’t,—cost —sintcost), t € [0,27]. 3) (cos?t,sin’1), ¢ € [0, 2x].

3 i3 X2,y
4) (cos’t,sin” 1), 1 € [0,2n]. 5) 5 +35 =1, (a,b > 0).
ExEercise 5.8.18. By applying the curl theorem compute the (ﬁy F in the following cases:

xr+yr=1, x+y+z=1,

y= F=(y-zz-xx-Y). 2)y= F=(x"z,xy%,2%)
x+z=1, x2+y2:9,
x?+?2=1, xr+yr=1,

3)y = F= (x3+z3,y2,x3+z3). 4)y = F = (y,2,x)
y:xz’ =XYy,

x2+y2+z2=1,

5)y=
7= x2+y2.

F = (y2 +22, 22+ 22, %2 +y2).



CHAPTER 6

Basic Differential Equations

Ordinary Differential Equations (ODEs) is a wide branch of Mathematical Analysis which is relevant in many
applications to Physics, Engineering, Biology, Economy, etc. An ODE is

e an equation, that is an identity with an unknown,

o the unknown is a function of one real variable, say y = y(7),

o the unknown appears in the equation together with some (but not necessarily all) of its derivatives
y'(1),y"”(¢), ... up to a certain maximum order, called order of the equation.

This explains the D and E of ODE. The O is to distinguish these equations from similar equations but with unknown
function depending on several variables (this type of equation is called Partial Differential Equations, PDEs). PDEs
accomplish a similar scope as ODEs, that is, describe certain real phenomena, but, of course, they are much more
complicated and out of scope here.

As for every equation, we may expect that the principal problem connected to an ODE is to determine its
solutions. In certain simple cases this task can be achieved analytically, but, as happens for algebraic equations, in
general it is impossible to solve explicitly any equation. This leads to the development of suitable methods to study
solutions of an ODE: qualitative methods and numerical methods.

The aim of this chapter is to introduce to the simplest types of ODEs: first- and second-order linear equations
and first-order separable variable equations. These are explicitly solvable equations that cover some important
applications. To understand the importance of these equations, we will accompany the theory with several applied
examples. In the next Chapter we will focus on general remarks and tools for studying ODEs that cannot be
explicitly solved.

Chapter requirements: a good understanding of the concept of derivative and computing primitives.

6.1. How Differential Equations arise

In this Section, we motivate why Differential Equations are so important in applications and how they arise
starting from applied problems. The reader should focus on the modeling process that leads to writing an ODE
starting from a modeling problem.
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Example 6.1.1: Demographic models

A certain population can be described through the evolution of its size as a function of time, namely
P = P(¢) represents the number of individuals of which the population is made at time z. The variation of
the population over a period of time [z, ¢ + dt] is P(t + dt) — P(t), while the growth rate over the same
period of time is
_ P(t+dt) - P(t)
 dt-P(1)
The instantaneous growth rate is defined by letting df — 0. Assuming P = P(¢) a nice function of ¢
(namely, differentiable), we have
P(1)
r= .
P(1)
The instantaneous growth rate gives a precise information on the behaviour of the population. For instance:
a flat rate, that is r = 0, means that
P(1)
P(1)
that is the population remains constant in time. Since here we assume P > 0, a positive/negative r means
a growing/decreasing population. The instantaneous growth rate may depend on several factors. The two
major of these are:

=0, = P'(1)=0, = P(1r) = P(0),

o time ¢, because external condition may be variable in time and what is the scenario of today could
not be valid tomorrow, implying different growths (for example, thinking to a human population,
this is the case of climatic effect, wars, pandemics, etc);

e population P(r), because the size of the population may affect the growth (for example, for a
larger population there will be less food).

In other words, a natural shape for r is r = r (¢, P(¢)). This leads to an equation
P'(1)
P(1)

(6.1.1)

=r(t, P(1)),

which is a differential equation in the unknown P = P(z).

The typical problem considered in this modeling is the prediction problem: given the (known) population at
a certain initial time (conventionally taken as t = 0), make a prediction / forecast on the population P(t) in the
future (at times t > 0). We can formalize this in the following way: solve the following problem.

P/
p((,t)) =r(t, P(1)),

P(0) = po,

where pg is known. This problem is called Cauchy problem or initial value problem. We illustrate this in two
important cases here below.

6.1.1. Malthus model. The simplest possible assumption on the instantaneous growth rate is to take it
constant, namely, r(¢, P(t)) = ro. Of course, this is an extreme simplification, yet a reasonable assumption in
certain conditions. For example, the growth rate of a human population is slowly variable in time, hence for a short
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period taking r constant is not an improper assumption. Thus we consider the problem
P'(1)

P(I) =Tro,
P(0) = po,
Let us focus on the equation. We may notice that
P(1)

ro = (log|P())’,

P
thus
log |P(1)| = J ro dt +c =rot +c,
for some constant c. The value of the constant can be determined imposing the initial condition:
log |[P(0)] = c,
thus
log [P(1)] = rot +10g [P(0)|, &= |P(1)] = ™+ IPO] = |P(0)]e"".
Here, P represents a population size, thus P(¢) > 0. We conclude that

P(t) = P(0)e™".

ro>0

Po

ro<0

Ficure 1. Malthus model possible scenarios

Notice that this leads to three possible behaviours:

e if rg > 0, the population grows exponentially, and P(¢) — +oo when t — +o0;
e if rg = 0, the population remains constant P(¢) = po;
e if ry < 0, the population decays exponentially to the extinction, P(t) — 0 when 1 — +oo.

6.1.2. Logistic model. Malthus’ model is too simplistic. Thinking to a real population, if the growth rate ry is
positive, the population grows without any bound. This might be conflicting with environment physical limits (for
example, the physical space for the population is normally bounded, or a large population might not have enough
food to survive). For this reason, a more realistic growth rate should depend on the size of the population in such a
way that the larger is the population, the lower is the growth rate. The simplest way to express this dependence is
through a linear function

r=a(m- P(1)).
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What is the interpretation of constants a and m? First, we may notice that, assuming a > 0, r > 0 iff P < m.

Thus, m represents a threshold beyond which the growth is negative. In other words, m may represent the maximal

population size the environment can tolerate. Since m — P is a size, a represent a growth rate per unit of population.
Thus, Malthus’ equation (6.1.1) becomes

P
P((tt)) = a(m = P(1)),
P(0) = po.
Let us focus again on the equation. Here the solution is more involved, yet it follows the same idea of Malthus’
model. For ease of notations, we write P for P(z) and P’ for P’(t). Notice that, until P # m, the equation can be
written in the form
Pl

P(m—P)
As in the previous case, the idea is to recognize that the Lh.s. is a derivative. To show this, notice that

(6.1.2) a.

1 1 1 1
—_ = + =],
Pim-P) m\m-P P

thus
P’ 1( P P\ 1 1 Pl
=— +—]=—(-1 —P|+log|P]) = — (1
P(m - P) m(m—P P) m( oglm =Pl +log|P]) m(0g|m—P|)
Returning on equation (6.1.2), we have
e P\ Pl _
og =am, = log =amt+c,
|m — P| |m — P|

for some constant c. At this stage, we have still an equation in the unknown P, but now this is no more a differential
equation. Rather, we have to solve an algebraic equation to extract P. We may say that we found P in implicit form.

As for Malthus’ equation, the value of constant ¢ can be determined by imposing the passage condition. Here we
may notice that, apart for P(0) = m, the solution can be explicitly found. Assume for instance that 0 < P(0) < m.
Until 0 < P(t) < m (by continuity, this is certainly true for some time 7 € [0, T[) we have

1 t+ lo PQ©)
0 =amt+c, — c= _
J m-—P & m — P(0)
and

P Po amt mpo eamt

e, = P=— 1 Be
m— po +m—poe

It is not difficult to check that that pg < p(#) < m for all times 7 €]0, +oo[, p(¢) is increasing with ¢ and

m—P:m—po

p(t) — m, when t — +o0.

A similar result can be drawn in the case pg > m (details are left to the reader). In particular,each solution
converges at equilibrium m when t — +oo. O

Example 6.1.2: Catenary Problem

A chain is suspended by two fixed points: What is the curve the hanging chain assumes under its own
weight when supported only at its ends? In his Two New Sciences (1638), Galileo says that a hanging cord
is an approximate parabola. The problem is as follows. What is this curve exactly?
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po<m -

Ficure 2. Solutions of the logistic equation.

SoL. — Let xy be the plane containing the curve; we use x as a parameter so that the curve is described as the
graph of a function @ = @(x). Our goal is to determine this function. Let us see how the mechanics of the problem
are used to determine a Differential Equation for a.

YA
B

A /o Tix+ax)
L g o
X ="y Ay
= i_y./

7 Fap
Tix)
0 X xFAX

=Y

Ficure 3. Catenary

Consider a small portion of chain delimited by points (x, @(x)) and (x + 6x, @(x + 5x)) (6x > 0 is ”small”). In this
part of the chain, the following forces act: fension exerted at two extremities by the remaining parts of the chain
and gravitation. The last one is easy because it slopes downward as mg. Here g = (0, —g) (g = 9.8m/s?) while m
is the mass of the small part of the chain. Let us say that o = o(x) is the linear mass density, m = o - ds where
ds =length of the portion. By the Pythagorean Theorem

ds ~ V(6x)2 + (a(x + 6x) — a(x))2,

the approximation becoming more and more precise when éx =~ 0. In this case, @ (x+6x) —a(x) = @’ (x)dx+0(5x) =
a’(x)6x, whence

m = o(x)V1+a (x)%5x.
In conclusion
mg = (0, —o(x)gV1+ af’(x)zéx) .

About the tension, let’s denote by T(x) the force exercised by the part of the chain included between (x, (x)) and
B (final point). Therefore, the force exercised by the part of the chain included between A and (x, @(x))) must be
—f(x). Therefore, in (x, @(x)) is acting —f(x), in (x + ox, a(x + 6x)) is acting f(x + 6x) and these two are in
equilibrium with mg. This leads to the equation

~T(x) +T(x +6x) +mg =0,
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or, in components T = (7, 0),

T(x+6x) —7(x) =0,

o(x+06x) —o(x) — o(x)g\1 +a’ (x)26x = 0.

The first equation says that 7(x) = 7¢ is constant. In the second equation, dividing by dx and letting this to 0, we

deduce
o’ (x) = o(x)gV1 +a’(x)2.

There is still one more information we need to use: 7 is tangent to the chain point by point. In particular, the angular
coefficient of T must coincide with the angular coefficient of the tangent to y, namely, @’ (x). Since T = (19, o7 (x)),

we conclude
O _ ), — o) =700’ ().
70

By this we obtain finally the following differential equation:
(6.1.3) o’ (x) = Tﬁg(x)\/l +a’(x)2.
0

Since this equation involves the second derivatives of «, it is a second-order equation. However, it can be easily
reduced to a first-order equation: setting y(x) := a’(x) we get

(6.1.4) vy (x) = f—og(x) 1+ y(x)2.

This equation can be solved by a method similar to the one seems for the logistic equation. In this chapter, we will
develop this method in general. Once y has been determined, one can calculate @ knowing that @’ = y, that is, « is
one of the primitives of y. O

Example 6.1.3: Newton’s Equations

The most classical example of an ODE is the Newton equation, direct consequence of Newton’s second
law. A particle of mass m in movement under the effect of some force F satisfies

mi = F,
where a is the acceleration of the particle. For simplicity, we assume that the mass is moving on a straight
rail and can characterize its position in terms of a function x = x(z), ¢ representing time. Then x’(¢)
represents the velocity, while x” () is the acceleration. Furthermore, the force F can be identified with a
scalar F. In general, physical forces depend on position x(t) (as, for instance, in the case of gravitational
Jorce or elastic force), velocity x’(t) (as in the case of friction) or directly by time ¢ (if the intensity of the
applied force changes in time). Therefore, Newton’s second law assumes the form

mx"” (t) = F(t,x(2),x'(2)).

A classical example is a mass m moving under the action of an elastic force and friction. If x > O represents
the elastic constant and assuming the origin as the rest position, elastic force is given by

—kx(1).

The minus means that the force tends to move the particle back to the origin. Second component of applied force
is friction, which depends on velocity. For simplicity, we will assume the rail be homogeneous and friction be



109

proportional to velocity in a way to decelerate the mass. This means the force is
-vx'(1),
(v = Ois called viscosity). If an external force f(¢) (that is, independent of the mass) acts on the mass, the equation
may be modified as
mx"' (1) = —kx(t) — vx' () + f(2).
With this simple equation we describe lots of phenomena like forced oscillations. An interesting and surprising
example is the case of resonance. Imagine a periodic external force is applied to an harmonic oscillator,

mx” (t) = —kx(t) + Fy sin(wt).

It turns out that if w = +/k external force enters in resonance with elastic force leading to an x with oscillation
amplitude increasing in time. A model like this was used to provide a simple explanation of the famous Takoma
bridge collapse. O

6.2. First order linear equations

The first type of ODE we consider is the following
(6.2.1) v (t) =a(t)y(t) +b(r), tel.

Malthus’ equation (6.1.1) is an example of this type of equation (a(t) = rog, b(t) = 0). Here,a,b: I Cc R — R
are known functions (called coefficients). If b = 0 we say that the equation is homogeneous. In this case, the set
of solutions has a linear structure. In fact, we can see that if ¢ and ¢ are solutions, then any linear combination
ag + By is also a solution (here a, 8 € R). In fact

(ap+BY) (1) = ag’ (1) + Y’ (1) = aa()e(t) + Ba()y (1) = a(t)(ap +pY) (1), 1€l

Homogeneous equations are simpler to solve. We may adapt the argument user for Malthus’ equation.

Proposition 6.2.1

Leta € €(I), I C R be an interval. Then, all the solutions of the homogeneous equation

y'(t) =a(t)y(), t €,
are
(6.2.2) y(t) = cel a0 dt e R

Proor. Notice that y = 0 is trivially a solution. If y is a solution in some interval I and y(zy) # 0, at least in a
suitable neighborhood of 7y we have y # 0. Then
Y (1)
y(1)

Y0 =a@)y() =a(1), = (logly®) =a(),
thus,
log |y(?)| = J a(t) dt +k,
where k is a constant. Therefore
ly(£)] = eked a0 dt s (1) = xekefa) dt = pla di o R\ (0.

Notice that this y is never = 0, thus if y(79) # O at some g, then y # 0 always and y is provided by the previous
formula. Since for ¢ = 0 we obtain the null solution, the conclusion follows. m|
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Let’s move to the general case of a non homogeneous equation,

Y () = a(t)y(t) +b(1).
We prove now that the general solution is obtained by summing to (6.2.2) a particular solution of the non
homogeneous equation.

Proposition 6.2.2

Leta,b € €(I), I C Rinterval. If u = u(¢) is a particular solution of the non homogeneous equation, then
the general solution of

Y1) =a@)y(®) +b(1), t€l,
is given by the formula

(6.2.3) y(t) = cel 4O L y), rel.

Proor. Just note that y is a solution of the nonhomogeneous equation if and only if

a(t) dt

(6.2.2)
(y—u) =y —u' =(ay+b)—(au+b) =aly —u), y(t)—u(t)zceI m|

Thus, to determine the general solution for the non homogeneous equation it remains to determine a particular
solution. This may be determined through the so called method of variation of constants:

Theorem 6.2.3

Leta,b € €(I), I Cc Rinterval. Then, the general solution of
y'(t) = a(t)y(t) +b(t), tel,

is

(6.2.4) y(t) = el a1t U e Jadipy iy aricl, rel,

where ¢ € R is a constant. Formula (6.2.4) is also called the general integral of the equation.

Proor. We start by looking for a particular solution u = u(¢). The idea is to look at the following.
u(t) = c(t)el 40 41 where ¢ = ¢(r) is determined by imposition of u’ = au + b.
Now, being
W' (f) = (c(t)efa“) df)' = ! (1)ed 4 At 4 (e a® dt gy = G a® At (1) 4 a(n)e(r)),

we have
Wo=au+b, = el D) 1a()e(r) = a(t)e(r)el 4O 4t 4 p(p),
that is

(el WAt pr) = (1) =e [AD Ay = (1) = J e~ JaWdipy gr v T TeR.

u(t) = (I e‘ja(t) dtb(t) dl+g) eja(t) dt
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Plugging this formula into formula (6.2.3), we finally obtain
) = cel @t dr (J o1 a0 dipy gy g 4 ) of a0 dr _ Jatr) U e~ T a0 diy () dr v 4.7
and, absorbing the two constants ¢, ¢ into a unique constant, we obtain formula (6.2.4) . m|

ExampLE 6.2.4. Find the general integral for the equation

2
y'(t) - ;y(t) =1, t€]0,+o0].

SoL. — We have
y'(1) = %y(t) +1=a(t)y(t) + b(r), wherea(t)= % b(t) =1.

Therefore
1 1
y(1) = el ¥t (J‘ e Jidigr c) = ?logt (J‘ e2logt gp 4 c) =’ (J‘ t_zdt + c) =2 (—? + c) =—t+ct’. O

One should not be surprised because uniqueness does not hold for ODEs. Just the simplest among the differential
equations, namely,

y' =0,

has infinitely many solutions (all the constants). However, further conditions may lead to a unique solution. A very
important case is the so called Cauchy Problem or passage problem or, again, initial value problem. This problem
consists in finding a solution of an ODE fulfilling a passage/initial value condition. Formally, this problem may be
stated in the following form:

Y () =a(t)y(t) +b(t), tel,
(6.2.5) (20, y0)
y(t0) = Yo.

Here, of course, #g € I. It is easy to check that this problem has a unique solution:

Corollary 6.2.5

Leta,b € €(I), I C R an interval. Then, for every fy € I, the Cauchy problem (9, yo) admits a unique
solution.

Proor. Since the general solution is
y(1) = cel ¥ 4 yr) = e 4 u(r), where A(f) = J a(t) dt,

we have that y solves (g, yo) if and only if

yo — u(to)

— cpAt0) —
Yo =ce +u(ty), & c= A

This ¢ clearly exists (e~4() # 0) and it is unique, thus we have existence and uniqueness for (fo, yo). O
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ExampLE 6.2.6. Solve the Cauchy Problem

2y(1)
"t)-—==t, t>1
Y -1-2
y(2) =0.
SoL. — Rewriting the equation in the canonical form

V() = ——y() 41, = y(1) = T (I o lizdwmc).

1-1¢2
Now

t—1

2 2 1 1 1 r+1
dt=| ————dt=| — +——dt=- | —dt+log|l +1| =1 .
Jl—ﬂ I(l—t)(1+t) Jl-ﬁm Jt_l +log|1+1]=log ‘

Because €] 1, +oo[, L > 0, therefore

“ te t+1 t—1
y(t) = el i1 (J e_1°gt11tdt+C) = ( —tdt+C).

t—1 r+1
Now
t—1 t+1-2 t tz 1 t2
Jt_t+1 dt_Jt—Hl dt—ftdt—Zdet—z—ZJ dt+2Jt+—1dt—E—2t+210g|t+l|,
and finally

1 2
@(t) = ;+_1 (% — 2t +2log(1 +t)+C), t €]0, +oo].

Imposing ¢(2) = 0 we have
22-4+210og3+C)=0, & C=2(1-1log3). O

6.3. First order separable variables equations

Linear equations are easy: there is a general formula to represent all the possible solutions and that’s all, it
is just a matter of application of this formula. Adjective "linear” stands for the dependence of the r.h.s. of the
equation on unknown y. For a linear equation this is a first degree polynomial in y.

Many important phenomena are described through non-linear equations. For example, this is the case of the
logistic equation (6.1.2) or the catenary equation (6.1.4). Both belong to a general type of equations of the form

Y () =a@)f(y(1)
called separable variables equations. For ease on notations, we write these equations also in the form
Y =a@®)f(y).
First order linear homogeneous equations are examples of separable variables equations:
y'(t) = a(t)y(t), when f(y):=y.

Imitating the way we solved homogeneous linear equations, we may say that

Y () =af(6(0). = D =a).

This passage is called separation of variables, because we bring all terms containing the unknown y on one side,
and all terms depending on ¢ but not on y on the other side. Previous relation is a true equivalence provided
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f (1)) # 0. Let us assume this verified. The key trick is now to look at the Lh.s. ff;((?)) as a derivative respect to

t of some function. Let us see this with an example.

ExampLE 6.3.1. Solve the equation,
Y1) =1+y(1)

SoL. — We have a separable variables equation y’(¢) = a(t) f(y(t)) with a(¢) = 1 and f(y) = 1 + y%. In this case,
whatever is y(r) we have f(y(1)) = 1 + y(t)> # 0, thus

, Y (1)
N=1+y1)? = —‘_-=1,
y'(1) y(1) Ty
is a true equivalence. Now, we may notice that
Y (1) '
Ty~ reemy )

thus the equation takes the equivalent form
(arctany (1))’ =1, & arctany(z) = J ldt+c=t+c, c €R.

This equation contains still the unknown y(#) in implicit form. Easily, the solution can be extracted:
arctany(t) =t+c¢, & y(t)=tan(t+c), c €R.

Notice that these are all the possible solutions, namely what we usually call general integral. O

ExaMmPLE 6.3.2. Solve the equation
V' (1) =@,

Sor. — Also in this case, we have a separable variables equation, y’ = a(t) f (y) with f(y) = ¢” and a(z) =t. As
in the previous example, f(y) # 0, thus the equation is equivalent to

Y1)

S0 = = e YDy (1) =1.

Now, since
ey () = (_e—ym) ,

we conclude that
, ) 2
(—e_y(’)) =t —e V() = 3 +c, & y(t)=-log (—3 - C) ,ceR. O

The method of separation of variables can be discussed in general. Suppose we know f(y(¢)) # 0. Until this is
true,

V(1) = alt) (1), = % - a(t).
Now, we look for a G such that
YW _ Gy .
0

If this function G exists, then

(6.3.1) G(y(1) = J a(t)dt+c, c eR.
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This is the implicit form of the solution. Finally, if G can be inverted, we obtain the explicit form of the solution:

(6.3.2) y(t)=G™! (J a(r) dt + c) , ceR.

In conclusion, once G is known, the equation is solved. About G just notice that

y'(1) v=y (1), dv=y’ (1) dt 1
GOO= | 56w J 76
Thus, G(y(t)) is the primitive of ﬁ with the replacement v = y (7).
The previous argument fails if f(y(¢)) = 0 at some 7. Values yg where f vanishes, that is f(yg) = 0, are
particularly important for a separable variables equation:

dv.

Proposition 6.3.3

Let a(t) £ 0. Then, y(¢) = yo (constant/stationary solution) if and only if f(yo) = 0.

Proor. We have, y(f) = yq is a solution iff 0 = a(¢) f(yo), iff f(yo) = 0. O

Thus: if f(y(z)) # 0 (always), the solution can be determined through separation of variables whereas, if
f(y(1)) =0, solution is constant. These are the unique possibilities provided f is sufficiently regular:

Theorem 6.3.4: General integral

Assume a € € and f € €' (thatis, f, f’ € €). Then, if y = y(¢) is a solution of the equation
Y () =a(t)f(y(1)),

we have
e cither f(y(t)) # 0 always and the solution if given by formula (6.3.1) or (6.3.2);
e or f(y(t)) =0, and y(t) = yo, where f(yg) =0.

Proor. Omitted. mi
Is this dichotomy always true? Answer is no, as the following example shows.

ExaMPLE 6.3.5. Solve the equation
y/ — y1/3.
SoL. — We have a separable variables equation y’ = a(r) f(y), where a(r) = 1, f(y) = y'/3. Notice that while
feGMR), f'(y) = %y‘2/3 is not even defined at y = 0. In particular, f* ¢ € (R).
1/3

Notice that constant solutions y(#) = yo are determined by f(yo) = 0, in our case y,"~ = 0, thatis yo = 0. The
conclusion is: there is a unique constant solution, y(t) = 0.
Let us consider now a non constant solution. Assuming yl/ 3 £ 0, that is y # 0, we have

r_ 1/3 yl
y =y'’, &
y1/3

=1, y_1/3y' =1.

Now,
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thus 3
§y2/3 =J ldt+c=t+c, c €R.
This is the implicit form. Extracting y
2 32
=@+ .
[Se0)

,\3/2

For example, take ¢ = 0, y(¢) = (5) 13/2. Notice that y(0) = 0, but y is non constant. O

ExampLE 6.3.6 (Catenary). Assuming constant mass density, solve the catenary equation (6.1.3)

Sor. — Setting v(x) =: y’(x) we have the first order equation

v =241+ vZ,
70
which is a particular case of separable variables equation. Here a(x) = g—f, f(v) = V1+v2 Clearly a € €(R)

and f € €' (R). Notice also that f # 0 always. Thus, to determine solutions we can separate variables,

’ ’

v 08 v 08
=, dx==—x+vy
Vi+v2 Vi+v? 70

Now,

Vv u=v(x) 1 L1 .|
dt = J du = sinh™ u = sinh™ v(x).
J V1 + 12 V1 + u?

In conclusion

sinh™!v(x) = —x +7vy, & v(x)=sinh (—gx + y)
70

Finally, because v = y’,

y(x) = f sinh (—gx +y) dx+7vy = 0 cosh (%x +y) +7y.
70 08 70
For instance assume that A = (=£/2, h), B = (£/2, h). Parameters vy, y are determined by solving

2% cosh (—%9— 7) +y = h,

cosh(%g— +7)+§7= h.

Taking the difference, cosh ( £ Qg + y) = cosh (5 28 1 ), and because cosh is even, the unique possibility if that

—L28 - ([ 28 y) that is, y = 0. Therefore, y = h — T" cosh & i"”, whence

2 T0
¢
y(x) = 0 cosh x +h— 0 osh _%_
08 70 08 27
Let now discuss the Cauchy problem
Y1) =a(0) f(y(),
CP(to, y0)

y(to) = yo.
Here we need to express more precisely some technical details. We will assume that
a:IcR—R, f:JCR—R,
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with 7, J both intervals. Since the solution of the Cauchy problem must be defined at ¢ = ¢y, by the equation we
need y’ (tg) = a(tg) f (y(t0)) = a(ty) f(yo), thus ty € I and yg € J or, with another notation, (¢, yo) € I X J. Under
good assumptions on f, the Cauchy problem has always a unique solution:

Theorem 6.3.7: Existence and uniqueness

Leta € €(I), f € €'(J), I,J c Rintervals. Then, for every passage condition (¢, o), the CP(to, yo) has
a unique solution.

Proor. Omitted. a

If the regularity on f is lacking, we may well have non uniqueness, as the following example shows:

ExampLE 6.3.8. The Cauchy problem

y(0) =0,
has (at least) two solutions.

SoL. — We analysed the differential equation y’ = y!/3 in Example 6.3.5. Clearly, y = 0 is a solution of the Cauchy

3/2
problem. Also y(t) = (%) 132 solves the equation and since y(0) = 0, it fulfills the passage condition, thus y is
a non constant solution of the same Cauchy problem. O

y

c 32

Ficure 4. Non uniqueness: two different solutions of the same Cauchy problem.

Why uniqueness is so important? Imagine you have to do a prediction on the behaviour of a system whose evolution
is described through a differential equation. You know the today state and you want to forecast the tomorrow state.
If you have uniqueness, there is a unique possible future, thus the prediction works. But if uniqueness is lacking,
then there is no hope to use solutions to do a prediction.

6.4. Second Order Linear Equations

We now consider equations of type

(6.4.1) y'() = a(t)y’ (1) + b(1)y(t) + f(2).
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If f = 0, the equation is called homogenous and if a(¢) = a, b(t) = b the equation is said to have constant
coefficients. For simplicity, we will limit ourselves to this case, which we will rewrite as
y'+ay +by=f(t).

To begin with, we will consider the homogeneous case

Y/ (1) +ay' (r) + by(t) = 0.
To solve this equation in general, we perform the following trick. Denote by D the derivative, then the previous
equation can be rewritten as
(D> +aD +b)y =0.
The polynomial
A +al+b

is called characteristic polynomial and basically contains all the information to look for solutions.

Theorem 6.4.1

The general integral of y”’ + ay’ + by =0 is
ciwi (1) + cawa(1), c1,c2 €R,
where

o if A=a’?—4b >0, (Wi, ws) = (e, e2") with 1 , are the roots of the char. pol.;

o if A=0, (w,wp) = (e, te’i?) with A is the unique root of the char. pol.;

o if A <0, (wi,wy) = (e cos(Br), e* sin(Bt)) with 1, » = @ + if3 are the complex roots of the
char. pol.

The couple (w;, wy) is called fundamental system of solutions.

Proor. We consider three cases: A > 0,A=0,A <0.
Case A > 0: the characteristic polynomial can be factorized as

A +al+b=(1-2)(A- 1),
hence
D*>+aD+b=(D-21,)(D - 1y).

Therefore,

(D*>+aD +b)y=0, & (D-2;)(D-2)y=0.
Now call = (D — A5)y. Then

D-Y=0, = ¢ =1y, = ¢=cel.
But then

(D - )y =cieM, & y =ly+ciet.

This is a first order linear equation that may be easily solved by the general formula (6.2.4), obtaining

c
y(1) = e’ (J e VleieMt dr + cz) = ! (cl J =Rt gy oy cz) =7 1/1 eM 4 cyet
1 — A2

and being cy, ¢, arbitrary, we get finally
y(1) = creM + cpe®.
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Case A = 0: we can repeat the same computations as before, just to the point

y(1) = et (cl J =R g 4 cz) ,
but now A1 = A», therefore
y(1) = eM! (c1 J dt + C2) =citeM + cre.

Case A < 0: Calculations of case A > 0 can be repeated literally, leading to the same formula but with 11, 1, € C.
Since coefficients a,b,c € R, 12 = a +if3, with @, € R, and e??' = ¢ (cos(Bt) + isin(Bt)). Since the
equation is linear, also 1 (et + ) = e’ cos(fBr) and 5- (e!1’ — e2!) = ¢! sin(pt) are solutions, and from this
the conclusion follows. o
As for linear first order equations, the general solution can be obtained by the general solution of the homogeneous
equation by adding a particular solution:

Proposition 6.4.2

Let (w1, wy) be a fundamental system of solutions for the homogeneous equation

(6.4.2) Y +ay +by=0,
and u be a particular solution of the equation,
(6.4.3) ' +ay +by=f(t).

Then, the general integral of (6.4.3) is
y(@) = ciwi (1) + cowa (1) +u(t), ci,c2 €R.

Prookr. Just note that if y solves (6.4.3), then y — u solves (6.4.2). Indeed

(y—uw)’"+a(ly—u) +b(y—u)=y"+ay +by—(u" +auw’' +bu)=f - f=0, = y—u=cywy+cywp. O

To complete the solution of the second-order nonhomogeneous equation, we need to determine a particular solution.
As for the first-order case, this can be determined using the method of variation of constants. We look at u of type

u(t) = c1(t)wi(t) + co(H)wa (1), t € 1.

searching for the coefficients ¢y, ¢, in such a way that u be a solution of the equation.
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Theorem 6.4.3: Lagrange

Let (w1, w;) a fundamental system of solutions of (6.4.2). Define

w1 wo

W(t) := det ,
7 7
LETNS)

the wronskian of (w;, w;). Then, W(z) # 0 for all # and

(6.4.4) u(t) = — ( v‘;f((;))

is a particular solution of (6.4.3).

1(1) dt)wl(t)+( tvl—((tt))f(t) dt) wa(t), tel,

Proor. Letu = ciwy +cowy withc; = ¢;(¢) j = 1,2. Then
u' = ciwi+ciw] + chwa + cow).
To simplify the computations, we impose the condition
ciwi +chwy =0.
Then
u” =c\wi+awl + cyw + cowy.
Hence
7 ’ o ’or
u' =au +bu+f, & cwi+cow,=f.
We may conclude that u is a solution iff
c’lwl + céwz =0,
(6.4.5)
77 ’r
ciwi +chwh = f.
This can be seen as a 2 X 2 linear system in the unknown (c/, ¢}) and the coefficients of the matrix

w1 w2

’ ’

wp W

Denoting with W(t) the determinant of the previous matrix,
W(t) := wiw) —wow], (wronskian of (wi,w>))

it is easy to check that in all cases W(¢) # O for any ¢:

Qi oot o relt

det = e(/ll+/12)t(/12 —A1). det = 62/1[,

Arelit pett Aet (1 +Ar)et
and
e cos(pr) e sin(pr)
det = B
e (acos(Bt) — Bsin(Bt)) e (asin(Br) + B cos(Bt))

Therefore,

SO0

wi (1) f(1)
W) 2 '

() = W
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that is
(6.4.6) er(t) = —J Vv”‘j((tt)) F) d, ea(r) = J VV”V'((;)) £(t) dt.
So, we get the formula (6.4.4). |

ExampLE 6.4.4. Find the general integral of the equation
' () +y (1) —6y(t) =2e7", t € R.

SoL. — We start by computing the fundamental system of solutions of the homogeneous equation. The characteristic

polynomial is

—1+V25 -1+£5
22

Therefore the fundamental solutions are w1 (¢) = e, wa(t) = e~ with wronskian

W(t) =(-3-2)e " =-5¢".

AP+1-6=0, A=1+24=25>0, A, = 2, -3.

By Lagrange formula (6.4.4), we have

o3t 5 o2t ) \ . 2( , \
u(t) = —I _56_12e_t dte t+j —Se"ze_t dt e = gje_ Ldt e™ — gJe Tdt e
— 2 -t 2 -t _ l —t
T3¢ T10¢ T3¢
Therefore, the general integral is
1
y(1) = cre* +cre™ — ge", cl,co €R. O

In the case of second-order equations, we see an interesting phenomenon: the general integral depends on two free
constants ¢y, co. Therefore, it is clear that a unique condition in y is not sufficient to determine a unique solution.
That is why the Cauchy problem for a second-order ODE is different with respect to the first-order case. Intuitively,
we need a second condition for the solution. There are two interesting cases:

e The Cauchy problem, which consists of finding a solution y that satisfies two initial conditions, as

Y’ +ay' +by= f(1),
CP(to, y0,yy) | Y(to) = Yo,
y'(t0) =y
o the boundary value problem, that consists in finding a solution y fulfilling two passage conditions as

Yy’ +ay" +by = f(1),
BV (20, yost1,¥1) 1 ¥(to) = Yo,
y(t1) = y1.

These are two entirely different problems. Thinking to the differential equation as coming from the Newton law
ma = F and y representing the position in function of time, in the first case the solution is the trajectory of motion
starting at time 7o at point yo with velocity y(,. In the second case, the solution is the trajectory of motion starting at
time f¢ at point yo and reaching point y; at time #;. The different nature of these problems is reflected by different
results we may prove concerning existence and uniqueness. This holds true in general for the Cauchy Problem, but
might be false for the Boundary Value Problem.
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Theorem 6.4.5: existence and uniqueness

The Cauchy Problem CP(#9, Yo, y) has a unique solution for any #o € I and yo, y; € R.

Proor. We have to prove that there exists a unique cy, ¢, such that
y=ciwi+cowa+u,
is a solution of CP(t9, o, y;). Imposing the two initial conditions we have,
c1wi(to) + cawa(to) +u(to) = yo, ciwi(to) + cawa(to) = yo — u(to),

ciwi(to) + caw)(to) +u’(t0) = v ciwi(to) + caw)(to) = y, — u'(to).

This last as a 2 X 2 linear system whose coeflicients matrix is the wronskian matrix. Since in our assumption the
wronskian matrix is invertible, previous system has a unique solution ¢y, c;. O

ExAMPLE 6.4.6. Solve the Cauchy Problem

y'(t)+y(t) =€, t €R,

y(0) =0,
y'(0) =1.
SoL. — The characteristic equation is 4> + 1 = 0, that is A = +i. Therefore w(t) = cost, wy(f) = sint is a

fundamental system of solutions for the homogenous equation. The wronskian is

cost  sint
W(t) = det = (cost)? + (sint)? = 1.
—sint cost

Therefore a particular solution, by the Lagrange formula, is

int t
u(t) =- (I %e’ dt) cost + (I %et dt) sint = — (J e’ sint dt) cost + (J e’ cost dt) sint
t

e . e’ . . e’
= —?(smt —cost)cost + 5(cost+ sint) sint = >

Hence the general integral is

. e’
@(t) =cjcost+cysint + >

Now, imposing the initial conditions we get the system

1 _
C1+§—0, 1 1 1
= a=-5 0=5 = (1) = E(sint—cost+e’). m

C2+%=1,
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6.4.1. Applications.

ExawmpLE 6.4.7 (Damped Oscillations). Describe the motion of a point mass moving on a straight line under
the action of elastic force and friction.

Sor. — Let m be the mass, k > 0 the elastic constant and v > 0 the viscosity v. If y = y(#) is the position at time ¢
my” (1) = —ky(t) = vy'(1).
The equation is a second order linear equation with constant coefficients. Its characteristic equation is
mA% +vA+k=0.

Because A = v? — 4m« we have that if A > 0, that is if v > 4mk, v > Vdmk, the general solution of the equation

is,
—-v+vVA

y(1) = creM + cre™, where ), =
’ 2m
Since A > v2, —v £ VA < —v + V2 = 0, that is A12 < 0. The mass is exponentially “attracted” from the origin.
The case A = 0 is analogous.
When A < 0, we have

v V-A

Alp=—— =1
’ 2m

s

and the general solutions of the equation is

v V-A _v, . [V-A
y(t) = cre” 2" cos t]+coe” ! sin | ——1] .
2m 2m
The motion is oscillatory (because of sin and cos), the oscillations being damped by the exponential e~ 2. O

ExaMPLE 6.4.8 (Resonance). A point mass is subject to the action of an elastic force (elastic constant k*) and
to and external time periodic force proportional to sin(kt). Discuss the behaviour of the system in the case

SoL. — Assuming unitary mass and force, we can describe the system through the equation
(6.4.7) v (1) = —k?y (1) + sin(k?).

The characteristic equation is A2 = —k2, that is, A = =+ik, therefore, the fundamental system of solutions for
homogeneous equations is wy(t) = cos(kt), wy(t) = sin(kt). The wronskian is W(¢) = k and a particular solution
is

u(f) = - (J % sin(k?) dt) cos(kr) + (I COSIEI“) sin(kt) dt) sin(kr).
Now

I sin(kt)? dt = I sin(kt) sin(kt) dt = —% I sin(k?) (cos(kt))’ = —% [sin(kt) cos(kt) — k J cos(kt)? dt]

1 . 2 1 . 2
=% sm(2kt)+J‘(1 sin(kt)”) dt = T sin(2kt) + 1t Jsm(kt) dt

and by this we have

: 2 ., _ L sin(2kt)
J‘ sin(kt)” dt = ST T
Moreover ) 1 -
costkr) . . cos(2kt
J 3 sin(kt) dt = Y J sin(2kt) dt = BTEa
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In conclusion

_[sin(2kt) ¢ cos(2kt) .
u(t) = ( TR ﬁ) cos(kt) — VT R sin(kt).
Here we may notice that u is unbounded. This fact has been used to explain the impressive collapse of the Tacoma
bridge. O

Ficure 5. Tacoma bridge collapse

6.5. Exercises

Exercisk 6.5.1. Find the general integral of the following equations:

Ly +(cost)y=3sin(2), 1 €R. 2.y —sy=t1,1€]-1,1[. 3.y +2ty =28, t€R.
4. y' - %y+107gt =0, 1€]0,+0[. 5.y —(tant)y=r> t€|-%%[. 6. y +2ty=te ", teR.
7.y +y=sint, t € R. 8.y +(cost)y=(cost)’, re€R. 9.y =FLy+2(?+1), 1 €R.

ExERcISE 6.5.2. Solve the Cauchy Problem
2
Y (1) + 35 y(1) = Vi,

y(0) =1.
Exercise 6.5.3. Consider the equation

1 T
"~ (tanr)y = —, te]O,—[.
y' = (tan)y sint 2
i) Find its general integral. ii) Is it true that for every solution it holds lim; o, y(#) = —co ? iii) Are there solutions
such that 3lim,_, z y(#) € R. In the affirmative case, what is the value of the limit?
ExErcise 6.5.4. Consider the equation
vy + (sint)y =sint, t€R.

i) Find its general integral. ii) Are there solutions y such that 3lim;_,, y(¢#) € R. iii) Find the solution of the
Cauchy Problem y () = 1.
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ExEercise 6.5.5. Consider the equation
1
vy (t) = —;y(t) + arctanz.

Find its general integral on | — co, 0[ and on ]0, +oo[. Does it exists a y : R — R solution on both | — o0, 0[ and
10, +oo[. In this case, what is y(0)?

Exercise 6.5.6. Solve the Cauchy problems

Lo Y-y-2 ,_yQRy-1) ,__cos*(2y) L (ef +1)y?
Yy = ———— arcsint¢, =, =— = 77
1. 3 7 cosht 3. t(2-log”t) 4 et +2
y(0) = 3. y(0) = 1. y(1) = Z. y(0) =1/2.
ExErcisk 6.5.7. Solve, in function of the initial condition y(0) = y¢, the Cauchy problem
y =4y(1-y),
y(0) = yo.

How many typical plots are there for the solutions?
Exercisk 6.5.8. Consider the Cauchy problem
Y =y(1-y%),

y(0) = 1/2.

Determine the implicit form for the solution and, if possible, the explicit form. Is it true that the solution is defined
for all times ¢ € R? Justify carefully.

ExERcISE 6.5.9. For each of the following equations determine a fundamental system of solutions and write
the general integral.

1. y" =3y"+2y=0. 2. y"=2y"+2y=0. 3. y" —=4y+3y=0. 4. y"+y' =0. 5. y" =y +y=0.
ExEercisk 6.5.10. Determine the general integral of the following equations:
Ly" () +y(t)=6y(t) =27, 2. y" =y +y=e'. 3.y +4y +2y =12 4. y" +2y =¢€'.

5. y” —y=cost. 6. y'+y=-. 7. 9" +2y +2y=2t+3+e". 8.y’ -2y +2y=e'cost.

cost

ExEercisk 6.5.11. For each of the following equations find the general integral and the solution of the Cauchy
Problem with initial conditions y(0) = y’(0) = 0.

L.y’ —y=t. 2.y +4y=¢". 3.y +y=t.

4. y"+y —6y=—4e'. 5. y" -8y +17y=2t+1. 6. y' +y= colT
ExErcise 6.5.12. Consider the differential equation
y'(t) =y (t) =te', teR.

i) Compute its general integral. ii) Are there solutions such that lim,_,, y(¢) € R? iii) Determine the solution of
the Cauchy Problem y(0) = 1, y’(0) = 0.



125

ExERcisE 6.5.13. Determine the general integral of the equation
Y’ (1) = 5y (1) — 6y(t) = 16e™%, 1 € R.
Hence, say if there exists a solution such that y(0) = 0 and lim;_, y(¢) = 0.

ExERcisk 6.5.14. Consider the equation
v/ (t)+y' (t) =t +cost, t€R.

i) Determine its general integral. ii) Are there solutions y such that 3lim; ., y(#) € R? iii) Are there solutions y
such that y(0) = 0 and lim;—,_, y(f) = +oo.

ExEercisk 6.5.15. Consider the equation
’” 1 /S
H+y(t)y=— tel|-=,=|.
YD+ (@) cost ]22
i) Determine its general integral. ii) Is it true that every solution of the equation fulfills lim,, z _ y(#) = +o0? iii)
Are there solutions such that, for some C # 0, fulfils y(r) ~ Ct> when t — 0.

ExERcisE 6.5.16. Find the general integral of the equation
o2
Y@ +4y' (1) +4 = e t €]0, +ool.
Are there solutions of the equation such that 31lim; o+ y(#)?
Exercisk 6.5.17. A radioactive material decays of 20% in 10 days. Find his halving time.

ExEercisk 6.5.18. In an hospital, a radioactive substance is accumulated into a vessel at rate of 2m? each month.
The radioactivity has a decay rate estimated to be proportional to the quantity present in the vessel according a
constant of proportionality k = —1. Knowing that initially the vessel is empty find the total amount of radioactive
substance contained when the vessel is full.

ExErcisg 6.5.19. The queue created by a car accident on an highway reduces at some rate inversely proportional
to the square root of the length of the queue. Knowing that to halve a queue of 1km it takes 10min, how long it
takes to halve a queue of 2km? How long it takes to eliminate the queue?

Exercisk 6.5.20. In a fish breeding the population of fish is assumed to follows a logistic evolution

Y (1) = 0.1y (1) = by(1)?,
where b is to be determined. You know that initially there is 500kg of fish. After one year, the fish has grown to
1.250kg. Determine the value of b.

EXERCISE 6.5.21 (). A particle of mass m falls under action of gravity and air friction in such a way that the
equation of motion is
ma(t) = —mg — mkv(t).
Express the velocity v as function of the quote x and determine v = v(x) explicitly. What if friction is proportional
to the square of v?

EXERCISE 6.5.22 (x%). A swimmer aims to cross a river of width €. The starting point and the arriving point
are aligned and orthogonal to the river. The water flows at constant speed v higher than the speed V of the swimmer.
Assume the swimmer points, at every moment, its final destination. Is it possible to determine e path in such a way
the swimmer reaches the other side of the river? (hint: use differential equations to describe the trajectory of the
swimmer. . .).
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EXERCISE 6.5.23 (x). A ship of mass m moves from rest under a constant propelling force m f and against a
resistance mkv?. Determine the speed v = v(a) as function of the covered distance a. Suppose that, at certain a
fixed, the engines are shut down. What is the distance needed to stop the ship?

ExXERrcISE 6.5.24. A mass m is vertically attached to two springs, with same elastic constant k. Initially the
mass is at rest positions for the springs. Determine the motion of the mass, considering also the gravity.



CHAPTER 7

Advanced Differential Equations

In the previous Chapter we introduced to some basic types of differential equations. The focus has been on
methods to explicitly solve equations. However, as for algebraic equations, there is a limited class of solvable
equations. This motivates new method and tools for general equations. We need to answer to the following
questions:

o How to ensure existence of solutions when they cannot be explicitly computed?
e What information can be drawn for solutions that cannot be explicitly computed? For instance, can we
plot the diagram of the solution?

To answer these questions, two type of methods have been developed: qualitative methods and quantitative/numerical
methods. In this Course we will develop tools for the former while numerical methods will be introduced in Numer-
ical Calculus courses. Qualitative methods have the goal of providing some graphical representation of solutions,
pretty much how we plot the graph of a function starting with its analytical expression.

Chapter requirements: Chapter on Basic Differential Equations, notably separable variables equations, a good
comprehension of ordinary derivative and of its geometrical properties.

7.1. Scalar Equations

The Cauchy problem for first order scalar equations consists in finding a solution of a differential equation
fulfilling a passage or initial value condition. Formally,

Y =fty), tel,
CP(t9, y0) : where f = f(t,y) : D cRXR — R.

y(to) = yo.

A function y = y(t) € €'(I), I c Rinterval is a solution if it fulfils the equation and the passage/initial condition.
Notice that, in particular:
(t,y(t)) e D, Vt € I.

In other words, the graph of the solution must be contained in the domain D of f. In particular, because
(t0, y(10)) = (%0, y0), the passage point (zo, yo) € D.

The first problem is: under which conditions on f there exists a unique solution fo the Cauchy problem?
These question contains two sub-questions: when a solution exists and, provided it exists, when it is unique.

Existence holds under very general assumption on the structure of the equation, namely on the function

f=rfy):

Theorem 7.1.1: Peano

et f=f(t,y) : D c RXxR — R be continuous on D. Then, there exists a solution of CP(tg, yg) for
every passage condition (fg, yg) € D.
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Peano’s theorem is a very weak result. Indeed, it does not ensures uniqueness which is a very important property
when we use solutions of ODEs to do predictions on the behavior of a certain real world system. As Example 6.3.8
shows, in general uniqueness does not hold. In that Example,

Y = f(t,y), with f(r,y) =y'? € R xR).

Thus, continuity of f is not sufficient to ensure uniqueness. We need more on f to obtain also uniqueness.

There are two types of existence and uniqueness results: global and local theorems. With global we mean
results that provides explicitly the information on the domain of definition of the solution. Vice versa, local results
do not give any information on the consistence of the time interval of definition for the solution. We only know, a
priori, that the solution is defined on some interval / containing initial time 79 and nothing more. Global theorems
are more restrictive but also easier to state and use. Conversely, local theorems are more general but a bit harder to
use. Here we will limit to a statement per type, starting with the

Theorem 7.1.2: Global Cauchy-Lipschitz

Let f : D = [a,b] X R — R be such that
) fe€([a,b] XR);
ii) 0y f be bounded on [a, b] X R, that is

3L >0 : |9, f(t,y)| <L, ¥(t,y) € [a,b] XR.

Then, for every (g, yo) € [a, b] X R there exists a unique solution to CP(t, yo).

ExampLE 7.1.3. Check the global Cauchy—Lipschitz conditions for the equation

, _ sin(ty)
T +y2°

on any strip [a,b] X R.

SorL. — Here f(t,y) = sinlty) clearly defined on (¢, y) € Rx R and f € €. Moreover

1+y2
(1 + y*)tcos(ry) — 2y sin(ry)
ayf(t,y) = € (R xR).
yf( y) (1 +y2)2 ( )
Therefore
|+ yHecos(ry) - 2ysin(ry) | (L+yH)|e|+2]y| 1] 2|y|
|6yf(t’y)|— N2 < 22 - 7t 2)2°
(I+y%) (I+y%) L+y> (1+y7)
2 1+y?
Clearly 1+1y2 < 1 and because 2ab < a? + b, (Hlyyzl)z < (1:;2)2 = ﬁ < 1, we have

10y £(t.y)] < |t] + 1 < max{Ja], b} + 1 =: L, ¥(t.y) € [a.b] xR. O

The two main restriction of the Global Cauchy—Lipschitz Theorem are: first, the domain that must be a strip
[a, b] xR; second, the 0y, f that must be bounded. 1f one or both these conditions are not fulfilled by f (we consider
the continuity of f a minimal assumption), we cannot apply this result. The conclusions of the Global CL Theorem,
can be false.

ExampLE 7.1.4. Solve the Cauchy problem
Y =y

y(to) = yo.
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SoL. — Let f(t,y) = y2. Clearly f € €(R xR). However, 0y f(t,y) = 2y is unbounded on every strip [a, b] X R,
so the Global CL Thm doesn’t apply. We can however solve the equation by separation of variables: noticed that
y = 01s a solution, if y 0 we have

V() ( 1 ) ! 1

— =1, = |[-——]| =1, & ——=1t+C, &= y({t)=—-—.
y(1)? y(1) y(1) t+C
Notice that this solution is never = 0O therefore, the previous argument shows that if y # 0 somewhere, y # 0
everywhere. Let’s pass to the solution of the Cauchy problem. If yg = 0 then y = 0 is the unique possible solution.

If yo # O then the solution can be only of the form y(f) = —%. By imposing the passage condition

Y (1) =y(1)?, =

+C
(29) = — I _ — C=-t !
Y{o) = Yo, t0+C_y0’ =—lo o

There’s a unique possible C hence a unique possible solution given by

1

y() = —————.
t—1to= 5
Notice that this, as function, would be defined in R\{zo + %} =] — oo, tg + # [U]to + ﬁ, +oo[. However, only one
among these two intervals contains fg. As yg > 0itis | — oo, 19 + y]_o [, while as yg < Oitis ]¢o + %, +oo[ (because
4

fo + o < ty). O

This example shows some interesting facts. First, the [life interval of the solution depends by the initial condition
(t9, yo): the interval might be bounded or unbounded, even the entire | — oo, +co[. However, unless the solution is
known, it is impossible to say a priori what is the case. These are general features, caught by the

Theorem 7.1.5: Local Cauchy-Lipschitz

Let f: D ¢ RXR — R be such that
i) fe€D);
ii) 8,f € €(D).
Then, we have
o Existence: for every (79, y9) € D there exists a solution y :]a@, B[— R of CP(t, yo) fulfilling
the following property: there is not a solution y : I — R of CP(t¢, yo) defined on I 2]a, B].
Solution y is called maximal solution.
e Uniqueness: if y : I — Rand y : J — R are two solutions of CP(tg, yo) theny =yonInJ.

In general, @, 8 and, depend by (ty, yp). The interval |a, B[ is, by definition, the life interval for the maximal
solution, « is called birth time and § is called death time of the solution.

ExampLE 7.1.6. Show that the equation
ey
142
Sulfills the local Cauchy-Lipschitz condition on R X R but not the global condition on any strip [a,b] X R.

SoL. — Here f(t,y) = 1(:;2 is defined on D = R X R. Clearly f is continuous and

7’

y

t

e (1+y%) —2ye”  1(1+y?) -2y )
Oy f(t,y) = 1+ 527 = e T € G(R?).
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This shows that the local Cauchy—Lipschitz condition holds. However, d, f (¢, y) is clearly unbounded on any strip
[a,b] x R. Indeed: if ¢ # O s fixed, |0y f (¢, y)| — +00 as y — +oo. O

In general, the explicit determination of the life time interval for a maximal solution is difficult if not impossible.
We might expect that, when the solution “expires” (in the past, as t — a+. in the future, as t — £—) something
”dramatic” should happens. Indeed, let us imagine that the “final” point (8, y(8—)) € D. Then, applying local
existence and uniqueness, the CP(B, y(8-)) would have a solution y :]@, B[— R, with 8 €]@, B[. In particular,
we could extend y some time after 5 by posing

y(®), t<pB,
y(1) = R
y(t), B<t<§p.
But then, since y(¢9) = y(f9) = yo, y would solve CP(#y, yo) and it would be defined on |, E[Q]a/, B[, contradicting
the characteristic property of a maximal solution. The conclusion would be then that (3, y(8-)) ¢ D, or, in other
words, when a maximal solution expires it must leave the domain D. This argument is not a proof, because there

are many delicate points that should be clarified. However, it suggest a general property that turns out to be true by
fixing the argument shown here. This is a fundamental property of maximal solutions:

Theorem 7.1.7: exit from compact sets

Let f : D ¢ R xR — R be fulfilling Local CL Thm on D open. Then, every maximal solution y must
leave every compact set K C D. Precisely:

VK c D, K compact : 3o, 7 : (t,y(2)) ¢ K, Vt < o, Vt > 7.

To write K compact included in D we will write shortly K € D.

7.2. Qualitative Study of Scalar Equations

The main goal of qualitative study is to plot the diagram of a solution of a given CP. Of course, if we have explicitly
computed the solution this is a Calculus 1 exercise. But what if we cannot explicitly solve a CP? As we will see
in some examples here below, the differential equation can provide the information we need to have a qualitative
idea, including a diagram, of the solution. Instead of giving recipes, we prefer to illustrate the techniques through
few key examples. The reader will notice that we will make an important use of the general results presented in the
previous section.
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ExampLE 7.2.1. Consider the Cauchy problem

Y = tany
1+y2’
y(0) = yo,

Show that local existence and uniqueness hold. Find constant solutions and regions of D where the solutions are
increasing/decreasing. Let now y :la, B[— R the maximal solution with yo €]0, 7 [. Show that y is monotone
and deduce that « = —co, computing also y(—0). Show that B < +oc0 and compute y(—). Show that y € €* and
find the concavity of y. Use this to show again that 3 < +oo and to deduce an estimate of B. With the previous
informations plot a graph of y.

SoL. — Let f(t,y) = ;a:yyz is defined on D :=] — co, +oo[x (R\{Z + kr : k € Z}). On D, f,d,f are clearly
continuous: therefore, local existence and uniqueness are fulfilled. Let y = C be a constant solution. To be a
solution we need that

tany tan C

0=y = =  tanC=0, & C=kn, keZ.

Cl+y? 1+CY
Let y be a solution. Then
tan
y,/,onl y'=1+y2>O,onI, — k7r<y<k7r+g,k€Z.
y

By this we deduce the picture of plane regions where solutions are increasing/decreasing.
y

w

n

S
\

|

/

\>

[N

n\>

Let now y :]a, b[— R be the maximal solution of CP(0, yo) with yo €]0, 7[. We want to prove that
0<y() < g Vt €la, b, = ¢ /.

If this is true then y . Suppose, by contradiction, that there exists 3¢; €]a, b[ such that y(#;) < 0. Then, by
intermediate values thm, y(7) = 0 for some 7. But then y must intersect a costant solution at = 7. By uniqueness,
therefore, y = 0, but this is impossible being y(0) = yo > 0. Similarly, it is impossible that there exists #; such that
y(t1) > 5 otherwise there should be 7 such that y(z) = 4. In this case (7, y(7)) ¢ D and this is impossible for a
solution.

We know now that y . Therefore, by properties of monotone functions, 3lim;_,, y(t) = £. Moreover, because
0 <y(r) < F,wehave 0 < ¢ < 7 (actually < 7). Suppose then that @ > —oco. We should have then
(t,y(1)) € [@,0] X [¢, yo] = K, Vi <0,

so that the solution wouldn’t get out (in the past) by the compact K, and this contradicts the fugue by compacts.



132

!
@

The unique possibility is therefore @ = —co. About £ we have two alternatives: either £ = 0 or £ > 0. The second
is impossible: taking the equation and passing to the limit as t — —oco we would have

tan £
1+£2°

tan

Butbeing y — {as 1 —> —oo it cannot be 175

Hbpital rules:

# 0. We can motivate this by a little general fact consequence of

Proposition 7.2.2

Let ¢ € €' be such that
Jim o(n) =¢, lim ¢'(1) =, with (¢ eRY = ¢ =0.

Proor. Indeed

0= tim 29 o =, o

t—+o0 t t—=+00

Therefore

;T;; =0,ifftan€ =0, iff { = kmr, and being 0 < € < yg < % necessarily ¢ = 0.

Let’s discuss now what happens at . We know that y 7 so 3lim,_,z_ y(#) =: £. Because 0 < y(#) < 7 forcely
0 < ¢ < % (actually € > yo). Let’s deduce by this that 8 < +co. If § = +co we would have

tan{
(1) — = {
y(® 1+ 2
Now: either £ < 7 or £ = 7. In the first case ¢’ € R but then, by previous proposition, £’ = 0, that is % =0, iff
¢ = kn. But this is impossible because yo < £ < 5. Therefore £ = 7, hence ¢’ = +co. But also this is impossible:

if ¢/ = +oo then ¢” > 1 definitively, therefore y(#) — +oo so it cannot be y(¢) — 7.

Moral: B < +co. Let’s see that £ = 7. If £ < 7 we would have that
(z,y(1)) € [0, 8] X [yo,£] € D, Vi > 0,

contradicting the fugue by compacts.
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K=[0,81x[¢.yo]

Yo

tany
1+y2°

Let’s pass now to the discussion of concavity. Because y’ =
y = y(1)) we get
o=y (L+y) - (tany)(1+y%) _ (1+ (tany)*)y'(1+?) - (tany)2yy"
(1+y%)? (1+y%)?

by deriving this respect to ¢ (do not forget that

.1+ (tany)? + y? + y*(tan y)? — 2y tan y _y 1 +y?(tany)? + (y — tan y)?

(1+y%)? (1+y%)? '
By this it is evident that y” > 0 iff y* > 0, and because this is true by previous discussion, y is convex. Taking the
tangent at ¢ = 0 of equation

tan yg
y=yo+¢'(0) =yo+——1,
1+ Yo
by properties of convex functions it follows that
tan yo
y(t) = yo+ St
1+ Yo
And because s
tan pis n lL+y
yo + y(;lé—,'{:)tS(—— 0) 0
1+y5 2 2 tan yo
2
we deduce necessarily that 8 < (5 — o) tlazyy‘z). O
Y
Yo

ExampLE 7.2.3. Consider the differential equation
3 1
T 24y2-1

’
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Determine the domain of local existence and uniqueness. Let now y be the solution of the CP(0,0). Show that y is
odd increasing and find its concavity. With these informations estimate the lifetime of y.

SoL. — Let f(t,y) = 55— Clearly f € €(D) where D = {(t,y) € R> : 1> +y? # 1} (the plane minus the

24+y2-1°
circle centered in (0, 0) with radius 1. Moreover

2y
5 € €(D).

M TEy

Let now y :]a, 8[— R be the maximal solution of CP(0,0). To show that y is odd we need to prove that

y(=t) = —-y(), Vt = y(t)=-y(-1), Vt

We will use the following standard argument: let z be defined as z(¢) := —y(—¢). Notice that z is still a solution of
the same Cauchy problem solved by y. Indeed: z(0) = —y(-0) = —y(0) = -0 = 0 and

1 1
02+ ()2 -1 2420021

(1) =(=y(-1) =y (-1) =

By uniqueness z = y, that is —y(—t) = y(¢t) for every t.

Let’s pass to the monotonicity. We have
YN\, &= ' <0,V:, &= rP+y><1, V.

Now, as ¢ = 0 this is true (because y(0) = 0). If for some ¢ it would be > + y*> > 1 then, either > + y(#)?> = 1 (but
this means (¢, y(#)) ¢ D, impossible) or > + y> > 1. By continuity, then, there should exists another time s where
s+ y? = 1, impossible. Therefore 1> + y> < 1 always.

For the concavity let’s compute y”’. Deriving the equation

s (PP =1 a2y
(2 +y2-1)° S22 1)

Therefore
' 20, & t+yy <0.
We know that y* < 0 always. Being y(0) = 0 we deduce that
y20, & r<0.

Therefore: asz <0,y >0,y <Ohencet+yy <0;astr >0,y <0,y <O0hencet+yy > 0. Inconclusion: yis
convex as t < 0, concave as ¢ > 0. In particular y is below of its tangent for # = 0,

y(t) < y(0) +y'(0)r = —,

and the straight line y = — crosses 1> + y?> = l att = \/75 It follows that 8 < ‘/75 O
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7.3. Exercises

Exercisk 7.3.1. Consider the equation
Y=y -1).
Check that local existence and uniqueness hypotheses are fulfilled. Find stationaries solutions and draw in the
plane (z, y) regions where solutions are increasing/decreasing. Since now, let y be the maximal solution with
v¥(0) = yo > 0. Discuss the monotonicity and concavity of y. Find the maximal interval and the limits at the
extremes of it. Plot a graph of y.

ExEercise 7.3.2. Consider the equation
,_logy
YTy v
Find the maximum domain where local existence and uniqueness hypotheses are fulfilled. Find stationaries solutions
and region where solutions are increasing/decreasing. Since now let y :]a@, S[— R be the maximal solution with
y(0) = yg €]0, 1[. Show that ¢ is monotone and find its concavity. Show that @ = —co and compute lim,_, ., y(7).
Say if 8 < +oc0 and compute lim,_,g_ y(¢) and lim,_,g_ y’(z). Plot a graph of the solution.

ExEercisk 7.3.3. Consider the Cauchy problem
y" =t(y? - 1) arctan y,

y(0) = yo.
Check that local existence and uniqueness holds. Find stationaries solutions and regions in the plane (¢, y) where
solutions are increasing/decreasing. Since now, let y be the maximal solution with y(0) = yg €]0, 1[. Show that y
is even and discuss the nature of + = 0 for y. Find the maximal interval, the limits at its extremes and plot a graph
of the solution.

Exercise 7.3.4. Let y :]a, B[— R be the maximal solution of
_ 1
T logy+t’

y(1) =1
We accept that it exists. Show that y is increasing, find its concavity, show that 8 = +oco0 and compute y(+c0). Show
that @ > —oo and compute lim,_, o+ y’(¢). Plot a graph of the solution.

’

y
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ExEercise 7.3.5. Let y :]a, B[— R be the maximal solution of
1

’

Y ez logy’

y(0) =e.
We accept that it exists. Of course, the graph of ¢ is contained into D~ := {(¢,y) € RxR : y > e’}: why? Deduce
that y is increasing. Study the concavity of y. Show that if @ > —oo then y(a+) = +o0: deduce that @ = . ... Show

that 8 < +oo, and compute lim,_,z_ y’(¢). Plot a graph of the solution. Show that y(—c0) = +oo.
ExEercise 7.3.6. Consider the differential equation
; t
Y= e

Find the maximum domain D C R X R on which local existence and uniqueness are fulfilled. Since now, let
y :]a, B[— R be a maximal solution of the Cauchy problem with y(0) = 1. Show that: y is even, y /" on [0, 8]
and deduce the nature of ¢ = 0 for y. Show that y(8—) = +co. Plot a graph of the solution.

Exercise 7.3.7. Consider the differential equation

, _ sin(ty)
1+y2°

Find the maximum domain D C R X R on which local existence and uniqueness are fulfilled. Do global existence
and uniqueness holds? Find stationaries solutions and regions of the plane (z,y) where solutions are increas-
ing/decreasing. Since now, let y : R — R be the solution of CP(0, 1). show that ¢ > 0 everywhere and that y is
even. Compute y”’(0) and deduce the nature of # = 0 for y. Show that necessarily there exists 7 > 0 such that y has
a maximum at 7. Compute y(+co). Plot a graph of the solution.



CHAPTER 8

Systems of Differential Equations

In this Chapter, we continue our journey into ODEs extending the discussion to the case of systems of differential
equations. For simplicity, we will limit our discussion to 2 X 2 autonomous systems, that is to systems of the form

x' = fx,y),
where f,g : Q c R? — R.

Y =gx,y),

Systems of ODEs are used to describe the evolution of several entities interacting according to some rule. We will
present some remarkable example in the next Section.

As for the previous Chapter, the main focus here is on qualitative methods for studying solutions. Differently
from the case of scalar equations, however, the main focus is not on plotting the diagram of the solutions. There are
two main reasons for that. The first is a technical difficulty. To do the kind of analysis we did for scalar equations,
that is, draw information on x (for instance) from its equation x” = f(x, y) is hard. Indeed, to get any info on x we
would need to know also y. This is itself depending on x, so we end into a vicious cycle. The second is actually
an opportunity. As we will see from some of the examples, in the case of a system other figures different of single
solution diagrams provides more insight on the behaviour of the system. The techniques developed here can be
applied to certain second order equations that we find in Physics (Newton equations).

Chapter requirements: basic and advanced differential equations,

8.1. Some Examples

In this Section we illustrate, through few examples, how systems of differential equations arise naturally from
real world problems.

8.1.1. A model for a pandemic. We consider a population subject to a pandemic spread. The goal is to
describe the evolution of the pandemic describing the number of individuals that have been affected. We divide
the population into three groups: susceptible individuals, namely individuals that have not yet been affected by the
virus; infected individuals, and immunized individuals, namely individuals that have recovered from the disease or
who deceased. We denote these groups by x(¢), y(¢), z(¢) in function of time ¢ respectively.

Let us describe the relations among these quantities, starting with x = x(#). We look at a short time variation,
that is dx := x(¢+dt) —x(t). Thus, ‘é—;‘ represents the variation of x per unit of time. A reasonable assumption is the
variation per unit of time of susceptible individuals is negative and proportional to both the number of susceptible
and of infected individuals. Formally, this means

— = —Ryxy,

dr 0xy
where Ry > 0 is the rate of contagiousness (the famous Ry we heard in the news for COVID19: Ry = 1 means
every positive affects one susceptible), Ry > 1 means that every positive affect more than 1 susceptible individual.
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Actually, previous identity becomes a true identity when dt — 0, and since w

x'(t) = =Rox (1) y(1).

On y, two phenomena determine its variation per unit of time. First, % increases of a quote equal to the quote of

— x’(t) we get finally

susceptible individuals that become affected, that is +Rpx () y(¢). Second, Z—f decreases of a quote proportional to
the number of infected individuals because of recoveries or deaths.

dy
— =+Roxy — uy,
di 0xy — 1y

or, more precisely
Y'(1) = Rox(0)y (1) = py ().
The third quantity, number of immunized individuals, is simply driven by the equation

d
d_i =+uy(t), = (1) = +uy (o).

As you can see, the first two entities x and y verify a closed system of two ODESs in two unknowns:

x'(1) = =Rox(1)y (1),

Y () = Rox(1)y (1) — py (1),
Once x,y is found we can determine z integrating z’ = uy. Specific values for the coefficients are estimated
by real observations. The difficulty with this type of systems is that apparently we have to solve two equations
”simultaneously”.

8.1.2. Prey-predator system. A second example we consider and ecosystem made of two species: predators
and preys. You may imagine predators = lions and preys = gazelles, for instance. Predators kill preys because these
are their food, while preys food is in the natural environment. Food determines how each population varies. For
predators, their growth (variation of population per unit of time) is proportional to both populations. However, in
absence of preys, predators naturally die. For preys, their growth is proportional to the population and, at same
time, they die proportionally to their number and number of predators.

Formalizing these principles, let x = x(¢) the number of preys at time 7 and y = y(¢) the number of predators
at same time. We represent with dx = x(¢ + dt) — x(¢) the variation of preys on the time-frame [z, + dt], ‘é—’t‘ the
variation per unit of time. We have

dx
7 —Axy + My ,
t N—— N——
predators ef fect natural growth
Here, A, p are positive constants, specific for each specie of preys and predators. Previous relation becomes exact
when dt — 0, this leading to the equation
x' = —Axy + ux.
Similarly, for predators we have
d
D +vxy — KX
—— S~
growth natural deceases
where, also in this case, v, k are positive constant characteristic for each prey-predator species. Previous relation
becomes a true identity in the limit dr — 0,

vy =+vxy — ky.
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Coupling the two equations we obtain the so called prey-predator system:

x' = -Axy + ux,
v =+vxy — ky.

8.2. Cauchy Problem: Existence and Uniqueness

Let
f=rfxy), g=¢gxy) : QcR* >R
Cauchy Problem for a 2 X 2 system can be naturally stated as

x'=f(x,y),
y =g y),
8.2.1 CP(ty, (xg, :
8.2.1) (10 (x0, ¥0)) X(t0) = xo,
y(to) = yo.
A solution is now a couple x,y € €' (I) fulfilling the system. In particular, (x(7), y(¢)) € Q for all ¢ € I, hence

also (xg, yp) € Q. The fact that the system is autonomous, that is f, g do not depend by ¢ explicitly, has a nice
remarkable consequence on solutions:

Proposition 8.2.1

(x(2), y(1)) solves CP(ty, (xo, yo)) iff (x(z — o), y(t — tg)) solves CP(0, (xo, y0)).

In particular, for the Cauchy Problem we can conventionally consider 79 = 0. Existence and uniqueness for CP
(8.2.1) follows similar results as for the scalar case (be careful: here f, g are not depending by ¢ explicitly). For
instance we have

Theorem 8.2.2: Global Cauchy-Lipschitz

Let f, g : RZ — R be such that
i) feBRY;
ii) Oxf, 8y f, Oxg, dyg are bounded in R?, that is

HL > 0 : |6xf(x’y)|’ |6yf(X,y)|v |6xg(xa)’)|, |6yg(x’y)| < L’ v(x’y) € Rz'
Then, for every (xo, yo) € R? there exists a unique solution to CP(0, (xo, yo))-

This Theorem suffers the same critics of its homologous for scalar equations. A considerably weaker version is the

Theorem 8.2.3: Local Cauchy—Lipschitz

Let f,g : Q c R? — R be such that

) fe€(Q);

i) Oxf, Oyf, Oxg, 0yg € €(Q).
Then, for every (xg, yg) € Q there exists a unique maximal solution to CP(0, (xg, y9)). Such maximal
solution is defined on a life time interval |, B[ with the following property: it is not possible to extend
(x,y) toJ 2]a, B[ as solution.
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8.3. Orbits and Phase Portrait

Since now, we will assume that Local CL Thm Hypotheses are fulfilled. Let’s consider a maximal solution (x, y).
To have an idea on its behavior, we could try to plot the diagrams of x = x(#) and y = y(¢). This, however, might not
be the most incisive way to describe the qualitative behavior for a system. Indeed, the most interesting qualitative
information concerns the couple (x, y) not just the single x and y. The natural graph would be that of the function

1 — (x(2), y(1)),

but this is hard to be described being that of a curve in the space ¢, x, y. A good compromise is the following: we
may see point (x(¢), y(¢)) as a point in movement in the plane xy, the state space of the system.

The curve t — (x(¢), y(t)) represents the evolution of the state of the system, so in some way its “trace” on the
state space reveals a qualitative behavior. For instance, if the point (x(z), y(¢)) is moving from left to right it means
that x . Let’s introduce the important

Definition 8.3.1

Given a maximal solution (x, y) defined on ]a, B[, we call orbit of the solution the set
y(x,y) ={(x(),y() : t €]la, B[} c Q.

Among all the possible solutions, constant solutions are very important for applications: they represent states where
nothing happens.

Definition 8.3.2

A point (xg, yo) € Q is said equilibrium if (x, y) = (xg, yo) is a constant solution.

REMARK 8.3.3.
f(x0,¥0) =0,
(x0, v0) equilibrium
g(x()s yO) = 0.

So, for instance, the orbit of a constant solution reduces to the singleton {(xg, yo) }, where (xo, yo) is an equilibrium.
In general, however, y(x,y) is a curve in the plane. As consequence of the existence and uniqueness, a certain
number of elementary properties of orbits:

e every (xg, yo) € Q belongs precisely to a unique orbit;

o if two orbits have a common point they must coincide;

e a solution is periodic, that is if there exists 7 such that (x(t +T), y(t + T)) = (x(¢), y(¢)) for every ¢, if
and only if its orbit is a closed circuit in the plane.
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A less immediate property, that actually follows by a suitable extension of the argument of exit by compact sets, is
the following:

Corollary 8.3.4

If an orbit y(x, y) € K C Q where K is compact (that is, closed and bounded), then the maximal interval for
the solution (x, y) is | — oo, +oo[. In particular, if y(x, y) is a closed circuit, the solution (x, y) is periodic.

The way the point (x(7), y(¢)) moves along y(x, y) is a fundamental qualitative information. Noticed that the tangent
vector to (x(1), y(¢)) is (x’(¢), y’(t)), we can use this vector to define the orientation of the orbit. Qualitatively,
we might distinguish four possible orientations:

/,whenx /andy /7
N\, Whenx 7 and y \;
N\ Whenx N\, and y 7
/>, when x N\, and y \.

Notice that

x/, &= x>0, = f(x,y) =20, while y /", & y >0, < g(x,y) =0

An orbit endowed with its orientation is called oriented orbit. We call phase portrait the plot of the typical
oriented orbit of the system. Our goal will be to develop methods to plot the phase portrait (or parts of it) for a
given system.

8.4. First Integrals

The plot of the phase portrait for a general 2 X 2 system

X' = fx,y),
8.4.1)
y =gy,
can be very difficult. Even in the case of linear systems, as shown in the previous section, the discussion is non
trivial. In this Section we will see a method to get a picture of the phase portrait in a certain number of cases.
The starting remark is the following. Given a solution (x(z), y(2)), t € I, its orbit is the set

{(x(2),y(r)) : tel}.

This set is, in general, the trace left by a plane curve. We may also expect that, under certain circumstances, this
curve can be represented also as a diagram of type y = y(x) or x = x(y). Here we are a bit abusing with the
notation:

e y = y(¢) is the y—solution of the system;
e y = y(x) is the ordinate of the point (x, y) along the orbit having abscissa x.

So, accepting a bit of ambiguity, with this notation

y(1) = y(x(2)),

where it is clear that the two y present in this identity have different meanings. Now, fix a time ¢ and consider the
point (x(), y(¢)) = (x, y(x)) on the orbit.
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X
(<(®).y'®)

Q[ =======eeeeeeeeennnnaaaanans (xO.Y(0) = (xy(x)

In particular let us look at the tangent to the orbit. On one side, this is provided by the vector (x’(¢), y’(¢)) whose
angular coefficient is

y' (1)
x'(t)

On the other side, the same angular coefficient is % y(x). Thus

dy _y'(1) _glx(n),y(1) _ g(x,y)
de  x'(1)  fx(0),5(0)  f(xy)

The conclusion is that if y = y(x) is a function whose diagram is the orbit then, necessarily, y = y(x) solves the
differential equation

dy g(x,y)
(8.4.2) il

This equation is called total equation.

ExampLE 8.4.1. By using the total equation, determine the orbits of the system

x'=y,
y =—x
SoL. — The total equation is
dy x
dc y’

This equation can be solved by separation of variables:

y? 2
ydy =—-xdx, 7=—?+k, = y+x’=k. O

The previous example illustrates a situation that can be formalized in general:
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Proposition 8.4.2

Let the total equation be a separable variables equation

dy _g(x,y) _ax)

dx  f(x,y)  b(y)’

Then, if
(8.4.3) E(x,y) = J b(y) dy - J a(x) dx

orbits are contained into the level sets of E, that is into sets {E = ¢} for some ¢ € R.

Proor. Consider a couple (x(t), y(t)) solution of the system. Then,

%E(X(I),y(t)) = 0xE(x(2), y(1))x (1) + OyE(x(2), y(1))y'(2).
Now,
OxE = 0y (I b(y) dy - f a(x) dx) =-a(x), 0,E =0, (J b(y) dy - J a(x) dx) =b(y).

Moreover, because of the equation x” = f(x,y) and y’ = g(x, y). Therefore

%E(X(t),y(t)) = —a(x(1)f(x(1), y(1)) + b(y(1))g(x(2), y(1)) = 0,

because, by hypothesis &fg})) = %’ that is a(x) f(x,y) = b(y)g(x, ). i

Definition 8.4.3

A function E : R> — R is called first integral for system (8.4.1) if
E(x(2),y(t)) = costant, V solution (x(¢), y(?)).

ExampLE 8.4.4. Consider the system
x" = —sinhy,
y’ = sinhx,
i) Find the stationary points. ii) Find a non trivial first integral. iii) Plot the phase portrait of the system.

Sor. —1i) (x,y) = (&,n) is a stationary point iff

0 = —sinhp,
= (&n)=(0,0).
0 =sinhé,
ii) Let’s write the total equation:
d inh
2 _s?n x’ &= sinhydy = —sinhx dx, &= coshy = —coshx +c.
dx sinh y

Notice that the surfaces {E = Eg} are clearly closed (being E continuous) and bounded (because it is easy to check
that limy ) —c0, E(X,y) = —00).
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It is also easy to find out the orientation of the orbits: by the system we have that
e x' > 0,iff —sinhy > 0, iff y < 0: therefore x ,/” when y < 0;
e y' > 0, iff sinhx > 0, iff x > 0: therefore y /" when x > 0. ]

Notice that a trivial first integral always exists: just take any constant function E. Of course, this kind of integral is
completely useless: the level sets {E = c} are empty or R? according to the value of ¢. Moreover, the first integral
doesn’t contain any information on the orientation of the orbits, as the following example shows.

ExampLE 8.4.5.

SoL. — In both cases the total equation is the same:
dy x _ x dy

dx -y oy dx -y Y
and leads easily to the first integral E (x, y) = x2 + y2. O

An important remark is that in general a level set {E = c} do not coincide with a single orbit, but it may contains
several orbits.

ExampLE 8.4.6. Find stationary points, non trivial first integral and phase portrait of the system
X =yx-y),
Y =—x(x-y),

Sor. — (x,y) = (a, b) is stationary point iff

0=">b(a-b),
<~ (a,b) =(0,0), or a=b.
0=-a(a->b).
Therefore, all points (infinitely many) of the straight line y = x are stationary points. The total equation is
dy —x(x-y) _

= —f, & ydy=-xdx, = E(x,y) =x>+y*=c.
dx  y(x-y)
On the level line E (x, y) = Eg with Eg > 0 there’re two stationary points (hence two orbits) as well as other two non
stationary orbits (two half circles). It is indeed evident that any of the two half circles is a separate orbit because a
solution (x(#), y(#)) cannot jump from one half circle to the other being a continuous function. It remains therefore
all time in one of the two half. The orientation is easily deduced. O
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ExawmpLE 8.4.7 (prey—predator system). Find the phase portrait in the first quarter of the system

x' = -Axy + ux,
v =+vxy — ky.

Sor. — Easily local existence and uniqueness conditions are fulfilled but nor the global ones. We look for a first
integral. The total equation is

d , - -

dy _gloy) _ vxy—«ky _ y(x K)’ L dyz(v—f)dx
dx  f(x,y) —Axy+ux  x(=Ay+p)

Integrating the equation we obtain

u10g|y|—/ly=J(ﬁ—ﬂ) dy=J(v—5) dx = vx — Alog|x| +c.
y X

Thus,
E(x,y) = Alog|x| — kx — plog|y| + vy,
is a first integral. The plot of the level sets of E is, however, now easy: we limit here to reproduce the plot.

e

The picture shows clearly a cyclical behavior of the system. O

First Integrals are also useful to find explicit solutions of the systems through a dimensional reduction. To show
this, assume that £ be a non trivial first integral. Hence

E(x(2), y(1)) = E(x(0), y(0)) =: Ep.
This is an algebraic equation that could be used to express one of the two functions in terms of the other, for instance
8.44) y(t) = ©(x(t), Ep).
Then, by the first equation of the system (8.4.1) we have
x'(1) = f(x(1), @(x(1), Eo)),
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which is an ODE involving only x. This can be studied and in some cases even solved finding the x of the couple
solution. By (8.4.4) the y can be deduced.

ExampLE 8.4.8. Consider the system
x' =xy,
y = —x% +2x*.

i) Find stationary points. ii) Find a non trivial first integral. iii) Plot the phase portrait of the system: are there
periodic or global solutions? iv) Find the x solution of the Cauchy problem x(0) = 2, y(0) = 2V/3.

SoL. — i) A point (a, b) is a stationary solution iff
ab =0,

1
& a=0,Yb, V b=0,a*’2a*-1)=0, &= a=0,Y¥b, V b=0, a=+—.
2a* —a? =0, V2

All points (0, b) (b € R) and (J_r\lrz, 0) are stationary points.

ii) The total equation is

xydy = (—x*>+2x") dx, & ydy=(—x+2x) dx, = ?:__+E+C’

by which E (x, y) = y? + x> — x* is a non trivial first integral.

iii) We have to plot lines E = Ej, that is

V+xl-xt=E), &= y=+VEy+xt-x2.

It is easy to plot x* — x?: itis even, (x* —x?)’ =4x> —2x = 2x(2x> = 1) =0 as x = 0, i\/%' Easily we deduce

the monotonicity and we see that x = 0 is a local max, x = i% are global mins. To plot the level lines we have

to translate up and down this graph, hence take + the root, reminding that the root follows the behavior of its
argument (\/(_) = 0, V¢ has a minimum/increase/decrease when ¢ has a minimum/increase/decrease). The result is

the following:

By this it is easy to plot the level sets E = Ey. Finally the orientation is

x,/, & x'=xy>0, &< (x,y) € first and third quarter.
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It is evident that, apart the constant solutions there’re periodic solutions on energy levels 0 < Eo < % on the
component of the level sets with —% <x < «f These solutions are also global. The case Ep = produces also

two non constant non periodic globally defined solutions.

iv) Our solution fulfills E(x,y) = E(x(0), y(0)) = E(2,2V3) = (2V3)2+22 -2% = 12+ 4 — 16 = 0, hence it
belongs to the level set E = 0. Then y*> = x* — x%. Because x(0), y(0) > 0, at least in a neighborhood of = 0 we
must have y = Vx# — x2 = xVx2 — 1. Replacing in the first equation we obtain

’

X
x'=xy=x-x\/x2—1=x2\/x2—l, = —=1.
x2Vx2 -1
This is a separable variable equation: integrating and setting u = x(t)
1 1 =cos =si 1
z+c=I—du:J—du“°°5h”’d=“““h”’vj sinhv dv.
u?vVu? -1 u?vVu? -1 (coshv)24/(coshv)? — 1

Now +/(coshv)2 — 1 = y/(sinhv)2 = | sinh v| = sinhv if v > 0, hence

dv =tanhv, & v=tanh™'(1+C), & x(¢) =cosh™’ (tanh‘l(t + C)) .

_ J !
~J (coshv)?

By imposing the initial condition we find C. O

8.5. Conservative systems

The method presented in the previous Section can be applied to important second order differential equations
of the form

(8.5.1) v’ =0dyV(y), whereV:D CcR —R.

This type of equation is very important because it represents the paradigm for Newronian conservative systems. The
reason why these equations are called conservative is because there’s an important mechanical quantity conserved
along the solutions:

Proposition 8.5.1

If y is a solution of (8.5.1) then the mechanical energy

’ 1 !
E(y,y) =3y T-V(y),

is constant.
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Proor. This is easy to check:
d , d (1, 1., ., L,
SEO:Y)=— (—y2 —V(y)) =352y =V =y (" -9,V(y)=0. o

2

What is the connection with the discussion done in the previous section? We can always transform an equation
like (8.5.1) into an equivalent 2 X 2 system: indeed, setting ¢ = y, p = ¥’ (we adopt here the canonical mechanical
letters), then

’

9 =p=:f(qp)
(8.5.2)

P’ =094V (q) = g(q,p).
Mechanical energy turns out to be a first integral for this system. Indeed, the total equation leads to
dp _ 94V(q) P’ 1
d_q = qT — pdp=0,V(q) dq, = 5 =V(g)+c, = Epz—V(q) =c,

and of course E(q,p) = % p* = V(q) is nothing but the mechanical energy written with other letters. This
correspondance makes natural to adopt the language and the methods developed in the previous section but be
careful:

e an orbit is a curve in the space (g, p) = (v, y") (spacexvelocity/momentum) which is called phase space;
o the orientation of orbits follows a simple rule: by the first equation of the system (8.5.2)

g,/ = ¢ =p=0, & (q,p)belongs in the upper half plane of the phase space.

Moreover the equivalent system is not always really needed. For instance in this case the conservation of the energy
offers a non trivial and powerful reduction of the order of the equation. Let’s see in general why: writing the
conservation of the energy we have

1
(8.5.3) §<y’>2 - V(y) = Eo.

This is a first order equation not in normal form. In this case it is however easy to extract y’ reducing effectively

the order of the (8.5.1), because
Y = £y2(Eo - V(y)).

A slightly delicate question concern the sign. Because these are two equations, which one should be considered
really? Unless you're in the delicate case when y’(0) = 0, if for instance y’(0) > 0 it is clear that at least for a
neighborhood of r = 0 y’ > 0 hence the correct equation must be that one with +.

ExampLE 8.5.2 (pendulum without friction). Find energy and trace of orbits in phase space for the pendulum
without friction

mt0” (t) = —mg sin(0(1)).
SoL. — We assume m = 1. First notice that the equation may be rewritten as
’ 8 8 8
0" =—-=sinf ==0dgcosh =0 (—COSQ)
¢ ¢’ “\¢
that is the equation is conservative. The mechanical energy is

1
E(6.0) = 567 - %cos 6.
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Now

0/2
E(q,p) = Ey, = 7—§cos9:E0, — 0’2:2(E0+§cos0), 0’=J_r1/2(E0+§cos9).

It is not very difficult to plot the surfaces E = E. The orientation being standard we obtain the following picture:
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By looking at the picture there’re some interesting remarks. We see the classical periodic oscillatory motion (the
closed cycles). The limit case when the cycle closes on an equilibrium correspond to a non periodic motion
reaching in an infinite time in the future/past the equilibrium position 8 = 7. Finally the not closed orbits in the
upper and lower half plane corresponds to rotations: when the mass receive initially more than certain minimum
energy the mass rotate infinitely many times. This is visible being 6 an increasing/decreasing according to the
direction anti/clockwise of the motion. O

ExawmpLE 8.5.3. Consider the differential equation
Y=y =y ().
It is easy to check that local existence and uniqueness are fulfilled. Find stationary solutions. Show that if
¢ : I — R is a solution of (%) then also ¥ : =1 — R, Y(t) = p(-t) is a solution. Let now ¢ be a maximal

solution of the Cauchy problem with initial conditions ¢(0) = a, ¢’ (0) = 0. Show that ¢ is even. Find the energy
of the system and use this to find explicitly the solution of the Cauchy problem ¢(0) = 3, ¢’ (0) = V3.

SoL. — We have that ¢(7) = C is a solution iff 0 = C> = C = C(C - 1), thatis for C =0, C = 1.
Let ¢ : I — R be a solution and let ¢ : —I — R, be such that ¥(t) := ¢(—t). Therefore ¥’(t) = —¢’'(-1),
Y (t) = ¢”"(—t) hence

p () = ¢ (1) = o(=1)* = (=) = Y (1)* = Y (1),

that is ¢ is a solution.

Let ¢ :]a, B[— R. We have seen thaty :] -8, —a[— R, ¢/(t) := ¢(—t) is a solution. Moreover ¢ (0) = ¢(0) = a
and ¥’ (0) = —¢’(0) = 0. Therefore ¥ solves the same Cauchy problem solved by ¢: by uniqueness the two are
equal where both defined. Easily it follows that @ = — (by maximality) hence ¢(t) = ¢(—t) for every t €] — 3, B[.

We may see (%) as a Newton equation (mass m = 1) with force

3 2
y oy
F(y)=y2—y=Vy(§—7)-

3 2
This means that V(y) = YT - y? is the potential so the energy in the phase space ¢ =y, p = my’ =y’ is

2 3 2
E(q.p) = Lo (q— - q—)~
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Let ¢ then the maximal solution of the Cauhcy problem with ¢(0) = 3, ¢’(0) = 3. Because E(3,V3) =
$- (¥ -3%) =9-9=0, the solution must fulfill

72 2
, @ - (2 ” 2 (2 , 2
E(op, =0, & ——-"—|=-¢p-1]=0, = —-p—1], =4 —p—1.
(o, ¢") ) (3<p ) =0 (3<p ) ¢ |l 3%

Now ¢’ (0) = 3 while ¢(0) = 3, so, at least in a neighborhood of initial time ¢ = 0 we have

2 ’ ’
90'2901/390—1, — L:l, — JL:H-C'
o301 o201

Now
’ U= 1 v=y/2u—1,u=32 (v+1), du=3 dv 1
J _ ¥ £ J —du ’ - J T&/ dv = 2arctanv
(pw/%tp—l u,/%u—l 22+ Dy
2 [2
= 2 arctan gu—l = 2 arctan §¢—1,
hence

/2
2 arctan §<p(t) -1- g =t+ec.
2t+71

2
Setting ¢ = 0 we find 2 arctan 1 = ¢, that is ¢ = 7, so the solution is () = % + % (tan T) .o

8.6. Exercises

Exercisk 8.6.1. Solve the following Cauchy problems:

x’=—2x+%, x" =5x+4y, X' =x-y, x' =9x — 4y,
| v =2x -2y, ) v =x+2y, 3 ¥y =5x -y, 4 y' =12x - 5y,
"] x(0) =0, ] x(0) =2, ] x(0) =1, ] x(0)=1,
y(0) =1. y(0) =3. y(0) =1. y(0) =0.
ExEercisk 8.6.2. Consider the system
x' =y,
y = —x +x°.

i) Determine the stationary solutions (if any). ii) Determine a non constant first integral for the system. iii) Plot the
phase portrait of the system. iv) What can be said about periodic solutions? And what about global solutions? v)
Solve the Cauchy problem x(0) =2, y(0) = 2.

ExEercisk 8.6.3. Consider the system

x' =2y(y — 2x),

y'=1=-x)(y—2x).

i) Determine the stationary solutions (if any). ii) Determine a non constant first integral for the system. iii) Plot the
phase portrait of the system. iv) What can be said about periodic solutions? And what about global solutions?
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ExEeRrcisk 8.6.4. Consider the system
x'=x(1+y),

y = =y(1+x).
i) Determine the stationary solutions (if any). ii) Determine a non constant first integral for the system. iii) Plot the
phase portrait of the system. iv) What can be said about periodic solutions? And what about global solutions? v)
Solve the Cauchy problem x(0) = —1, y(0) = 1.

ExEercisk 8.6.5. Consider the system
x' = 2x2y,

’ 2
v =y x+x.
i) Determine the stationary solutions (if any). ii) Determine a non constant first integral for the system. iii) Plot the
phase portrait of the system. iv) What can be said about periodic solutions? And what about global solutions? v)
Solve the Cauchy problem x(0) = 1, y(0) = 0.

ExErcisk 8.6.6. Consider the equation
Y =y -y,
1) Find stationary solutions. ii) Determine a first integral. iii) Plot the phase portrait of the system. iv) What can be
said about periodic solutions? And what about global solutions? v) Determine the solution of the Cauchy problem

y(0) =2,y'(0) = 2.
Exercisk 8.6.7. Consider the equation
y"” =sin(2y).
1) Find stationary solutions. ii) Determine a first integral. iii) Plot the phase portrait of the system. iv) What can be
said about periodic solutions? And what about global solutions? v) Determine the solution of the Cauchy problem

y(0) =7, y'(0) =-1.
Exercisk 8.6.8. Consider the equation
y" =coshysinhy.
1) Find stationary solutions. ii) Show that if y is a solution, then also y(—¢t) and —y(¢) are solutions. For which
values of a, b € R is the solution of the Cauchy problem y(0) = a, y’(0) = b even? For which a, b, is it odd? iii)
Determine a first integral. iv) Plot the phase portrait of the system. What can be said about periodic solutions?
And what about global solutions? v) Determine the solution of the Cauchy problem y(0) = log(1+V2), y’(0) = 1.






CHAPTER 9

Holomorphic functions

9.1. Introduction

We studied the differentiability for functions F:DcR!I—R" In particular, we realized that the definition
of a derivative is not straightforward:
. FG+h) -F®
fim —2 LD
h—0 h
does not make sense because we cannot divide by vectors. In this Chapter we discuss again differentiability on
functions f = f(z) : D ¢ C — C. Apparently, C is "like” RZ. However, limit

lim L@+~ (@)
im ———————=
h—0 h

makes sense now, because we have a division in C. What is astonishing is how different is the C—differentability
from R or R? differentiability. This because of a number of non trivial exceptional properties. For instance:

o a C—differentuable function is automatically €* (this is completely false with R—differentiability; for
example, f(x) = x|x| is differentiable at x = 0, but f’(x) = 2xsgnx = 2|x| is not);

e a bounded C—differentiable function is necessarily constant (also this is false in R: take f(x) = sinx);

e if a C—differentable function has zeroes (c,) such that ¢, — ¢ € C, then f = 0.

These and other properties show how exceptional is C—differentiability, so that one may wonder if these functions
are only a mathematical curiosity. This is not the case for certain reasons. First, most of the important elementary
functions (like exp, sin, cos, sinh, cosh) can be naturally extended to C and they are C—differentiable functions.
Second, in many applied problems one deals with this type of functions introduced ad by product of some integral
transform (Fourier and Laplace and many others). And third, C—differential calculus provides some remarkable
tools that can be used with ordinary R—calculus.

This chapter aims to introduce to these ideas. Since theory is particularly complicate, we will do a number of
compromises. As usual, proofs will be limited to the simplest and helpful for the understanding. Definitions will
be given with some little restriction that helps in presenting the theory quickly.

Chapter requirements: R2—differential, one variable calculus (differential and integral); vector fields; Gauss-
Green formula.

9.2. Elementary functions

In this chapter we deal with functions of complex variable. In this section we introduce a number of non trivial
functions that play a fundamental role in the theory. Simple examples of functions f : D c C to C are powers 7",
combination of powers, that is polynomials co+ciz+- - - + ¢, 2", fractions of polynomials, that is rational functions.
Other simple examples are Re z,Im z, |z], Z.

A general class that encompasses polynomials is the class of power series or, improperly, infinite degree
polynomials.

153
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Definition 9.2.1

A power series is a series of the form

[e9)

Z cn(z—w)™

n=0
Here, w is called centre, (c,) C C are the coefficients.

Since we have an infinite sum, we have to deal with the problem of convergence of the series. Convergence of
C—series works in the same manner of R series, just the C—modulus takes the place of the R—modulus. In particular,
the following absolute convergence test holds:

o0 [ee)
ifZ|an|<+oo, = Zanec.
n=0 n=0

Applying the ratio test we can prove the following

Proposition 9.2.2

Assume that (¢,,) ¢ C\{0} and consider the series

D enlz=w)".
n=0
e TE cnl
3R := lim € [0, +c0].

n—+00 |Cpi
Then,

e if R = +oo, the series converges (absolutely) for every z € C;
e if 0 < R < +oo, then the series converges absolutely for z such that |z — w| < R;
e if R =0, then the series converges only at z = w.

Number R is called radius of convergence of the series.

Proor. We discuss absolute convergence of the power series, that is convergence for

(o8] (o)
Dllen(z=w)" = leallz = wl".
n=0 n=0

This is a constant sign terms series: we apply the ratio test computing

. . |cn+1||Z_W|n+l - lcns1] |z —wl
qg:= lim —— = |z —w| = .
n—oteoepllz—wlt noteo ey R
Now, recalling that
o ifg = R;tfwl < 1 the series converges (absolutely, hence simply);
o ifg= ﬁfwl > 1 the series cannot converge;

the conclusion easily follows. O
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ExampLE 9.2.3 (Geometric series). The geometric series Y, 2" has radius of convergence R = 1 and

ZZ =1 VzeC : |zl < 1.

SorL. — Here ¢, = 1 for every n, therefore

R=tim 1l _ .
n|cps]
Formula of the sum of the series follows by the same argument when z € R. O

In the following subsections we introduce some fundamental functions of complex variable.

9.2.1. Exponential. The first remarkable example of function defined through a power series is the exponen-
tial. The starting point is the identity

We use the r.h.s. series to define the exponential for a complex number:

Proposition 9.2.4

Let -
Zn
exp(z) := Z ek
n=0

exp is well defined for every z € C and it fulfills the group identity

9.2.1) exp(z +w) = exp(z) exp(w), Vz,w € C.
Moreover,
9.2.2) eXpzZ =expz.

Proor. We have ¢, = %, thus

n . +1)! .
el =11m(n ) =limn = +oo.

R =1lim
[cn+1 n n! n

In particular, the series converges for every z € C. Let us prove the group identity. We have
7 k k

( )" o1
exp(z+w):;“n—;vzzn:k2=(:)a(2) ZZ(n— DT

On the other side

m

) j 0 sl J
exp(z) exp(w) = Z ,Z% Z; Z.v,;v ZZ(n-k)vkv

:0 m=0 n=0j n
By this, the group identity follows. Next,

[ee] (o] (o]
é é _
R T Y Y

lal}

S
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Since for x € R we have exp(x) = e*, we use the notation
e* :=exp(z), z €C.

Exponential leads naturally to the definition of hyperbolic functions,

et —e’? et +e*
inhz ;= ——, hz = ———
sinh z 5 coshz 3
Easily, hyperbolic functions are power series,
) 1 o0 " sl (_Z)n 1 =" M+ sl Z2k+1
= (3531 DO Eopeans
! ! ! ! !
2 inl ol 2 Soon! S “— 2k + 1)!

and, similarly,
) -
b4
coshz = E —_
— (2k)!

9.2.2. Trigonometric functions. From identity (9.2.2) it follows that
le”¥| =1, vy € R.
Indeed, recalling that |z|2 = zZ, we have
‘e"y|2 = eVl = ¢V elY = Ve Y = 0 = 1.
In particular, ¢’ is a unitary number that we represent as
e =:cosy+isiny.
Easily, we have the Euler formulas

e ey ety — e

(9.2.3) cosy = 5 , siny = %

In particular, we see that
cosy = cosh(iy), siny = —isinh(iy).

Euler formulas lead to a natural extension of sin and cos to any complex number:

Definition 9.2.5

Notice that, in particular,
cos z = cosh(iz), sinz = —isinh(iz).

By this easily follows the following
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Proposition 9.2.6

sin and cos are power series:

2n+1

= Z
inz=Y (-1)" —.
» SIE n;( Ve

co 2n
(9.2.4) cosz= Y (-1)"=
nZ=(:) (2n)!

Proor. For example,
(o)
ZZk k

cosn(in = S D* S D P
cosz—cosh(lz)—;) 20! —kZOl 201 —;}( 1) k)" O

9.2.3. Logarithm. C-logatirhm can be defined but, differently from the previous examples, it is a slightly
more complicated function. Since log arises as the inverse of exp, we start with the equation

e =w,
where w is given and z is unknown. If z = x + iy,
e? =e%e™Y = e (cosy +isiny) = e*u(y),
thus

=p, x =logp,
e“=w, = e*u(y) =pu(d), = —
y=0+k2n, k € Z. y=0+k2n, k € Z.

Thus,

e for p = 0 (that is w = 0), there is no z such that e* = 0 (hence, in particular, e* # 0, for every z € C).
e for p > 0 (thatis w # 0), the equation e* = w has infinitely many solutions,

7k =logp +i(0 + k2n), k € Z.
These numbers are called logarithms of z.

ExampLE 9.2.7. Solve the following equations:
i) et =1;

ii) e* =i

iii) sinhz =0.

iv) coshz =1.
SoL. —1i),ii) Solutions are

7k =log |1 +i (arg 1 + k27) = 0+ ik2n = ik2n, k € Z,
for the first case, while
zx = logli| +i(argi + k2m) = log 1 +i(% + k27r) =i (g + k27r) , keZ.
iii) We write
Sinhz=0, & —— =0, & e¥-1=0, & ==1.

Solutions are
2z = log|1| +ik2rm, k € Z, & 7z =ikn, k € Z.
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iv) We have
coshz=1, & e“+e7=2, & X+1=2¢% = (2-1)72=0, &= e*=1.
Thus
2k =log|1| +ik2n = ik2n, k € Z. O
ExampLE 9.2.8. Solve
sinz =1i.

SoL. — Recalling that sinz = elz_zl‘:ﬂ: we have

sinz=i, & €% —e7=22=-2 = 2 -1=-20% = (e"z)2 +2ei2+1=2,

that is
(€7+1)? =2, & e*+1=2V2, = Z=-12V2.
Now,
7 =—14V2, & iz=log(V2-1)+ik2n, & z=2kn—ilog(N2-1), k € Z.
Similarly

e?=-1-V2, & iz=log(1+V2)+i(-n+k2n), & z=-n+k2nr—ilog(1+V2), keZ. @O

As for roots, the multiplicity of solutions of e* = w does not allow to define a funcion

Definition 9.2.9

The principal logarithm is the function
logz :=log|z| +iargz.

Here, arg z € [0, 27].

9.3. C-differentiability

In this section we introduce and discuss the concept of C—differentiable function. Differently from the case of
functions of several variables, the definition of C—derivative works similarly to the definition of R—derivative.

Definition 9.3.1

Let f : D c C — C, D open. We say that f is C—differentiable at point z € D if

3£(z) = }l%w eC.

A function differentiable at every point z € D is called holomorphic on D. We write f € H(D).

ExamPpLE 9.3.2. Powers 7", n € N, are holomorphic on C and the usual relation holds:

(2" =n"", Vn > 1.

Sor. — It is the same calculation we did for real powers. Indeed, according to Newton binomial formula

n
n . .
2+ )" =" +n" ' h+ | VR
(z+4h) j§:2( ’ )
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Therefore

+ )" =" & .
—(Z 31 < :nz"_l+Z( ,]1 )z”_Jh]_l h—>0nz"_l. O

j=2
C—derivative fulfills the same properties of R—derivative, as:

e if 3f7(z), g’ (z) then it exists also (f £ )’ (2) = f/(z) £ g’'(2).
e if 3/7(2),8"(z) then it exists also (f - 8)"(2) = f"(2)g(2) + f(2)8"(2).
£y (@2 -f@)g @)

e Jf’(z),g (z) and g(z) # 0, then it exists also (§) (2) = 2007

e if 37 (z) and g’ (f(z)) then there exists also (g o £)’'(z) = g’ (f(2)) f'(2).

There is no particular novelty in this, proofs can be extended literally. From these rules some simple functions
turns out to be differentiable:

e every polynomial p(z) = co+c1z+ -+ ¢,z" is holomorphic on C.
e every rational function f(z) := Z Ei)) , Where p, g are polynomials, is holomorphic where defined, that is
onD :={ze€C : q(z) #0}.

Let us discuss some other interesting examples.

ExampLE 9.3.3. Re z, Im z, |z| and 7 are not differentiable at every point z € C.

SoL. — Let us discuss the case of Re z, the others are similar and left as useful exercise. Notice that

Re (z+h)—Rez Reh
h k]

Now, let z = a +ib and h = x +i0, x € R. Clearly,

h—0, < x—0.

But then,
Re h —
Sl S
h x+i0
Take now i = 0 + iy. In this case,
Reh O
Lz,—50—>0
h iy

Thus, limit

. Re(z+h)—-Rez
lim ————~

does not exist. O
h—0 h

Power series are important cases of holomorphic functions.
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Theorem 9.3.4

Let f(z) := X cn(z —w)" be a power series with radius of convergence R > 0. Then
9.3.1) 3f’(z)=chn(z—w)”_], VzeC : |z—w| <R.
n=1
More in general,
= !
(9.3.2) 3R (z) = Z Lc,,(z —w)" % vzeC : |z-w| <R.
~ (n—k)!
In particular,
(n)
(9.3.3) Cp = f—(w)
n!

The proof is technical and consists in proving that the series can be differentiated term by term, that is,
o0 4 (o)
f@) = (Z cnlz - w)") = > nen(z-w)" .
n=0 n=1
If the sum is finite, this is a consequence of linearity. When the sum is infinite the exchange between sum and
derivative is much more delicate. The proof is technical and of no interest here. In particular, we have:

n-1 n-1 n
o (8) =L LinSr = X0l o1 = Zneo T = €5

e (sinhz)’ = coshz, (coshz)’ = sinhz.

e (sinz)’ = Zfzo(—l)"% = cos z. Similarly (cosz)’ = —sinz.
ExampLE 9.3.5. Prove that
1 = .
— = " Vz] < 1.
o e

SoL. — Recall that
1 (o] i
—_— < 1
T E 72", |z
n=0

Differentiating side by side,

n=0 n=1

1 _ 1 ' _ N n , _ N n-1
() _(Zz) S
9.4. Cauchy-Riemann conditions

Let f: D cC— Candu =Re f,v :=Im f in such a way f = u + iv. Real and imaginary part are real
valued function of complex variable but, for convenience, we will identify them with functions
u=u(x,y), v=v(x,y),
or two real variables. In this way
fx+iy) =u(x,y) +iv(x,y).
A natural question arises: what are conditions for u and v such that f be C—differentiable? We already seen
that even extremely simple and nice functions are not C—differentiable. For example, f(z) = Re z. Here, since
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f(x+iy) = x = u+iv, we see that u(x,y) = x while v(x,y) = 0. In particular, u and v are polynomials.
Nonetheless, u + iv is not C—differentiable. This leads to suspect that something deep happens. This is the content
of the following

Theorem 9.4.1

Let f = u +iv. Then, f is C—differentiable if and only if u, v, are R2—differentiable and they fulfill the
following conditions (called Cauchy-Riemann conditions):

Oxu = Oyv
(9.4.1)

Oyu = —0xv.

In this case
f(x+iy) = (0x —idy)u = i(0x — idy)V.

Proor. Let z =x +iyand h = ¢ +in. f is differentiable if and only if
fz+h) = f(2) = f'(2)h +o(h).
Let f'(z) = @ +iB, a, B € R. Then, writing f = u + iv, previous identity is equivalent to
(ux+&y+m) —ulx,y) +i(vx+&y+n) —v(x,y) = (@+if) (& +in) +o(§ +in),
that is, separating real and imaginary parts and recalling that here o(. . .) is C—valued,

u(x+&,y+n) —ulx,y) = (aé-pn) +o(é,n) = (a,-p) - (£,n) +0(&,1),
V(x+§?y +77) - V(x’ y) = (Bf"‘an) +0(§’ T]) = (ﬁ’ a) . (g’ T]) +0(§»77)'

That is, again: f is C—differentiable iff # and v are differentiable and

Oxut = Oyv,
Vu=(a,-p), Vv=(6,a), =
Oyu = —0yv.

In this case
f'(x+iy) =a+if =0xu—idyu=0dyv+idv. 0O

ExampLE 9.4.2. By using CR conditions, check that f(z) = 7 is never C—differentiable.
SoL. —If f(z) =Z=u+iv, then u(x,y) = x, v(x,y) = —y. Clearly u, v are €~ (R?). However, since
Oxu=1, dyv=-1,
the first of the CR conditions is always false. 0O

ExampLE 9.4.3. The principal logarithm is holomorphic on D = C\R, (where R, = {x +i0 : x > 0}) and

1
log’(z) = o Vz € C\R,.

SoL. — Recall that the principal logarithm is defined as

log(z) :=log|z| +iarg(z) =: u +1iv,
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where,

X
arccos (—), y =0,

VxZ+y?
u(x,y) =log x> +y2, v(x,y) = arg(x +iy) =

27 — arccos _r , y<O0.
VX2 +y?
Notice that
X y
O = , Oyt = ———
x X2 +y2 y X242
while
Va2 +y2 —x = )
- 1 o Y = Y y=0
2 4 2 - T2 2 Z Y
1— xz)fyz X2 +y ‘/yz(x2+y2) X2 +y
OxV =
2 +2 — X
1 X2+ y =X oyt yz y -0
= = — . y .
2142 2112
/1 _ xz)fyz X2 +y «/yz(x2+y2) X2 +y

By these we deduce that d,u, dyu € € thus, according to the total differential thm, u is differentiable. The same
holds for v. Moreover,

Oxv = —0yu

and, similarly, d,v = dxu. Thus, CR conditions are fulfilles.
Finally,
x y x—1iy z

J'(@) = (0x = i0;) xX2+y2 x24+y? xZ4y? z]2 0 zZ

9.5. Cauchy Theorem
Let f = u + iv be holomorphic on D. According to CR conditions, u, v are differentiable and
Oxu = O0yv, Oyu = —0yv.

Theseﬁconditions looks familiar if we look at them with the language of vector fields. Indeed, consider the vector
field F := (v,u). Then
Oxu=0dyvonD, F = (v, u) is irrotational on D.
Similarly,
Oyu=—0xv, onD, G = (u, —v) is irrotational on D.

If vy is a counterclockwise oriented circuit such that y = dQ, with Q C D open, we have

3g7(v’”) =0, jgy(u, —-v) = 0.

We can give a more elegant form to these identities. To this aim, we introduce the
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Definition 9.5.1

Let f : D ¢ C — C be a continuous function, y : [a, b] —> C be a regular (namely &) path, y ¢ D.
We call path integral of f along y the integral

L f= L f(Q) d¢ = Lb fiy(®)y (¢) dt.

If vy is a circuit, namely if y(a) = y(b), the path integral of f along vy is called circulation of f along y
and it is denoted by fﬁy I

Few properties of path integrals that will be used frequently. First, if y = y; U 3, then

[ s=] s+ r
71Vy2 V1 V2

Ify : [a,b] — Ris apath, —y(z) := y(a — t + b) is the opposite path of y. Easily,

[ -]

An important inequality is the triangular inequality:

J/

We notice also that, if f = g’ then

b
< J Y ()] dr.

b
f FOOW (1) di

b
J f= f g = J ¢ YO (1) di = g(y(b)) - g(¥(a)).
Y Y a
In particular, if y is a circuit, y(b) = y(a), then
=g = =0.
f=g 3% f

This conclusion actually holds true for every f holomorphic, and this is perhaps the most important result of the
theory.
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Theorem 9.5.2: Cauchy

Let f € H(D), and y C D a counterclockwise oriented circuit such that y = 9Q with Q c D open. Then

isz.

Proor. Let f =u +ivand y = a +if. Then
ﬂf = f:(u +iv)(a' +ip’) = j:(ua/’ —vB) +i f:(m' +up’)

= [P, =) - (@ By +i [ (vow) - (@, B)
= Sﬁy(u, -v) +i§ﬁy(v,u) =0. O

ReEMARK 9.5.3. What if we compute the circulation of an holomorphic function f along y C D but such that
v = 0Q with Q ¢ D? In general, the circulation might be # 0. Let us see an example of this. Consider

f(z) = 1
Z

Certainly f € H(C\{0}). Consider y = dB(0, r[, with r > 0. Certainly y c C\{0} but B(0, r[¢ C\{0} (because
the ball contains 0). Now, considering the standard parametrization for vy,
y(t) = r(cost +isinr) = re', t € [0,2x],

we have

1 2 1 3 2
i; —d{zJ —.tire”dtziJ‘ ldt=i2r#0. O
B0, ¢ o re 0

Previous example is very important. We may extend it to the following formula

Lemma 9.5.4

1
9.5.1) 3€ —— dz =271 g(w,r[(2)-
aBws[ §—2

Proor. We have two cases: z € B(w,r[ orz € B(w,r]¢. If z € B(w, r[, let B(z, p[C B(w, r[ and define
Q:=B(w,r[\B(z,pl ={¢€C : |{-w|<r, [{-z|>p}

Since f({) := % is H(C\{z}) and Q c C\{z}, by the Cauchy theorem we have,

-2
1
——dl =0.
3%39 {-z ¢
Now, 0Q = dB(w,r[-0B(z, p[, hence

1 1 1
o=j€ —d§—§§ —dgzjg —dl - i2x,
oBw,r[ §—2 oB(zp[ § — 2 aBw,r[ {2
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from which (9.5.1) follows for this case.
Second case: z € B(w, r]€. In this case B(w, r[C C\{z}. Hence, according to the Cauchy theorem, we have

1
3§ — Al =0,
OB (w,r[ §_Z

From this the conclusion follows. O

REMARK 9.5.5. According to the previous Lemma, the quantity
1 1

== —d¢

i2n IB(w,r| é’ -2

is 0 or 1 according to z € B(w, r[ or not. The interpretation of this fact is that the integral counts the number of
times the path dB(w, r| turns around point 7. O

In a suitable sense, formula (9.5.1) extends to a general representation formula for an holomorphic function:

Theorem 9.5.6: Cauchy formula

Let f € H(D) and B(w,r[c D. Then

1
9.5.2) flz) = o SEaB( [ % d, ¥z € B(w,r|[.

Proor. By formula (9.5.1) for z € B(w, r|,
1
3@ — d¢ = i2n.
aBw,r[ £ —2

27 () = £(2) L gﬁa 1@ 4

oBw,r[ {2 Bw,r[ §—2

Then

hence the conclusion is equivalent to
TR (DR L P S (<5 (C )
aBwrl {—2 aBwrl {—2 oB(wr[ 2

Now, let

oy L0 -1@)
{—z
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Certainly, g € H(D\{z}) (because of the denominator). Were g holomorphic also at { = z, the conclusion would
follow by the Cauchy theorem. However, at { = z, g is not defined, so we cannot apply the Cauchy theorem.
Nonetheless,

: ) -f@) _
lim = lim —————= = f'(2).
ngg(é) Jim = 1)
Thus, we can extend g by continuity at £ = z by posing g(z) = f’(z). We claim that this is sufficient to conclude
that
3@ g=0.
IB(w,r|

Indeed, let B(z, e[c B(w, r[ alittle ball (¢ small). Then, according to Cauchy theorem,

jE g=0, = g= 3@ g.
I(B(w,r[\B(z,&]) IB(w,r| IB(z,&[

Let & small enough that, by continuity, |g({)| < |f'(z)|+1, for every ¢ € B(z, €[. Then, according to the triangular

inequality,
2r .
¢ 4:§ ol < [ (r @1+ lise"| dr = s2n(1f ()] + 1).
OB(w,r| dB(z,&| 0
Therefore
i; gl < Ce,
IB(w,r|
(here C =2n(|f’(z)| + 1)). Since & can be made arbitrarily small, the l.h.s. must equals 0. |

One of the most important consequences of the Cauchy formula is the analiticity of an holomorphic function.

Corollary 9.5.7

Let f € H(D), D c Copen. If B(w,r[C D, then f is sum of a power series convergent on B(w, r[. We
say that f is analytic on D.

Proor. According to the Cauchy formula (9.5.2),

_ pACY)
f@) = i2r 3EaB(w,r[ {-z .

1 1 1 1
(-2 (-w+w=-2) (-wl-F7

Now, notice that

c—w
and recalling of the geometric sum ) ¢" = ﬁ, that holds for |g| < 1, we have
=2l
_z=w Z _ ’
1 {-w n=0 {-w
provided
Z=w

<l, = |z-w|<|{-w|=r,

{—w
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because { € dB(w, r[. Hence, returning on the Cauchy formula,

00

_ 1 fQ o (z=w\" (L fQ) N n
1@ =5 aB(w,r[f—W,,Z_(:)(,f—W) dg_nz_(:)(ﬂnﬂgag(w,r[ (¢ —w)m! dg“)(z v _ch(z e

n=0

as stated (1) O
REMARK 9.5.8. In the proof, we obtained the formula
1 ()
9.5.3) cp = —3€ g 4.
27 Jopow.ri (= W)
Recalling that c,, is also given by (9.3.3), we get the formula,

(9.5.4) £ (w) = ”—’3@ _S@ dc.

27 Jop(w,r (£ —w)r!

Previous corollary shows that being C—differentiable in some domain D is completely different form being
R—differentiable. For instance, since a power series is C—differentiable infinitely many times, automatically
a C—differentiable function on D is infinitely many times C—differentiable! This is completely false with
R—differentiability: we may find that f is differentiable, but f’ is no more differentiable. Even more: we
may see that f might be €, but yet f is not the sum of any power series. In other words, a function € is not
necessarily analytic.

ExAMPLE 9.5.9. The function

e’l/xz, x #0,
fx)=

is €% but not analytic.

SorL. — Let us consider f/(x). Forx # 0

flx)=e (—2x) = 2w
. .
X

3
Easily (comparison exponential vs power at infinity),
lim f'(x) =0,
x—0

thus 3f7(0) = 0. Similarly one proves that 3£ (0) = 0 for every n > 2. If f were analytic, than in some
neighbourhood of x = 0 we would have

o £ (0) N
=3 Eie = F0m0
n=0 n=0
which is manifestly false. o

IThere is a delicate passage in the last chain of equalities, that is when we carry out the infinite sum 2:10:() from the integral. It
can be proved that this can be done, we skip here the technical details.
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9.6. Some consequences of analiticity

In this section we illustrate some of the amazing consequences of the analiticity of an holomorphic function.

Theorem 9.6.1: Liouville

A bounded holomorphic function on C is necessarily constant.

Proor. Assume |f(z)| < M for all z € C. We know

f({):chz", where ¢, = ! 3€ frffl) dz.
17]

=0 i2m B(0,r[ %

By the triangular inequality, for n > 1 we have that,

2 it 2
re : 1 M M
len] < =— Mir@” dtz—f rdt=—.
2 0 (ren)n+l 21 0 rn+l rn
Since r is arbitrary, letting r — 400 we see that |¢,| < O for every n > 1. Thus f({) = co. O

A remarkable consequence of Liouville theorem is a well known result of Algebra:

Corollary 9.6.2: Fundamental theorem of Algebra

Every non constant polynomial has at least one root in C.

Proor. Assume, by contradiction, that p(z) # 0, for every z € C. Let f(z) := ﬁ Then f € H(C).
Moreover, since p is non constant, easily |p(z)| — +o0 when |z| — +o0. If m := inf |p(z)| then easily m > 0
(otherwise p would vanish). Thus |f]| < # is bounded, thus constant according to the Liouville theorem. As a
consequence, p itself must be constant. O

Analiticity says that an holomorphic function looks like an “infinity degree” polynomial. As such, zeroes of f
behave as for polyomials:

Theorem 9.6.3: zeroes

Let f € H(D) and w be a zero of f. Then, the following alternative holds:
e cither f = 0 in some disk B(w, r[;
e or, there exists m € Nand g € H(D), g # 0 on some B(w, r[ such that

(@) = (z-w)"g(2).
m is called multiplicity of f at w and it is denoted by m(f, w).

Proor. Let B(w,r[C D on which

)

f@) =) enlz=w)"

n=0
Then,
e cither ¢, =0 for all n € N, hence f = 0 on B(w, |,
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eorco=cy=...=cy-1=0andc, # 0 for somem > 1. In particular, if we set
_ Jf@
g(Z) e (Z_W)n’

certainly g € H(D\{w}) and since

f(z) = Z cn(z=w)", = g(2) = Z cn(z—w)" ™M= Z Cram(z = w)k.
n=m n=m k=0

By this it follows that g can be extended by continuity also at z = w taking g(w) = ¢,, # 0. Finally,
being g(w) # 0, by continuity and possibly reducing r, we can assume g # 0 on B(w, r|[.

Notice that, reading carefully the proof of previous proposition, we have the formula
m(f,w) =min{k : f®(w) £ 0}

ExXAMPLE 9.6.4. Determine all zeroes of f(z) = cosh z with their multiplicity.
et +e’%

> =0, & X+1=0, & ¥ =-1,

coshz =0, <

that is, recalling of complex logarithm,
2i=log| - 1|+i(n+k2n), k€Z, = 2 =i(g+k7r), k ez

Now, f’(z) = sinh z and
, o (T T — (_1\k;
' (zx) —smh(l(2 +k7r)) —lsm(2 +k7r) (-1D)"i.
Since f(zx) = 0and f'(zx) = (=1)ki # 0 we conclude that m(zy) = 1 for every k. O
REMARK 9.6.5. Once more, we underline the difference between R—differentiable and C—differentiable func-

tions. In the example 9.5.9, we have a function f having a zero at x = 0, but all its derivatives f*)(0) = 0.
Nonetheless, apart for x = 0, f is always # 0. O

9.7. Isolated singularities

According to the Cauchy theorem, in a neighbourhood of a point w where a function f is C—differentiable, the
function is a power series, that is,

F@) =) enlz=w)".
n=0
Suppose now that f be holomorphic around a point w without being C—differentiable at w. For example,

€ H(C\{w}).

Z-w
More in general, a function of type

< d
2oy S HEWD:
n=1

As power series centred at w are prototypes of holomorphic functions at w, for a function not holomorphic at w we
are naturally led to consider a function of type
(o)

o0 d, B
;m EZC_n(Z—W) .

n=1
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Combining these with power series we have a new class of functions, enlarging that one made by power series.

Definition 9.7.1

A bilateral power series is a series of type

[ee) (o) (o)
D enle=w)" =) enla=w)" 4 Y ez =w) "
n=-—oo0 n=0 n=1
regular part singular part

Convergence of a bilateral series is easy. Since the regular part is an ordinary power series, it converges on a disk
B(w, R| for some R > 0 (we do not consider here the case when R = 0 because it is of no interest). On the other
hand, the singular part is itself a power series of (z —w)~!, thus it will converge when |z —w|~! < r for some r > 0,
that is for |z — w| > % The conclusion is that

a bilateral series converges on a set of type {z € C : p < |z —w| < R},

which is an annulus. If p > R clearly this set is empty.
Bilateral series plays the role played by power series for holomorphic functions when the function has a isolated
singularity at z = w. It is convenient to introduce a notation:

B.(w,r[:=B(w,r[\{w}

We call B, a punctured neighbourhood of w.

Definition 9.7.2

Let w € C. We say that w is an isolated singularity for a function f if
f € H(B.(w,r[), for some r > 0.

As annouched,

Theorem 9.7.3: Laurent

If w is an isolated singularity for f then, in a punctured neighbourhood of w, f is a bilateral series. This
series is called Laurent series.

Proor. The proof is similar to the proof of the analyticity for an holomorphic function. Let f € H(B.(w,r[).
Let z € B.(w, r[, Ry, Ry such that

7€Q:={le€eC : R <|l-w| <Ry} CB.(w,rl|.

Let

g(0) = M
-z

extended by continuity at { = z with value f’(z). Being f analytic around z,

0

FQO=f@+ ) cald =", = (0= ) can({ -2,
n=1

n=0
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thus g is analytic at { = z. According to Cauchy theorem

§ g=0, = g= 3@ g.
oQ OB(w.R;[ OB(w,R>[

We start with the L.h.s. of previous identity. We have

f() - f(z2) pit9) 1 pit9)
= —2 -~ dl = d —dl = d
3€03<W,R|[g 3€03<W,R|[ {-z ¢ ff;aB(w R[$— (-1 aBw,R [ {2 ¢ fﬁ?B(w,Rl[ {—z &

because, according formula (9.5.1), 9803(w Rl E d¢ = 0. Now,

1 1 1 11 o f-w)"
z—g“_(z—w)—({—w)_z—wl_.f_w_z—wz(z—w)

Z-w n=0

which is convergent because |<=%| = R < 1. Thus
z-w [z—w|

e

3€03<W,R1[ 8= Z; (— 3€aB(W,R1 SOy dg“) (== e em W)

n=1

Similarly,

1
3§ g = 3@ 10 - 1 L - 3§ 19 iz - f(@yiom.
8B (w,Ra| B(w,Ry[ ¢ — OB(w,Ry[ £ — 2 aBw,R|[ ¢ —

With the same argument of analiticity theorem,

f() n
3%93(le[§ %= ch( W)

thus
2f(2) = ) ealz=w)" = > ez =w)™",
n=0 n=1
from which the conclusion follows. |

The calculation of a Laurent series for a given function might not be an entirely easy task. Indeed, differently
from points where a function is holomorphic for which the power series coefficients can be determined through the
formulas (9.3.3), for a bilateral series these formula do not make sense.

The shape of the singular part of the Laurent expansion leads to classify the isolated singularities.
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Definition 9.7.4

Let w be an isolated singularity for f,

f(2) = i cn(z=—w)™" + i cn(z —w)".
n=1 n=0

We say that w is
e aremovable singularity if the singular part of Laurent series vanishes, that is c_,, = 0 for every
n>1;
e apole of order k if c_,, =0 foreveryn > k+1and c_; # 0;
o an essential singularity if c_, # O for infinitely many 7.

The coefficient c_; is called residue of f at w and it is denoted by Res(f, w).

Let us show some examples of these singularities.

ExampLE 9.7.5. Let f(z) = = 0 is a removable singularity.

SoL. — Clearly f € H (C\{O}), hence 0 is an isolated singularity. To determine the Laurent expansion of f we

remind that
(e8] (o8]
z 1 7" I
e DT B9 RIS S
n! z n! Z n! (n—
n=0 n=1
sing. part .
reg.part
Since this series contains only the regular part it means that its singular part is identically 0. This means that O is a
removable singularity. O

ExaMPLE 9.7.6. Let f(z) =

= 0 is a pole of order k.

SoL. — We proceed similarly to the previous example:

(o]

7" 1 1 1 7"
— = —+——+ -+ + .
f@) = Zk+l1 & n! Kk 21zk-1 (k-1)!z ; (n+k)!
. R/—/
sing. part reg. part
from which we see that z = 0 is a pole of order k. O
ExaMPLE 9.7.7. Let f(z) = e'/2. Then z = 0 is an essential singularity.
SoL. — Again, by the exponential series,
(l/Z)" |
+ 1 .
nz(:) ! Z nlz" ——
reg. part
sing. part
By this we see that 0 is an essential singularity for f. O
An important case is when
N(z)
f(z) = —=, where N,D € H(C).

D(z)
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Clearly

f e HC\{D =0}).
Thus, the singularities of f are the zeroes of D. According to zeroes theorem, unless D = 0, zeroes of D are
isolated, that is singularities of f are isolated. Let w be a zero of D. From zeroes theorem, w has a certain
multiplicity m(D, w) as zero for D. Let m(N,w) the multiplicity of zero for N (if N(w) # 0 then m(N, w) = 0).
By the zeroes theorem

_(@mw)mWwe(g) 1 8(2) _ 1 ()
- (z - W)m(D’W)h(Z) - (z - W)m(D,w)fm(N,w) h(z) o (z - w)m(D,w)fm(N,w) (AN

f()

where ¢ is holomorphic and ¢(w) # 0. By this it follows that w is

e a pole of order m(D,w) — m(N,w) if m(D,w) —m(N,w) > 0;
e a removable singularity if m(D,w) — m(N..w) < 0.

ExampLE 9.7.8. Determine and classify the singularities of the function

f(2) =

eiz—1"
SoL. — f =N/D where N =1, D =e'? -1, N,D € H(C). We have
D(z2) =0, & ¢?=1, = iz=logl+ik2n, k€Z, & z;=k2n, k €Z.
Since D’(z) = ie'?, D' (k2r) = ie**P’ = i # 0 for every k € Z, thus m(D, z;) = 1. Since m(N, zx) = 0, we have

m(D, zx) —m(N, zx) = 1, that is z is a pole of order 1. O

9.8. Residues Theorem

According to the Cauchy theorem, if f € H(D) and y = dQ with Q C D open,

jﬂyf:().

In this section we extend this result to the case when € contains a certain number of isolated singularities.

Theorem 9.8.1
Let f € H(C\{w1,...,wn}),y € C\{w1,...,wn} acounterclockwise oriented circuit such thaty = 9D,
with D open. Then
9.8.1) 3‘; f=in Z Res(f, wi).
Y wreD
Proor. We assume that wy,...,wg € D and wi,1,...,wn € D. Let & small enough such that B(w;, g[C D,

j=1,...,K, and
yNoB(w;, e[=@.

Let also

K
Q:= D\ U B(wj, .
J=1
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Since f € H(L), according to the Cauchy theorem
f=0,
Q

that is
K

g2

3€ f=0.
= IB(wj, e[
According to Laurent theorem, on B, (w, g[, f(z) = R;(z) + S;(z) where R; € H(B(w}, &[) is the regular part,

oS

i)=Y conjlz—wy)™"

n=1

is the singular part. Again, by Cauchy theorem 936 Bw; .ol R; =0, thus
J <
3@ f=§ szﬂg Zc_n,j(z—wj)*"dz=2c_n,jjg (z=wj)™" dz.
OB(wj, e[ IB(wj,&| OB(wj, el ;o =1 OB (wj, e[

Forn > 2,

(Z_Wj)_n+1 /
(z=w)) "= |——| ., = ﬂg (z=w;)"dz=0,
! —n+1 OB(w;. el !

while, for n = 1, according to formula (9.5.1)

1
f]g (z—wj')fldz=3€ dz =i2n.
OB(wj,&[ OB (wj, e[ =Wy

Therefore

K
3€ f= Z i2rc_y,j,
Y j=1

which is the conclusion. O

The residues theorem points out the importance of the coefficient c_; of the first negative power in the Laurent
expansion around an isolated pole. It is important to have efficient methods to compute the residue.
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Proposition 9.8.2

Let w be a pole of order k for f. Then

1 .
(9.8.2) R%(ﬁW)=(k_lﬂgggdﬁ_gz—WVf@)

Proor. If w is a pole of order k, we have

) k
C-n
=) cplz=—Wm"+ ) ———,
@) 2;,4 "
with c_x # 0. Then
o k
(9.8.3) (z-wkf(z) = Z cnlz —w)™k 4 Z con(z=w) " =i g(2).
n=0 n=1
On the right side we have an analytic function and c¢_; is the coefficient of (z — w)*~!. Therefore,
gD (w)
Tk

Since f is not defined at w, we cannot replace g with (# — w)* f(#), derive and evaluate at w. However, by (9.8.3),
for z # w we can write
k-1

dzk1

and this is exactly the (9.8.2). O

(z=w)f(2) =%V (2) — g* D (w) = (k= 1)le_1, whenz — w,

A particular case is f = N/D. If m(N,w) = 0 and m(D,w) = 1. In this case w is an isolated pole of order 1.
Therefore, by (9.8.2) we have

N(z) o NGz _ N(w)
D(z) T iow D(Zi:ﬁ(w) - D’(W)'

(9.8.4) Res(f,w) = zli—{Ivlv(Z -w)f(z) = Zli_r)rvlv(z -w)

9.9. Applications to generalized integrals

The Cauchy Theorem and the Residues Theorem apply fruitfully to the computation of integrals on the real
line. In this section, we discuss this application in several notable cases.

9.9.1. Rational functions. An algorithm is well known to compute

+00
[0,

—o (%)
where p, ¢ are polynomials. This integral converges iff deg(g) > deg(p) + 2 and the standard calculation is based
on the calculation of a primitive for p/q. Here, we show an alternative and faster method based on complex
integration.

The idea is the following. Let f be a rational function, that is,
_p@)

f(z) := ===, p, g polynomials.
q(2)
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This function f is holomorphic on C\{g = 0}, and since ¢ is a polynomial, this means f € H(C\{w,...,wn}),
where w ; are zeroes for g. We assume that none of these zeroes belongs to R. Then

JMOM x = lim Jr&dleim f.
—e q(x) r—teo ), q(x) r=+o0 J1
Define
v = [rrl + o,
where o : [0, 7] — C, 0, (t) = re'’. For r large enough, y, = 0Q withQ > S, := {w; : Imw; > 0}. Now, by

the residues theorem,

f=2r Z Res(f,w).
rr weSy

Notice that the r.h.s. does not depend on r , then

j+oo p(x) dr = lim J"’ p(x) dx = — lim J f+i2n Z Res(f,w).

oo q(x) ro+o0 ) q(x) F—+00 S

We claim that the contribution on ¢ vanishes as r — +co. Indeed, by the triangular inequality of path integrals,

J fl < Jﬂ £ (rei®)[|ire'®| do = rjﬂ |f(re'®)| do.
oy 0 0

Now, since deg(q) > deg(p) + 2, we have that, for 7 — oo¢,

lp(2)|  alz|®eP c ¢
)= 2N alEE e <
lg(z)|  blz|dega  |z|dega—degp ||
thus . . )
rj |f(re'®)l db < rj —_do=c—2m=T5 0
0 o |rei?|? r2 r
Conclusion:
= px) )4
(991) J dx = 127'[ Z RCS —wl.
—oo q(X) q

weS,

+00 1
dx.
J‘_m 1+x4 .

Sor. — Let f(x) := ﬁ Clearly f € € (R) and because f ~.c % it is integrable at +co. Thus, the proposed
integral converges. The singularities of f are the zeroes of g(w) = 1 +w*. Now, g(w) = 0 iff w* = —1, that is
wi = et (5t%%) & =0,1,2,3. Now, by (9.9.1)

ExampLE 9.9.1. Compute

too 1 /e PO
J dx =i2n (Res(f,e‘?)+Res(f,e‘37)).
oo 144
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Let us classify the singularities. Because p = 1 clearly m(p, wi) = 0. Moreover ¢’ (z) = 423, therefore g’ (wy) # 0
for any k. Thus m(g,wy) = 1, and by this we deduce that each wy is a first order pole for f. To compute the
residue at any wy we can apply the reduced formula (9.8.4):

plwe) _ 1 1

3 1 i
Res(f,wy) = — =—e '3~ k=0,1,
(fswi) T a4 1
hence
o] 1 _ 1 _;x x(-1-i 1-i T 2 b
—d :'2 __11”4-—_1? =7— + — :—'——':—. O
I R R el B
ExampLE 9.9.2. Compute
J“’" x*+3
————— dx.
0 (Z+D(x2+4)
SoL. — Let f(x) := (x2+)1(§—:—)322+4)' Clearly f € €(R), and f(x) ~ie0 i—j = ﬁ, f is absolutely integrable on R.

Moreover, since f is even,

I= %J‘j: f(x) dx.

To compute this we apply the residue theorem. The singular points of f(z) =
Writing

% are z = +i and z = +2i.
_ (z=30)(z +30)
fla)= (z=0D)(z+0)(z-2))(z+20)’

we see immediately that all the singular points are first order poles. Therefore, by (9.9.1)

J‘Jm f(x) dx =i2n (Res(f,i) + Res(f,2i)).

To compute the residues, it is easier by using the general formula (9.8.2).

o (@-3D(e3) (20 4
Res(/-0) =l =D @) = M e -G+ 2) - @G~ 3"
nd (z = 3i)(z+3i) (=1)(50) 5
N iy L z2=3)(z+3) (=)&) 5.
Res(f.20) = lim (z =20/ (2) = lim s ~ Oon@) ~ 12
Therefore

e . 4.5\ 11
J‘—oo f(x)dx=i2n (—31 + El) = Zﬂ' ]

The next example is not an application of formula (9.9.1), nonetheless it involves the same order of ideas.

+0o 1
=
0 1+x3

Sor. — Clearly the integral exists finite. Let f(z) = 1:7 fe H(C\{e"%"”‘%’r : k=0,1,2}). Ttis evident that
all the singularities of f are first order poles. Therefore, if

ExampLE 9.9.3. Compute

2r

vr = [0,r] + o + [reizT”,O] , where o (1) =re'’, t € [0, 3
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by the residue theorem we have,

f = i2nRes ( 1, e"%) - o

We have fﬁ% = I[O,r] + J(rr + J[rei%n o Notice that

[ et Jrf(tizT") Fa=-eF [ *j L
= - e 3 |e =—e 3 _— =—e 3 .
[reizT”,O] 0 0 - ( ,2n)3 0 1+13

Moreover, by the triangular inequality

L 1l < Lm £ el =1 |

o |r3eB? +1|d6.
Since r — éco, |33 + 1| > |r3ef| — 1 =13 — 1, thus

ror
< - 0.
Igrf‘ r3—13_)

/3 1

Therefore .
P27 o0 1 1
1 —elT)J dt = i2r——,
0 1+ 3617"
that is .
re gt = i2r e’'s s 3
14123 == 25 omi% 3 % sinZ’ o
0 + 30l 5 (1_613)6‘ 3 3eme32—?3 3
L

9.9.2. Fourier integrals. A Fourier integral is an integral of type
+00
J €' f(x) dx, £ €R.

The integral is convergent if f € L'(R) because |¢'¢* f(x)| = |f(x)| for any x € R. We assume that f is actually
defined on C\ S, where S is a finite set of poles. We can proceed as in the previous case writing

+00 r
J ¥ f(x) dx = lim J ¢ f(x) dr = lim J e'*7f(2) dz.
e r—+eo ) r=400 J—r,r)

Notice that if f € H(C\S) then ¢¢* f(#) € H(C\S) and of course if w; € Sis a pole for f, it is also a pole for
¢'€% £(#) of the same order (exercise). Therefore, considering v, := [—r,r] + 0 where o (1) = re'’, t € [0, 7] we
have, as r is big enough, by the residue theorem

jg ¥ f(z) dz = i2n Z Res (eifﬁf(ﬁ), w) ,

r weS,
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where S, = SN {Im z > 0}. Because gﬁy = Jl—r T LT , the main problem is computing the limit

lim e'$7f(2) dz.
r—+00 oy

Notice that
'€ f ()] = | ()le™ 1M,

Hence, if £ > 0, being o € {Im z > 0}, we have

2r . . 2r ) )
< J |f(re’9)||ire’9| do = J |re’9f(re’6)| de.
0 0

L, €71 (2) dz

Assume now that
lim zf(z) = 0.
Z—00

Then, for |z] > r, |zf(z)| < &, hence

J €'$7 f(2) dz| < 2me,
Ty
that is

lim e f(z) dz =0.

r—+00 o,
Thus, we can conclude that

+00

(9.9.2) J X f(x) dx = i2n Z (eifﬁf(ﬁ), w) , VE>0.

weS,

If £ < 0 this argument fails because e~ ¢ Im z §5 ynbounded. However, this can be easily fixed by changing vy, with
¥y = [-r,r] + (=0,) where 7, (1) = re'’, t € [rr,2n]. For r is big enough, the residue theorem gives

j& €'$7f(z) dz = —i2n Z Res (e"‘fﬁf(ﬁ), w) ,

weS_

where S_ = S N {Im z < 0} and there’s the — because the path is clockwise oriented.

+00 eifx
— dx, £ €R.
J,oo x2—-2x+2 k. &

ExampLE 9.9.4. Compute

Sor. — It is easy to check that f(x) := m is integrable. Indeed: f € €(R) and | f(x)]| ~+c0 ﬁ Of course f
is defined on C\{z? — 2z + 2 = 0}, that is on C\{w1, w»} where
2+V-4 2+i2
w12 = T = > =1+

Clearly these are poles of first order. Moreover
lim zf(z) =0,
Z—00
therefore
N i27Res (effﬂ )1+ i), £>0,
J e f(x) dx =

—00

—i2nRes (eifﬁf(ﬁ), - i) . £<0.
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Easily we get
i&z i&-& iE+&
; e e ; e
Res (o€ ,1+')= - , R (’fﬂ ,1-'):- :
s\ W14 = 5] L, T Res(et ) - 2i
that is
©o eifx
J_wmdx:ne_l‘f‘(cos§+isin§). m}
ExampLE 9.9.5. Compute
+00
J oS¢ 1 ger.
0 1+x4
Sor. — Clearly g(x) = % is continuous on R, hence locally integrable on [0, +co[ and because |g(x)|
l+1x ~+00 =7, & 1 absolutely integrable at +co. Hence g is integrable on [0, +oo[. To compute the integral, notice
first that being g even we have
+00 1 1 +oo  i&x
J cos(&x) dx = _J cos(fx) _ —Rej e .
0 1+ x4 2 ) o l+x* 2 oo 1+ x*

(actually: [ MMED gy = 0). Therefore, if f(2) = tiy, f € H(C\{z* +1 = 0}). We have 2 +1 = 0 iff
=2k = ei(5+k3) k 0,1,2,3. Itis also clear that each of these points is a first order pole for f. Finally, notice
that lim; . z2f(z) = 0. Hence (9.9.2) gives immediately

J“X’ e (Res (eisfﬁf’ei%)_FReS (eifﬁf,ei%”)), VE > 0.

o 1+x
Applying the reduced formula Res(e'¢% £, z) = Z;Z we have
3
tfe T (£ t.’fel47r & . & g
= lei%el(ﬁ_%ﬂ)’ Res(elfﬂf Zl) = - = %ei%el(_ﬁ_j),
4e' s

Res(e"fﬂf Z0) =
4eiin 4

i( i) +ei(_%_§)) .

SO ”
+00o ele T _£ (
——dx=i=—e V2 |e

J_oo 14+x4 2

Taking the real part we finally deduce
2r _£
J cos(£x) dx = \/_ﬂe V2 cosi +sini , V¢ = 0.
o l+xt 4 V2 V2

If ¢ < 0 we can avoid the computation and argue by symmetry. Indeed: the integral is an even function of £ clearly

We deduce

L“’" c;)sfi)i) dx = \/_ﬂe_‘% (cos 5_' + sin %) vVeeR. O

9.9.3. Integrals involving exponentials. In this subsection, we apply the method to the problem of computing

a generalized integral of a function based on eZ.

ExaAMPLE 9.9.6. Discuss convergence and compute

+00 a
X
5 dx.
0 1+x

where @ € R.
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SoL. — Let f(x) = 1)32' Clearly f € €(]0,+co[), therefore f is integrable on every interval [a, b] C]0, +oo].
Moreover

@ x* 1
Fx) ~oe X, f(X) ~too 2 e’
hence, by asymptotic comparison, f is integrable at 0+ iff @ > —1, while it is integrable at +oo iff 2 — @ > 1, that is
iff @ < 1. Therefore, the proposed integral converges iff -1 < a < 1.

To compute the integral we change variable posing x = e’. We have

too too Lat +00 e(a+1)t r e(a+1)t
J dx:J e dt:J ———dt = lim dt = lim g,
0o 1+x2 oo 1+ oo 1+€2 ro+oo | 14 2t r—eo Ji_p
where of course g(z) := %, z € C. Singular points of g are w such that 1 + ¢> = 0, that is
e =—1, & 2w=logl+i(arg(~1)+k2x) = in+i2nk, k € Z, w=ig+i7rk, k eZ.

To complete [—r, r] obtaining a circuit, we consider the rectangle

ve = [-r,rl+[r,r+in] - [-r+in,r+in] - [-r,—r +in].

©

~

T

~

By the residue theorem
Eﬁ g =i2nRes (g,i%) .

-

Let us compute the residue. Being g = %, N #0e D’(z) = 2% # 0 it follows that i Z is afirst order pole and the
residue can be computed by the reduced formula

)—N('%) s g

i(a+1)§.

p(ig) 2 2°

= =+ —_ — .
fﬁr J[—r,r] J[r,r+i7r] J[—r+i7r,r+i7r] J[—r,—r+i7r]

J o Jr e(a+1)(t+f'7r) i = Jilarn J‘r elat)t df = ei(a+1)7rJ g.
[—r+im,r+in] I+ e2(t+im) 1+ et

[—V,V]

Now: we claim that the two “vertical” integrals vanish for r — +co. To show this, notice that, according to the

triangular inequality,
n o platl)r
t < dt = — 4t
= JO JO |1 + leeLZt|

Jornl-
[rr+in]

T
R (,'—
es |85

On the other side,

Notice that

e(a+1)(r+it)

1+ e2(r+it) d 1+ 62(r+it)

s e(a+1)(r+it)
J
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Now, since r > 0 we have that |e?" ¢??| = ¢>" > 1 therefore, by the triangular inequality |z +w| > |z| — |w|, we get
|1+ e?e?| 2" — 1 > 0. Inserting this into the previous estimate we obtain

T e(a 1)‘ e(a 1)‘
J\ + <J
r,r+im 0

dt=n
being @ + 1 < 2 (recall that —1 < @ < 1). Similarly,

e2r — 1 e2r — 1
J B J‘ﬂ' J‘ﬂ ef(a+l)r J
gl s = ———— dl.
[-r,—r+in] 0 0 |] + e—ZreLZt|

Now: if 7 > 0 we have |e 2" ¢!?| = ¢™>" < 1 therefore, always by triangular inequality |z + w| > |z| — |w|, we get
|1+ e 2" €| > 1 —e? > 0, hence

[
[-r,—r+in]

being a + 1 > 0. Finally,

el = lim J " dt_ei(aﬂ)nr e dt| = (1 _ei<a+1)n)/+w ela+hr dt
rotoeo |\ ) 1+ 2 o 1+e? e 142 7

— 0, r — +oo,

e(a+l)(fr+it)

1+62(—r+it) dt

< dt =n——— — 0, r — +00,

n e—(a/+l)r e—(a+1)r
J; 1= e—Zr 1 - e—2r

from which
1

T
2 sin ((a + 1)%)

J+oo x@ 1 ei(a/+l)% e*i(a+1)%

o 14x2 DT 2gilara J | (a3

ExamPpLE 9.9.7. Discuss convergence and compute the

+00 2
J‘ (logx) .

0 1+x4

Sor. — Clearly the integrand f € €(]0,infty[), thus f is integrable on every [a,b] c]0,+oco[. For the
integrability we check the behaviour of f at x = 0, +co. We have, f(x) ~o, (logx)? which is easy to check that it

X
1+x*

is integrable. For x — +oco, noticed that logx = o(x) we have that f(x) = o =0 (x—ﬂ), clearly integrable.

We conclude that f is integrable in generalized sense on [0, +oo].
To compute the integral, we start with a change of variable ¢ = log x. We get

+00 1 2 400 t2
J (ngi dx:J —_¢'di= lim g
0 1+x _eo 1+ e* T=F Jp ]

where g(z) := cle Clearly g € H(C\{e* = -1}). Now

l+ez”

=1, e 4dz=in+idnk, keZ, — z:i%+ikg,kez.

Now ¢*? does not change if we replace z with z + i % Itis therefore natural to consider the path

= lerrl [ aig] = [reiZr i3] - e
Yr = LT, 7 r,r 12 r lz,r 12 r,—r+i .

By the residue theorem

4; g =i2nRes (g,iz) .
Yr 4



©
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aTx

Clearly z =i is a pole of first order (g = % with D’ (z) = 4e** # 0 for any z € C and N(i%) # 0), therefore,

. 2 4T
Res (g,iz) _NUR) el i,
4/ D' (iF) 4=1) o4

Now,

oy

r T2 . et r tZet r te’ 71.2 r et
J 8=J (t+i—) e 3 dtzi(jg 3 dt+i7rj 5 dt——J 3 dt|.
[—rimriz] —r 2 1+ e _r 1+e? _r 1+e? 4 J_,1+e*
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Notice that the second and third integrals are easily computed. The second is the integral of an odd function over a

symmetric interval (so it vanishes), because

t t t

te” te

—te”

14+e 2 _62’;;1 e +1°
e

About the third integral, letting r — +oo0, it converges to

+00 et x=e! +00 x 1 +00 1 T

- d[ = —dx = dx = —.

J‘_oo 1+€2t JO 1+x2x L) 1+x2 4
3

r tz t 2 pr t +00 t2 t
J —J =(1—1)J —ezdl+llj e—zdl—>(1—l)J —ezdl-f-lﬂ—
[-r.r] [—r+im,r+in) -r 1+e 4 -r 1+e4 —00 1+e 16

Now, we claim that the two vertical integrals vanish for r — +oo. Indeed:

J[r,rﬂ'”] §

2

Therefore

/2 |r +it]?e” n (r+m)’e”
< ———di < =————— — 0, r — +00.
0

/2
r+it)idt - <
L 8 ) [1+ e2rei2t] 2 e -1

Similarly,

2 —r+it]Pe" 7 (r+mn)’e”
< < - — 0, r — +4o0.
0

/2
—r+1it)i dt . <
J;) g( ) |1 + e—2r612t| 2 1—e2r

«[[—r,—rﬂ"zr] 8

Therefore
2 . 3

: N R R
6—4@ _r1—1>IPOO yrg—(l—l)fw mdl+ll—6.
Noticed that ¢'% = ‘/75 +i ‘/75, and taking the real parts in both members we finally obtain,

+001 2 +00 2t 22
J (ogx)d_J e’ 722

0 14+x4 e oo 1+ €2 64 2

il
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9.10. Exercises

Exercise 9.10.1. For each of the following power series, determine their radius of convergence:

n

) ) 00 ) L ) 1?2
T Yl H Yl FLO N Y0 L L Yl L SR N Y e

n!

6. Yoo man 7. Yy onl 8.
ExEeRcisk 9.10.2. Solve the following equations in the unknown z € C:
1. cosh?z+1=0. 2. cosh(2z)+1=0. 3.e¢¢=1. 4. sinh(iz+1)=0.
5. cosz=1. 6.¢% = 1. 7.¢i% =i, 8.

Exercisk 9.10.3. Let log be the principal logarithm. Show, with an example, that log(zw) can be different
fromlog z +logw.

Exercisk 9.10.4. Check, with the definition, that Im z, |z| and Z are not differentiable at every point z € C.
Repeat the same check by using the CR conditions.

Exercise 9.10.5. For each of the following u = u(x,y) determine v = v(x,y) in such a way f = u +iv be
holomorphic on C, determining also f.

i) u(x,y) =x.

i) u(x,y) =y.

iii) u(x,y) =x%

v) u(x,y) =x*-y%
v) u(x,y) =x2+y%

Exercise 9.10.6. Let f = f(z) € H(C). Define

8(2) = f(2).
Use CR conditions to check that g € H(C). Can you use the chain rule in this example? Justify your answer.

Exercist 9.10.7. For each of the following functions, classify their singularities:

_ 2242245

i) f(2) = Zayiaan:
i) f(2) =exp(zzﬂ)'
iii) f(2) = 5.
iv) f(z) = 22e=T.
_ (z=D%(z+3)
v) f(2) = Tosin( )

Exercise 9.10.8. Classify the singularity of f(z) = (z = 2) sin(ﬁ) at z = 2; i.e., determine whether it is
removable, a pole, or an essential singularity.
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Exercisk 9.10.9. Compute the following integrals:

+00 1 +00 1 2 +00 2
1. J a4 2 J g 3. J S I ¥
—eo (14+x2)2 o l+x* o (+DE*+1)

+00
4, J T . 5 6.
0 x?+4

+00 1/3 +00 1
7. j X i s J 98 ix.
o xZ+9x+8 o 1+x?

b

Exercisk 9.10.10. Compute the following Fourier integrals:

+o0 1 . +00 1 X +00 1 X
1. J — e dx. 2. J e'e¥ dx. 3. J —¢'€¥ dx.
oo 1 +x2 oo 1+ x* —oo COshx

ExERcise 9.10.11. Use contour integration to verify that for b > 0,
*® cosx e
[700 m dx :71'7, Vb > 0.
ExErciSE 9.10.12. Determine for which values of a € R the integral

o [

_eo €+ 1

exists, hence compute it by using complex integration.

Exercisk 9.10.13. Determine for which values of a € R the integral
+00 1
I(a) := — dx,
(@) JO (1 +x)x@
converges, hence compute it by using comples integration.



