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1 Introduction

These are the notes of the 42-hours course “Ordinary Differential Equations” (“Equazioni
Differenziali Ordinarie”) that I am going to deliver for the “Laurea in Matematica” of
the University of Trento. I have decided to write them in English (even if the course will
be delivered in Italian), since in the future they may be also suitable for the “Laurea
Magistralis in Mathematics”, whose official language is English.

To profitably read these notes, some background on Analysis, Geometry and Linear
Algebra is needed (roughly speaking: the subject of the Analysis and Geometry courses
of the first two years of the degree in Mathematics). Other advanced concepts will be
somewhere used: convergence of functions, topology for functions spaces, complete metric
spaces, advanced linear algebra. A familiarity with such concepts is certainly welcome.
However, in the Appendix some of the requested notions and results are briefly treated.

The mathematical notations in these notes are the standard ones. In particular R, N,
Q and C respectively stand for the sets of real, natural, rational and complex numbers.
Moreover, if n € N\ {0}, then R™ is, as usual, the n-dimensional space R x ... x R
i.e. the cartesian product of R n-times. The points (or vectors) of R"”, when thought as
string of coordinates, will be usually written as a line, even if, when a m X n matrix is
applying to them, they must be think as column. With the notation [a,b] we will mean
the interval of real numbers {x € Rla < x < b}, that is the closed interval containing
its extreme points. In the same way |a, b[ will denote the open interval without extreme
points {z € R|a < x < b}!, ]a,b] the semi-open interval {z € R|a < z < b} and [a, ] the
semi-open interval {z € R|a < z < b}%.

The time-derivative will be usually denoted by “y’ 7, and very rarely by “y”.

The Euclidean norm in R", with n > 1, will be denoted by || - ||z~ or, if there is no
ambiguity, simply by || -||. The absolute value of R is denoted by |-|. When = € R", with
n > 1, and when r > 0, with the notation Bg~(x, ) we will denote the open ball centered
in z with radius r

Bgn(z,r) ={2 € R"|||z — z||gn <7T}.

Also in this case, if no ambiguity arises, we may use the simpler notation B(z, ).

If A is a subset of R”, by A we will denote its closure.

In these notes the formulas will be enumerated by (z.y) where x is the number of
the section (independently from the number of the subsection) and y is the running
number of the formula inside the section. Moreover, the statements will be labeled by “S
x.y” where “S” is the type of the statement (Theorem, Proposition, Lemma, Corollary,
Definition, Remark, Example), = is the number of the section (independently from the
number of the subsection), and y is the running number of the statement inside the section
(independently from the type of the statement).

The symbol “I7” will mean the end of a proof.

'Here, we of course permit a = —oo as well as b = +o0.
2In the last two cases we, respectively, permit @ = —co and b = 4o00.



Some possible references are?

G. De Marco: Analisi Due -seconda parte, Decibel-Zanichelli, Padova 1993.

C.D. Pagani - S. Salsa: Analisi Matematica, Volume 2, Masson, Milano 1991.

e L.C. Piccinini, G. Stampacchia, G. Vidossich: Ordinary Differential Equations in
R"™, Springer-Verlag, New York 1984.

W. Walter: Ordinary Differential Equations, Springer-Verlag, New York 1998.

Please feel free to point out to me the mathematical as well as the english mistakes,
which are for sure present in the following pages.
Let’s start!

1.1 Motivating examples

The theory of ordinary differential equations is one of the most powerful method that
humans have invented/discovered? and continuously improved for describing the natural
phenomena whose investigation is fundamental for the progress of humanity. But its
power is not limited to the “natural phenomena” (physical, biological, chemical etc.), it is
also fundamental for the study and the construction of mechanical systems (engineering)
as well as for the study and the prediction of the economical/social behavior of our real
world.

An ordinary differential equations is a functional equation which involves an unknown
function and its derivatives. The term “ordinary” means that the unknown is a function
of a single real variable and hence all the derivatives are “ordinary derivatives”.

A natural extension of the theory of ordinary differential equations is the theory of
partial differential equations®, which is certainly more suitable for describing those phe-
nomena whose space-dependence is not negligible. However, most of the results about
partial differential equations were not be obtainable without a good theory for the ordi-
nary differential equations.

Since the unknown function depends only on a real variable, it is natural to give it
the meaning of time, denoting it by ¢ € R, and to interpret the solution as the evolution
of the system under study. Here are some examples in this sense.

3The first two have strongly inspired the present notes, the second two may be suggested for deeper
readings.

4Is Mathematics invented or is it discovered? We do not enter in such a diatribe. We leave it to
philosophers.

5 A partial differential equation is a functional equation which involves an unknown function and its
derivatives. The term “partial” means that the unknown depends on many real variables and hence the
derivatives in the equation are “partial derivatives”.



Example 1.1 Capital management. The evolution of the amount of a capital at disposal
is represented by a time-dependent function K(-). At every instant®, there is a fraction
cK which is re-invested with an instantaneous interest rate given by 7, and there is also
a fraction dK which is spent without earning. Here ¢, d, i are all real numbers between 0
and 1 and ¢+ d < 1. The evolution law for the capital is then given by the equation

K'(t) = (ic — d)K(t), (1.1)

which means that K instantaneously tends to increase for the capitalization of the re-
wvested quantity cK, and instantaneously tends to decrease for the spent quantity dK.
Even if this is a very simple model, it is obvious that the possibility of computing the
capital evolution K(-), i.e of solving the equation (1.1), is extremely important for the
management of the capital. For instance, one may be interested in suitably choosing the
coefficients c and d” in order to get a desired performance of the capital without too much
reducing the expendable amount. To this end, the capability of solving the equation is
mandatory. Here, a solution is a one-time derivable real-valued function K, defined on a
suitable interval ] C R, K : I — R.

Example 1.2 Falling with the parachute. A body is falling hanged to its parachute.
Denoting by g the gravity acceleration and by 3 > 0 the viscosity coefficient produced by
the parachute, the law of the motion is, in a upward oriented one-dimensional framework,

2'(t) = —g — B'(1). (1.2)

This means that the time-law of the fall (i.e. the time-dependent function z(+)) must solve
the functional equation (1.2), which says: the acceleration of the falling body is given by
the downward gravity acceleration plus a term which depends on the velocity of the fall
and on a viscosity coefficient. This last term is responsible of the fall’s safety: bigger is (3
slower is the fall®. With air’s viscosity fixed, the coefficient 3 depends only on the shape
of the parachute. Hence, one may be interested in calculating a suitable? coefficient 3 and
then construct a corresponding parachute. It is obvious that the “suitableness” of 3 may
be tested only if we know the corresponding evolution x, that is only if we can solve the
equation (1.2) for all fixed value of 5. A solution is then a two-times derivable real-valued
function z, defined on a suitable interval I C R, x: I — R.

Example 1.3 Filling a reservoir. A natural water reservoir is modeled by a bidimen-
sional rectangular box [a,b] x [0, H]. Let us suppose that the reservoir is filled in by a
water source whose rate of introduction of water is constantly equal to ¢ > 0 (volume of

6Let us suppose that the model is based on a “continuous time” instead of a “discrete time” (for
instance:day by day, week by week...) as may be more natural to assume. The “continuity” of the time
may be reasonable if we are looking to the evolution of the capital in a long period: ten, twenty years.

"Unfortunately, the most important coefficient in (1.1), that is 4, is not at disposal of the investor, but
it is decided by the bank. And also changing bank is not helpful.

8Note that, when the body is falling, ' is negative and hence —f3z’ is positive

9“Suitable” could mean: safely reach the ground without spending too much time.



water per unit time). Let us suppose that the vertical layers of the reservoir have some
degree of porosity. This means that, at every instant ¢, an amount of water exits through
the points (a, h), (b, h) with a rate that is proportional to the porosity and to the quantity
of water over the point (the pressure). In particular, let us denote by u(t) the level of
water inside the reservoir at the time ¢ and let us suppose that the porosity depends on
the height!®. This means that there exists a function g : [0, h] — [0, 1] such that the rate
of exit through (a, k) and (b, h) at time ¢ is equal to zero if u(t) < h, otherwise it is given
by g(h)(u(t) — h).!! Hence, the rate at the time ¢ of the total volume of water that exits
through the vertical layers is given by

u(t)
[ (o - wn
0
Hence, the instantaneous variation of the level u, that is its time derivative, is given by

. u(®)
W) == [ e —mn

For instance, if

which means that the more permeable soils are on the surface, we then get the equation
o u3(t)
“b—a 6(b—a)H’

If the source supplies water with a rate which is not constant but it depends on time, let
us say ¢(t), then the equation is

W' (t) (1.3)

: c(t) u’(t)
t) = — . 1.4
= T S wH (14)
Being able to calculate the solution u of (1.3) (or of (1.4)) permits to predict whether
(and possibly at which time) the reservoir will become empty, or filled up, or whether its
level will converge to a stable value. Here a solution is a one-time derivable real-valued
function.

Example 1.4 The prey-predator model of Lotka-Volterra. Two species of animals, X
and Y, occupy a certain region and interact. Let us denote by z(¢) > 0 and by y(¢) > 0 the
number of present individuals at time ¢ for both species respectively. Let us suppose that

10Gych a situation is common in the application where, for deep reservoirs, different types of soils are
stratified along the wall of the reservoir.

Note that the point is not permeable if g(h) = 0, and hence nothing exit through that point; it is
completely permeable if g(h) = 1, and hence if u(t) > h, then through that point the water exits with
rate given by (u(t) — h). If 0 < g(h) < 1 all the intermediate cases may hold.



the species Y is given by predators whose preys are exactly the individuals X. Moreover,
we suppose that the relative rate of increasing for the preys (i.e ’/z) is constant and
positive when there are no predators (y = 0), and instead linearly decreases as function of
y in case of presence of predators (y > 0). On the other hand, we suppose that the relative
rate of increasing for the predators (i.e. y'/y) is constant and negative when there are no
preys (z = 0)'2, and instead is linearly increasing as function of z in case of presence of
preys (x > 0). Hence we have the following system

/
=a—fy

Y

= —y+ox

SRR

where «, 3,7, are positive constants. The system can also be written as

v = x(a— by
{ Yy =y(= +ox) (15)

Solving (1.5) may permit to study the evolution of the two species, which is certainly

important from many points of view!'3. A solution of (1.5) is a one-time derivable vectorial
function ¢ — (z(t),y(t)) € R

Up to now, we have considered model problems where the variable of the unknown
function has the meaning of time, and the solution the meaning of evolution. However,
this not the only case (even if it is a natural framework). Next two examples show cases
where the real variable of the unknown function does not have the meaning of time, but
rather the meaning of wl‘l 15,

Example 1.5 The catenary curve. A homogeneous chain is hanged to a vertical wall
by its extremes on two points, not on the same vertical line, and it is subject only
to the gravity force. Which is the shape attained by the chain? Let us suppose that
the shape of the chain is given by the graph of a function y : [a,b] — R, x — y(z),
where a and b are the abscissas of the two hanging points. On every piece of arch
of the chain, the resultant of all the applied forces must be zero, since the chain is
in equilibrium. Such forces are: 1) the total weight of the piece of arch, 2) the force
exerted on the right extremum by the remaining right part of the chain, 3) the force
exerted on the left extremum by the remaining left part of the chain. The first force
is vertical and downward, the other two are tangential. Let our piece of arch be the

12They have nothing to eat.

BNowadays we can in particular say “from an ecological point of view”.

M However, in the sequel, we will often adopt the point of view of “time” and “evolution”. It is obvious
that, from an analytical point of view, the meaning given to the variable (time, space, what else...) and
the name given to it (¢, x, p...) is completely meaningless.

15The second of the next examples (Optimal control) starts from a problem of “evolution” but in the
ordinary differential equation (1.7) the variable p has the meaning of space: the starting point of the
evolution.



part of the graph over the subinterval [z;,z,] C [a,b]. We write our three forces by
their horizontal and vertical components in the following way: 1) P = (0,—p) dis-
tributed on all the piece of arch, 2) T"(z,,y(x,)) = (17 (xr,y(z;)), Ty (zr, y(x,))), 3)
T (21, y(x))) = (T, y(21)), Te(xy, y(21))). Since we must have

P+ T (a, y(@,)) + T'(x1, y (1)) = (0,0),

we then deduce that the modules of the horizontal component of T"(x,,y(z,)) and of
T (z;,y(x;)) are equal. By the arbitrariness of z; and z,., we deduce that such a modulus
is constant, let us denote it by ¢ > 0. Now, let z, € [a,b] be a point of minimum for
y (i.e. a point of minimum height for the chain). On (z,,y(z,)) the tangent is then
horizontal, and, if we repeat the previous argument on the interval [z, z,|, we have that
T!(z,,y(x,)) has null second component (since it is tangent). Hence, the vertical weight
must be balanced only by the vertical component of T"(z,,y(z,)). Let us denote by g
the modulus of the gravity acceleration, and by p the constant linear mass-density of the
chain. Hence the weight of the arch over the interval [z, z,] is given by!'6

p— / /1T (@)

v

We then get

Ty (2, ) = / " g/ TF (7 (@)

Ty

Since the ratio T3 (z,, y(r))/T7 (2, yr)) = T3 (x,,yr))/c is the angular coefficient of the
graph of y in (z,,y(x,)), that is 3/(x,), we also get, for the arbitrariness of x, > x, and
repeating similar consideration for points to the left of x,,

gr [*
v =2 [ IT P, Vol
Differentiating, we finally obtain

Y (z) = %\/1 ¥/ ()2 Yz €la,b]. (1.6)

Being able to calculate the solution of (1.6) permits to know the shape of the chain’.

167t is the curvilinear integral of the infinitesimal weight guds, where ds = /1 + (y/(z))2dxz is the
infinitesimal element of length of the arch.

17 Actually, to exactly know the shape of the chain, we need some other information: the heights of
the hanging points and the total length of the chain, otherwise many solutions are possible. But this is
a common feature. Also in previous examples we usually need some other information as, for instance,
the value of the solution in a fixed instant.



Example 1.6 Optimal control. A material point is constrained to move, without friction,
on a one-dimensional guide. On the guide there is a system of coordinates, let us say p € R.
The material point has to reach a fixed point positioned on p, and it has several choices
for moving: one per every value of the parameters a € [—1,1]. That is, at every instant
t > 0, for every choice of a, it moves with instantaneous velocity equal to a. However,
every such a choice has a cost, which depends on the actual position p of the point on
the guide and on the parameter a, via an instantaneous cost function ¢(p,a). The goal
is to reach the target point p using a suitable moving strategy a(t) € [—1, 1] in order to
minimize the following quantity

Pt /O " Up(t), alt)dt,

where t* is the reaching time of the target point and p(-) is the evolution of our point.
In other words, using a suitable moving strategy a(-), we want to reach the target point
trying to minimize a “combination” of the spent time and the total cost given by ¢'8. For
every starting point p, we can consider the “optimal function” V' (p) which is the optimum
(i.e. the minimum cost) that we can get starting from p. Under suitable hypotheses!®, V/
solves the following equation

sup {=V'(p)a—{(p,a)} = 1. (1.7)

ac[—1,1]

Being able to calculate V' from (1.7) may permit to get useful information on the mini-
mization problem, for instance on how to construct an optimal strategy a(-)?°.

1.2 Notations, definitions and further considerations

An ordinary differential equation is an expression of the following type:

F(t,y™, gDy y) =0, (1.8)

where F : D CRXxRF x - x RF = R x (]R’“)Wrl — R is a function; ¢ € R is a scalar
parameter; y is the unknown function, which is a function of ¢+ and takes values in R* with
k € N\ {0}; 9/ is the first derivative of y and, for every i, ¥ is the i-th derivative y. The
highest order of derivation which occurs in the equation is said the order of the equation.
If £ =1, then the equation is said a scalar equation.

Solving (1.8) means to find an interval I C R and a n-times derivable function y : I —
R¥ such that for every ¢t € I

18The idea is that using values of a which give high velocities, and then reduce the spent time a lot, is
probably not convenient from the point of view of ¢: such velocities may be expensive. Hence a suitable
combination of high and cheap velocities is needed.

19 Actually, such “suitable hypotheses” are very delicate.

2OHowever, in the real application, the evolution of the point p is not one-dimensional, but it is an
evolution in R™, and hence the equation (1.7) satisfied by the optimum V' is a partial differential equation,
with V' replaced by the gradient VV.



and also that

Ft,y™ ),y (), ...,y (1), y(t) = 0.

The function y is said a solution of the ordinary differential equation.

Let us note that a solution is a function from an interval of the real line to R¥. Then
it is a parametrization of a curve in R, and the law ¢ — y(t) is the time-law of running
such a curve. For this reason, a solution of an ordinary differential equation is sometimes
called a trajectory.

An ordinary differential equation may have infinitely many solutions, or finitely many
solutions or even no solutions at all. We define the general integral of the equation as the
following set (which may be infinite, finite, a singleton or empty)

T:= {y 1 — Rk‘l C R is an interval and y is solution of the equation} (1.9)

In other words the general integral is the set of all solutions of the equation, everyone
defined on its interval of definition.

The equation (1.8) is in the so-called non-normal form, that is the highest order deriva-
tive (the one of order n, in our case) is not “privileged”, that is it is not “isolated”, it is
not “outside” from the function F. On the contrary we say that an ordinary differential
equation is in normal form if it is of the following type

y(n) - f(t7y(n71)7"'7y/7y)7 (1'1())
where f : D C RxR*... x R¥ — R*. In particular, let us note that the co-domain of f is
now R* (and not anymore R), and that the domain is contained in Rx (R¥)" (and not any-

more R x (]Rk)nﬂ). Hence, we have a system of k scalar differential equations of n order®'.
Indeed, denoting y = (y1,...,yx) and f = (f1,..., fx) by their components, we get

( n n—1 n—1
yg):fl ta(y§ )’7yIE; ))77(9/1:,92%(9177%)

n n—1 n—1
yé):fQ t7<y§ )77y](g ))7’(y/177y;c)7(y177yk)

n n—1 n—1
?J;E;):fk<t7(y§ )77y]E; ))77(y177y]/g)7(y177yk>>

\

It is evident that all equations (systems) in normal form may be written in a non-
normal form, for instance by

21 Actually, systems of s non-normal equations as (1.8) in m unknowns may also be considered. However,
we will not discuss such a situation.

10



Flt,y™, ...y, y) = |v™ = £ty v )| -

On the contrary not all equations in non-normal form may be written in normal form.
This depends on the solvability of the algebraic equation F' = 0 with respect to its second
entry y™. For instance, the second order scalar equation

Fty" y.,y)= ") -1=0,

where F' has domain D = R x R x R x R cannot be “globally” written in normal form,
that is there is not a function f(¢,4/,y) such that

F(t.y" v, y) =0 y" = f(t,y,v),

for every values (t,y"(t),y'(t),y(t)) € D. For example, the functions
t? t?
hit—= <, yait— =3
satisfy the equation F(¢,y”,y’,y) = 0, but they cannot satisfy y” = f(¢,v/,y) with the
same f because otherwise, for ¢ = 0, we should have

1= £(0,0,0) = —1.

Hence, the property of being in normal form or in non-normal form does not depend on
how we write the equation, but it is an intrinsic feature of the equation itself.

In general, the normal form equations are simpler to study.

An ordinary differential equation of the general form (1.8)?? is linear homogeneous if
it is linear in the unknown function y and its derivatives. That is if F' is linear with
respect to its second n + 1 components. In other words if for every n-times differentiable
functions u,v : I — R¥, for every ¢t € I, and for every scalars a, 3, we have

F(t, (au+ Bo)™ (1), ..., (au+ Bv) (1), (au + Bv)(t))
= aF(t,u™(t),..., 4 (t),u(t)) + BF(t, v (t),...v'(t),v(t)).

An ordinary differential equation is said to be a linear nonhomogeneous equation if it
is of the form

Ft,y™, ...,y y) = g(t)

with F' linear as before.

An ordinary differential equation is said to be a autonomous equation if it does not
explicitly depend on the scalar variable ¢ € R. Again referring to (1.8), we must have, for
the non-normal form

22 A similar definition obviously holds for equation in normal form, when we look to the linearity of the
function f with respect to its second n components.

11



Fy™, ...,y y) =0,

with £ : D C (]R’“)TLJr1 — R, and, for the normal form

y™ =y Y ),

with f : D C (R*)" — R". If the equation explicitly depends on ¢, we then speak of
nonautonomous equation.

The systems of first-order equations in normal form, y' = f(¢,y), have a particular
importance. Indeed, they are suitable for describing many evolutionary applied models.
Moreover, every n-order scalar equation in normal form may be written as a first-order
system of n scalar equations. Indeed, if we have the equation

y(n) :g(t7y(n71)7"‘7y/7y)7 (1']‘1>
with ¢ : D C R x R® — R, then we can define Yy = y, Yy = ¢/,...,Y,.1 = y™ V),
Y = (Yo,...,Y,1) € R", and write the system

Yo=Y,

Y =Y,

(1.12)

Y7:—2 =Y,

Y'r:—l = g(tayn—b s 7}/17%)

It is evident that y : I — R is a solution of (1.11) if and only if y is the first component
of Y : I — R™ with Y solution of (1.12). If we define

f(t7}/07"‘7Yn71) = (-}/171/'27"'7Yn717g(t7Yn717"'7}/17%))7

we then may write the system (1.12) as Y’ = f(¢,Y).

Concerning the “evolutionary” feature of first-order systems, we will often use the
interpretation of the solutions vy : I — R* as trajectories (or curves) in R*, where y is the
parametrization and [ is the set of parameters (thought as “time”). For the particular
case of first-order systems, the equality y'(t) = f(t,y(f)) means that, for every t € I and
for every point z = y(t) of the trajectory, the tangent vector to the trajectory itself is
exactly given by f(t,x) = f(t,y(t)). In other words, if a particle is moving around R*
with the condition that, at any instant ¢, its vectorial velocity is given by f(¢,x), where x
is the position of the particle at the time ¢, then the particle is necessarily moving along
a trajectory given by a solution of the system. That is, if, for every time ¢ and every
position z, we assign the vectorial velocity of a motion by the law v = f(¢,z), then the
motion must be along a trajectory solution of the system. In this setting, the function f
is sometimes called dynamics and R* the phase-space.
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From the previous considerations, it is naturally to observe that, in order to uniquely
determine the motion of the particle, we need to know, at least, its position at a fixed
(initial) instant. That is we have to assign the following initial condition

y(to) = o

where t; € R and zy € R¥ are fixed and such that (¢y, o) € D, the domain of f. Hence, we
are assigning the value of the solution y at a fixed instant ¢5. Then we have the following
initial value first order system, more frequently called Cauchy problem

{ y' = [f(t.y)

y(to) = xo.

Solving such a problem means to find a solution/trajectory which “passes” through z, at
time .
We end this subsection by applying all the definitions here given, to the equations of
the examples of the previous subsection.
Equation (1.1) is: scalar, first-order, autonomous, linear homogeneous, in normal form.
Equation (1.2) is: scalar, second-order, autonomous, linear nonhomogeneous, in nor-
mal form.
Equation (1.3) is: scalar, first-order, autonomous, nonlinear, in normal form.
Equation (1.4) is: scalar, first-order, nonautonomous, nonlinear, in normal form.
Equation (1.5) is: a system of two first-order scalar equations, autonomous, nonlinear,
in normal form.
Equation (1.6) is: scalar, second-order, autonomous, nonlinear, in normal form
Equation (1.7) is: scalar, first-order, autonomous, nonlinear, in non-normal form

1.3 Solving by hands and the need of a general theory

Let us consider the first order homogeneous nonautonomous linear equation

y'(t) =c(t)yt), teR, (1.13)

where ¢ : R — R is a continuous function. Let C': R — R be a primitive of c¢. It is easy
to see that, for every constant k£ € R, the function

y(t) = ke€® (1.14)

is a solution of (1.13).

The question is: are the functions of the form (1.14) all the solutions of (1.13)?

To answer the question, we are going to “work by hands” directly on the equation
and then to get information on the solutions. First of all, we see that the null function
y = 0 is solution and it is of the form (1.14) with k& = 0. Now, let y be a solution and let
us suppose that there exists ¢y € R such that y(to) > 0 (the case y(ty) < 0 is similarly
treated). Let ]a,b[C R be the maximal interval such that

13



to €la,b] and y(t) >0Vt €la,b|.

Starting from the equation (1.13) we then get

=c(t) VtE€Ela,b,

from which

/tt y/(s)ds = /t c(s)ds ¥t €]a,bl.

y(s) to

Integrating and passing to the exponential, we finally get
y(t) = (y(to)e_c(t(’)) e“W vt €la,b.

Hence, in the interval |a, b[, the solution y is of the form (1.14), with

k= (y(to)e “")) > 0. (1.15)

Now, we observe that
a€R = yla) =0 = ke®“ =0 = k=0 contradiction!,

and similarly for b. Hence we must have a = —oo and b = +00, and we conclude that the
solutions of (1.13) are exactly all the functions of the form (1.14).

Now, the question is: which further conditions on the solution should we request, in
order to uniquely fix the value of the constant k7

The answer is suggested by (1.15): we have to impose the value of the solution at a
fixed time ty, that is we have to consider the Cauchy problem

y(to) = vo,
where yg € R is the imposed value to the solution at t = ¢y. It is now immediate to see
that there is only one solution of the Cauchy problem (1.16): indeed we know that the
solution is necessarily of the form (1.14) for some k € R, hence we get
y(to) = yo = ke®t) =y —= k = ype M),
Hence we have a unique solution to the problem (1.16), that is there exists a unique
function y which solves (1.13) and, at the time ¢4, passes through go. Such a function is**

2In particular, if c(t) = ¢ is a constant, then the solutions are exactly all the functions of the form
y(t) = ke
24 Again, if ¢(-) is the constant &, then we have y(t) = yoe®(*~t0),
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y(t) _ (yoe—C(to)) CH) yoeC(t)—C(to).

Let us summarize what we have discovered about the solutions of the equation (1.13)
and of the Cauchy problem (1.16):

1) the solutions of (1.13) are the functions of the form y,(t) = ke“® and they are
defined (and solution) for all the times ¢t € R;

2) for every to,y0 € R fixed, the solution of (1.16) is unique, and it is the function
y(t) = yoeCW=C) (in particular, if 4o = 0 then the unique solution is the null function

y =0).

From 1) and 2) we can also get the following consideration

3) the general integral of (1.13), i.e. the set of all solutions, is a one-parameter family
of functions

I ={y,:R— R|k € R},

and the correspondence k — y; between I and R is a bijection. In particular, it is an
injection because ki # ko implies yx, # y,, since for instance they are different on ¢.

Now, we consider the following first order nonhomogeneous nonautonomous linear
equation

y' = c(t)y +g(t), (1.17)

where the function ¢(-) is as before and g : R — R is also continuous. Inspired by (1.14)
in the previous case, we look for solutions of the form

y(t) = a(t)efD, (1.18)

where o : R — R is a continuously derivable function. Differentiating and inserting in
(1.17), we get

o/ (t) = g(t)e 0

and hence we must have

t
at) = / e “®g(s)ds + k,

to

where ty € R is a fixed instant and k£ € R is the integration constant. Hence, once tg is
fixed, we have that, for all k¥ € R, the function

o =0 (i+ t Vg5 ), (119)

to

which is of the form (1.18), is a solution of (1.17).
Again, the question is: are the functions of the form (1.18) all the solutions of (1.17)7
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Here, arguing as in the previous case is not completely immediate, due to presence of
the term ¢(¢). However, using the already obtained existence and uniqueness results for
the Cauchy problem (1.16), we immediate obtain a similar results for

y(to) = Yo,
where ty,yp € R are fixed values. Indeed, we easily get k£ € R such that the function in
(1.19) is a solution of (1.20):

y(to) =yo = k = yoe 1.
Now, using the linearity of (1.17), we have that, if y(-) and z(-) are any two solutions
of (1.20), then the difference function ¢» = y — z is solution of (1.16) with condition

Y(to) = 0. But we already know that such a problem has a unique solution ¢) = 0. Hence
we certainly have y = z, that is (1.20) has a unique solution, which of course is

t
y(t) = e (yoec(t(’) +/ ec(s)g(s)ds) . (1.21)
to

From such uniqueness result for (1.20), we can answer to the question whether all the
solution of (1.17) are of the form (1.18). The answer is of course positive since, given any
solution y(-) of (1.17) and denoted by vy its value in ¢y, then such a function solves (1.20)
and hence it is the function (1.21) which is of the form (1.18). Moreover, also in this case
we get that the general integral of (1.17) is a one-parameter family of functions, one per
every value of k£ € R.

What have we learned from the study of (1.17) and (1.20)? We have learned that,
even if it is not obvious how to answer to our questions? via a direct hand-management of
the equation, however we get a satisfactory answer using the already obtained uniqueness
result for (1.16). In this, we are certainly helped by the fact that the equation is linear.
Thus obtaining existence and uniqueness results for ordinary differential equations seems
very important, even before making direct calculations for searching solutions. And what
happens if the equation is not linear? Making the difference of two solutions is certainly
not helpful. Hence, we are still more lead to think that a general and abstract theory
concerning existence, uniqueness, comparison etc. of solutions is certainly useful and
important. This is the subject of the next sections.

1.4 Frequently asked questions

Before starting with the general study of the ordinary differential equations, we make
a list of those questions which are natural and common to formulate when we face an
ordinary differential equation or a Cauchy problem.

Such questions are

25 Are all the solutions of the form (1.18)? and is the solution of (1.20) unique?
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Does a solution exist?

)
(i) If it exists, is it unique?

) How long does a solution last??

) How much a solution is sensible with respect to parameters and coefficients which
are present in the equation?

(v) How to calculate a solution?

Questions (i), (ii), (iii) and (iv) are of qualitative type. The question (v) is of quanti-
tative type.
Another question is

(vi) Are there some types of equations which are easier to study than others, both from
a qualitative and a quantitative point of view?

Another qualitative question is

(vii) If a solution exists for all times, what can we say about its behavior as time goes to
infinity?

In the next sections, we will give some satisfactory answers to these questions. In
particular questions (i) and (ii) are treated in Section 2; question (iii) is treated in Section
2 and Section 5; question (iv) is treated in Section 6 and Section 7; question (v) is treated
in Section 4 and in Section 7; question (vi) is treated in Section 3; question (vii) is treated
in Section 7.

26For instance, if we a priori fix a time interval [t1, 5], does the solution exist for all those times?
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2 Existence and uniqueness theorems for the Cauchy
problem

2.1 Definitions: local and global existence

Let us consider the following Cauchy problem for a nonlinear nonautonomous system?’

y(tO) = Zo,

where (tg,79) € A C R x R® = R"™! is fixed, with A a given open set and f : A — R"
continuous.

Definition 2.1 We say that a function y : I — R"™ is a solution of (2.1) on I if I C R
is an open interval, to € I, y € CYHI,R"), y/'(t) = f(t,y(t)) for allt € I and y(ty) = xo.

Note that Definition 2.1 also implies that (¢,y(t)) € A for all t € I, otherwise we
cannot apply f to the couple (¢,y(t)). Moreover, it is evident that, if y : I — R is a
solution on [, then it is also a solution on every open interval J C I containing t,.

Definition 2.2 We say that the problem (2.1) admits a local solution (or equivalently
is locally solvable) if there exist an open interval I C R and a function y : I — R™ such
that y is a solution of (2.1) on I.

Definition 2.3 We say that the problem (2.1) admits global solutions (or equivalently
is globally solvable) if for every open interval I C R such that

toel, {zeR"(t,x) e A}#0 Vitel, (2.2)

there exists a function y : I — R™ which is solution of (2.1) on I.
The difference between local and global solvability is that in the first case we cannot
a-priori fix the time interval, but we only know that a (possibly very small) time interval
exists. On the contrary, in the second case, for any (suitable) fixed time interval, we find

a solution on it.
Of course, the global solvability implies the local one, but the contrary is false.

Example 2.4 We consider the problem

{ y(t) =1 (t),
1.

Here,n =1, f:RxR — R, f(t,z) =22, A=R? t, =0, o = 1. Applying a uniqueness
result from next subsections, we see that such a problem has the unique solution

2"Here “nonlinear system” means that we do not require that the system is linear. But, of course, all
the results can also be applied to the linear case. The same remark applies to “nonautonomous system”.
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)= ——
which is defined only in the time interval | — 0o, 1[. For example, if we a-priori fix the
time interval J =| — 1,2[ (which is an admissible time interval for our problem, that is

satisfies (2.2)), and we look for a solution on .J, then we do not find anything. Hence the
problem admits only a local solution.

In general, if A is arch-connected, we may consider the maximal interval satisfying
(2.2)

Inax = {t € R|Fx € R", (¢, 2) € A} =:]a, b|

Moreover, let us suppose that A is the maximal set of definition for f and that the problem
is only locally solvable. Then there exist a < & < & < b such that every solution exits
from A* in the time interval ¢, &[. Hence, looking for solution defined up to times
t €la, & [U)&, b] is meaningless since we certainly cannot apply f to the possible couple

(t,y(1) & A.

2.2 The integral representation

Proposition 2.5 Let f: A — R" be continuous and I C R be an open interval. Then a
function y : I — R™ is a solution of (2.1) on I, if and only if (t,y(t)) € A for allt € I,
and, more important, y is continuous (i.e. y € C(I,R")) and*

y(t) = xo + /ttf(s,y(s))ds Vtel (2.3)

Proof. First of all let us note that, since y and f are both continuous, then the function
of time s — f(s,y(s)) is also continuous and the integral in (2.3) exists for all ¢t € I. Let
us now prove the equivalence.

=) If y is a solution then, by definition, y € C'(I,R") and so, for every t € I,
integrating the equation from ¢y to ¢, we get

/t: y'(s)ds = /t:f(S,y(s))ds — y(t) = zo + /t:f(&y(s))d&

<) If y is continuous and satisfies (2.3), then we also have y € C'(I,R"), and, by
the fundamental theorem of calculus, its derivative is exactly y'(t) = f(t,y(t)). Since by
(2.3) we obviously have y(ty) = x¢, we then conclude. O

2By an abuse of definition, this means that the couple (¢,y(t)) € R"! exits from A.
29The integral of a vectorial function f is the vector whose components are the integral of the compo-
nents of f.
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Proposition 2.5 gives an integral representation of the solution, as well as of the ordi-
nary differential equation. It is a powerful tool for studying the Cauchy problem, since
integrals are often more manageable than derivatives. Already starting from the next
subsection we are going to make an intensive use of the integral representation (2.3).

Remark 2.6 Note that the formula (2.3) is an “implicit formula”. That is we cannot
calculate the solution y just integrating in (2.3), because the second member itself depends
on y.

2.3 The Peano existence theorem under continuity hypothesis

Theorem 2.7 If f : A — R" is continuous, then the Cauchy problem (2.1) is locally
solvable for any choice of the datum (ty,z9) € A. This means that, for any (to,xy) € A,
there exist § > 0 (depending on (to,zo)) and a function y :|tg — 0, tg + 6[— R™ which is a
solution of (2.1) on |ty — 0,to + 0[.

In the next two subsections we are going to give proofs of this theorem for the particular
case where

A=JxR" J=l]a,b|]C R open interval , f bounded on A, (2.4)

and we prove the existence of a solution in a right neighborhood of ¢y: [tg,¢[. This is
indeed a (right-) global existence result (for the arbitrariness of 5 < ¢ < b). The general
case of local (both sides-) existence with arbitrary A, and f not bounded, may be obtained
restricting the problem to a rectangular inside A3°.

In both following proofs, the idea is to approximate a solution by constructing a
suitable sequence of quasi-solutions, and then passing to the limit using the Ascoli-Arzela
theorem 8.10.

2.3.1 A first proof: a delayed argument

If we look to the equation y'(t) = f(¢,y(t)), we have an instantaneous relation (i.e. at the
same instant ¢) between the left- and right-hand sides. Hence, we decide to little change
the equation by introducing a time-delay v > 0. The idea is to consider the delayed
equation

y(t) = ftylt —a)),

where the unknown term y(t — ) in the right-hand side may be supposed already known,
indeed our goal is to solve the equation step-by-step, that is first in the interval [tg, to+ ],
then in [ty + «a, o + 2a] and so on.

We define the following function in [ty — a, ¢

30Tn a similar way as we are going to do in the next Section under Lipschitz continuity hypothesis.
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Zo if tg —a <t <t,

_ t
za(t) = xg —i—/ f(s,2a(s —a))ds ifty <t <ec.
to

Note that, for every a > 0, the function z, is well defined in [ty,c|]. For instance: if
t € [to, to + o then z,(t) = xo+ ftz f(s,z0)ds, which is computable, and once we know z,
in [to, to + ], we then can compute it in [tg + o, tg + 2a], and so on. Since f is bounded,
we have that, denoting by M > 0 its bound,

1zallc(ro.cmmy < [[zollrn + M(c —to), [|za(t) = 2a(s)[lrn < M|t = 5| Vt,5 € [to, ] (2.5)

Hence, the functions {z,}a~0 are equibounded and equicontinuous on the compact set
[to, c]. By the Ascoli-Arzela theorem, this implies that there exist a subsequence z (i.e.
a subsequence o — 0 as k — +00) and a continuous function y : [to, c] — R" such that
21, uniformly converges to y on [ty, .

Note that also the functions t — z,(t — ) are well defined on [tg, ¢|, and they also
uniformly converge to y. This is true since we have

2k (t = ) =y < N2kt = an) = 2O + [21() =y,

and both terms in the right-hand side are infinitesimal as & — 400 independently on
t € [to, ] (for the uniform convergence and the equicontinuity of z; (2.5)).

Moreover, the functions ¢ — f(t, 2x(t — o)) uniformly converges to the function
t— f(t,y(t)), on [ty, c]. This is true since the couples (t, zx(t — o)), (t,y(t)) all belong to
the compact set [t, ] X Bga(O, (||zo]|gn + M(c — ty))), where O is the origin of R", and
f, being continuous, is uniformly continuous on such a set.

Finally, passing to the limit, as k — 400, in the definition of zx, we get

y(t) = o + / £(s,y(s))ds,

which concludes the proof, proving that y is a solution.

2.3.2 A (sketched) second proof: the Euler method

Here, our goal is to construct an approximate solution ys by dividing the time interval [tg, ]
into a series of a finite number of small subintervals [t, tx+1] and, on every such subinter-
vals, defining ys as the segment starting from y;(tx) and parallel to f(tx, ys(tx))*' (which
may be considered as known if we apply such a procedure step by step (i.e. subinterval
by subinterval)). The idea is then to make the limit as 0, the length of the subintervals,
goes to zero.

3lie. the linear function with slope given by f(tx,ys(tr))
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Let us take § > 0 and a finite set of instants
Ts={to<t1 <ty < - <ty <tmy1 =c},

such that ¢y —ty =d forall k =0,...,m and c — t,,, < 9.
We define the following function ys : [to, c[— R”

Ys(t) = ys(to—1) + f(to—1, Ys(te1))(t — tpe1) t € [thorp) VE=1,....m,m+1

This is a good definition and ys is a polygonal. Note that, in every subinterval [t;_1, ],
ys(t) = f(tr—1,ys(tk—1)), and hence, also in this case, we have a sort of “delay”.

It can be (sufficiently easily) proved that, for every € > 0, there exists 0 < J. < ¢ (i.e.
a sufficiently fine partition of [ty, ¢]), such that

which, recalling the integral representation of the solution, may be seen as a criterium
of goodness of the approximate solution. Moreover, in the same way as in the previous
paragraph, we can prove that the sequence of functions

<e Vte |ty d, (2.6)
R’VL

%@-%+[fh%h%f

wwﬂﬁm+/f@wWMT

is equibounded and equicontinuous in [ty, c|. Hence, also the sequence ¢s. has the same
properties and so, by the Ascoli-Arzela theorem, there exists a subsequence ©s.;, which,
as i — 400 (i.e. (i) — 0), uniformly converges in [ty, ¢] to a continuous function . But
then, ys, ,, also uniformly converges to ¢. Indeed, for every ¢ € [to, ], we have3?

195, (1) = (D] < Yo, (1) = @ay D + [l s, (8) — o) < (i) + O(e(4))

From this we deduce that, at the limit (passing to the limit inside the integral, noting
that ys are equibounded by M (since f is bounded), and that f is uniformly continuous
on [tg, | X Bra(0,M)), we have

o(t) = xo + /ttf(T,(p(t))dT YVt € [to, ],

and the proof is concluded: we have found a solution (i.e. ¢) of the Cauchy problem.

32Here O means an infinitesimal with respect to its argument.

22



2.3.3 An example of non existence

Here, we give an example where the dynamics is discontinuous and the Cauchy problem
has no solution at all. Let us consider f: R — R

—1 if x>0,

flz) = if =0,
if v <0,

NN

and consider the Cauchy problem

{ y'(x) = fy(x)),
y(0) = 0.

It is evident that such a problem cannot have a solution, even locally. Indeed, if a
solution y exists (remember that we require y € C'') then y/(0) = f(y(0)) = f(0) =1/2 >
0, and hence y is strictly increasing at z = 0. Since y(0) = 0, this means that y > 0
immediately to the right of z = 0, but this is impossible since when y > 0 the derivative
y’ must be negative.

Of course, if we change the value of f at z = 0, defining f(0) = 0, then f is still
discontinuous but the Cauchy problem has a solution, even unique: the null function

y(x) = 0.
2.3.4 An example of non uniqueness
Let us consider the following scalar Cauchy problem

{ y(t) = (y(1)F,
y(0) = 0.

Here, f(t,7) = 2?/3 which is defined on A = R x R and is continuous. Hence we have, at
least, one local solution. Indeed, we have infinitely many local solutions.

First of all, let us note that the null function y(¢) = 0 is a solution. But, for every
a, > 0, we also have the solution

0 if —g<t<a,
3
(t—_oz) ift>«
yaﬁ(t): 3 X -
(#) it < -3
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2.4 Local existence and uniqueness under Lipschitz continuity
hypothesis
Definition 2.8 We say that the Cauchy problem (2.1) has a unique local solution if there

exists an interval I and a solution y : I — R" on I such that, for every other solution
y: I —R" we havey =14 on I N I3,

Note that in the Definition 2.8 we suppose that a local solution exists and we say that
it is unique in the sense that, in a suitable neighborhood of #(, all possible solutions must
coincide with .

Definition 2.9 The continuous function f : A — R™ of the problem (2.1) is said
to be locally Lipschitz continuous in x € R™ uniformly with respect tot € R if for every
(to,x0) € A there exist a neighborhood of (ty,x0), U C A, and a constant L > 0 such that

(t,x),(t,2) e U = || f(t,x) — f(t, 2)||rn < L|jz — 2||Rn. (2.7)

Theorem 2.10 (Local existence and uniqueness) If f : A — R"™ is continuous and sat-
isfies the local uniform Lipschitz condition (2.7), then, for every datum (to,zo) € A, the
Cauchy problem (2.1) has a unique local solution in the sense of Definition 2.8.

Proof. Let (to,z) € A be fixed. Our goal is to find §; > 0 and J, > 0 such that, for
every 0 < ¢ < 47, the operator

Ty : C ([to — &', to + 6'); B(zo,62)) — C ([to — 0", to + 6'); B(xo,62))

V= T(;/[v] t— 1o+ /t f(S,U(S))dS (28)

is well defined and has a unique fixed point. In this way, via the integral representation
of solutions (2.3), for every 0 < ¢’ < 67, we simultaneously have existence of a solution
on |ty — &ty + &'[ and uniqueness on such intervals.®!. Hence, the local uniqueness in
the sense of Definition 2.8 comes from the following observation: let us take 0 < 5 < 4y,
define T =lto— 5, to+0 [ and define 7 as the unique solution on I. Note that every solution
is also a solution on every subinterval. Then, if y : I — R" is a solution, we must have
j=yonINI (Clty— o ty+ [ for some 0 < & < 9).

Hence, we are going to analyze the following four steps.

1) Find 6; > 0 and 5 > 0 such that, for every 0 < ¢’ < §y, Ty is well defined, that is
Ty (v) € C ([to — ', to + 0'); B(wo, 02)) for all v € C ([to — &', to + 0']; B(wo, 02)).

2) Recognize that y :]tg — 0',t9 + 0'|— R™ is a solution of (2.1) on |ty — &', ¢y + '] if
and only if it is a fixed point of Ty .

3) Take d; as in 1) and also such that, for every 0 < ¢’ < &, Ty is a contraction with
respect to the infinity norm.

33Note that, since I and I are both open intervals containing to, then I NI is also an open interval
containing t.
34This means that there exists only one solution on Jtg — &', to + ¢'[, for every §'.
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4) Apply the Contraction Lemma to Ty to observe that it has one and only one fixed
point. Conclude by the point 2).

1) Let U and L be as in (2.7). Let us take 01,02 > 0 such that [ty — 1% + 01] X
B(xg,d2) C U, and take M > 0 such that?®

||f<t,l’)|| < M7 v (t7 LE) S [to _Slvto +51] X E(LU(),(;Q).

For every 0 < &' < 6y, for every v € C ([to — &, to + &'], B(x0,02)), and for every ¢ €
[to — 0", to + '], we have the following estimate
t
/ Mds
to

Hence, if we take d; < §; such that Md; < &y, then the point 1) is done®
2) Obvious by Proposition 2.5. -
3) Let us take 0 < &' < &;. For every u,v € C ([to — &, to + 0], B(zo,d2)), and for
every t € [to — &', to + 0'] we have
JALCRCI

| T [v] () — xo|| = f s,v(s))ds f s,v(8))||ds| < < M§ < M.

(2.9)

[Ts [u](t) = Ta[o] ()] <

/ |lu — v]|ods

By the arbitrariness of t € [t) — ', to + ¢'], and also because the last term in the right is
independent from ¢, we then get

<L

/ 1£(s,u(s)) — £(5,0(5))ds

< Lo'flu = vljoe < L[l — v]oo

<L

| [u] = Ty [v)lloo < Léi[lu = 0],

where || - — - || is the metrics in C ([to — 0 tg+ 6’],§($0,52)).
Hence, if we take d; as in point 1) and also such that Ld; < 1, then point 3) is also done.
4) Immediate. U

Remark 2.11 A sufficient condition for satisfying the local Lipschitz hypothesis (2.7) is
to be a C* function. Hence, every Cauchy problem with C' dynamics f has a unique local
solution for every initial datum.

35Such a M exists for the continuity of f and the compactness of [ty — d1,to + 61] x B(wg, d2).
36 Also observe that, just by definition, Ty [v] is continuous.
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2.5 Global existence and uniqueness under Lipschitz continuity
hypothesis
Definition 2.12 We say that the Cauchy problem (2.1) has a unique_global solution if

it has exactly one solution, in the sense that there exists a solution y : I — R", such that
for every other solution y : I — R™ we have: I C I andy =19 on I.

Note that Definition 2.12 also requires that a local solution exists. However, the global
uniqueness is different from the local uniqueness of Definition 2.8. Indeed, in the second
case we require that a local solution § exists in a suitable interval I and any other solution
is equal to ¢ in the common instants of existence, but they may be different outside the
common instants. On the other hand, the global uniqueness requires that a solution gy
exists on an interval I, that no other solution may be defined for instants ¢ ¢ I, and that
on the common instants of existence (necessarily contained in I) any other solution must
be equal to .

Of course, the global uniqueness of the solution implies the local one, but the contrary
is false.

Example 2.13 The following Cauchy problem has a unique local solution, but not a
unique global solution:

7

(t) = (%)3 tfg , yg(t):(g)g‘v’teR.

Hence, such a problem has no global uniqueness since y; and s are both solution on
I = R but they are different. On the contrary, it has a unique local solution y(t) = (¢/3)3,
as can be seen by Theorem 2.10.

Remark 2.14 The global uniqueness in the sense of Definition 2.12 does not imply that a
global solution exists, that is that the problem is globally solvable in the sense of Definition
2.3. Indeed, the interval I is not necessarily the mazimal interval satisfying the condition
(2.2). For instance, the problem in Ezample 2.4 has a unique global solution in the sense
of Definition 2.12, but it is not globally solvable in the sense of Definition 2.3.

Theorem 2.15 (Global existence and uniqueness on a strip) Let us consider the Cauchy
problem (2.1), with A given by the strip

37See the example in Subsection 2.3.4.
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A =]a, b[xR", (2.10)

where —oo < a < b < +o0o. If [ satisfies the global uniform Lipschitz condition

3 L >0 such that ¥ t €]a,b], V z,y € R":
1f @t x) = f&y)ller < Lilz = yllrn-
then, for every datum (to,zo) € A, the problem has a unique global solution, in the sense

of Definition 2.12. Moreover the solution is defined on the whole interval |a, b[, that is the
problem s globally solvable.

(2.11)

Proof. We are going to prove that on every subinterval of |a, b[ there exists one and
only one solution, from which the conclusion will follow.

Let us refer to the proof of Theorem 2.10. Over there, given (¢o,x), we have taken
the neighborhood U where we have found the local Lipschitz constant L (both depending
on (to,z)); we have taken d; and 8, depending on (to, z0), and moreover we have taken
M also depending on (tg, z). All those choices have leaded us to choose

o [= 6 1
51:m1n{61,]\; L}

in order to prove the statement. Of course, §; was also depending on (ty, x), and recall
that it was the semi-amplitude of the existence interval for the unique local solution. Now,
our goal is to construct d; independently from (g, xo).

Let us fix ¢ > 0 sufficiently small and note that, in the present situation (if a,b € R), we
can just take U = [a+¢,b—¢] x R" and L independently from (tg, zg) € [a+e,b—e| x R3S,
In this way, once we have fixed (ty,z¢) € U, in order to remain inside U, ¢; has only to
satisfy, independently from g,

Sl(to) = min{to —a— €,b — & — to},

and Jy can be any positive value. Moreover, let us not that, by (2.11), there exists a
constant ¢ > 0 (depending only on ¢) such that

|f(t,z)|| < L||z|]| + ¢ VY(t,z) € [a+e,b—c] x R™ (2.12)

Indeed, we have

(8 o) | = 1F (@ 2) = f(£,0) + f(&,0)| < \[f(E,2) — f(£0)] + (£ 0)]
< Lzl + _max |1£(s,0) = Llill + .

Hence, for any d, > 0 and for any (¢, ) € [a + &,b — €] x B(z¢, 2), we have

38If @ = —o0 or b = 400, we have to replace a + ¢ with an arbitrary K < 0 and b — ¢ with an arbitrary
H > 0, respectively.
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max 1f(t,@)|| < Ldz + Lo + c.

(t,CL‘)E [to —31 (to),to -‘y—gl (to)] XE(xo,(SQ)

We can then take M = Lds + L||zo|| + ¢, which depends on xy and on ¢ (via ¢), but not
on to. Hence, if we take

g = L||zoll + ¢,

which is independent from ¢y, we then get

6y 1
M 1+L
which is definitely independent from (to, zo) € [ +¢,b—¢] x R” and from ¢. In this way

we ﬁnally get
min a 9 b 9
1\0) = 0 ) 0 1 [ )

depending on ty €]a+¢,b— ¢, such that, for every initial value (to, zo) €]a+e,b—e[xR",
the unique local solution (uniqueness in the sense of Definition 2.8) exists in the interval
Jto — d1(to), to + d1(to)[. Hence, for 0 < e < 7, and for all initial value (to,zo) €
Ja + 2¢,b — 2e[xR™ we can take constantly

5128.

This means that, for all possible initial value (tg,zo) €la + 2¢,b — 2¢[xR", the unique
local solution exists, at least, in the whole interval |ty — €, to + €.
Now, let us definitely fix the initial value (o, zo) €]a + 2¢,b — 2¢[xR", and take

t1 E]to,to + 6[, to E]tl,tl =+ 6[, ey tr E]tkfl,tkfl + 8[, tk+1 E]tk,tk -+ 8[
th €ty — e, to], 2 €t — e, t1], ..., t" EthTt — e tM T T glth — et

It is evident that we can choose k,h € N and t1,...,t, tpe1, th, ..., t" "1 such that
ti, ... tg €]to, b — 2¢[, tpy1 > b — 2¢, and that 1, ... t" €]a + 2¢, o[, t"T < a + 2e.

Let us denote I; =Jt; — &,t; + [ for all i = 0,.... %k, and I =|t/ — ¢,/ + ¢[ for all
j=1,....h

Hence we define the function y :Ja + 2¢,b — 2¢[— R™ as

yo(t) t € Iy 3o is the unique solution with datum (g, zo)
y(t) =< wi(t) tel, y isthe unique solution with datum (¢;,y;—1(t;)) i=1,...,k
y/(t) t€I; y is the unique solution with datum (#/,y'~1(#)) j=1,...,h.

By the local uniqueness on every intervals I; and 7, y is well defined and it turns out to
be the unique global solution in |a + 2¢,b — 2¢[. By the arbitrariness of € > 0, we then
conclude. 0
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Remark 2.16 Ifin Theorem 2.15 we change the global uniform Lipschitz condition (2.11)
in the weaker condition

YV 6 > 0 sufficiently small 3 Ls > 0 such that

then, the same thesis holds true. Indeed, it is sufficient to apply Theorem 2.15 to |a +
3, b — §[XR™ for all § > 0, and then to construct a unique solution in |a, b|.

(2.13)

Exercise. Show that the global existence and uniqueness defined by Definition 2.12
is equivalent to the following

i) a local solution exists and

ii) if y; : [y — R™ and ys : [y — R™ are two solutions on [; and I, respectively, then
y1 =y on Iy N I.

Exercise. Show, with a counterexample, that the following “natural” conditions do
not imply the uniqueness of the local solution in the sense of Definition 2.8:

i) a local solution exists and

ii) if y; : [1 — R™ and ys : [y — R™ are two solutions on [; and I, respectively, then
there exists an open interval J C I; N I, containing ¢(, such that y; = y, on J.

(Hint. Consider, for ¢,z > 0 the dynamics®’

5 if0<z<tt

and the corresponding Cauchy problem with y(0) = 0.)
Exercise. Show, with a counterexample, that the uniqueness of a solution in an open
interval I does not imply the uniqueness of the solution in every open subinterval J C I.
(Hint. For instance consider the function f such that, for (¢,2) € [0, +00[x[0, 400], is
given by

5 if 0 <z <4,
2 +20-6v/
f(t,:E) = x43j(Lt2i1E\/%;ﬁ2 if \/{5 <z <t+1,
z? if o >t+1.

Consider the Cauchy problem with initial datum y(0) = 0, and show that in [0, +o00|
there is only the null solution y = 0 but that on every proper subinterval [0, k| there are
infinitely many solutions.

Hint of the hint. Note that, apart from the zero solution, every solution starts as one
of the solutions in the Subsection 2.3.4 and, outside of an “intermediate linking region”,
it goes on as the solution in Example 2.4, which does not exist for all times.)

39Such a dynamics is discontinuous, but for our purpose here is not a problem.
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3 The linear case

3.1 Linear systems of first order equations
Let us consider a matrix-valued function and a vectorial-valued function
Al —-M,, t— A(t); ¢g:1—R"

where M,, is the set of n x n real matrices, and I C R is in open interval.
A linear system of first order equations is a system of the following type

y(t)=Alt)y(t) +g(t) t €1, (3.1)
which, if we write the vectors as y(t) = (y1(t),...,yn(t)), g(t) = (¢1(t),...,gn(t)), and
the matrix as A(t) = (a;;(t)) is

i,j=1,..n’

Vi) = an(®yi(t) + .. + amn(Byn(t) + 61(1)

YUn(t) = a1 (Oy1(t) + -+ @na(O)yn(t) + ga(t).
Here, a;; : I — Ris the ij coefficient of A, and A is continuous (as matrix-valued function)
if and only if a;; is continuous (as real valued function) for every ¢,j =1,...,n.
The system (3.1) is, of course, linear, nonhomogeneous and nonautonomous. It corre-
sponds to the system ¢ = f(¢,y) with dynamics given by

flt,x) =Alt)x+g(t) V (t,x) € I x R"™. (3.2)
We now consider the corresponding Cauchy problem
y'(t) = A)y(t) +g(t) t e,
(3.3)
y(to) = o,

where (to,z9) € I x R" is fixed.

Theorem 3.1 If A and g are continuous on I, then, for every (to,z¢) € I x R", the
linear Cauchy problem (3.3) is globally solvable in the sense of Definition 2.3, and it has
a unique global solution in the sense of Definition 2.12.

Proof. We apply Theorem 2.15 and Remark 2.16 to (3.3). By hypothesis, the dynamics
f given in (3.2) is continuous. Hence, we have only to prove the uniform Lipschitz property
in every compact subinterval J C [I. Using the Cauchy-Schwarz inequality, for every
(t,x), (t,y) € J x R", we have

[A#)z + g(t) = (A)y + g(0)lgn = 1AE) (= = y)llrn < [[AD) |2 = yllren,
where ||A(t)|| is the matrix-norm of the matrix A(¢). Since A is continuous on I, then
there exists L; > 0 such that
<
max [|A(D)] < Ly,

and we conclude. O
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3.2 Homogeneous linear systems of first order equations

A homogeneous linear system of first order equations is of the form

y'(t) = A)y(t), (3.4)
which differs from (3.1) only for g = 0. We also have the corresponding Cauchy problem
/
y'(t) =AQ@)y(t), tel,
3.5
L (35)

Of course, if A : I — M,, is continuous, then for (3.5) we have global solvability on I and
uniqueness of the global solution. In particular, if zp = 0 € R", then the unique solution
of (3.4) is the null function y = 0.

3.2.1 The fundamental set of solutions and the Wronskian

Proposition 3.2 Let T be the general integral of (3.4), i.e. the set of all solutions y :
I — R™. Then T is a vectorial space of dimension n. In particular, there exist n solutions
Y1, - - -, Yn which are linearly independent i.e.

(C1y.oyen) €ERY cpn(t)+ ...+ cuyn(t) =0V tET = (c1,...,¢,) =(0,...,0),

and such that, for any other solution y : I — R", there exist n constants cy,...,c, € R
such that

y(t) =cyi(t) + ...+ cuyn(t) ViEel

Such a set of solutions yy, ...,y 15 called a fundamental set of solutions.

Proof. First of all, let us prove that Z is a vectorial space. We have to prove that, for
every two solutions y1, 2 and for every aq, as € R, the function y = a1y + any» is also a
solution?’. This is immediate by linearity

y'(t) = (cayr + aoy2)'(t) = oy (t) + cyh(t) = cn Aty (t) + a2 A(t)ya(t)
= A(t)(ary(t) + agya(t)) = A(t)y(t).

Now, we prove that it has dimension n by exhibiting an isomorphism between R™ and
7I. Let us fix ty € I. We define the function

V:R* = I, zP(x) =y,

where y, is the unique solution of the Cauchy problem (3.5) with initial datum (o, x) €
I x R™. Linearity: by uniqueness we have

40The general integral is a subset of C*(I,R™) which is already a vectorial space. Hence, we have only
to prove that Z is closed with respect to the sum and to the multiplication by a scalar.
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CVl,lvz}(ml) + O‘2¢(x2) = Yz, T 02Yzy = Yayzr1+anms = w(alzl + a2x2)7

since (a1Yz, + @Y, ) (to) = 1Yz, (to) + oy, (to) = a1 + Qos.
Injectivity:

?/J(xﬁ = w(@) = Yo1 = Yoo = yzl(to) = ymg<t0) — I = T2.

Surjectivity:
YT = y=1v(y(lo))
O
Definition 3.3 Given n functions ¢1,...,¢, 1 I — R™ we define the wronskian matriz
associated to them, as the time-dependent n X n matrizc
i1(t) p12(t) ... pia(t)
W(t) = pa1(t)  p(t) .. @2lt) (3.6)
¥n1 (t) Qan(t) Sonn<t)7
where @;; is the i-th component of the function ;*'.
The determinant
W(t) = det W (t) (3.7)

15 said the Wronskian of the set of n functions.

Proposition 3.4 Given the n functions @1, ...,p, : I — R"™, if there exists to € I such
that

W (to) # 0,
then the n functions are linearly independent.
Proof. We just observe that, for any ¢ = (¢q,...,¢,) € R™ we have
cpr(t) + ... Fenpn(t) =W(t)e Vit el

Hence, let ¢ = (¢4,...,¢,) € R™ be such that

cipr+ ...+ cppn =0 in I

41Tn other words, the functions ¢1, ..., , are the columns of the matrix.
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Hence, since by hypothesis W (¢y) is not singular, we have

W(ty)e=0 = c=0¢€R".
U

The condition W (ty) # 0 is however not necessary for the linearly independence of the
functions ¢;. Just consider the following example

T

77,:2, [:]—5,5[

, p1(t) = (sint,tant), @o(t) = (cost,1).
Hence, we have

sint cost

W(t) = det ( tant 1

):owG[,

but ¢, @9 are linearly independent because
cisint+cocost=0Vtel = ¢ =cy = 0%

Theorem 3.5 If the n functions, as in Proposition 3.4, are all solutions of the same
homogeneous linear system of the form (3.4), then

dtg € I such that W(ty) #0 < ¢1,...,¢, are linearly independent. (3.8)
Moreover, in the case of linear independence, W (t) # 0 for all t € I.

Proof. Let v1,...,p, : I — R" be solutions of (3.4) linearly independent, that is a
fundamental system of solution. Let us prove that there exists ¢y € I such that W (ty) # 0.
Any other solution is of the form

p(t) = W(t)c,

with any ¢ € R". If, by absurd, W (t) = 0 for all ¢ € I, then, fixed any € I, there exists
¢ # 0 € R™ such that W (#)é = 0. This implies that the solution ¢ = & @1 + ... + Cupn is
zero in t. But, by the uniqueness result for the Cauchy problem, the unique solution of
(3.4) which passes through zero at ¢ is the null function ¢ = 0. By the linear independence
of ©1,...,p, we then get ¢ = 0, which is a contradiction. By the arbitrariness of £ € I,

we have that, if ¢1,..., ¢, is a fundamental set of solutions, W (t) #0 forallt € I. [

Proposition 3.6 If pq,...,¢, : I — R" are solutions of (3.4), then the wronskian matriz
satisfies the equation

W'(t)=A(t)W(t) Vitel. (3.9)

42 Just check for t = 0 and for ¢t = T
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Proof. Just a calculation. ([l

Remark 3.7 Summarizing, we have found that:

i) the general integral of the homogeneous linear system (3.4) is a vectorial space of
dimension n;

ii) given a fundamental set of solutions (i.e. a basis) y1,...,Yn, any other solution is,
obviously, written in the form (which is called the general solution)

y()=cy()+ ...+ cyn() =W()e, c=(c,...,c,) €R",

where W is the wronskian matriz of the fundamental set of solutions;

iti) The wronskian matriz of n solutions is either everywhere singular (i.e. W(t) =
0 for all t) or everywhere nonsingular (i.e. W(t) # 0 for all t). In particular it is
everywhere nonsingular if and only if the n solutions are linearly independent (i.e. they
are a fundamental set of solutions).

3.3 Homogeneous systems of first order linear equations with
constant coefficients

In this subsection we suppose that the n x n matrix A(-) in (3.4) is constant: A(-) = A €
M,,. That is the system has constant coefficients (i.e. it is autonomous). In this case, we
can consider the system and the corresponding Cauchy problem as defined in the whole

R:

y'(t) = Ay(t) t € R, (3.10)
and
o

with (to,z0) € R x R" fixed.

Proposition 3.8 Every solution of (3.10) is defined in the whole R. In particular, the
Cauchy problem (3.11) is globally solvable in R and it has a unique global solution for
every initial datum (ty, o) € R X R™. Moreover, such a unique solution is given by

y(t) = ez, t e R, (3.12)

and a fundamental set of solutions for the system is for instance given by the columns of
the exponential matriz e, that is the exponential matriz is the Wronskian matriz.

Proof. All the theses are immediate consequences of the results of the previous sub-
section and of the definition of exponential matrix and its differentiability properties.
O
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Remark 3.9 Note thatt — (t—to)A is a primitive of the constant matriz valued function
t — A, and hence (3.12) is coherent with the one-dimensional solution y(t) = ke®® as
in (1.14). One may be then induced to think that a solution for the general non-constant

homogeneous system is of the form

y(t) = eA(t)x()?

where A(-) is a primitive of the matriz valued function t — A(t).

not true since it is not true that

d
a4 Aw

= A(t)eA®
o (t)e™,

This is unfortunately

and the main problem for this fact is that in general A(t) and A(t) do not commute.

Example 3.10 Find the solution of the Cauchy problem

Y1 (t) = 2u1(t) — ya(t) + y3(t)
Ya(t) = y1(t) + ys(?)

ys(t) = y1(t) — y2(t) + 2y3(2)
yl(()) = 07 y2(0> = 07 y3(0) =L

This is the Cauchy problem for a linear system of three equations with constant

coefficients. It is given by the 3 x 3 matrix

2 -1 1
A= 1 0 1
1 -1 2

and the initial datum is (t9, zo) = (0, (0,0,1)). The eigenvalues of A are 1 and 2, and A is

diagonalizable since there exists a basis of R” given by eigenvectors:

{(1,1,0),(0,1,1),(1,1,1)}

(where the first two are corresponding to the eigenvalue 1). Hence, the diagonal matrix

D, the passage matrix B and its inverse are

1 00 1 01 0 1 -1
D=(o0o10])],B=l111]|, B'= -1 1 0
0 0 2 011 1 -1 1
Hence we get, for every t € R,
2 et 2 gt 4 o2
e = Be!PB71 = | —et4e? 2t — e —el e
et 42t et — 2t ot
The solution is then (written as column)
0 —et 42t
yt)y=ed | 0 | = —et+e*
1 62t
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3.3.1 The homogeneous linear equation of n-th order with constant coeffi-
cients

We consider the following homogeneous linear equation of order n with constant coeffi-
cients (i.e. autonomous):
y™ 4 a, 1y YV 4+ 4 ay +ay =0 inR. (3.13)

We already know that it is equivalent to the linear system of n equation with constant
coefficients

Y = AY, (3.14)
where Y = (Y, Y1,..., Y1) = (y,7/, ...,y V) € R" and

o 1 0 0 ... 0 0
o 0 1 0 ... 0 0
A= 0O 0 0 0 1 0
0O 0 0 0 0 1
—Qp —AaA1 ... ... ... —Ap—2 —Qp_1.

For the linear system associated to the matrix A, we know what is a Cauchy problem.
What does it correspond to, for the n order equation (3.13)7 By our interpretation, fixing
the values of Yy(to), ..., Yn_1(to) corresponds to fixing the values of y and of its first n — 1
derivatives: y(to), v (to), ..., y™ Y (t). Hence, the Cauchy problem for (3.13) is given by

Y () + anay™ V(@) + .+ ary/(8) +agy(t) =0 in R,
y(to) = o,
y'(to) = 1, (3.15)

y(nfl)(to) = Tp_1,

where the initial values (to, o), (to, 1), ..., (to, Tn_1) € R X R are fixed.
The proof of the following proposition is now immediate®3.

Proposition 3.11 All the solutions of the equation (3.13) are defined on the whole R.
The general integral is a vectorial space of dimension n. For all choices of the initial
values, the Cauchy problem (8.15) is globally solvable in R and it has a unique global
solution (that is there ezists a unique function y € C™(R;R) which satisfies the equation
and which, at a fired instant ty € R, has preassigned values for the derivatives from zero
order™ up to the order n —1).

43By the interpretation as a linear system, a similar proposition of course holds for a homogeneous
linear equation of n order with non-constant coefficients. But here, we concentrate only on the case of
constant coefficients

44The derivative of zero order is the function itself.
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Also for the singular scalar equation of n order, for a set of n solutions, we can consider
the wronskian matrix and the Wronskian. Still considering the interpretation as linear
system, we immediately get the following proposition.

Proposition 3.12 Given n solutions of (3.13), p1,...,¢n : R — R, we define the wron-
skian matriz

o[t onlt)
wo=| A0l (3.16)
A0 e V()

and the Wronskian
W (t) = det W (t).

Then, W (t) # 0 for all t € R if and only if the n functions are a fundamental set of
solutions (i.e. they are linearly independent). On the contrary (i.e. if the n functions are
not linearly independent), W(t) =0 for all t € R.

If p1,..., 0, is a fundamental set of solutions, then the general solution is

p() = capi() £ 4 eapn(s) = (W()e)y,

where ¢ = (c1,...,¢,) € R™ and (-); means the first component of the vector.

Now, we want to search for a fundamental system of solutions for the equation (3.13).
Inspired by the solutions for the linear system as expressed in (3.12), we look for solutions
of the form

y(t) = e,

where A € R is a fixed parameter. Just inserting such a function in the equation, and
imposing the equality to zero, we get

A" + an,l)\"fl + ..+ al)\ + ag = 0, (317)

which is called the characteristic equation of (3.13). We have the following proposition.

Proposition 3.13 Given A € R, the function y(t) = e* is a solution of (3.13) if and
only if X is a solution of the characteristic equation (3.17).

Moreover, let \y,..., A\ € C, r < n, be all the distinct (complex) solutions of (3.17),
together with their multiplicity ny, ..., n., Y. n; = n. Then, we can construct a fun-
damental system of solutions, by associating to any solutions \; a set of functions in the
following way™ :

45Here, Z means the conjugate a — i3 of z = a+i3 € C. Moreover, recall that, being the characteristic
equation and algebraic equation with real coefficients, then if A € C is solution, A is solution too.
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D\ eR = {e)”'t, teMt, ... ,tni*le)‘it} ;
2N =\=a+if = {eo‘t cos(ft), te™ cos(Bt), ..., t" e cos(ft), (3.18)
e sin(0t), te™ sin(Bt), ..., t" e sin(Bt) } .

Before proving Proposition 3.13, we need the following lemma.

Lemma 3.14 Given a linear homogeneous n order differential equation with constant
coefficients as (3.13), we can consider the linear differential operator of n order

D:C"(R;R) — C(R,R), y— D(y) = y(”) + an_ly("_l) + ...+ ay +aey, (3.19)

that is

d” a1 d ,
D = % +an_1W + ...+a1a —|—a0(zd),

where id : C(R,R) — C(R;R) is the identity map. Moreover we can consider the corre-
sponding polynomial

p(N) = X" a1yt a )\ + ag,

which is called the characteristic polynomial of the differential equation. We write the
characteristic polynomial p as decomposed in its irreducible (on R) factors®

pPA) = (A= A)" - (A= X)" (AN ai A +b)™ - (AN 4 ag\ + by)™

Then we can decompose the differential operator D in its irreducible (on R) factors of
first and second order

d " d r
p=(G-n) - (G)

LA LA B 20
. —_— a/ —_— PR —_— a/S_ s s
ez tdt ! dez " dt
where, for every A € R, we have
d d , 1
D, = pri A= pri A(id) : C*(R,R) — C(R,R),
y— Di(y) =y — My,
46This means that A\; € R, 1 <4 < r < n, are all the real roots of p with their multiplicity n,...,n,,

and A\? + a;A + b;, a;,b; € R, 1 < j < s < n, are all the second-degree irreducible factors, which
means that they have two conjugate complex roots o; + i3;, o; — i3, both with multiplicity m;, where

aj = —(a;/2), Bj = \/bj — (a3 /4). Moreover, ny + ...+ n, +2my + ... 4+ 2m, = n.
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for every a,b € R we have

D? - + d +b i + d + b(id) : C*(R;R) — C(R, R)
= — — = — — : : —

“b o di? ac;;t e it ! ’ T

y— D5 y(y) =y" +ay +by

and finally where multiplication means composition as operators. For instance

(DAD,,) (y) = (% - A) (% - u) (y) = (% - A) v — ny)

1 / d -
=y = A+ p)y + Iy = @—(A+u)—+kmd> (v)

Proof of Lemma 3.14. Just a calculation. U

Proof of Proposition 3.13. The first assertion is obvious. Let us prove that the func-
tions in (3.18) are all solution of (3.13). First of all note that in the decomposition (3.20),
every factor may commute with the other ones. This is true since it is already true for
the decomposition of the characteristic polynomial. Moreover, a function y is a solution
if and only if D(y) = 0%7. Let \; € R be a root with multiplicity n;, and let us consider
the function y(t) = te with 0 < ¢ < n; fixed. Then, among the factors of D, there is

the operator
D) =(==-xN] .
) = (5

A simple calculation shows that
(Dx)" (y) =0,

and then we conclude that D(y) = 0, that is y is a solution. On the other hand, for any

irreducible factors ng,bj, we consider the following two functions

¢ ajt a/? ) ajt . a‘?
z(t) =te” 2" cos b; — Zt . w(t) =te 2" sin b; — Zt 7

e+1
with 0 < ¢ < m; fixed. Again, we have the factor (ng’bj) , for which another simple

(but tedious) calculation shows that

9 £+1 9 £+1
(Daj,b]-> (Z> - (Daj,bj> (w) = 07

and then we conclude (see also the footnote in Lemma 3.14).

4TThe general integral is exactly the kernel of the linear operator D.
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Now, we have to prove that they are linearly independent (which is sufficient for
proving that they are a fundamental set of solutions since they are exactly n functions).
First of all let us prove that every block of solutions, i.e. solutions referring to the same
irreducible factor, are linearly independent. Indeed, let \; be a real root with multiplicity
n,;. Then the n; functions

ye(t) = tlet, 0< <

generate the wronskian matrix n; x n;

yi(t) Y (1)
w-| 4“0 ol
R (s RVl (5

and one can easily see that W;(0) is a triangular matrix with non-zero coefficients on the
principal diagonal. Hence W;(0) # 0 and the functions are linearly independent®®. Now,
for any irreducible factor, indexed by 1 < j < s, we have to prove the linear independence
of the functions

z(t) = t'e® cos(Bt), 0< < my,
as well as of the functions
wy(t) = t'e™'sin(Bit), 0 <0< my,

where a and [ are as in the footnote in Lemma 3.14. The idea is to separately prove the
linear independence of the functions z, + w, and of the functions z, — w,. Just sketch-
ing the proof, let us consider the corresponding m; x m; wronskian matrices, a similar
analysis as before, leads to the desired conclusion. Moreover, by the linear indepen-
dence of cos and sin, we also get the linear independence of the whole set of functions
Zl,...,ij,wl,...,wmj.

Now, for any 1 < < r we have the set Z; which is the general integral of the linear
equation of n; order (D,,)™ (y) = 0, and for every 1 < j < s we consider the set Z7, which

is the general integral of the 2m; order differential equation (ng’b]) ’ (y) = 0. A basis
of 7, is
{ekit, teMt, .. ,t"i_le’\it} ,

whereas a basis of Z7 is
{e* cos(Bt), te™ cos(Bt), ..., t™ e cos(Bt), e sin(Bt), te™ sin(Bt), ..., t™ e sin(Bt) } .

Hence, denoted by Z the general integral of (3.13), we have

48Since they are m; functions which are solutions of the linear homogeneous equation of n; order
DViy=0.
A1
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L+ 4L+ 4+ +I°CT.

If the left hand-side is a direct sum, then we are done because, in such a case, collecting
the bases of the subspaces we get a basis of the whole space. We see that it is really
a direct sum since every non-null element of an addendum is not an element of another
different addendum since it does not solve the corresponding differential equation. 0

Remark 3.15 For searching a fundamental set of solutions, it is obviously more conve-
nient to look for the (complex) roots of the characteristic polynomial, instead of looking
for its irreducible factors, and then to apply the rule given in Proposition 3.13.

Actually, all the theory of linear n order differential equations with constant real coef-
ficients can be made for solutions t — y(t) taking value in C, and then all the solutions
are of the exponential form t — t'e', with X (complex) root. In particular, if A\ = a + i3
is really complex (non-zero imaginary part), then, together with its conjugate, it gives the
(complex) solutions

e = t'e™ (cos(Bt) + isin(Bt)), t'eM = t'e™ (cos(Bt) — isin(St)),
which, combined, give the two real solutions t'e® cos(St) and t*e® sin(Bt)
Example 3.16 Given the scalar linear homogeneous equation
v 29"+ 2y — 2 +y =0,
i) find the general integral,
ii) solve the Cauchy problem with data y(r) = =3,y (7) = 0,y"(7) = 1, y"(7) = 0,

iii) find all solutions y such that y(0) = 0.
i) The characteristic equation is

M —2X3 202 — 204+ 1 =0,

whose roots are Ay = 1 (with multiplictity 2), Ay = ¢, A3 = —i. Hence, the general integral
is given by the functions of the form
y(t) = cre’ + cote’ + czcost +eysint, c¢,...,c4 €R. (3.21)

ii) We have to impose the initial data to the general form. First we have to compute
the general form of the derivatives:

y'(t) = (c1 + ca)e’ + cate’ — cysint + ¢4 cost,
y"(t) = (c1 + 2c9)e’ + cote’ — c3cost — ¢y sint,
y"(t) = (c1 + 3ca)e! + cate’ + c3sint — ¢4 cost,
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from which we get
c1e™ + come™ —c3 = —3
(c1 4 co)e™ 4+ come™ —cy =0
(1 +2c9)e™ 4+ come™ + ¢35 =1
(c1 + 3cy)e™ + come™ + ¢4 = 0,

whose solution is (cy, ¢a, c3,¢4) = (—(2+ m)e ", e ™, 1,—1). We finally have the solution
of the Cauchy problem
y(t) = —(2+m)e" " + te' " + cost —sint.

iii) Using the general form (3.21), we immeditely get the necessary and sufficient
condition ¢; = —c3. Hence the requested solutions are all the functions of the form

y(t) = ae’ + bte' — acost + csint, a,b,c € R.

3.4 Nonhomogeneous systems of first order linear equations

We consider the nonhomogeneous linear system as in (3.1). In this case, if ¢ is not the
null function, the general integral is not a vectorial space anymore. To see this, just take
a solution y and consider the function § = 2y. Then 3 is solution of

J = Aj+2g,

which is different from the originary system. However, the general integral is not so
different from a vectorial space. Indeed it is a so-called affine space, that is the shift of
a vectorial space®. The homogeneous linear system (3.4) (with the same matrix A(t)) is
said the associated homogeneous system of the nonhomogeneous system (3.1).

Proposition 3.17 Let us denote by T and by T the general integral of the nonhomoge-
neous system and the general integral of the associated homogeneous system, respectively.
Moreover, lety be a solution of the nonhomogeneous (called a particular solution® ). Then

I=75+1. (3.22)

Proof. By the linearity, if § € Z, then §—7 € Z. Hence we have §j = 7+ (j—7) € §+Z.
On the contrary, if w € Z, then, again by linearity, y + w € Z. O

49Exactly as it happens for the algebraic linear systems.
50Here, “particular” means that it is a specific solution, not written in “general” form. Of course, any
(specific) solution is suitable.
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Remark 3.18 Proposition 3.17 says that the general integral of the nonhomogeneous
linear system is the gemeral integral of the associated homogeneous system (which is a
vectorial space) shifted by a vector given by any particular solution of the nonhomogeneous
one. Hence, if we denote by y such a particular solution, and if we have a fundamental set
of solution for the associated homogeneous system, let us say yi,...,Yn, then the general
solution of the nonhomogeneous is

y(t) = con(t) + - + coyn(t) +7(t),  (c1,...,cn) €R™ (3.23)

3.4.1 The constants variation method

As pointed out by Remark 3.18, if we know a particular solution of the nonhomogeneous
system and a fundamental set of the associated homogeneous system, then we immediately
have the general form of the solutions of the nonhomogeneous. The problem here is then
given by the calculation of a particular solution and of a fundamental set. In general
these are two hard problems. However, if we already know a fundamental system of
the homogeneous, then the calculation of a particular solution of the nonhomogeneous is
quite easy. The method is called the constants variation method, and it is based on the
following argument. Let yi,...,y, be a (known) fundamental set for the homogeneous.
Then, for every n constants ¢y, ..., c,, the function ¢y, + - - - + ¢, ¥y, is still a solution of
the homogeneous. Then the idea is to look for a solution of the nonhomogeneous in the
following form

(1) = er(O)y(t) + - + en(tyn(t) = W(t)e(t), (3.24)

where ¢1(+), ..., c,(+) are derivable functions, ¢(t) = (¢1(t), ..., c,(t)) and W is the wron-
skian matrix of the fundamental set of solutions 1, ...,y,. Hence, the idea is: “let the
constants be not constant, but variate on time”.

The problem is now to find suitable n functions ¢q,...,¢,. By imposing that the
function ¢ defined in (3.24) is a solution of the nonhomogeneous system (3.1), recalling
the equation (3.9) satisfied by the wronskian matrix, and also recalling its nonsingularity
for every time, we have

¥ is a solution <= W'(t)c(t) + W(t)d'(t) = A(t)W (t)e(t) + g(t)
= W(t)d(t) = g(t) <= (t) =W (t)g(t)

Hence, the problem is to calculate the vectorial integration (i.e. component by com-
ponent)

c(t):/ W(s)g(s)ds, (3.25)

where 7 is any instant in the time interval I (whose choice corresponds to the choice of
the integration constant), and a particular solution is then of the form
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b(t) = W(t) / W ()g(s)ds.

The main difficulties in applying the constant variation method are of computational
type: computing the inverse wronskian matrix and the integral in (3.25). Of course, we
a-priori need to know a fundamental set of the associated homogeneous. This is another
kind of problem, which is in general a hard question. In the next subsection we analyze
a favorable case where we know how to compute a fundamental set of solutions: the
nonhomogeneous linear equation with constant coefficients®!.

3.4.2 The nonhomogeneous linear system with constant coefficients

Let us suppose that the matrix A of system (3.1) has constant coefficients, that is the
system is autonomous. Then, by the results of the previous section, we have an explicit
formula for the solution of the Cauchy problem with datum (¢g,zo), which involves the
exponential matrix®?, and whose validity may also directly checked:

t
y(t) = elt=0) 4z, +/ = g(s)ds (3.26)

to

Example 3.19 Let us consider the linear homogeneous system of Example 3.10, where
we also insert the known term

that is we consider the Cauchy problem for the linear nonhomogeneous system

{ y'(t) = Ay(t) + g(t)
y(O) = (0’ 0, 1)

where A is the same as in Example 3.10. Hence, just applying (3.26), and recalling the
exponential matrix and the solution as in Example 3.10, we get

—el +e* ¢ e —2¢! + 22
y(t) = | —e'+e* | + / —e' +e** | ds= [ —te' — 2" +2¢”
0

et —et 2 —te! — e' + 2e*

51Of course, the constants variation methods works as well for the nonhomogeneous linear equation
with non-constant coefficients. But in that case, the computation of a fundamental set of solutions is
harder.

52Note that the column of the exponential matrix e*4 are a fundamental set of solutions and hence the
exponential matrix is its Wronskian matrix. Indeed they are linearly independent since et4 is nonsingular
and also they are solution (the i-th column is the solution of the Cauchy problem with datum y(0) = e;
where e; is the i-th vector of the canonical basis of R™). Also note that e~/ is the inverse of ‘4.

tA
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3.4.3 The nonhomogeneous linear equation of n-order with constants coeffi-
cients. A special case: the annihilators method

Let us consider the nonhomogeneous linear equation of n order with constant coefficients

Y ) 4 an 1y V) 4 -4 ary' () + aoy(t) = g(t), tER, (3.27)

where aq, ..., a,_1 € Rare constants, and g : R — R is a continuous function. In this case,
the associated homogeneous equation is given in (3.13). Using the usual interpretation of
the equation as a linear system, we have that (3.27) is equivalent to the system

Y'(t) = AY (t) + G(t),

where the vector Y () € R" and the matrix A € M,, are defined as in (3.14) and G(¢)
is the vector (0,...,0,¢9(t)) € R™. Since a particular solution ¢ : R — R of the equation
is the first component of a particular solution of the associated system, we have (now we
take 7 =0)

o) = (Wi [ wrees) - gyxt) [ W) o s29)

where W is the wronskian matrix of the fundamental set of solutions, yi, ..., y,, of the
associated homogeneous linear equation.

Example 3.20 We want to find the general integral of the equation

2
C14er
The associated homogeneous equation has the fundamental set of solutions {e®, e "},
whose wronskian matrix and its inverse are

(et " a1 et e
W(l’) - < et —e T ) ) W(ZL‘) - 9 < —e® e® ) .
Applying formula (3.28) for the calculus of a particular solution, we then get the
general integral®

iz

y -y

(3.29)

y(t) = cre” + coe™ — 1 —xe® + (e* — e ") log(1 + €”).

(The annihilators method). Here we treat a favorable case where, for a nonhomoge-
neous linear equation with constant coefficients, we are able to easily calculate the general
solution.

Let us consider the equation (3.27), and suppose that there exists a linear differential
operator with constant coefficients D (see (3.19)) such that

53For the calculus of the integrals, note that (e=* —e®)/(1 +¢%) = ™% — 1.
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D(g)(t) = 0Vt € R.

We call such an operator an annihilator for g. Moreover, let D be the linear differential
operator with constant coefficients corresponding to the homogeneous equation associated
to (3.27). It is obvious that, if y is a solution of (3.27), then y is also a solution of the
linear homogeneous equation with constant coefficients

DD(y) = 0. (3.30)

Once we have calculated the general integral of (3.30), then we can easily get the general
solution of (3.27), just imposing to the general solution of (3.30) to also solve (3.27), and
hence fixing some of the free parameters.

Of course, in general, a function g is not annihilated by any linear operator with
constant coefficients, take for instance g(t) = log(¢) or the right-hand side of (3.29),
with x as t. However, here there is a list of (common) functions which are annihilated
by linear operators with constant coefficients, and the annihilators are also reported:.
Also note that, if f and ¢ are annihilated by D; and D, respectively, then f, g and
f + g are annihilated by DDy, and moreover uf is still annihilated by D, for every
i € R. Hence, given the following list of functions with their annihilators, we can easily
construct the annihilators for every linear combination of the functions. In the following,
m € N, A\, a, f € R are arbitrary:

function annihilator
=t D= (g™,
2 m+1
f(t) = tmeat COSBt D = (% _ 20[% + (ag + 62)7,d> 7
2 m-+1
F(t) = tmesin Bt D = (% “2ad 4 (a?+ 62)id> |
Example 3.21 We want to find the general integral of the equation

Y (t) — 29" (t) + 20" (t) — 2/ (t) + y(t) =t + 12 (3.31)

The associated homogeneous equation is the one studied in Example 3.16, which cor-
responds to the linear operator

— [(d s
D=(——-1 —+1].
(dt ) (dt2 * )
The right-hand side is annihilated by
. A
D=|(—
(@)

54Note that, such functions are just all the functions which are solutions of some linear homogeneous
equations with constant coefficients.

46



hence, the general integral of (3.31) is contained in the general integral of

L d\?® [/ d d?
DDy= (=) (Z—-71) (£ 471
Y (dt) <dt > (dt2+ ) 0,

which is

y(t) = cre’ + cote! + cgcost 4 cysint + 5 + cgt + crt?, c1,...,c; €R. (3.32)

Now, we have to impose to (3.32) to satisfy (3.31). To this end, we have to fix the
parameters cs, cg, ¢7°°. Inserting the function cs + cgt + c7t2 in (3.31), we get c5 = 6,¢6 =
5,cr = 1. Hence the general integral is

y(t) = cre’ + cote! 4+ cycost 4+ cysint + 2 + 5t +6, c1,...,c4 €R.

3.5 Boundary value problems for second order linear equations

In this section we just sketch an important situation which frequently occurs in the ap-
plications®®.
Let us consider three continuous functions

Po,P1,DP2 - [aab] XA — Ra

where [a,b] is a compact interval and A C R is a suitable set of parameters A € A.
Moreover we also consider some real numbers

g, 01, i, 3, Bo, B, o, B3, ki, Ko,

and finally a continuous function f : [a,b] — R. The boundary value problem is the
following: for any A € A fixed, study the following linear problem in the unknown vy :
la,b] = R, z — y(z):

pa(2, Ny () + pi(@, Ny (2) + po(z, Ny(z) = f(),
aoy(a) + oy (a) + agy(d) + asy'(b) = k (3.33)
Boy(a) + By’ (a) + Bay (D) + Bsy'(b) =

Remark 3.22 The problem (3.33) is not a Cauchy problem (which would require the
imposition of the values of y and y' in a fized point xq € [a,b] (the same point for both
values)). Instead, (3.33) requires that some suitable linear combinations of y and v/,
calculated on the extreme points (boundary) of the interval, be satisfied. Note, however,
that such boundary conditions are just two, as the order of the equation.

55Note that the other part of the solution is the general integral of the associated homogeneous equation,
and hence it does not play any role in the construction of a particular solution of the non-homogeneous.
56Whose name is often referred as Sturm-Liouville problems.
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Example 3.23 (The vibrating chord) Let us consider the problem

{ y" 4+ Ay =01in]0, 1]
y(0) = y(1) = 0.

This problem corresponds to the choices A =R, [a,b] = [0,1], po = A, p1 =0, po =1,
vw=la=m=a3=k =0 0=0=0,0=1 0=Fk=0.
If A <0, then the second order equation has the following general integral

itA=0
y(x) = a1z + co,
and if A >0
y(z) = ¢ cos(VAz) + ¢ sin(VAx).

It is obvious that, for any A € R, the problem admits the null function y = 0 as
solution. The question is: for which values of A, does the problem admit other solutions
than the null one? Using the general integrals, we easily get the answer, just imposing
the boundary conditions y(0) = y(1) = 0:

i)

A< = 01+62:em01+6_m02:0
= =0 =0 <= y=0;

i)
A=0 <= =c+c=0 <<= ci=c=0 <= y=0;
iii)

A>0 < ¢ = ¢ cos(VA) + casin(vVA) =0

= cg=cy=00rc =0,c0 #0,\=n’r%

Hence, the answer is: only for A\ = n?7? with n € N, and the solutions are of the form

y(x) = csin(krz) c€ R, k € Z.

Such solutions represent the modes of vibration of a chord hanged by its extremes®’.

The solutions corresponding to such values of A are called harmonics.

57Think to the chord of a guitar.
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For the general case (3.33), let”®

y(x) = crp1(w, ) + caa(w, A) + (2, A)

be the general solution of the equation, for every fixed A € A. Then for every A, imposing
the boundary data, we get the following 2 x 2 algebraic linear system in the unknown
(c1,¢2), (here for instance, ¢/ is the derivative with respect to = € [a,b], and if x = a or
x = b it is the right derivative or, respectively, the left derivative):

(0pr(a, 1) + arh (@, 2) + azer (b, X) + s (b.1) ) ex
+(040902(&> A) + argh(a, N) + agpa(b, A) 4 aseh (b, >\)>02
- kl - O((ﬂ/)((l, )‘) - O‘ll/}/(au A) - 04210(177 >‘> - Oég@b,(b, >‘)

(Boer(a, X) + Bipi (@, 2) + Bapr (b, 1) + Bp) (b, 1) )
+<50902(a, A) + Broh (@, A) + Bapa(b, A) + Baply(b, A))CQ
\ = ko — Bo(a, N) — B (a, A) — Batp(b, ) — B3¢’ (b, \)

Let A(X) be the determinant of the system on the left-hand side. We easily conclude
that, concerning the solutions of (3.33)%,

i) A(N) # 0 <= exactly one solution,
(the null one in the homogeneous case f =0 = k; = ky);
i1) A(\) =0 <= infinitely many solutions for the homogeneous case,
either no solutions or infinitely many for the nonhomogeneous case.

In the homogeneous case, a value A such that A(\) = 0 is said an eigenvalue of the
problem and a corresponding non null solution is said an eigenfunction.

58General solution of the homogeneous plus a particular solution of the nonhomogeneous.
59 Also recall the Rouché-Capelli theorem.
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4 Integration of some nonlinear equations

In this section we give some methods for calculating the general integral (and hence, the
solution of the Cauchy problem) for some special kinds of nonlinear scalar equations.
For convenience we first recall that, given the first order linear equation

7= P(t)z(t) + Q(t),

its general integral is given by (recall (1.21))
2(t) = e PO <c+ / Q(t)e~/ P(t)dtdt) : (4.1)

4.1 Separation of variables

We consider equations of the following type

with f: I — R, g : J — R continuous. If yo € J and g(yo) = 0, then, it is obvious that
the function y(t) = yo, t € I, is a solution. Otherwise, if we are looking for solutions such
that g(y) # 0, we can divide the equation by ¢(y) and, formally, obtain

which, integrated, gives

G(y) = F(t) + k,

where G and F' are primitives, respectively, of 1/g and f and k£ € R is a constant of
integration. If, at least locally, GG is invertible, then we can get

y(t) =G (F(t)+k), keR
which gives the general integral.

Example 4.1 (The catenary curve.) We consider the equation in Example 1.5
y'(x) = VT (@)
We set v = ¢/, and hence we get
V(@) = VT (e,

which may be solved by separation of variables

20



d
v 9 settsinh(v) = Btk = v(x) = sinh <%x + kl) ,
¢ c

Vit e
from which
y(xr) = < cosh <%x + k1> + ko, ki,ko € R.
g ¢

Hence, the shape attained by the chain is given by a piece of the graph of a hyperbolic
cosine (suitably shifted by k; and ks, depending on the data of the problem).

4.2 The Bernoulli equation

These are equations of the following type

y'(t) = P(t)y(t) + Qt)y(1)", (4.2)
where P, () are continuous, o € R. The interesting cases are of course a # 0, 1, otherwise
the equation become linear, first order.

If « > 0, then we certainly have the null solution y = 0, whereas, if a < 0, the null
function is certainly not a solution. Also note that, when 0 < oo < 1, the second member is
not more Lipschitz in general, and so we may have non-uniqueness for the corresponding
Cauchy problem, when yo = 0, as in the case of the example in Section 2.3.4. Then, let
us suppose that y is a solution and that y # 0. We can divide the equation by y“ and
obtain

j—a = Pty + Q(t).

If we define z = y'=2, then z is a solution of the linear first order equation

Z=(1—-a)Pt)z+ (1 —a)Q(1). (4.3)
We easily find the general integral of (4.3) and then we get the general integral of (4.2),
by imposing y = zﬁ, and taking also account of y = 0 if o > 0°°.

Example 4.2 Find the general integral of

Here we have P(t) = ¢, Q(t) = 1, and @ = 2. Since a > 0, we certainly have the null
solution y = 0. Moreover, all the solutions must be defined in a interval I not containing

60Pay attention to the fact that, if « is irrational then we can only search for solution y > 0 (otherwise
y® is meaningless), if 1 — « is a rational number with even numerator, then z must be nonnegative and
1
we have the solutions y = +27-=.
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t = 0, otherwise P is not defined. Let us look for the general integral in ]0, +oo[. We
have to look for the general integral of the linear equation (in z =y 1)

which (for ¢t > 0) is given by (see (4.1))

2c — 12
z(t) = C% , ceR

which gives the general integral of our equation (for ¢ > 0)

2t
: R, t <
y 10, ool = R, '_)202_157? c=0,
110, V2 R, t >0
VOV R 1 o2
Y :]V2e, +oo|— R, t— c> 0,
2¢ — 12

to which we have to add the null function y = 0.

The reader is invited to calculate the general integral for t < 0 and to draw the picture
of all solutions in the (¢, z) plane.

If, for instance, we now look for the solution of the Cauchy problem

y = % +y,
y(2) = 100,

we immediately get

101 2t
Yy: |0/ | =R, t— 557
|V —

4.3 Homogeneous equations

These are equations of the following type

"= o(t,y),
where ¢ is a homogeneous function of degree zero®:
(A, Ay) = o(t,y) V(z,y), VA € R\ {0}. (4.4)

A typical example is

61Note that, here, the meaning of the word “homogeneous” is that the second member is a homogeneous
function in the sense of (4.4), and not in the sense of “linear homogeneous”. In particular, the equation
is not linear!
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where f is a given function.
If y is a solution and if we set

y(t)
t = —
(=27,
then we get

g Wy _telty) —y _te(lz) -y p(lz) -2

2 2 B 12 B t ’
which is of the separation of variables type®?

Example 4.3 Solve

3 3
+ 3t
’t:y .

The equation, defined for ¢ # 0, is homogeneous, with

y® + 383
ty?

o(t,y) =

which is the ratio of two homogeneous polynomial of degree three. Hence we have

Zl(t) = 5

22t
which may be solved by separation of variables, getting
2(t) = (9log|t| + k)5, t#£0, k€R,
from which we get
y(t) = tz(t) =t (Olog |t| + k)5, t#£0, k€R. (4.5)

However, the function y in (4.5) is not solution of our equation in whole | — oo, 0[U]0, +o0.
Indeed, it is not derivable in t = tes. Hence, the general integral is given by

yi]—oo,—e 5[ R tt(9log(—t) + k)5 keR,
Y] — % }»R tt(9log(—t) + k)5 kR,
y ]o,e %[ tt(9logt+ k)5  keR,
y ]e’§,+oo[—>R t»—>t(9logt—|—k)% keR

fe)-z

O2If the equation is y' = f (%), then we get 2’ = &=

23



The reader is invited to draw a picture of the general integral.
If for instance we are looking for the solution of the Cauchy problem

;Y3
-
y(1) =1,

we get
y:le ™V +oo[—= R, x— t(9logt+ 1)Y3.

Transformation of suitable equations into a homogeneous equation. By a suitable
change of variables, the equations of the following kind (here a, b, a;,b; € R)

, ar+by+c
a1+ by + ¢y

(4.6)

may be transformed into an equivalent homogeneous equation. Indeed, let us suppose
that

det ( a 21 ) £0, (4.7)

a1

and let us make the following change of variables

(4.8)

u=ar+by+c
v =a1x + by + .

Differentiating in (4.8), we get

du = adzx + bdy
dv = ajdz + bidy,

which, by the hypothesis (4.7), may be solved (inverted) with respect to dx and dy, getting
dx and dy as linear functions of du and dv:

dr = d'du +Vdv, dy= ajdu+ bjdo,

which inserted in (4.6), together with (4.8), gives

du  bu—0bv

dv  ayv—au’

which is a homogeneous equation for the function u(v). Once we know a solution wu(v)
then we have an implicit representation for the solution y(z) by

w(arr + by + 1) = ax + by + ¢,
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which, if it is at least locally solving with respect to y, may give an explicit formula for

y(z).
On the other hand, if (4.7) does not hold, that is the matrix is not invertible, this
means that the rows are proportional, and so there exists £ € R such that

a; = k’CL, bl = kb.
Hence if we put u = ax + by, and so du = adx + bdy, we get®
1
dy = g(du — adx),

from which

du b u+c
_ — a
dx ku+c /)’
which is an equation for u(x), which may be solved by separation of variables. Also in

this case, once we know a solution u(z), we may get a solution y(z) just solving, with
respect to y, the algebraic equation (if possible)

u(x) = ax + by

Example 4.4 Find the general integral of

6z — 2y
) 4.9
Y y—x+3 (4.9)

(4 71)

which has determinant 4 # 0. Hence we have

The matrix is

1 1
{u:6x—2y {du:6dx—2dy . d:v:%du—l—gdv (@10)

v=y—x+3 dv =dy — dz dy

We then get the homogeneous equation, for u(v):

, 2u—6v

V—Uu

u

53Note that, in this particular case, we must have b # 0 (and hence also b; # 0), otherwise the equation
(4.6) is not more a differential equation: there is not y on the right-hand side.
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which is meaningful only if u # v. Hence, putting z(v) = u/v, and so z # 1, for v # 0%,
we get the equation of separation of variables

, 2*4+2-6

7= —.
v(l —2)

Imposing the condition 2% + 2z — 6 # 0 we get

1—2 dv
2—d’2:_’
22 +2—06 v

which, after some calculations, gives the general integral, in an implicit form%°:

[vPlz = 2||z +3|* =k, keER, k>0. (4.11)
Recalling z = u/v we get the implicit formula
lu —v|ju+3v|* =k, k>0,
from which, using (4.10), and letting drop the absolute values

(87 —dy—6)Br+y+9*'=m, meR, m#£0. (4.12)

Now, we have to examine the case i) u = v, ii) 2> + 2z — 6 = 0.
i) This case would correspond to the possible solution y = (7z — 3)/3. But such a
function is not a solution of (4.9), as can be directly checked.

ii) This case gives the two possibilities z = 2 and z = —3 which correspond to u = 2v
and u = —3v, that is, referring to = and y, exactly to the cases given by (4.12) with
m = 0.

Hence, we eventually get the general integral in an implicit form,

8z —4dy—6)Bzr+y+9*=m, meR.
( Y Yy

4.4 Exact differential equations and integrand factors

We consider the following type of equation (here, for similarity to other familiar notations,
the independent variable of the unknown function is denoted by z instead of ¢):

Pz, y(z))

y'(z) = "0z, y(2) (4.13)

where P,Q : A — R are two continuous functions, with A C R? open, and Q(z,y) # 0
for all (z,y) € A.

64Note that such condition is exactly the condition that the denominator of the right-hand side of (4.9)
is not vanishing.

55This means that the values z(v) assumed by the solution z are those such that the couple (v, z(v))
satisfies the equality (4.11).
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As already done for the case of separation of variables, we can write (4.13) in the
following way (at least formally):

P(z,y(x))dr + Q(x,y(x))dy = 0,
which is reminiscent of the differential 1-form
(z,y) = P(z,y)dr + Q(x,y)dy. (4.14)

Definition 4.5 The differential equation (4.13) is said to be an exact differential equation
if the differential form (4.14) is exact in A.

Remark 4.6 Note that the separation of variable equations are particular cases of the
exact differential equations.

Theorem 4.7 Let A C R? be open and connected, and let the equation (4.13) be exact.
Moreover, let ¢ : A — R be a primitive of the differential form (4.14). Then, the general
integral of (4.13) is given by

I= {y I — ]R‘y € C'(I), (z,y(x)) € AVx € I,3c € R such that ¢(x,y(z)) = cVx € I} :
(4.15)

Proof. Let us take y : [ — R such that y € C*(I), and that (z,y(x)) € Afor all x € I.
Then, we denote by 1 the function

vl =R, x— p(x,y(x)).

If we prove that ¢ = 0, if and only if y is a solution of (4.13) then we are done. This is
indeed true, by the following chain of equalities (recalling also @) # 0):

V() = P y(a)) + Z—j@ y(@)y () = Pla,y(@) + Qe y(x))y (x).

O

Remark 4.8 Let ¢ be a primitive of (4.14), and, for every ¢ € R, let us consider the
level set ¢ of v

Eelg) = {(z.y) € Ale(a.y) = c}

If y : I — R is a solution of the exact equation (4.13), then the couple (x,y(x)) belongs
to the level set E.(p), for some ¢ € R, for all x € I.

On the contrary, let (zo,yo) € A be such that p(xo,yo) = ¢ € R. Since Q = g—j is
always not null by hypothesis, then, using the implicit function theorem, around (xq,yo)
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we can represent, in a unique manner, E. as a graph of a function x — y(z). It is obvious
that such a function is the unique local solution of the Cauchy problem

- Plry(a)
V(0 = G@y)
y(zo) = vo.

Example 4.9 Write the general integral of the equation

y/<x> _ 2z — y(x)?).

3zy(z)?

Here we have

P(z,y) =y’ — 2z, Q(z,y)=3zy?

and @) # 0 for x # 0 or y # 0, that is out of the coordinated axes. Let us look for solutions
y such that the couple (z,y(z)) belongs to the first open quadrant A (z > 0,y > 0). Let
us check if the equation is exact:

oP 9

)
a—y(w,y) =3y = 8—3(%@/),

and so, since A is simply connected, there exists a primitive ¢ of the associated differential
form. That is the equation is exact. Let us look for a primitive .

0
So(@y) = Ple.y) =y =2 < ple,y) = oy’ - + g(y),

where ¢ is a C' continuous function, to be determined.

¢
0@y =0y < ¢y =0,

Y
which means ¢ constant, and hence,

oz, y) = zy’® — 2

is a primitive of the differential form. From this, we immediately conclude that the general
integral (with respect to the first quadrant) is

y 10,400 =R ylz) = (+) ifc>0

y ]V —c,+o0[— R y(x):<L+c>é if c<0

xT

If in particular, we search for the solution of the Cauchy problem
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then we definitely get

2 7%
y(m)—(w i ) , x> 0.

T

Sometimes®® the equation (4.13) is not exact, that is the associated differential form
(4.14) has no primitives. However, it may happen that, for some suitable never null
function h(x,y) the differential form

h(z,y)P(x,y)dx + h(z,y)Q(z, y)dy (4.16)

becomes exact. We have then the following definition
Definition 4.10 A never null function h : A — R for which the differential form (4.16)

is exact, is said to be an integrand factor for the differential form (4.14) (or for the
equation (4.13)).

Proposition 4.11 If h is an integrand factor for (4.13), then the general integral of
(4.13) is exactly the same as the general integral of the exact equation

h(z, y(x)) Pz, y(r))
h(z, y(2))Q(z, y(z))

Proof. Obvious. O

y'(z) = —

Here are two special cases where an integrand factor is easily found: if the function

1 8—P—@ r ctivel 1 8_P_@
O\dy oz OPEVEY B\ By o

is a function of the variable x only (respectively, y only), let us say g(z) (respectively,
h(y)), then

G(x)

p(z) = ) (respectively, u(y) = e (y))

where G (respectively, H) is a primitive of g (respectively, of h), is an integrand factor.

66Better: almost always...
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4.5 On the equations of the form y = F(y/)

Here, we examine the first order scalar equation of the form

y=F(y)

where ' : A — R is of class C! on its domain A C R. This is an equation in non normal
form®7.

We consider the following change of variable

y =p, (4.17)

from which we get

y="F(p) = dy=F'(p)dp F(p)
, dy dy » = do =
dx P

dp.

Hence, the general integral of the equation is given, in a parametric form, by

F'(p)
r= [ Sl (4.18)
y = F(p),

to which we have to add the constant function y = F(0), whenever p = 0 belongs to the
domain of F'.

The meaning of the parametric form (4.18) is the following. Let F be a primitive of
F'(p)/p, hence (4.18) becomes

{ r=F(p)+C,
y = F(p),
where C' € R is any constant. If, for instance, we are looking for solutions of the Cauchy
problem with initial datum y(x¢) = v, then we insert y, in the second line of (4.19),
thus obtaining py solving the equation (if possible). Then, inserting such a py, together
with g, in the first line of (4.19), we may fix the constant C' = Cy. Now, if F'(py) # 0,
then around py the function F' is invertible, and we may consider p = F~1(y) getting x
as function of y:

(4.19)

x(y) = F (F~'(y)) + Co. (4.20)

Since in this case F o F~! has not null derivative in 1%, then we may locally invert (4.20)
and obtain a formula for the solution = — y(z).

67With similar techniques as the one exposed in this section, we can also study other equations in non
normal form as x = F(y') and F(y,y',y”) = 0.
68 Just recall which is the derivative of F and what is the derivative of the inverse function F~!.
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On the other hand, if F'(py) = 0, and F is not invertible around po® we have two
cases: py is a relative minimum or py is a relative maximum. In both cases, around (po, o),
we have two different ways for choosing p such that y = F(p), but we may proceed as
before just inverting one of the two branches. However, in these cases, we possibly get a
solution only defined on a right interval [z, zo 4+ d[ or on a left interval |z — §, o).

Also note that if there are more than one way of choosing pg such that F(py) = o,
then we may have multiplicity of the solution™.

Finally , if there are not py such that yo = F(pg), then the Cauchy problem has not

solutions at all, whichever x is.

Example 4.12 For any choice of the couple (zg, yo) € R?, study existence and uniqueness
for the following Cauchy problem:

The equation is of the form y = F(y') with

F(p) =2p° +p.
We put ¢ = p and, after some simple calculations, we get the parametric form

{ r=3p*+2p+C,
y =2p° +p,

to which we have to add the constant function y = F(0) = 0. Studying the function
F(p) = 2p® + p? we see that it tends to oo as p goes to +oo, it is negative for p < —1/2,
and non negative for p > —1/2, it has a relative maximum in p = —1/3, that is 1/27, and
a relative minimum in p = 0, that is zero.

Hence we certainly have local existence and uniqueness for yo < 0 and for yo > 1/27
(independently from xg). For 0 < yo < 1/27 we may have three local solutions™. For
yo = 1/27 and y = 0 we have three solutions.

As example, let us calculate the solutions for the initial datum y(0) = 0. In this case
we have xg = 0, yop = 0 and we get the two values for py: —1/2 and 0. Let us first consider
po = —1/2. Then we get Cy = 1/4. Hence, around (g, po) we can invert™

9 1
x=3p +2p—|—1,

69That is po is not an inflection point, otherwise F is still invertible around py and then we may
similarly proceed as before.

"0The multiplicity is not always guaranteed, since it may happens that with respect to different values
of pg, and so to different values the constant Cjp, the function in (4.20) is anyway the same. However,
multiplicity is very probable.

"l And indeed we have three different solutions.

"In the general procedure above explained, we inverted y = F(p), however, if, when the constant Cy
is fixed, also x = F(p) + co is invertible, we can then begin with that inversion.
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getting

pa) = ——4—— o=

and hence we get the solution

If instead py = 0, then we have Cy = 0 and again, inverting z = 3p? + 2p around
(o, p0), we get the solution

—1+\/1+3$)3+(—1+\/1+3$>2 1
X
3 )

> .
3 3

yo(x) =2 (
Finally we also have the stationary solution y3(z) = 0.
Exercise. i) For the same problem as in Example 4.12; write the solutions for the

initial datum y(0) = 1/27. Observe that some solutions may be defined only on a right
(or left) interval around z.

ii) For the equation yy’' — y(y')? — 1 = 0, study similar questions as in Example 4.12
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5 Prolongation of solutions

In the local existence and uniqueness result for the Cauchy problem, Theorem 2.10, we
have established the existence of § > 0 such that the solution exists unique in the interval
Jto — 0, to + d[. Of course, such a constructed J is not in general the optimal one™, that is
we can probably obtain existence and uniqueness also in some larger interval 7. In other
words, we can probably prolong the solution beyond ¢y + 0 or beyond ¢y, — 9.

5.1 Maximal solutions and existence up to infinity

Let us consider the first order system of equations in normal form

y' = f(ty), (5.1)
where f: A — R™ with A C R*™! open.

Definition 5.1 A solution §j : I — R" of (5.1), is said to be a mazimal solution if there
is not another solution y : I — R"™ such that I C I, I # I, and y(t) = §(t) for all t € I.
In other words, the solution § is mazimal if it is not prolongable beyond its domain I.

In a similar way we define a mazximal solution for a Cauchy problem associated to

(5.1)

Remark 5.2 Let us note the difference of Definition 5.1 with the definition of the global
solution, Definition 2.3, and with the definition of the unique global solution, Definition
2.12. In the first case we a priori fix an interval of existence (which we do not make in
Definition 5.1), in the second case we require the uniqueness, whereas in Definition 5.1 we
are not concerning with uniqueness: a mazximal solution may exist without being unique
as solution (even locally)™. However, as we are going to see, the two notions are strongly
related.

If the Cauchy problem associated to (5.1) has local existence and uniqueness for all
initial data (to,y9) € A, then a maximal solution for the Cauchy problem exists and
coincides with the unique global solution in Definition 2.12. This the statement of the
next theorem, but first we need the following lemma.

Lemma 5.3 Let us suppose that, for all (tg,zo) € A, the Cauchy problem for (5.1) has
a unique local solution. Then if two solutions of the equation y' = f(t,y), let us say
o: 1 —R" I open, and v : J — R™, J open, are equal in a point t € I N J, then they
are equal in all their common interval of definition I N J.

Proof. We are going to prove that the set

C = {te]mJ’Mt) :Wt)}’

"we have only required that it was sufficiently small in order to be sure that our argumentation holds
"Recall, for instance, the example in Paragraph 2.3.4
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is a nonempty open-closed subset of N .J (for the induced topology)™. Hence, since I N.J
is an interval and so connected, we must have C' = I N J which will conclude the proof.

First of all note that C' # () since ¢ € C by definition.

Let ¢, € C converge to t* € I N.J. Then, by definition of C, ¢(t,) = ¥(t,) for all n.
Since both ¢ and ¢ are continuous on I N J (they are solutions), we get ¢(t*) = ¥(t*),
and so t* € (', which turns out to be closed.

Let us now take any t* € C' and consider the Cauchy problem with datum (¢*,y*)
where y* = p(t*) = ¥ (t*). By hypothesis, such a problem has a unique local solution.
Since both ¢ and v are solution of such a Cauchy problem, they must coincide in an
interval |t* — §,¢* 4 §[, which is then contained in C', which turns out to be open. O

Theorem 5.4 Let us suppose that, for all (ty,xo) € A, the Cauchy problem for (5.1) has
a unique local solution. Then for any initial datum, the Cauchy problem has a unique
mazimal solution § : I — R™, which also turns out to be the unique global solution in the
sense of Definition 2.12. The interval I is said the mazimal interval of existence.

Proof. For a fixed initial datum, let us consider the general integral of the Cauchy
problem, and define I as the union of all intervals I such that there exists yr I — R"
solution of the Cauchy problem.

First of all note that [ is an open interval containing ¢y, since so are all the intervals
1. Now we define

§g:I—R", y—yt) iftel (5.2)

Using Lemma 5.3 it is easy to see that (5.2) is a good definition™, and also that 7 is the
unique maximal solution, as requested. O

Remark 5.5 If A is a strip: Ja,b[xR™, then the condition

3 ¢1,c0 > 0 such that ||f(t,2)|| < c1|z]| + 2 V(¢ z) € A, (5.3)

together with the usual hypotheses of continuity and Lipschitz continuity (2.7), guarantees
the existence of the mazimal solution 7 in the whole interval ]a,b["". Indeed, this is
exactly what we have proven in the global existence and uniqueness Theorem 2.15, where

"5Since I N J is open, C is open in I N J for the induced topology if an only if it is open in R, and it
is closed for the induced topology if and only if, whenever ¢,, — t* as n — +o0, with t,, € C,t* € I N J,
then also t* € C.

If t € INJ then yr(t) = ys(t).

""Condition (5.3) says that if f, that is the derivative of §, has a linear behavior as ||§|| — +o0, then
the solution § exists for all times |a,b[. As example, think to the scalar case with §,3’ > 0; hence we
have 0 < /' < ¢15 + co, and it is believable that § must stay under the solution of ¢y’ = ¢1y’ + ¢3 which
is an exponential function. Since the exponential function exists for all times, that is it is finite for all
times, then g cannot go to +o0o before the time b, and hence it must exist until b. In the next section we
will formalize the comparison between solutions.
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we used (2.12) which is nothing but (5.3), which, in that case, was given by the global
uniform Lipschitz condition (2.11). Another simple condition which implies (5.3) is the
boundedness of f.

Moreover if f,besides satisfying (5.3), is also defined and continuous in [a, b[xR"™ or
la,b] x R™ (which implies a or b finite), then the limits lim; .+ §(t) or lim, ;- 3(t) exist in
R™, that is, the solution is prolongable till [a,b] or ]a,b]™. This is easily seen just slightly
modifying the proof of Theorem 2.15.

Note that, if, for instance, A =]a,+00[xR"™, and f satisfies (2.7) and (5.3) then, by
Remark 5.5, the maximal interval of existence is |a, +oo], that is the maximal solution
exists for all times ¢ — +oo. It similarly happens if A =] — oo, b[xR".

In Remark 5.5, we gave some results about the behavior of the maximal solution on
a strip when the extrema of the maximal interval are approached. Here we want to say
something similar for the general case of A not a strip and in the case of strip but with a
different condition than (5.3).

Proposition 5.6 Let us suppose that f : A — R", with A C R open, satisfies the
usual conditions for local existence and uniqueness of the Cauchy problem (see Theorem
2.10). Let§j : I — R" be a mazimal solution of the equation y' = f(t,y), and also suppose
that, defined 3 = sup I, there exists ¢ € I such that §' is bounded in lc, B]. Then, we have
the following alternative:

i) B =+o0
otherwise

it) the limit lim, g+ §(t) = x5 exists in R™, but (5,23) € A.

A similar conclusion holds for o = inf I.

Proof. By our hypothesis, g is Lipschitz (and in particular uniformly continuous) in
[e, B[, since its derivative is bounded. Hence, if § < 400, we can prolong § up to the
boundary 3, that is the limit 3 € R™ exists. However, if by absurd (3,z3) € A, which
is open, then 7' (8) = f(3,25)™ and, again by hypothesis, we can extend the solution
beyond (3. This is a contradiction since g is maximal. O

Theorem 5.7 Let f be as in Proposition 5.6, let §: I — R" be a mazximal solution of
y = f(t,y), and let K C A be a compact set. Then there exists [a,b] CC I*® such that

tgt) €K Ytel\lab.

We then say that the mazimal solutions definitely exit from any compact set in the
domain of f.

"This means, for instance, that lim,_,, §() = x; exists in R” and that ¢’ (b) = f(b, 23), where §_ is
the left-derivative. The validity of the last formula is easily seen using the integral representation.

"See Footnote 78. Such an equality guarantees that the extension beyond f is really an extension of
7, since it glues to it in t = 3 in a C''-manner.

80This means that inf I < a < b < sup 1.
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Proof. Let us define § = sup I, and by absurd, let us suppose that there exists a
sequence t, € I converging to (3 such that (¢,,7(t,)) € K for all n. Hence, possibly
extracting a subsequence, there exists gz € R™ such that

lim (t,,9(t,)) = (8,25) € K C A.

n—-+oo

In particular, this means that f < +oco. We now get the contradiction since, by virtue
of the convergence, there exists a ball B C A which contains (8, z3) and (t,,§(t,)) for
sufficiently large n > m. If then we look back to the proof of the local existence and
uniqueness Theorem 2.10, we see that there should exist a common § > 0 such that the
unique local solution of any Cauchy problem

{yw—fmmm

y(tn) = g@ﬂ)»

must exist at least until ¢,, + . By uniqueness, such a local solution must be equal to g
itself for ¢ < 3. This means that, whenever t,, > 3 — §, we can prolong 7 beyond 5%. A
contradiction to the maximality of g.

The proof for a = inf I is similar. ([l

Remark 5.8 In the particular case of an autonomous system y' = f(y), with f : A — R"
locally Lipschitz and A C R™ open, if § : I — R™, I open, is a mazimal solution and
K C A is compact, then we have the following alternative

i) y definitely exits from K, that is there exist a,b € I such that

Jt) g KYtel\lab,

otherwise

i) sup I = +o0 orinf I = —oo.

Indeed, let us first note that we can think to the system as y' = f(t,y), where f : A —
R™ with A = R x A, f(t,x) = f(x). Hence, if i) is not verified, we have, for instance,
t, — supl~ with y(t,) € K. But then, if supl € R we have, for a suitable compact
interval J around it and for large n, (tn, §(t,)) € J x K, which is compact in A, and this
1 a contradiction to Theorem 5.7.

Remark 5.9 Note that both Proposition 5.6 and Theorem 5.7 say that, if G = supf <
+oo and A is bounded®, then

lim dist ((t,§(t),dA)) = 0, (5.4)

t—B—
that is the couple (t,y(t)) approzimates the boundary OA when t approrimates (3. More-

over, Proposition 5.6 also says that, if §' is bounded, then the limit lim, ,5- §(t) does exist
in R™ (if ¢ is not bounded, then the solution may oscillate).

81See Footnote 79.
82We are here supposing the boundedness of A in order to give an immediate meaning to (5.4), without
ambiguities for ||g|| — +oo.
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Now we give another criterium for the existence of the solution up to infinity.

Proposition 5.10 Let f be again as in Proposition 5.6 and also suppose that A is the
strip la, +oo[xR™. Let § : I — R"™ be a mazimal solution of y' = f(t,y) such that, for
some T € I and for some ci,cy > 0, we have®

G| < +ealt—7) YEt>71, tel (5.5)

Then, § is prolongable up to infinity, that is 3 = sup I = +oo.
A similar result holds for the prolongation up to —oo.

Proof. By absurd, let us suppose that § < +oo. Hence, fixed any B > ¢; + co(8 — 7),
the compact cylinder

K ={(t.x) eR"™* € [, 8], o]l < B},

is contained in A. Hence, by Theorem 5.7, the maximal solution y must definitely exit
from K when times approach 3. By (5.5) and by our assumption on B we have, for any
t>7,tel,

1G]] < 1 +e2(B = 7) < B,

which implies that § must exit from the cylinder K through the “wall” {(3,7)|[|z|| < B}.
But this means, as before, that we can prolong g beyond I, which is a contradiction since
I is the maximal interval. 0

5.2 Qualitative studies (I)

The results of the previous paragraph may be used to get information about the qualita-
tive behavior of the solutions of scalar equations, even when an explicit formula for the
solutions can not be found (or it is hard to be found). In this way it may be possible to
draw a ”qualitative” picture of the graphs of the solutions. Here is a list of points that
are usually convenient to address.

1) Check the local existence and uniqueness, for instance verifying the hypothesis (2.7).

2) Check the prolongability of the solutions, for instance using (5.3).

3) Find the possible stationary solutions y = yo, which correspond to the values y € R
such that f(t,y0) = 0 for all .

4) Find the region of the plane (¢,x) where f > 0 and where f < 0 respectively, to
get information about the monotonicity of the solutions. Also observe that, when passing
from one region to another, the solution must have a relative extremum.

5) Observe that by uniqueness the graphs of the solutions cannot intersect each other.

83 Also (5.5) is a condition of linearity up to infinity as (5.3), but here it is respect to time instead of
space, and moreover it is requested to the solution instead of to the dynamics.
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6) Study the limit lim; .+, y(¢), when reasonable®® and possible. Here, we can use
some known facts as, for instance: if a C' function g satisfies lim;_ ., g(y) = £ € R then
it cannot happen that lim;_, |, ¢'(t) = d00%.

7) Sometimes it may be useful to check whether there are some symmetries in the
dynamics f, since this fact may help in the study. For instance, if f has the following
symmetry (oddness with respect to the vertical axis t = 0)

f(t,:)?) = —f(—t,I) v (t7x) S R27

then the behavior of the solutions on the second and third quadrants is specular with
respect to the one in the first and fourth quadrants. Indeed, let y :]a, b|— R be a solution
with 0 < a < b, then the function

V] —b,—a[— R, t— y(—t),

is also a solution. This can be easily checked. Let us fix 7 €]a, b] and consider xy = y(7).
Then we have

y(t) = xo + /t f(s,y(s))ds VYt €la,b,

and hence, for all ¢ €] — b, —al, via the change of variable £ = —s,

e _m/ et

xo+/f €, y(—€))(—de —xo+/fw ))de,

which means that 1 is solution®
8) Sometimes it may be useful to study the sign of the second derivative 3”. This can
be guessed just deriving the equation®’

Example 5.11 Given the following scalar equation

log(1 + y?)
') = —y)————
y(t) = —y)— 2
discuss existence, uniqueness, maximal interval of existence and draw a qualitative graph
of the solutions.

We are going to analyze the above eight points.

, (5.6)

84That is when the maximal interval is a left- and/or right- half line.

85The simple proof is left as exercise.

86 Another simpler way to check that 1 is a solution is just to calculate its derivative.

87Concerning the existence of the second derivative, note that if f € C™ then any solution y belongs
to C™*1. Indeed, for instance, if f € C!, then, since the solutions are C! by definition, v/ = f(t,y) € C*
and hence y € C?. We can then go on in this way.
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1) Here we have

log(1 4 z?)

flta) = (& — )

which is of class C! in whole R?, which is a strip. Hence, there is local existence and
uniqueness for the Cauchy problem with any initial datum (o, z) € R
2) Since log(1 + 2?) < 1+ 22 for all z € R, then, for every a > 0 we have

|f(t,2)| < |z| +a® V (t,2) € [~a,a] x R,

which, by Remark 5.5, guarantees the existence of the maximal solutions in the whole
interval | — a,al. By the arbitrary of a > 0 we get the existence of the maximal solution
for all times t € R.

3) The only stationary solution is y(t) = 0.

4) The sign of f is given by

flt,z) >0 ifz <t?
f(t,z) <0 if x>

This means that the solutions are decreasing if y(t) > t* and increasing if y(t) < t*.
Moreover, when the graph of a solution crosses the parabola y = t? at time ¢, then, at
that time, the solution has a relative extremum: a maximum if crosses in the second
quadrant (where it can only pass from the increasing region to the decreasing region),
and a minimum if crosses in the first quadrant®.

5) Since the null function y = 0 is a solution, then all the solutions which sometimes
have a strictly positive value (respectively: a strictly negative value) are strictly positive
(respectively: strictly negative) for all times ¢ € R.

6) Let us consider a solution y negative. We must have lim;_,_, y(t) = —oo. Indeed,
since the negative solutions are all increasing, the alternative is —oo < limy, y(t) = £ < 0.
But this fact would imply that lim;_,_, ¢/(t) # —oo, which is absurd since

Ly — log(1+y()?) . o log(1+¢)
Jm () = Jim (= y(t) = = fm F = e = Ao
In a similar way, we have lim; ., y(t) = 0. Indeed, y is increasing and bounded above
(by zero). Hence it must converge to a finite value ¢. But, whenever ¢ # 0 we get
lim; .1« 9/(t) = +00 which is an absurd.

Now, let us consider a solution y positive. First of all, let us note that y must cross
the parabola y = t? in the first quadrant, passing from the decreasing region to the
increasing one, and remaining on the latter for the rest of the times. Hence we have
lim; o y(t) = +00. Indeed y is increasing and hence the alternative is the convergence

88Note that, for instance, a solution cannot cross the parabola in the second quadrant passing from
the decreasing region to the increasing region, otherwise it should decrease a little bit in the increasing
region too. Similarly it happens in the first quadrant.
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to a finite value ¢ > 0, but also in this case, looking to the behavior of the derivative,
we would get an absurd. Concerning the behavior in the second quadrant, we note that
every solution must cross the parabola in that quadrant too. Indeed, if not, we would
have limy_,_, y(t) = +oo with y(t) > t* for all t < 0 and y decreasing. But this implies

. . log(1+y(t)?*) _ . log(1 +y(t)?)
> ] "ty =1 22— yt) =L L > —Yy— s =

t——o00

which is an absurd since, if it is true, we would not have y(t) > ¢* definitely for ¢t — —oo.
Hence, y must definitely belong to the increasing region and, as before, the only possibility
is lim; o y(t) = 0.

For this example, there are not evident symmetries and also we let drop point 8),
since we already have sufficient information in order to draw a qualitative picture of the
solutions. The drawing is left as an exercise.
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6 Comparison and continuous dependence on data

In this section we first address the problem of comparing the solutions of two scalar
equations, that is of being able to say if one is larger than the other just working on
the equations without explicitly knowing the solutions (or more generally, to give some
a-priori estimates on the solutions of a system of equations). A second problem we are
going to address is the dependence from the initial data for the solution of a Cauchy
problem.

Both problems rely on the following important lemma.

6.1 Gronwall Lemma

Theorem 6.1 Let y : [tg, +oo[— [0, +00] be a continuous (nonnegative) function, where
to 1s a fized real number. Let us also suppose that there exist a non decreasing continuous
function u : [ty, +o0[— R and a constant L > 0 such that

0 <y(t) <u(t)+ L/ty(s)ds Vit > to. (6.1)

to
Then, we have
0 < y(t) < u(t)elt=) vt >t
Proof. For 7 > ty, and recalling that e~%"
implications:

> 0, we have the following sequence of

0<y(r) <wu(r)+ L/ y(s)ds =
to -
0<ety(r) < e tu(r) + e_LTL/ y(s)ds =
T tO
e’LTy(T) —e L y(s)ds < e’LTu(T) -
¢

diT (G—LT /tOTy(s)d8> < e FTu(r).

From this, for every t > ty, using also the monotonicity of v and the positivity of the
functions, we get

t d T t t
/ — <6_LT/ y s)ds) dr < / e Fu(r)dr < u(t)/ e Fdr =
to dT " to to to

t
_u )eth

(6.2)
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Since, by hypothesis (6.1), the left-hand side of the last line of (6.2) is larger than or equal
to y(t), we get the conclusion. O

Remark 6.2 In particular, if u = M is a constant, then we get the simpler formulation
of the Gronwall Lemma

t
Osylt) s M+L / y(s)ds = y(t) < Me ™).
to
Moreover, if M = 0, then we get
t
0<y(t) < L/ y(s)ds = y(t) =0,
to

that is: the only non negative continuous function which is smaller than its integral mul-
tiplied by any constant, is the null function.

6.2 Comparison of solutions and qualitative studies (IT)

The first use of the Gronwall Lemma 6.1 is to obtain a-priori estimates on solutions.

Theorem 6.3 Let f : A — R", with A C R"" open, satisfy the standard hypothesis
for existence and uniqueness result of Theorem 2.10. Let us suppose that there exists a
function

NiRXR—)R, (t,ﬁ) '_)ﬂ(t>€)’

which is continuous and locally Lipschitz continuous with respect to & uniformly in t (the
usual hypothesis (2.7)), and such that

[f(t,2)|| < p(t llzf]) V (t2) € A (6.3)
Moreover, let us take (tg, z9) € A, & € R, with

[zoll < &o, (6.4)

and consider the solutions y and v of the two following Cauchy problems, respectively

{ y(t) = f(ty(t)) { V' (t) = u(t,u(t))

y(to) = o, v(to) = o

Then, we have

ly@) <v(t), Vt=to, tel (6.5)

where I 1s the common interval of existence of the solutions.
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Proof. By absurd, let us suppose that there exists t > t(, ¢ € I such that

ly@1 > (). (6.6)
Then, we define

= sup {t € 0.7l 0]l < o0}

and note that by (6.4), by the continuity of the solutions, and by the absurd hypothesis
(6.6), t* exists and

<t |yl >o(t) veelri, |y =v(t).
We consider the continuous non negative function, defined in [t*,7],

w(t) = lly@)| — (@) > 0.

Since v and ||y|| are continuous, then they are bounded in [t*,], and hence the couples
(& ly(@®)]), (t,v(t)) do not exit from a compact set K C R? for t € [t*,#]. Let L, be a
Lipschitz constant for 4 in K. We get (also recall that ||y(t*)| = v(t*))

ng(t):’

at [ s - &~ [ tsutonas -

—wm—L}@wmwz
| [ sts.utsnas] - [ t

Hm+£7@mmm+£ﬂmmmw—;—Kﬁammw—éﬁ@wm@g
ot 1+ | [ 65wt

— [t vtos < [ (156wl = o, 0061 ) s <
[ (s 1D = w60 Yas < £y [ (1)1 = w06)) s = 1, [ i)

By the Gronwall Lemma we get w(t) = 0 for all ¢ € [t*,¢], which is a contradiction. [

In the case of scalar equations, we obtain the following comparison result between
solutions, without involving the absolute values. The proof is left as an exercise.

Proposition 6.4 Let f,g: A — R, A C R? open, be continuous and Lipschitz continuous
m x, such that

ft,x) <g(t,z) YV (t,z) € A, (6.7)

and moreover, let us consider (tg, o), (to, &) two admissible initial states with xy < &.
Then, if y,v : I — R are, respectively, the solutions of the Cauchy problems

{ y'(t) = f(t,y(t)), { v'(t) = g(t,v(t)),
y(to) = o, y(to) = &o,
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where I 1s the common interval of existence, we have

y(t) <wo(t) Ytel, t>t. (6.8)
Remark 6.5 If in Theorem 6.3 (respectively in Proposition 6.4)), u is only continuous®
(respectively g is only continuous), we still get (6.5) (respectively (6.8)), provided that
(6.3) (respectively (6.7)) holds as strict inequality for all (t,x) € A.

One natural first use of the comparison result is to compare the (not analytically
known) solution of a scalar Cauchy problem with the (analytically known) solution of
another scalar Cauchy problem. This may permit to say something about the qualitative
behavior of the unknown solution. Referring to the Example 5.11, this may be seen as
the point 9) of a plan of procedure. It is explained in the following example.

Example 6.6 Study the qualitative behavior of the solutions of

y'(t) =ty (max(l, y(t)) + sinQ(y(t))) )

We are going to analyze the eight points as in Example 5.11, plus the new point 9).
First of all, we have to check the local existence and uniqueness. The dynamics is

f(t,z) = to (max(1,z) + sin®*(z)) ,

which is defined on the whole plane R2, is continuous but not C!, since the function
x +— max(l,z) is not derivable at + = 1. However, such a function of z is Lipschitz
continuous and so f is locally Lipschitz continuous with respect to z uniformly in ¢*°.
Hence, there is existence and uniqueness for every initial datum (¢o,wg) € R
The only stationary solution is y = 0 since other possible stationary solutions y =
Yo # 0 would imply

sin®(yo) = —max(1,y0) < —1

which is impossible.

The other non zero solutions are either always positive or always negative. They are
increasing in the first and third quadrants, and they are decreasing in the second and
fourth quadrants. This also means that the vertical line ¢ = 0 is a line of minima for
positive solutions and of maxima for negative solutions. Moreover the dynamics has the
symmetry f(t,z) = —f(—t, x) and hence we can study the behavior in the first and fourth
quadrant only.

89 And hence the corresponding Cauchy problem may not have uniqueness.
9Prove these facts as exercise. Hints: 1) prove that |max(1,71) — max(1,22)| < |21 — @o| for all
x1,%1 € R; 2) observe that, just adding and subtracting a suitable term,

[f(t,z1) — f(t,x2)| < |t||x1 — 2| max(l,xl)—sin2 21|+ [t||z2|| max(1, z1) —max(l,x2)+sin2 x1 —sin? Zal,

from which the desired local Lipschitz property follows (also recall that sin? is Lipschitz).
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If x < 0 then, for all t € [—a,a], a > 0 arbitrary,
|f(t,x)| = |[ta(1 + sin®(z))| < 2alz],

and hence the negative solutions are defined for all times ¢ €] — 00, +00[. We easily get
that, for negative solutions it is (the limit cannot be finite)

lim y(t) = —oo0.

t—+o0

Now let us examine the positive solutions. Let 3 : I — R be a maximal positive
solution. Then 0 € I since, otherwise, § is prolongable to the left of 0 < o = inf I°.
Let us consider the case 3(0) = gy > 1: for all positive ¢ of its domain of definition we
certainly have §(t) > 1 and hence we are not more able to get a linear estimate for f,
since the best we can do for x > 1 is

f(t,2)] < ta® + ta,
which is quadratic in x. But, if we take ¢ > 0, c € I, we then get
§'(t) = tg()(G(t) +sin®(§(t)) > cg?(t) Vee lt>c,

and hence, for t > ¢, t € I, by the comparison results, ¢ stays above the solution y of the
Cauchy problem

which is easily computed as

y(c

y(t) = o O
1+ c?g(c) = cy(e)t

Since such a function y tends to +oo as

1+ c2g(e)
cy(c)

t— > c,

we conclude that the maximal positive solutions such that §(0) > 1 do not live for all
times but the maximal interval of existence is bounded, and they go to 400 when they
approach the boundary of the maximal interval. On the other hand, if 0 < g(0) < 1,
then, after some lap of time, we must have §(t) > 1. Indeed, if it is not the case, by
monotonicity, we should have 0 < lim;_,, ., () = ¢ < 1, which is impossible because, in
that case, limy;_, o §'(t) = +00. We then conclude that also the positive solutions starting
at t = 0 below 1, after some lap of time stay above a function of the type (6.9), and hence
they do not last for all times.

The qualitative picture of the graph is left as exercise.

91We certainly have lim,_,,+ 7(t) € R because in the first quadrant § is positive and increasing.
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6.3 Continuous dependence on the initial datum and phase flow
of solutions

Let us consider the equation 3 = f(t,y), with f : A — R", A C R""! open. In
this section, for simplicity, we will always assume the following hypothesis, and use the
following notation”?

A =R"" fis continuous and satisfies the Lipschitz condition (2.7), moreover
all the maximal solutions are defined for all times ¢ € R, and for all (¢, z) € R**!;
we denote by ®q(t,x), the state y(t) € R™ of the solution y which passes through x
at the time to = 0, that is y(0) =«
(6.10)

Definition 6.7 The function @y : R"" — R", (t,x) — ®y(t, 1), is said the phase flow
of the solutions.

Let us note that by definition, for every fixed x the function ¢ — ®¢(¢, x) is just the
solution of the Cauchy problem

{ y'(t) = f(t,y(t))
y(0) =z,

and hence it is continuous, and derivable.
Proposition 6.8 Let (6.10) hold. Then, the flow ®q is locally Lipschitz continuous.
For proving Proposition 6.8, we first need the following result.

Lemma 6.9 For every compact set K CC R™ and for every T > 0, there exists a compact
set K CC R"™ such that

do(t,z) € K V (t,x) € [-T,T] x K.

Proof of Lemma 6.9. Let us fix T' > 0. We are going to prove that, for all z € R",
there exist a neighborhood U of x and a compact set K’ CC R™ such that

Dy(t,2z) € K' V (t,z) € [-T,T] x U.

From this fact the conclusion follows, since every compact set can be covered by a
finite number of neighborhoods of a finite number of its points.

92Gimilar results as the ones stated in this section also hold, with suitable modifications, in the more
general case when the prolongability to infinity does not hold and also in the case of ¢(t,tg,x): the state
y(t) at the time ¢ of the solution such that y(tg) = x (our case ®y(t, x) corresponds to the particular case
to =0).

Moreover, see Remark 6.11 for the easier case when f is also globally bounded and Lipschitz continuous.
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Let us take K’ as a tubular neighborhood of the trajectory
Do = {@o(t,2)|t € [-T.T]} C R,
that is we fix § > 0 and define

K’:{feR"

dist(€, dr,) < 5} .

By the continuity of the trajectory, we easily get the compactness of K’'. Indeed it is
(obviously) closed and it is also bounded since so is the trajectory ®7,.

Let L > 0 be the Lipschitz constant of f in [-T,T] x K'. Let us take z € R™ and
suppose that there exists 7 € [T, T such that

Dy(s,2) € K'V |s| <7, ®y(r,2) € OK'.

We have, for all |s| <7

1®o(s, 2) = Pols, )| < [lo — 2] +

/0 (s, @0, 2)) — £(5, Boln, 2))dn| <

s (6.11)
o = 21+ | [ 19000 2) = @l ).
0
By the Gronwall Lemma, we then conclude
1@o(5,2) = Do(s,2)[| < ||z — zl|e"*! < ||z — ]l (6.12)
Hence, if we define
n 0 -T
U=<z€eR Hz—:r:||§§e :
we get the conclusion since the trajectory starting from z starts inside K’ and cannot
exits from it before the interval [T, T7. O

Remark 6.10 Let us point out that Lemma 6.9 says that all the solutions starting at
time t = 0 from any point of a fixed compact set do not exit from another compact set
when time is bounded in a fixed interval [=T,T)].

Proof of Proposition 6.8. Let us fix T > 0, K C R” compact. Let K ¢ R"*! compact
as in Lemma 6.9, and moreover let M > 0 and L > 0 be the bound and the Lipschitz
constant of f in [-T,T] x K. For every (t,x),(r,2) € [-T,T] x K, we have, also using
(6.12),

[@o(t,2) — (7, 2)[| < [|Po(t, x) — Po(t, 2)[| + [[Po(t, 2) — Po(T,2)|| < (6.13)
Hx—z|]eLT+M|t—T|. :
[l
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Remark 6.11 We observe here that if, besides hypothesis (6.10), we also suppose that
[ is bounded in R™™ and globally Lipschitz in x uniformly in t (i.e. not only locally
Lispchitz, compare with (2.11) with |a, bj=] — 00, +00]), then we do not need Lemma 6.9.
Indeed such a Lemma is used in the proof of Proposition 6.8 just for being sure that we
can use some constants L and M (since we are restricted inside the compact [=T,T] x K ),
and so it is not more requested when we have global boundedness and Lipschitz property.
In such hypothesis we then immediately get (6.11), (6.12) and (6.13), which hold for all
(s,2),(s,2),(t, z2),(1,2) € [0,T] x R™.

Also the proof of the following Proposition 6.12 is obviously easier if we suppose global
boundedeness and Lipschitz property.

From the local Lipschitz continuity of the phase flow, we get the following stability
result.

Proposition 6.12 Let (6.10) hold. If the initial data z € R™ converge to x € R", then
the corresponding trajectories ¢o(-, z) converge to the trajectory ®q(-, x), uniformly on the
compact sets of time. That is, for every T' > 0 fixed,

lim sup sup |[|[Po(t,2) — Po(t, z)|| = 0.
=07 |lz—a||<r te[-T,T)

Proof. By (6.12), we get

0< sup sup |[Po(t,2) — Pot,z)|| < ret’,
lz—zl|<r te[-T.T]

where L > 0 is the Lipschitz constant of f in [T, T] x K, where K is a compact set as
in Lemma 6.9 with respect to [-T,T] x B(z, ), where rqg > r > 0. Then the conclusion
immediately follows. ]

We now state, without proof, the following result on the differentiability of the flow.

Proposition 6.13 If besides (6.10), f has also continuous partial derivatives with respect
to x, that is: for every (t,x) € R x R", for every i € {1,...,n}

0
/ (t,x) exits and is continuous,
(‘3@-
then also all the partial derivatives
0P,
—(t,x
axi ( ’ )’

exist and are continuous for all (t,x). In particular this means that the flow is differen-
tiable with respect to the state vartable x. Moreover, also the mized second derivatives
0%d,
81585(]1 ’

exist and are continuous.
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Remark 6.14 The point of view of the phase flow is a change in the way of looking to the
Cauchy problems and to the solutions. The new way consists in interpreting the solutions
as a map from R™ (the phase space) into itself: when we have fized a time t, every point
x € R"™ is mapped to another point which is the state at time t of the solution which passes
through x at time 0. In some sense we think to the trajectory as a rule to transport points
from one site to another one®®. This is the point of view of a general theory whose name
18 dynamical system theory.

By the uniqueness of the solution, we easily get the following (important) group property
of the phase flou™: for all x € R", and for all t,s € R, we have:

(b()(t + s, l‘) = (I)()(t, (130(57 I))a

that 1s: the state at the time t + s of the solution which passes through x at the time 0 s
the state at the time t of the solution that passes through ®o(s,x)at time 0. Very roughly
speaking we can say that “pieces of trajectories are trajectories suitably shifted in time”.

93As a parallelism: if we look to the stream inside a river we can fix a point and look to the water
which passes through it, or we can put a paper-boat on that point and look to its movement: at every
time ¢ the boat will be in a new position, and its movement is along the integral curves (solutions) of the
velocity field (the dynamics).

940ften, such a property holds only for positive times ¢ > 0, and so it is referred as a semigroup property.
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7 Autonomous systems

7.1 General results. First integrals

Let us consider an autonomous system

y'(t) = fy(), (7.1)
where f : A — R", with A C R" open, is locally Lipschitz (and hence we have local
existence and uniqueness for every initial state, and in particular existence and uniqueness
of the maximal solution).

Definition 7.1 Ify: I — R is a solution of (7.1), by trajectory or orbit we mean the im-
age of y, that is the curve in R™ (the phase space) described by the function/parametrization

Y.

The fact that the system is autonomous, that is the dynamics f does not explicitly
depend on the time ¢, permits to study the solutions by studying their orbits in the phase
space, and then to get several interesting results.

To simplify notations and proofs, we will often assume the following hypothesis:

A=TR" all the maximal solutions are defined for all time ¢ € R %°. (7.2)

Here are some first results that hold because of the autonomy.
Proposition 7.2 i) If y is a solution of (7.1), and ¢ € R, then the function
Vit y(t+c)

1s still a solution.
i) If y1 and ys are two solutions such that, for some ti,ty € R it is

y1(t1) = ya(t2),
then we must have
yl(t) = yg(t + iy — tl) VieR.
Proof. 1) Just deriving
Y(t) =y (t+c) = flylt +c) = f(¥(1)).

ii) For the first point i), 7, () = y2(t 4+ t2 — t1) is a solution, and in particular 7, (t;) =
y2(t2) = y1(t1). Then, by uniqueness, 7, = 4. O

9 However, we will later see some quite easy controllable properties which guarantee the existence for
all time.
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Remark 7.3 From Proposition 7.2, we have that any orbit corresponds to a one-parameter
family of solutions y(t) = y(t + ¢): if a solution describes an orbit, then every its transla-
tion in time describes the same orbit, moreover if two solutions describe the same orbits
then they must be the same solution translated in time. Also, two orbits cannot intersect
each other: the orbits give a partition of the phase space.

Remark 7.4 Let us note that every non autonomous system

y'(t) = f(ty(t))

can be written as an autonomous one just adding the fictitious state-variable t. Indeed,
writing § = (t,y) and f(5) = (1, f(§)), we get

7 =f@).

Of course, in doing that, we have paid the fact that we passed to the larger dimension
n—+ 1.

Definition 7.5 A point x € R™ is said an equilibrium point (or a critic/singular point)
of the system if f(x) = 0. It is obvious that, if x is an equilibrium point, then the set
{z} C R™ is an orbit, since the function y(t) = x is a solution. Such an orbit is sometimes
called a stationary orbit.

Proposition 7.6 If x € R" is the limit of a solution when t — 400, then x is an equi-
librium point. Moreover, a non stationary solution y cannot pass through an equilibrium
point.

Proof. The second assertion is obvious, since an equilibrium point is an orbit. Let us
prove the first one, for ¢ — +oo. By absurd, let us suppose that f(x) # 0. Then there
exists a unit versor v € R" such that f(z)-v > 0. Let us take a small ball around z, B,
such that, by the continuity of f, for a suitable fixed € > 0,

yeB = f(y)-v>e>0.

Since by hypothesis of convergence y(t) € B definitely for ¢ > t (because y(t) — z as
t — +00), for a suitable ¢, we have, for all ¢ > ¢, and integrating in [£, ],

y(t)-v=flylt) - v>e = y(t) - v>y() - v+et—1) — +ooast — +oo,

which is an absurd since y(t)-v — x-v € R. % O

96Roughly speaking: when y(t) € B, by the absurd hypothesis, the trajectory has a scalar velocity
which, with respect to the direction v, is not less than € > 0; y(t) € B for all time ¢ > ¢; these two facts
imply that y(¢) must exit from the bounded set B. Contradiction.
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Definition 7.7 A solution y is said to be periodic if there exists a time T' > 0 (the period)
such that

y(t+T)=y(t) Vt, y(t+s) #y(t) Vse€|0,T].

Note that, by this definition, the constant trajectories (i.e. the equilibrium points) are not
pertodic.

Proposition 7.8 For an autonomous system with uniqueness, there are only three types
of orbits: singular equilibrium points, simple closed curves (i.e cycles without transver-
sal/tangential self-intersections) which are periodic, and simple open curves (i.e open
curves without transversal/tangential self-intersections).

Proof. The fact that an orbit cannot have a self-intersection is obvious by uniqueness.
It is also obvious that the orbit of a periodic solution is a cycle. Hence, we have only to
prove that if a non constant solution y is such that y(t1) = y(t2) for some ¢y > ¢1, then it
is periodic?”.

Let us define § = to —t;. We guess that y(t +0) = y(¢) for all £. Indeed, the function
Wt — y(t+9) is still a solution and it satisfies ¢(¢;) = y(t2) = y(t1). Hence it coincides
with y and the guess is proved. We obtain the periodicity of y, in the sense of Definition
7.7 if we prove that

T = inf {T > O‘y(t +7) =y(t) Vt} > 0.

Let P be the set whose infimum we are going to consider. Note that P is not empty since
0 € P. Moreover, let us note that if 7 € P then m7 € P for all positive integers m. Also,
since y is continuous, P is closed in |0, +oo[, that is if 7 > 0, 7, — 7 and {7, },, C P,
then 7 € P (i.e. every strictly positive accumulation point of P belongs to P itself). By
absurd, let us suppose that T' = 0. Then, for every ¢ > 0 there exists 7 € P such that
0 < 7 < e. Moreover, fixed such a 7, for any real number ¢ > 0, for the archimedean
property of R, we find m € N\ {0} such that

m—1)r<c<mr = 0<mr—c<71<g¢,

which means that ¢ > 0 is an accumulation point of P and so that ¢ € P. For the
arbitrariness of ¢ > 0, we conclude that y is constant, which is a contradiction. O]

Definition 7.9 A C! function E : R® — R is said a first integral of the motion for the
system if E is constant along any trajectory of the system. This in particular means that
the function t — E(y(t)) is constant for any trajectory y, which is equivalent to say that
its derivative is zero, that is

97 As stated in the beginning of the section, we are supposing that all the solutions are defined for all
times. However, it can be easily proved that, if a non constant solution satisfies y(t1) = y(t2) for some two
different instants t1,to of its interval of definition, then it is prolongable for all times (and also periodic).
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VE(y(t)) - y'(t) =0 = VE(y(t)) - f(y(t)) =0 Vy(-).

Since the trajectories are a partition of the phase space R™, we can equivalently say
that E is a first integral if and only if

VE(z)- f(zr) =0 Yz eR"

Remark 7.10 If E is a first integral, then every orbit is entirely contained in a level set
of E. Moreover, in the general case of a mazimal orbit y defined in I, if y is contained
in a bounded level set of E, then I =] — oo, +00[. Indeed, in that case the derivatives are
bounded. In particular, if E has all the level set bounded, then every solution is prolongable
for all times.

7.2 Bidimensional systems

The particular case of bidimensional system is quite favorable. Indeed the phase-space
is the plane R?, where we can easier draw and analyze the orbits. Moreover, it can be
easier to find a possible first integral and also, since the level sets of the first integrals are
(generally) curves, the orbits coincide with (at least) pieces of such curves.

Proposition 7.11 Let us consider the bidimensional system

¥ = F(x,y)
v Zen &

i) The equilibrium points are the solution of the (nonlinear) algebraic system

{F@wZO
G(z,y) =0.

ii) If o : R? — R is a potential of the differential 1-form
w(z,y) = G(z,y)dz — F(z,y)dy,

then @ is a first integral for the system (7.3).
iii) If a level set of a first integral E is a simple closed curve®® which does not contains
equilibrium points for the systems, then it exactly coincides with a periodic orbit.

Proof. The point 1) is obvious by definition.
For the point ii), let (z(-),y(-)) be a solution, then we have

%ﬂﬂmmsz@®w®W@—F@@w®M®=
Ga(t), y(0) F(x(t),y(t) — F(x(t),y(1))G(2(t), y(t)) = 0.

98Note that, in this setting, “closed curve” also implies that it is bounded and of finite length.
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iii) Since the curve is bounded, then the solution is defined for all times. Since its
scalar velocity || f(y(t))]| is uniformly greater then zero (there are no equilibrium points
and the curve is compact), then the trajectory must pass two times through the same
point. Hence, it is periodic. ([l

Remark 7.12 If the differential form w = Gdx— Fdy is not exact, but it has an integrand
factor X(x,y) > 0, then a potential E of the form Aw is still a first integral of the system.

7.2.1 Qualitative studies (III)

Here we sketch a list of points which may be addressed when studying the qualitative
behavior of the orbits for a bidimensional autonomous system.

i) Find the possible equilibrium points.

ii) Find a possible first integral (for instance searching for a potential of the associated
differential form).

iii) If a first integral E exists, then study E: stationary points, relative maximum
points, relative minimum points, saddle points, absolute maxima and minima... This may
permit to understand the behavior of the level curves, which are the projections on R? of
the intersections in R? between the graph of E and the horizontal planes. Another way
may be directly study the level curves in R? via their implicit formulations E(z,y) = ¢,
at least when such equation is (easily) invertible with respect to z or to y. Finally, also
some properties of E as convexity and coercivity” may be useful.

iv) Recall that: orbits may not intersect each other, the orbits form a partition of the
phase space. Moreover if a level curve is a closed curve that does not contain equilibrium
points, then it coincides with a cycle (a periodic orbit).

v) Check, if possible, whether the solutions are defined for all times or not. This can
be done, for instance, looking to the boundedness of the level curves of E.

vi) Note that a closed level curve of E (and hence a cycle) must moves around a
stationary point of F100,

vii) Study some suitable level curves of E. For instance the ones passing through the
equilibrium points, or the zero-level curves, which may be easier to be studied.

viii) Find the versus of moving along the orbits. This can be done by studying the
sign of F' and G respectively. Also note that, by the continuity of ' and G, such a versus
is “continuous”, since it is the versus of the tangent vector (F,(G). Hence, we cannot
approximate an orbit with other orbits moving in opposite direction.

99 “Coercivity” means that lim |E(z)| = 400 when ||z|| — 400, or more generally, when z approximates
the boundary of the domain of F.

100 Again, by “closed curve” we also mean that it is bounded, and hence it is compact (since, being a
cycle, it is certainly “topologically closed”). Since it is a level curve of E, that is E is constant on it,
then, by a simple generalization of the one-dimensional Rolle theorem, there must be a stationary point
of E in the region inside the curve. Also note that the stationary points of E are strictly related to the
equilibrium points (they almost always coincide).
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Example 7.13 Let us recall the Lotka-Volterra system

{$54a—6wx
y' = (=7 +dz)y
where «, 3,7,6 > 0 are fixed, and we are looking for solutions (z(t),y(t)) in the first

quadrant only, that is z(t),y(t) > 0.
The only equilibrium point is (zg,y0) = (v/d,a/3), and a first integral is'%!

E(xz,y) = —ylogz + dx — alogy + By.

The study of E gives that: (xg,y0) is the only stationary point of E and it is the
absolute minimum, E is strictly convex'?, E is coercive, that is it tends to +0o when z
or y tends to 0 (i.e. when the point (z,y) tends to the axes.), and also when z,y — +oc.
Hence, its level curves are closed curves around (g, yo).

We easily conclude that the orbits are periodic (cycles), they are defined for all times
and that they counterclockwise move around the equilibrium point.

7.2.2 Some exercises

1) Let us consider the second order autonomous scalar equation

y' = fy)

As usual we can transform it in a first order autonomous bidimensional system

{Z/i:ZJQ
Yo = f(n)-

Prove that, if F'is a primitive of f, then

2

Y
E(y1,12) = 32 — F()

is a first integral for the system!%.

2) For the following systems/second order equations, plot a qualitative picture of the
orbits, and check, if possible, whether the solutions are defined for all times, and whether
the equilibrium points are stable, asymptotically stable or unstable!®*.

1017 can be found using the integrand factor 1/(zy).

102Tts Hessian matrix is everywhere positively definite.

1031 a mechanical point of view, g is the position and ys is the velocity. Hence E is the “total energy”
of the system: kinetic energy plus potential energy. Since the trajectories move along the level curves of
FE, that is F is constant along the trajectories, then the system is conservative: the total energy is kept
constant.

104For the concept of stability see next paragraph.
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2)
2ii)

2ii)
y' =y +2y.
2iv) (pendulum without friction)

! _

y' = —ksiny, k>0.

Some words. The equation is the model for the oscillations of a point of mass m
hanged to an extremum of a rigid rod which has negligible mass, length equal to ¢ and is
free to rotate in a vertical plane around its other (fixed) extremum, only subject to the
gravity force. Denoting by ¢ the radiant angle of the rod with respect to the downward
position, the Newton equation of the motion is

mle” (t) = —mgsin(p(t)),

which corresponds to our equation with y = ¢ and k = g/¢.
Following the first exercise of this section, we write our equation as the autonomous
bidimensional system (z; = y angle, zo = ' angular velocity)

which, by periodicity, may be studied only for z; € [—m, 7], and hence the equilibrium
points are (—m,0),(0,0), (7,0). A first integral is

1
E(z1,2) = 52’% + (k—kcosz) >0,

and hence the level curves are the curves of equations

2 =+2(c—k+kcosz), ¢>0.

Analyzing all the case for ¢ > 0 we get that there exist: 1) cycles around the equilib-
rium point (0,0), 2) heteroclinic'® orbits connecting the equilibrium points (—, 0), (7, 0),
3) open orbits (not connecting any equilibrium points: they are open in the strip [—m, 7] x
R, but they indeed reply by periodicity in the whole R?).

2v)

1/

y = —ye’.

105Tn general, orbits connecting two different equilibrium points are called “heteroclinic”, whereas orbits
connecting the same equilibrium point are called “homoclinic”.
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7.3 Stability

To study the stability of the system means to understand how much the trajectories are
sensible in (small) change of the initial value: if we little change the initial value, what
happens to the trajectory? Does it remain “near” to the initial one or not?

We have already met a “stability result”: Proposition 6.12. It says that, on the
compact sets of time, if we little change the initial point x, then the trajectories do
not “change to much”: they uniformly converge to the trajectory starting from z. But
that proposition says nothing about what happens when ¢ — +4o00: a stability result
for compact set of time does not imply stability for all time, the distance between the
trajectories may diverge when ¢t — +oc.

In this section we assume that all the solutions are defined for ¢ € [0, +oo[ and we
address their behavior when ¢ — +o00 (a similar analysis may be done when t — —00).
We are going to use the (flow-) notation ®q(+, x) for the solution starting from x at ¢ = 0.
For all this section we assume that the autonomous system y’ = f(y) satisfies the usual
hypothesis for existence and uniqueness.

This section is rather sketched.

Definition 7.14 Let x € R™ be fized. The solution ®o(-,x) is said:
i) stable if: for every e > 0 there exists § > 0 such that

z € B(x,0) = ||Po(t,z) — Po(t,2)|]| <eVit>0;

ii) asymptotically stable if: it is stable and moreover

lim || ®o(t,2) — Po(t,2)]| =0V 2z € B(x,0);

t——+o00

i11) unstable in all the other cases.

Remark 7.15 Point i) of the previous definition says that the trajectory ®o(-, x) is stable
if for every “tubular” neighborhood of it, there exists a ball around x such that, starting
from any point of such a ball, we remain inside the tube for all t > 0. Point i) does
not only require the remaining inside the tube, but also requires that we better and better
approximate the trajectory ®o(-, ).

It is interesting, both from a theoretical and applicative point of view, to study the
stability of the equilibrium points. In that case, the trajectory is just the point, and hence
it is stable if we can remain as a close to it as we want. It is asymptotically stable if we
also converge to the equilibrium point.

In the case of asymptotically stable equilibrium point x, we define its basin of attraction

as

Q= {Z e R" thg_n (I)Q(t,Z) :.Z'} .
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We say that z is globally asymptotically stable if {2 = R”, that is, whichever the initial
point is, we converge to x.

If z is an equilibrium point, that is f(z) = 0, then, by the change of variable and
dynamics: z =y — z and g(z) = f(z + x), we get the equivalent system 2z’ = g(z) with
¢ = 0 as equilibrium point. Hence we may restrict the study to the case where the
equilibrium point is the origin.

7.3.1 Stability for linear systems

For the linear (homogeneous) systems 3’ = Ay, the study of the stability of the equilibrium
point x = 0 is rather easy!'%°.

Proposition 7.16 Given the linear homogeneous system 1y’ = Ay, the origin is:

i) globally asymptotically stable if and only if Re(\) < 0 for all A € C eigenvalues of
the matrix A;

i1) stable (but not asymptotically) if and only if Re(\) < 0, there exists a pure imag-
inary eigenvalue (i.e. Re(X) = 0), and all the pure imaginary eigenvalues has algebraic
multiplicity 1;

ii1) unstable in all the other cases.

Proof (very sketched). Just arguing as for the linear n-order scalar equation, it can be
easily seen that the solutions of the linear system are linear combination of addenda of
the following type

ht™ RN (cos(Im(A\)t) £ sin(Im(N)t)),

where h € R™ is a suitable non null vector. Hence, point i) is almost immediate. For
point ii) just observe that we are requiring that, if Re(\) = 0, then the multiplicity is 1.
This implies that m = 0 and hence the addendum is A(cos(Im(\)t) & sin(Im(A)t)) which
does not converge to the origin but stays there around. 0

7.3.2 On the Liapunov function

For the general case of a nonlinear system 3’ = f(y), with f(0) = 0, the stability of the
origin can be studied by the help of a suitable function.

Definition 7.17 Let A C R"™ be a neighborhood of the origin. A C* function V : A — R
1s said a Liapunov function for the system if

i) (positively definite) V(x) >0 for allz € A and V(z) =0 <= =0

ii) (decreasing along trajectories) VV (z) - f(x) <0 for all z € A.

106Note that = = 0 is always an equilibrium point for a linear homogeneous system, since A0 = 0.
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Note that the condition ii) says that, given a trajectory y(-) in A, then the function
of time ¢ +— V(y(t)) is not increasing.
We do not prove the following theorem.

Theorem 7.18 If there exists a Liapunov function, then the origin is stable. Moreover, if
the Liapunov function is strictly decreasing along the trajectories (i.e. VV (x)- f(z) < 0),
then the origin is asymptotically stable.

Remark 7.19 The Liapunov function is something like a first integral (even if in general
is harder to be found). The difference is the following: for the case of the first integral,
the trajectories live for all times inside the level set, instead for the Liapunov function,
the trajectories tend to leave the level set and to point towards the origin (the lowest value
of V). For instance, in the case of strict decreasing along the trajectories, let S, be the
level set of value ¢ > 0 for V.. Then V'V is orthogonal to S. and points towards the higher
value of V. Hence the condition VV - f < 0 means that the field f is strictly pointing
towards the lower value of V' and so the trajectory y(t) enters in the region V < c. Since
this happens at all times, in the limit the trajectory tends to the origin (the lowest value).

7.3.3 On the linearization method

Another way to study the stability in the nonlinear case is, as it usually happens for
nonlinear problems, to make a linearization and try to apply the already known results
for the linear case.

Proposition 7.20 Let the origin be an equilibrium point for y' = f(y), with f of class
Cl. We may expand f with the first-order Taylor formula around the origin'?

f(@) = Df0)x +o(||z]]) =—0,

where Df(0) is the Jacobian matriz of f in 0. Let us consider the linearized system
vy = Df(0)y, and suppose that Df(0) is not singular. If the origin is asymptotically
stable for the linearized system, then it is also asymptotically stable for the monlinear
system. In general, the converse is not true.

7.3.4 On the limit cycles

We know that if a trajectory converges to a point x for t — +oo, then z is an equilibrium
point. However, the trajectories may in general have other behaviors as t — +o00. For
instance they may approximate (or tend to) a cycle given by a periodic orbit. In that
case, the behavior of the trajectory is something like a spiral which moves around the
cycle and tends to it, without reaching it, of course. In that case we say that such a cycle
is a limit cycle.

To check the existence of a limit cycle is of course harder than checking the existence
of an equilibrium point. We state the following theorem without proof. It holds for
bidimensional systems.

107Since the origin is an equilibrium, then f(0) = 0.
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Theorem 7.21 (Poincaré-Bendixson). Let us consider a bidimensional autonomous sys-
tem y' = f(y), with f € C'. If there exists a bounded open set 2 C R? such that: every
trajectory which enters in it will stay inside €2 for all the other times, and such that it
does not contains equilibrium points, then there exists a limit cycle inside ).
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8 Appendix

8.1 Uniform continuity

Definition 8.1 Let ACR"™ and f: A — R™ be a set and a function. We say that f is
uniformly continuous on A if

Ve >0 30 > 0 such that z,y € A, ||z —yllgn <6 = ||f(x) — f()|rm < e.

Note that such a definition, with respect to the usual € — § definition of continuity,
says that, when € > 0 is fixed, the amplitude § > 0 can be taken uniformly all around A,
that is independently from the points x and y.

Definition 8.2 A function w : [0, +oo[— [0, +o0[, r +— w(r) is a modulus of continuity
if w(0) =0 and if it is increasing and continuous at r = 0.

The following proposition is a useful characterization of the uniform continuity.

Proposition 8.3 Referring to the same notations as in Definition 8.1, [ is uniformly
continuous if and only if there exists a modulus of continuity w such that

1f(2) = FW)llem < w(llz —yllen) ¥V 2,y € A.

Proof. The sufficiency is easy. For the necessity, just define

w(r):=  sup  ||f(z) = f(y)]

zy€A |lz—yll<r
and prove that it is a modulus of continuity satisfying the request. O

The following theorem is a very popular result. The proof may be found on every text
book.

Theorem 8.4 If A is compact and f is continuous in A, then f is also uniformly con-
tinuous on A.

Also the following proposition is often useful.

Proposition 8.5 Let A C R" be a nonempty set, and f: A — R™ be a uniform contin-
uous function. Then, there exists a unique uniformly continuous function f : A — R,
where A is the closure of A, which extends f, that is f(x) = f(x) for every x € A.
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Proof. Let us fix T € A. Then there exists a sequence zj of points of A such that
xr — T when k — +4o00. Hence, being convergent, x; is a Cauchy sequence in R”, that
is, for every ¢ > 0 there exists k € N such that ||z; — z;||gs < € for every i,j > k. We
consider the sequence f(z) in R™. We are going to prove that it is a Cauchy sequence
and hence, being R™ complete, convergent'®®. Let us fix ¢ > 0, then, by the uniform
continuity of f, there exists § > 0 such that, for every z,y € A, with ||z — y| < §, we
have ||f(x) — f(y)| < e. Now, let us take k such that, for i, j > k, ||z; — z;]| < §. Hence
we also have || f(x;) — f(z;)|| <e.

Now, let y € R™ be the limit of the sequence f(z}), we prove that y is independent
from the particular sequence in A, convergent to Z. Indeed, let z} be another sequence
in A convergent to T. By the same argument as above, the sequence f(z},) converges to
a point y'. But, for every ¢ > 0, we find k such that, for k > k, ||z, — 4| < e (since
they are converging to the same point 7). Hence, by the uniform continuity of f, we have
| f(zx) — f(@)]] < wp(||lze — 2%]) < wy(e), where wy is a modulus of continuity for f on
A. We then get that f(z;) and f(z)) must converge to the same value y = y/'.

The following definition is then well-defined, f : A — R™

f(x) =y where y is defined as above.

Note that, if z € A, then applying the construction of f (z) = y as above, we immediately
get y = f ( ): just take the constant sequence x;, = x. Hence f is an extension of I

The reader is invited to prove that f is uniformly continuous in A and that it is the
unique possible uniform extension of f (take another g : A — R™ which extends f and is
uniformly continuous and prove that f = g). O

8.2 Uniform convergence of functions

Definition 8.6 Let f, : A CRP — R™ be a sequence of functions, with A C RP a subset.
Moreover, let f: A — R™ be a function. We say that the sequence of functions (fy)nen
uniformly converges to f, on A if

Ve >0 3dn € N such thatn >n = ||fu(z) — f(2)|zgm <eVx €A,

which 1s equivalent to say that

lim sup || fu(z) — f(2)||gm = nEToo 1fn = fllcocammy = 0

n—+00 gc A

We immediately note the difference of such a definition with the other definition of
pointwise convergence to f on A:

lim f,(z)= f(x) Vx €A

108The completeness means that every Cauchy sequence is convergent. And it is well-known that R™
has such a property, for every m.
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Indeed, the pointwise convergence says that, for every fixed x € A, the sequence of
vectors (f,,(7))nen converges in R™ to the vector f(x), but it does not say anything about
the “velocity of such a convergence”: for any point x the convergence velocity may be
completely independent from the velocity of the convergence in other points. In particular,
once € > 0 is fixed, it may be not possible to find n such that the values f,(z) is far from
the limit value f(z) not more than e, and such that this happens for all x € A. Instead,
this is exactly what the uniform convergence says. From a geometrical point of view, the
uniform convergence says that, for every width (¢) of a tubular neighborhood (a tube)
around the graph of f over A, we can find n such that, from % on, the graphs of all the
functions f,, are entrapped inside such a neighborhood.

A first interesting result about the uniform convergence is the following, whose proof
may be found in any text book.

Proposition 8.7 If f, : A — R™ is a sequence of continuous functions uniformly con-
verging on A to a function f: A — R™, then f is continuous too.

8.2.1 Change between the limit sign and the sign of integral

One of the major point of interest of the uniform convergence is the following Proposition
about the passage of the limit sign under the sign of integral. The proof may be found
on any text book.

Proposition 8.8 Let f, : A — R™ be a sequence of integrable functions uniformly con-
verging to a function f: A — R™ on A'™. Then f is also integrable on A and

Aﬂﬂ@=<zé<ggﬁxo )Inﬁ%/h (8.1)

Let us note that the uniform convergence is only a sufficient condition for passing
with the limit inside the integral. It is not necessary: we may require a little less than
the uniform convergence, still preserving the sufficiency for (8.1). However, the pointwise
convergence is not more sufficient: it is too few. Take for instance the sequence of functions
in [0, 1]

n’z ifOSxS%
fo(@) =< —nPz4+2n ifL<a<2
0 if £ <2 <1

The sequence f, pointwise converges to the null function f = 0, but the integrals do not

converge
1 1
/ fo(z)dx =1 Vn >0, / flx)dx =
0 0

109The integral of a vector-valued function is defined as the vector whose components are the integral
of the (scalar-valued) components of the function.
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Proposition 8.9 Let us consider A CR", B CR™, f: A — RP uniformly continuous,
and zj, : B — A uniformly convergent to z : B — A on B. Then, the sequence of functions
f oz : B— RP uniformly converges to the function f oz on B.

Proof. The thesis immediately follows from our hypotheses and from the following
inequality, which holds for every x,y € B, and for all k¥ € N,

1f (zx(2)) = f(z(@2)][er < wp(ll2r(z) = 2(2)l[gn),

where w; is a modulus of continuity for f on A. 0J

8.2.2 The Ascoli-Arzela Theorem

The following theorem is of fundamental importance for proving existence results in the
theory of ordinary differential equations!!°.

Theorem 8.10 Let K C R™ be a compact set and f, : K — RP be a sequence of
functions. Let us suppose that the following hypotheses are satisfied
i) equiboundedness: there exists a real number M > 0 such that

| fo(@)|lme < MV z € KV n;

ii) equicontinuity*'': for every e > 0 there exists § > 0 such that

ry € K, llz—ylan <5 = fule) = fu(y)llz <2V .

Then there exist a continuous function f : K — RP and a subsequence f,, such that f,,
uniformly converges to f on K, as i — +00.

Proof. Let A C K be a numerable set which is dense in K2, Let us enumerate A
A={x1,29,23,...,Tp,...}.

We first consider the sequence in RP: {f,(x1)},"?. By the equiboundedness, such a
sequence is bounded in RP, and hence it has a convergent subsequence. We denote the
limit by y; and the subsequence by

fn}(ﬂm)a lim fn; (33'1) =Y € R”.

j—Foo

HOOf course, it is of fundamental importance in many other contexts.

M1 Actually, this is an equi-uniform continuity

H2For any n € N\ {0} take a covering of K given by a finite number of balls of radius 1/n. For any of
such balls take a point belonging to K.

13Note that it is a sequence of vectorial elements (in R?). Here convergence is obviously equivalent to
the convergence of the sequences of the components.
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Hence, we have a sequence of functions, f,1, which converges in x;, Let us evaluate such
J
a sequence in xy, obtaining, as before, the bounded sequence f,:(z5) in R?. Again, such a
J

sequence has a convergent subsequence. We denote the limit by y, and the subsequence
by

fn;,z(wz)7 lim fn;Q(ﬂfz) =y, € RP.

j—+oo

Now, as before, we evaluate such a sequence of functions in x3 and we extract another
subsequence converging in x3. We then have

lim fn},Q,S ($3) =y3; € RP.

j—+oo
Proceeding in this way, at the step h we have a subsequence of functions, denoted by
fnjl_,Z,m,hfl,h

which converges in z;, for every i = 1,2,---,h — 1, h, respectively to points y; € RP.
Now, for every i € N we define the index (diagonal procedure)

Let us first note that lim; . n; = 400 (that is n; is really a subsequence of the sequence
of indices n). Indeed, by our construction we have

n; — n?.,.ﬂ' < n;...)z’,z’-‘,—l < n;’;.l.,i,i—i-l = N1, (82)
where the first inequality comes from the fact that the sequence of indices {nj”l}] is

extracted from the sequence {njll}]

We leave the proof of the following statement to the reader.

The subsequence of functions f,, pointwise converges to the function f on A, where
f(zn) = yn for every h € N. That is

lim f,,(z) = f(z) Vo € A

Moreover, f is uniformly continuous in A. (Hint for the pointwise convergence: take
xp € A and € > 0 and show that there exists j, > h such that Hf;]hh(xh) -l < e
and conclude by (8.2). Hint for the uniform continuity: take € > 0 and then § > 0 given
by the equicontinuity of fy; take any x,y € A with ||z — y|| < § and then i such that
o) = £ W) — (0] < 22)

Since f is uniformly continuous on A, it uniquely extends to a uniformly continuous
function, still denoted by f, defined on the whole set K, which is the closure of A.

We are done if we prove that f,, uniformly converges to f on K. By absurd, let us
suppose that it is false. Hence, there exist € > 0, a subsequence iy, — +00 as s — 400,
and a sequence of points z;, € K such that
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| fr, (23,) = f(2i,)|| > E Vs.

By the compactness of K the sequence of points has a subsequence which converges to a
point T € K. We still denote such a subsequence by x;,, that is

T;, — T as s — +o00.

By the equicontinuity of the functions f,, and the uniform continuity of f, there exists
0 > 0 such that

5 g
&n €K, € —nllen <0 = |[fn;, (€) = fu,, D)llre < £ Vs, and [£(€) = f(n)lre < ¢
Now, we take s € N such that ||z;, — 7| < § for s >3, we take & € A such that ||z—Z|| < §
(remember that A is dense in K), and finally we possibly modify S in such a way that
| fri, (Z) — f(2)|| < E/5 for all s > 5. Hence, for s > 5 we have the following inequality
which contradicts the absurd hypothesis:

[ fo, (i) — ()]
< o, (3) = Si (@) +
HIf @) = F@N + @) = f(a,)

<S4t tiiiigs
=575 55 5 "

S|

O

Now we exhibit three examples where we separately let drop only one of the previous
hypotheses (compactness of K, equiboundedness, equicontinuity) and where the thesis of
the theorem does not hold anymore.

Example 8.11 (Lacking of compactness.) Let us consider the sequence f,, : R — R

0 ifr<norx>n-+1,
falx) =X x—n ifngxgn—l—%,
—r4+n+1 ifn+j3<z<n+l

Such a sequence is equicontinuous and equibounded on R, but no subsequence uniformly
converges on R. Indeed, the sequence pointwise converges to the null function f =0 and
then, if a subsequence is uniformly convergent it must converge to f = 0'*4, but

1
sup | fr(z)] = 5> 0V n.
zeR

4The uniform convergence implies the pointwise convergence.
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Example 8.12 (Lacking of equiboundedness). Let us consider the sequence f, : [0, 1] —
R, with f,(z) = n for all n. Such a sequence is equicontinuous on the compact set [0, 1]
but it is not equibounded. And, of course, no subsequence is uniformly convergent.

Example 8.13 (Lacking of equicontinuity.) Let us consider the sequence f, : [-1,1] — R

-1 if —1<2< -1,
folz) =< nz if —%gxgi,
1 ifi<z<l.

Such a sequence is equibounded on the compact set [—1, 1] but it is not equicontinuous
(even if every f, is continuous). No subsequence may uniformly converge. Indeed, the
sequence is pointwise converging to the function

-1 ifx <0,
flx)=4¢ 0 ifz=0,
1 ifx>0,

which is discontinuous. If a subsequence uniformly converges, then it must converge to f,
but all the f,, are continuous and the limit f is discontinuous. This is impossible. Hence
there are not uniformly convergent subsequence.

8.3 Metric spaces

Definition 8.14 A non empty set X is said a metric space*'® if there exists a nonnegative
function

d: X xX —0,+00]
satisfying:

i) (positive definition) d(x,y) = 0 if and only if x = y;

it) (symmetry) d(x,y) = d(y,x) for all x,y € X;

iii) (triangular inequality) d(z,y) < d(x, z) + d(z,y) for all z,y,z € X.
The function d is also said a distance on X (or a metrics).

It is easy to see that a metric space is also a topological space where the convergence of
a sequence ,, to a point Z is equivalent to the convergence to 0 (in R) of the distances!!6,
ie.:

lim z,=7 < lim d(z,,7) =0.

n—-+o00 n—-+o0o

15 Actually, we should say that a couple (X,d) is a metric space if X is a non empty set and d is a
function from X x X to [0, +oo] satisfying....

16 A more precise characterization is that the balls B(z,d) = {y € X’d(x, y) < &}, when we vary z € X
and ¢ > 0, form a basis for the topology (the set of all open sets of X)
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8.3.1 Completeness and fixed point theorems

Definition 8.15 A metric space X, with distance d, is said a complete metric space if
every Cauchy sequence in it is convergent. A Cauchy sequence in X is a sequence of
points x, of X such that

Ve>03dmeN such that nym >n = d(z,,z,) <e.

Definition 8.16 Let us consider a metric space X and a function F': X — X. We say
that F' is a contraction (on X ) if there exists a constant L, with 0 < L < 1 such that

d(F(z), F(y)) < Ld(z,y), Vz,y€X.

We say that a point x € X is a fized point for (of) F if

F(x) =x.
The following theorem is one of the most powerful tool in mathematical analysis.

Theorem 8.17 (Contraction Lemma). If X is a complete metric space and F': X — X
1 a contraction, then there exists a unique fized point for F, that is

Al z € X such that F(x) = x.

Note that this is an existence as well as a uniqueness result: it says that a fixed point
exists, and it also says that it is unique.

Proof of Theorem 8.17. i) (Uniqueness.) We first prove that there exists at most one
fixed point. Indeed, let z,y € X be two fixed points for F, and suppose that they are
distinct (i.e. d(z,y) > 0). We immediately get the following contradiction:

d(z,y) = d(F(z), F(y)) < Ld(z,y) < d(z,y).

ii) (Existence.) Now we prove that a fixed point really exists. Let us take a point
x € X and consider the following sequence in X:

xo:=x, 11 := F(xg), x9 := F(x1), x3:= F(x3), ..., 2, := F(x,_1), ...

We now prove that such a sequence is a Cauchy sequence and that its limit (which exists
since X is complete) is a fixed point for F. We first observe that

T = F(rn) = F(F(2n-2)) = F(F(F(tn-3))) = --- = F"(2),

where, with obvious notation, F'™ stays for the composition F o F'o---0o F of F' n times
with itself (with F° the identity). Using such a notation we have, for every n > 1,

d(@pi1, ) = d (F*" ' (2), F'(2)) = d (F (F"(2)), F (F" '(2))) < Ld (F"(z), F* () .
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Repeating such an estimate n times and setting C' = d(x1, ) > 0, we get, for every n,

d(zpi1,2,) < L'd(z1,2) == L"C > 0,

and hence, for all n > m > 7 (recall L > 0)

n—1 +oo
0 <d(zp,xm) < d(Tp,Tp1) +d@p_1,Tp-2)+  +d(Tpmi1,Tm) < CZU < C’ZLi,

from which we get the Cauchy property of the sequence since Zj:; L is the rest of the
converging series of powers of L (remember that 0 < L < 1), and so it is infinitesimal as
n — +00.

Now, let T € X be the limit of the sequence. Hence we have

0<d(F(z),z) <d(F(z), F"'(2)) + d (F""(2),T)
< Ld(z,F*(z)) +d (F"'(2),z) — 0, as n — +oo.

We then get d(F(z),T) = 0, from which the conclusion F(7) = 7. O

8.4 Matrix algebra

8.4.1 The exponential matrix and its properties.

Theorem 8.18 Let A be a n x n matriz. Then the matriz series''”

+o0o

Ak A2oA3
ZH:1+A+§+§+---
k=0

is convergent''® to a n xn matriz which we call the exponential matriz of A and we denote
by e?.

Proof. We recall that, given the n x n matrix

A= (aij)i,jzl,...,m

its norm is defined as

A =" gl

ij=1

HU7Where I is the identity matrix and A¥ means AA--- A k times.
18You can regard the convergence of a series of n x n matrices as convergence of a sequence of vectors
2
in R™ .
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which, from a topological point of view, is equivalent to the Euclidean norm of R™. Since
it is a norm it satisfies the sub-additivity property. Moreover, also the Cauchy-Schwarz
inequality holds: for every A, B n X n matrices

[AB] < ([l BI[.

Now, we prove that our matrices series is a Cauchy series, from which the conclusion
follows. Indeed, for every p,q € N we have

p+q p p+q p+q p+q

A A A | A* IA]*
> w2 wlE X s
k=0 k=0 k=p+1 k=p+1 k=p+1

and we conclude, since the last term is the rest of the (converging) real exponential series

of [|A|| € R. O

We do not prove the following Proposition, whose proof may be found on every text
book.

Proposition 8.19 For every n x n matriz, the exponential matriz e?

determinant different from zero), indeed

is nonsingular (i.e.

det (eA) = ")
where tr(A) is the trace of A, tr(A) = ay1 + ags + -+ + App.

Proposition 8.20 Let us denote by M, the space of the n X n real matrices, and fix
A e M,. Then, the function

R>t— e eM,
1s deriwvable and its derivative s

d 1a tA

—e' = Ae™. 8.3

o (8.3)
Proof. We just prove (8.3). In the same way as we proved the convergence of the series,

we can also prove the uniform convergence, on every compact set, of the time-dependent

series

+oo (tA)k —+o00 tk.Ak

k! k!
k=0

k=

o

and of the series of its derivatives

+oo Ltk—1 AF

k!
k=1

100



Hence, we can derive term by term, and we get

+o0 0
d 0 d=:thAh RARd

S T dt KL<k dt
+o0o kk:O ]fi-:og kAk
A b1 t
(k—1) k! ‘
k=1 k=0

O

Remark 8.21 By its very definition we have e© = I where O is the null matriz. More-

over, for every t,s € R, A and the exponential matrices e, e’ commute and we have

AetA — etAA’ etAesA — e(t—i—s)A.

8.4.2 On the calculus of the exponential matrix

In general, to explicitly calculate the exponential matrix e? is hard"?. Here, we illustrate
some particular favorable cases for the computation of e?.

(Diagonal matriz.) If A is diagonal, then the exponential matrix e is the diagonal
matrix whose principal diagonal coefficients ¢;; are given by e, where \;; are the cor-
responding coefficients of the principal diagonal of A. To check this fact, just use the
definition.

(Diagonalizable matriz. ) If A is diagonalizable (on R), i.e. there exist two (real)
matrices B, invertible, and D, diagonal, such that

D = B 'AB,
then, using just the definition, an easy calculation shows that, for every t € R,
e — BeP B
where e'? is diagonal as in the previous case.

(Three special cases for 3 x 3 matrices.1??)
i) The matrix A has only one eigenvalue A\ € R. Then, for every t € R:

et = M (1 +t(A—=N)+ %tQ (A — M)?) .

ii) The matrix A has three distinct eigenvalues A, u, v € R. Then, for every ¢t € R:

19Ty particular, e” is not the matrix whose coefficients are the exponential of the coefficients of A.

120For the proof, see, for instance, T.M. Apostol: “Calcolo, Volume terzo, Analisi 27, Bollati-Boringhieri,
1992.
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i _ A=) (A=vD) | (A= AD(A=vD) (A=) (A—pl)
A= m(h—v) (=N~ ) (V=N — 1)

iii) The matrix A has only two eigenvalues A, u € R, where A has (algebraic) multiplicity
2 and p has (algebraic) multiplicity 1. Then, for every t € R:

ut )t tert
(A - e)\(A—)\[)2.

et :et(I—Ft(A—)\I))—FW

/’l/_

8.5 Remarks on the space C([a,b];R")

Let [a, b] be a compact interval of the real line R. Then we define the set of all continuous
functions (up to the boundary) from [a, b] to R" as'?!

C(la, b); R") = {f  [a,b] — R”

f is continuous in |[a, b]} :

It is well-known that it is a vectorial space on R. We endow it with the following
metrics!??

d(f,9) = sup ||f(z) = g(x)ller = I/ — 9l (8.4)

z€[a,b]

Remark 8.22 Note that, by definition, a sequence fi, € C([a,b]; R™) converges to a func-
tion f € C([a,b];R™) with respect to the metrics in (8.4) if and only if the sequence
uniformly converges to f in [a,b].

Proposition 8.23 Endowed with the metrics (8.4), C([a,b];R™) is a complete metric
space.

Proof. Let us consider a Cauchy sequence, that is a sequence of functions f, €
C(la, b]; R™) such that, for every & > 0, there exists k£ € N such that

ij >k = s?pb] | fi(w) — fi(x)] < e. (8.5)
z€la,

But then, for every x € [a, b] fixed, the sequence of vectors fi(x) is also a Cauchy sequence
in R™. Hence, for the completeness of R", it converges. Let us denote by f(x) the limit
of such a sequence. We are going to prove that f € C([a,b]; R™) and that

i I = e =0,

121Sometimes it is also denoted by C°([a, b]; R™).
122 A5 exercise, prove that it is a metrics.
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which will conclude the proof. Let us fix ¢ > 0 and take k as in (8.5). Hence, for i, j > k,
we have

1fi = filloo < &= [l fi(z) = (@) < & Vo € [a,b]
= lm [|fi(z) - fi(@)| < e Vo € la,b] = || fiz) - f@)ll < e Vz € [a, ]

Since the convergence in metrics is the uniform convergence, then the limit is also con-
tinuous: f € C([a,b]; R™), and the proof is finished. O
Remark 8.24 [f B C R" is a set, we can also consider the space

C([a,b]; B) = {f s [a,b] — B|f is continuous in [a,b]} :

which is a subset of C([a,b]; R™), and we can think to it as endowed with the same metrics
(8.4). If B is closed, then C([a,b]; B) is also closed in C([a,b]; R™) and hence, as metric
space, it 1s a complete metric space too.

8.6 Remarks on differential 1-forms in two variables

Definition 8.25 A differential 1-form in two variables is a function between an open set
A of the plane R? and the set L of the linear functions from R? to R:

w:A—= L, (z,y) — w(z,y) : R* = R (linear).

If w is such a 1-form, then it is not hard to see that there exist two functions P, Q) :
A — R such that w(z,y) = P(x,y)dx + Q(x,y)dy, where dx and dy are the projection to
the x and the to y axis, respectively'*®. We say that w is a continuous 1-form (respectively:
a C! 1-form) if P and Q are continuous (respectively: of class C1).

If w = Pdx + Qdy is a continuous 1-form on A C R?, we say that a C* function
v : A — R is a primitive (or a potential) of the differential form if

dyp 0

5 (r20) = P(r.y), 55 (29) = Qle,y) Y (w9) € 4,

and, in such a case, we say that w is exact.

The following theorem is well-known.

Theorem 8.26 Letw : A — L be a C' 1-form on A C R?, open. A necessary condition
for w = Pdx + Qdy be exact is

oP 80

oy @Y = gy @) V) € A (8.6)

The condition (8.6) becomes also sufficient if the domain A is simply connected'**.

123They are a basis of the linear space L.
124 4 is simply connected if it is connected and it has no “holes”, in the sense that every closed curve in
it is homotopic to a point, with homotopy which makes the curve not exit from A.
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Once we know that a continuous differential form w = Pdx + Qdy is exact, how can
we calculate a primitive? Here is one of the possible methods. If ¢ is a primitive, then

Op B
%(l',y) - P(I’,y),

and so, using indefinite integrals, we also have

g

%(x,y)dx = /P(x,y)dx = o(z,y) =P(z,y) + g9(y),

where P is a primitive of P with respect to x only, and g(y) is the constant of integration
which of course depends on y'?°. Then we get

0 0
@) = Qley) = 8—7;<x,y>+g'<y> — Q).
from which
0
/) = Qla.y) ~ 5 (.0),

and, if w is exact, the second member is really a function of the only variable y. Hence

9(y) = Q(z,y) + k

where k € R and Q is a primitive of the function of y: Q(z,y) — %—E(w, y). We conclude
that the functions

o(r,y) = P(x,y) + Qz,y) + k,

are all the primitives of w!?¢.

125T¢ is a constant with respect to the integration variable z only.
126 Actually, they are “all” the primitives if A is connected.
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