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Chapter 1

The origins: Differential
equations

%s this book is about Dynamical Systems, let’s start by defining the
object of study. The concept of Dynamical System is a very general one
and it appears in many branches of mathematics from discrete mathematics,
number theory, probability, geometry and analysis and has wide applications
in physics, chemistry, biology, economy and social sciences.

Probably the most general formulation of such a concept is the action of a
monoid over an algebra. Given a monoid G and an algebra A, the (left)-action
of G on A is simply a map f: G x A — A such that!

1. f(gh,a) = f(g, f(h,a)) for each g,h € G and a € A;

2. f(e,a) = a for every a € A, where e is the identity element of G;
3. f(g,a+b)=f(g,a)+ f(g,b) for each g € G and a,b € A,

4. f(g,ab) = f(g,a)f(g,b) for each g € G and a,b € A;

In our discussion we will be mainly motivated by physics. In fact, we will
consider the cases in which G € {N,Z,R;,R}? is interpreted as time and

1In an alternative, one can consider the action on a vector space, if one wants to include,
e.g, stochastic processes.

2 Although even in physics other possibilities are very relevant, e.g. in the case of Statis-
tical Mechanics it is natural to consider the action of the space translations, i.e. the groups
{Z¢,R?} for some d €N, d > 1.
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A, interpreted as the observables of the system,® is a commutative algebra
consisting of functions over some set X. In addition, we will restrict ourselves
to situations where the action over the algebra is induced by an action over
the set X (this is a map f: G x X — X that satisfies condition 1, 2 above).*
Indeed, given an action f of G on X and an algebra A of functions on X such
that, for all a € A and g € G, b(-) := a(f(g,-)) € A, it is natural to define
f(g,a)(x) = a(f(g,z)) for all g € G, a € Aand x € X. It is then easy to
verify that f satisfies conditions 1-4 above.

We will call discrete time Dynamical System the ones in which G € {N, Z}
and continuous time Dynamical Systems the ones in which G € {R;,R}.
Note that, in the first case, f(n,z) = f(n—1+1,2) = f(1, f(n—1,2)), hence
defining T : X — X as T'(x) = f(1,x), holds f(n,z) = T™(x).> Thus in such a
case we can (and will) specify the Dynamical System by writing only (X, T).
In the case of continuos Dynamical Systems we will write ¢;(z) := f(¢, )
and call ¢; a flow (if the group is R) or a semi-flow (if the group is Ry)
and will specify the Dynamical System by writing (X, ¢;). In fact, in this
notes we will be interested only in Dynamical Systems with more structure
i.e. topological, measurable or smooth Dynamical Systems. By topological
Dynamical Systems we mean a triplet (X, 7,T), where T is a topology and T'
is continuos (if B € T, then T-'B € T). By smooth we consider the case in
which X has a differentiable structure and 7' is r-times differentiable for some
r € N. Finally, a measurable Dynamical Systems is a quadruple (X, 3, T, i)
where ¥ is a o-algebra, T is measurable (if B € ¥, then T~'B € ¥) and p is
an invariant measure (for all B € &, u(T~!'B) = u(B)).°

So far for general definitions that, to be honest, are not very inspiring.
Indeed, what characterizes the modern Dynamical Systems is not so much
the setting but rather the type of questions that are asked, first and foremost:

e Which behaviors are visible in nature? (stability and bifurcation
theory).

e What happens for very long times? (statistics and asymptotic
theory)

The rest of this book will deal in various ways with such questions.
The original motivation for the above setting and for these questions comes
from the study of the motion which, after Newton, typically appears as so-

3 Again other possibilities are relevant, e.g. the case of Quantum Mechanics (in the so
called Heisenberg picture) where the algebra of the observable is non commutative and
consists of the bounded operators over some Hilbert space.

4 Again relevant cases are not included, for example all Markov Process where the evo-
lution is given by the action of some semigroup.

50bviously T?(z) = ToT(z) = T(T(x)), T3(x) = ToT o T(x) = T(T(T(z))) and so on.

6The definitions for continuos Dynamical Systems are the same with {¢:} taking the
place of T.
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lution of an ordinary differential equation (ODE). It is then natural to start
with a brief reminder of basic ODE theory.”

In section 1.1 T will recall the theorem of existence and uniqueness of the
solutions of an ODE. In addition, I will state the Gronwall inequality, a very
useful inequality for estimating the growth rate of the solution of an ODE.
Finally, a theorem yielding the smooth dependence of the solutions of an ODE
from an external parameter or from the initial conditions is provided.

In section 1.2 is given a very brief account of linear equations with constant
coefficients (by discussing the exponential of a matrix) and of Floquet theory.
That is the study of the solutions of a linear equation with coefficients varying
periodically in time. The basic result being that the asymptotic properties of
the solutions can be understood by looking at the solutions after one period.

Finally, section 1.3 discusses the possibility of qualitative understanding
the behavior of the solutions of ODE that cannot be solved explicitly (essen-
tially all the ODEs). The arguments are very naive and are intended only to
convince the reader that a) something can be done; b) a more sophisticated
theory needs to be developed in order to have a satisfactory picture.

1.1 Few basic facts about ODE: a reminder

Our starting point is the initial Cauchy problem for ODE. That is, given a
separable Banach space B,® V € C? (B x R, B),” and zy € B, find an open

loc
interval 0 > I C R and = € C(I,B) such that
(D) = V(a(t), 1 .
x(0) = xo. o

Remark 1.1.1 I will be mainly interested in the case B = R?, for some d €
N. Thus, the reader uncomfortable with Banach spaces can safely substitute

"In fact, also the solutions of a partial differential equation (PDE) may give rise to a
Dynamical System, yet the corresponding theory is typically harder to investigate.

8 A Banach spaces is a complete normed vector spaces. This means that a Banach space
is a vector space V', over R or C, equipped with a norm ||- || such that every Cauchy sequence
in V has a limit in V. By separable we mean that there exists a countable dense set. Check

, ] for more details or | ] for a lot more details.

9Given two Banach spaces By, Bz, an open set U C By, and ¢ € N by C4(U, B2) we mean
the continuous functions from U to Ba that are g time (Fréchet) differentiable and the ¢-th
differentials are continuous (see Problem 1.18 for a very quick discussion of differentiation
in Banach spaces). Such a vector space can be equipped with the norm || - ||cqa given by
the sup of all its derivatives till the order ¢ included. If we then consider the subset for
which such a norm is finte, then we have again a vector space which is, in fact, a Banach
space. We will call such a Banach space C4(U,Ba,| - ||ca), yet, when no confusion can
arise, we will abuse of notation and call it simply C%(U, B2). By Clqoc(U7 B2) we mean the
vector space of the functions f : U — Bg such that, for each w € U and R > 0 such that
B(u,R)={veB: :|lv—u|| <R} CU, f€CiB(u,R),Ba,| - |lca). Note that, in general,

Clqoc is not a Banach space (in fact, it is a Fréchet space).
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R? to B in all the subsequent arguments. Yet, it is interesting that the theory
can be developed for general Banach spaces at no extra cost. For simplicity, in
the following we will always assume that all the Banach spaces are separable
even if not explicitly mentioned. In essence, this is just a fancy way of saying
that much of the following depends only on the Banach structure of R?, that is
on the fact that R? is a complete vector space with a norm (e.g. the euclidean
norm) and, for evample, nowhere is used the fact that R% has a finite basis.

I will also briefly consider ODE on (finite dimensional) manifolds. Not
much extra theory is needed in order to do this, since ODE on manifolds can
always be reduced to the case R? case, see section 1.1.5.

The first problem that comes to mind is

Question 1 Does the Chauchy problem (1.1.1) always admit a solution? If
there exists a solution is it unique?

To address such an issue it is convenient to consider the equation'®

x(t) = xo —l—/o V(z(s),s)ds (1.1.2)

Problem 1.1 Show that for each finite open interval 0 € I C R, if x €
CY(I,B) is a solution of (1.1.1), then it is a solution of (1.1.2). Show that if
x € CO(1,B) is a solution of (1.1.2) then x € C*(I,B) and solves (1.1.1).

1.1.1 Existence and uniqueness

The issue of existence and uniqueness of the solutions of (1.1.1) can be solved
by applying the clasical Banach fixed point Theorem (see A.1.1), provided we
make a stronger assumption on V.

Theorem 1.1.2 (Existence and Uniqueness theorem for ODE) For each
V € CL.(Bx R,B) and xo € B there exists 6 € Ry such that there exists a

loc

unique solution of (1.1.1) in C*((—9,6),B).!

PrROOF. Let § € (0,1). The reader can verify that the vector space
C%([=4,4], B), equipped with the norm |[ulles := sup,e_s 5 [[u(t)|5 is a Ba-
nach space.'? By definition there exist &y, Rg > 0 such that, for all § < §y and

10The most convenient meaning of the integral of a function with values in a Banach space
is the Bochner sense, which reduces to the usual Lebesgue integral in the case B = R%, see
[ | for definition and properties. Yet, for our purposes the equivalent of the Riemannian
integral suffices and it is defined in the obvious manner. See Problem 1.20 for details.
1'We equip B x R with the norm ||(z,t)|| < sup{||z|/s, |t|}, where || - || is the norm of B.
12The uniform limit of continuous functions is a continuos function.
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R < Ry, V € CY(Dg, B), where Dy = {y € C°([-4, 4],
We can then define the operator K : Dg — C°([—46, d], B) by'?

K(u)(t) == xo +/0 V(u(s), s)ds.

Let Ms = supjy<s SuPyep, {1V (u,t)[| + |0,V (u, t)[|}, note that Ms is a de-
creasing function of §. Then, for each u € Dg and [t| < 4, (recall Problem
1.22)

I (u(t)) = @0l < 6Ms < R

provided we chose 6Ms < R. Thus K maps Dpg into Dg. In addition, for
each u,v € Dg,

1
1 (w) = K(v)loo < 6Msllu = vlleo < 5 flu = vlo,

provided we chose 26 Ms < 1. We can then apply Theorem A.1.1 and obtain
a unique solution of the equation Ku = u in Dg. This shows the existence
and uniqueness of the solution of (1.1.2). The Theorem follows then by re-
membering Problem 1.1. O

Remark 1.1.3 Note that in the proof of Theorem A.1.1 one can chose the
same § for an open set of initial condition.

Remark 1.1.4 The hypotheses of the above Theorem can be easily weakened
to the case of V locally Lipschitz in x and continuous in t, yet only continuity
does not suffice for uniqueness as shown by the example

b=V
z(0) = 0.

which has the infinitely many solutions x4(t) = 0 for t < a and x4(t) =
tt—a)? fort>a, acRM

Remark 1.1.5 The restriction to an interval of size § in Theorem A.1.1
cannot be avoided as shown by the example

Its solution x(t) = (1 —t)~! is not continuous, nor bounded, for t = 1.

13The meaning of CO(K, B2) where K is a closed set of B is the usual one.

141f B is finite dimensional, then V € C° suffices for the existence of a solution. This
follows by a direct application of Schauder fixed point Theorem to (1.1.2). For informations
on such a fixed point theorem and fixed point theorems in general see | ].
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We have seen a mechanism whereby the solution cannot be defined for all
times, the next Lemma shows that, for C! vector fields, the above is the only
mechanism.!?

Lemma 1.1.6 In the hypotheses of Theorem 1.1.2, if v € CL_((—4,6),B) is

loc

a solution of (1.1.1) for some §,6 > 0, and if there exists M > 0 such that
Supseo.g) [l2(t)|| < M, then there exists 6 > § and T € CY((-4,6),B) that
solves (1.1.1) (i.e. the solution can be extended for longer times).

PRrROOF. Let {t,} be any sequence that converges to ¢, then

t'rn
|2(tn) — z(tm) |l S/ [V (z(s),s)llds < [tn —tm| sup sup [[V(z,s)].
tn Izl <M s€[0,5)

Thus {z(t,)} is a Cauchy sequence and admits a limit =, € B such that

5
. = lim x(t,) = lim z(t) = g —l—/o V(z(s),s)ds.

n— 00 t—6

We can then consider the equation

y(t) =z +/0 V(y(s),s+ d)ds.

By Theorem 1.1.2 there exists §; and y € C*((—01,61), B) which satisfy the
above equation. Let then 6 = 0 + §; and define

() = x(t) fot all t € (=4, 9)
Tyt —0)  fotalltes0d).

Clearly = € C°((—4,4),B) and, for t € [§,5) holds true

Z(t) = xs + /; V(z(s),s)ds = zo + /0(S V(z(s),s)ds + /; V(z(s), s)ds
=1z + /Ot V(z(s), s)ds.
Thus, again remembering Problem 1.1, the Lemma follows. O
Remark 1.1.7 Applying repeatedly Lemma 1.1.6 it follows that there exists

a mazimal open interval J C R such that the Cauchy problem (1.1.1) has a
unique solution belonging to CL.(J,B).

151 state the result for positive times, for negative times it is the same.
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1.1.2 Growald inequality

We have seen that the escape (growth) to infinity is the only obstruction to
enlarging the domain of the solution.'® The question remains: how large the
maximal interval J in Remark 1.1.7 can be?

To understand better how the solution of an ODE can grow we need a
technical but extremely useful Lemma.

Lemma 1.1.8 (Integral Gronwald inequality) Let L,T € R} and&, f €
C°([0,T),R). If, for all t € [0,T],

)< L /O £(s)ds + 1(0)
then

§H < F)+L /0 eL=3) £(5) ds.

PROOF. Let us first consider the case in which f = 0. In this case the
Lemma asserts £(¢) < 0. Indeed, since £ is a continuos function there exists
t. €[0,(2L)~*] N [0,T] =: I such that £(t.) = sup,c;, £(t). But then,

£t <L / (s ds < E(t) I < E(1)

which implies £(t.) < 0 and hence £(t) < 0 for each ¢t € I1. If I; = [0, T], then
we are done, otherwise letting ¢; := (2L)~! we have
¢

)<L t £(s)ds

and we can make the same argument as before in the interval [t1,2t1]. Iter-
ating we have £(t) < 0 for all ¢ € [0, 7.
To treat the general case we reduce it to the previous one. Let

Ct) =&t — f(t) — L / M=) £(5) ds.

Then

()<L /0 t £(s) ds — /0 t Le™(79) f(s) ds
) Otg(s) ds+L/t{f(s)ds+L/s eL<“>f(T)dT}

0 0
t
—/ Le™=9) f(s) ds.
0

160f course, this is the case only for regular vector fields. For other possibilities think of
the case of collisions among planets.
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Next, notice that

t s t t
/ dsL / L f(r)dr = L / drf(7) / dsels=7)
0 0 0 T

= /Ot f(s){et®=%) —1}ds.
Thus,
<t [ s

We have then reduced the problem to the previous case which implies that it
must be ((t) < 0 from which the Lemma follows. O

Let us see the usefulness of the above Lemma in a concrete example. Let
L(B, B) be the Banach space of the linear bounded operators from B to B.'"

Lemma 1.1.9 For each A € C} (R, L(B,B)), consider the Cauchy problem

(t) = A(t)x(t)
z(0) = zo.

If||A(t)|| < L for allt € R, then ||z(t)|| < eLt||zo|| for allt € R. In particular,
the solution is defined on all R.

PROOF. If we write the equation in the equivalent integral form we have

[l < [loll +/0 [A(s)z(s)[| ds < [|lzol| +L/0 [z (s)]| ds.

Let £(t) == ||z(t)||, apply Lemma 1.1.8 for any T' € R, the Lemma follows.
O

Problem 1.2 Ezplain why Lemma 1.1.9 does not apply to the following set-
ting: B =CYR"™,R) and

&(t, z) = a(z,t)0,x(t, ),

for some o € CH(R™,R), a2, T +t) = a(z,t), T > 0. Compare with Problem
1.24.

"The norm of L € L(B,B) is given by ||L|| := sup ,ep ||Lv|. If B = R%, then L(B,B)
llvll=1
is just the vector space of the d X d matrices.
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1.1.3 Flows

In this section we analyze the case in which the vector field is time independent
and grows at most linearly.

Lemma 1.1.10 Given V € CL_(B,B), if there exists L, M > 0 such that
IV (2)|| < L||z|| + M, then the solution of (1.1.1) exists for all times and for
all initial conditions.

PROOF. We argue by contradiction. Choose any initial condition zy € B
and let I(zg) = (—0_(xg),0+(xp)) be the maximal interval on which the
solution is defined. If 04 (z¢) < oo, then for each t < 4 (xo)

t
l2(@®)] < lzoll + L / le(s)llds + M.

Thus Gronwald inequality implies
lz@)]l < e {llzoll + ML~}

for t € [0,04(xo)). Then, by Lemma 1.1.6, the solution can be extended,
contrary to the assumption that (—d_(xg), 0+ (xo)) was the maximal interval.
A similar argument holds for negative ¢. 0

For each oy € B and t € R let x(t, zo) be the solution of (1.1.1) at time ¢.

Lemma 1.1.11 For each V as in Lemma 1.1.10, setting ¢1(xo) := x(¢, x0),
by = ¢y fort >0, we have that (B, ¢;), t € R, is a Dynamical System.

ProOOF. All we need to prove is that ¢; is an action of R on B. First
of all note that ¢; is indeed invertible. If not then there would be x,z’ € B
such that ¢:(z) = ¢+(a’). But then the uniqueness of the solutions of the
ODE implies x = 2/. Moreover it is easy to check that ¢_¢(x9) = x(—t, x0).
Finally, ¢1(¢s(2)) = dr+s(). [

Remark 1.1.12 We have thus proved that a large class of vector fields gives
rise to flows.

1.1.4 Dependence on a parameter

Having established the existence and uniqueness of the solution, the next
natural questions present itself.

Question 2 How do the solutions depend on the initial condition? How do
the solutions depend on a change of the vector field?
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To discuss such issues it is convenient to analyze first the second question.
More precisely, given V € CZ_(BxRxR?, B) we consider the Chauchy problem

a(t) = V(x(t),t,A)

2(0) = zo. (1.1.3)

Clearly the solution will depend on the parameter A\. The question is then:
calling z(t, A) the solution of (1.1.3), for a given ¢ € R what can we say about
the function (¢, -)?

For simplicity let us consider the case V € C?(B x R x By, B), the more
general case V € C2 (B x R x By, B) is similar and is left to the reader.

Theorem 1.1.13 (Smooth dependence on a parameter) Given two Ba-
nach spaces B, By, let V € C*(B x R x By, B). Let X(t,z0,)\) be the unique
solution of (1.1.3), then X (t,zo,-) € CL.(B1,B).

PROOF. For each z € B consider the ODE for ¢ € CL (R x By, L(B1, B))

E(t,N) = 0, V(X (t, 20, M), 1, \) - E(t, ) 4+ OV (X (£, 20, N), T, \)

HO.N) =0 (1.1.4)

We claim that £(t) = O\ X (¢, 20, A).'® To verify the claim it suffices to prove
that there exists C' > 0 such that, for h € B; small enough, if {(¢,h,\) :=

X (t, 29, A\ +h)— X (t, 20, \)—&(t)h, then ||((¢, k)| < C||h||?. By Taylor formula

we have!?

((t,h) = V(X (t,m0, A+ h), t, A + h) — V(X (t, 20, \), £, \)
- 81‘/( (t .’Iio, )7t) ( )h - 8)\V(X(t7I07)‘)ata)‘)h (115)

where, in the last line, we have used

V(X(t,$07 A+ h)a t7 A) - V(X(t,]]o, A)atv A)

= 0,V (X (£, 20, \), £, A) - (X (£, 20, A+ ), £, \) — X (£, 20, \))

+O(||X(t,1’0,A+h),t, )‘) (t Zo, )” )
and
IR < C (Xt 20, A+ h) = X (¢, 20, )[|* + [[2]?)
< 20(I¢(t WP + L+ IEDIP)IA]P).
181f B =R% ¢ By = R™ then ¢ is just a d x m matrix.

9Note that we cannot Taylor expand X (¢, zo, A + h) with respect to h, since we do not
know yet that X is differentiable with respect to A.
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with C = ||V|c2. Note that ¢(0) = 0. We can then conclude by using Lemma
1.1.8. Indeed such a Lemma applied to (1.1.4) implies [|£(¢)]| < e“*t, for some
Cy > 0. Next, let T > 0 be the maximal time such that ||((¢,h)] < 1/2 and
e?¢1T < 2. Then, for t < T, (1.1.5) yields

t
ICCE; Rl S/O 2C||¢(s)llds + 3h]|?

and Lemma 1.1.8, again, implies the announced estimate. O

Problem 1.3 Prove the analogous of Theorem 1.1.13 when V € C}-

loc”

The above theorem allow to easily prove the following fundamental result on
the smooth dependence on parameters of an ODE.

Theorem 1.1.14 (Smooth dependence on initial conditions) Let V €
C"(BxR,B), r>1. Forxzy € B let X(t,zq) be the unique solution of (1.1.1).
Then, for each t € R, X (t,-) € C[. (B, B). Moreover, { = 0,,X solves

loc

f(t) = (r“)xV(X(t, 1‘0), t) : g(t)
£0) = 1.

PROOF. Set z =z — z¢ and consider the resulting equation

(1.1.6)

2=V(z+x0,t) =: V(z,1,20)
z(0) = 0.

One can then consider z as an external parameter, applying Theorem 1.1.13
yields the result for r = 1. On the other hand, (1.1.6) is itself a differential
equation depending on a parameter with a C* vector field and a C* dependence
on the parameter x( , provided r > 2. So we can apply Theorem 1.1.13 again,
and so on for r times, which proves the theorem. O

1.1.5 ODE on Manifolds—few words

Let us remind that a topological manifold is a second countable Hausdorff
space which is locally homeomorphic to Euclidean space. A chart over a
topological manifold M is a pair (U, ¢) such that U C M is an open set and
¢ : U — R” for some n € N, is an homeomorphism between U and the
open set ®(U). An atlas on a topological manifold is a countable collection
of charts {(U,, ¢o)}. We say that an atlas is C* if ¢, o gbgl is C* when is
defined. We say that two C* atlas are equivalent if their union is a C* atlas.
A C* manifold is a topological manifold equipped with an equivalence class
of C* atlas (often called a differentiable structure).

Although most often we will be concerned with manifolds embedded in
some R?, also other possibilities will be relevant. Let us consider two exam-
ples.
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Problem 1.4 Show that R? is a C* manifold.?°

Problem 1.5 Let f € C¥(R% R), and consider M = {(z,y) ERI xR : y =
f(x)}. Consider the atlas consisting of the chart (M, $) where ¢(x,y) = x.
This is a C*° manifold.

Problem 1.6 Check that T? = R?/Z is a C> manifold.

Given two differentiable manifolds (C* manifolds with k > 1) My, My and
amap f: My — My we say that f € C"(My, M), r < k, if for each atlas
{(Us, ¢a)} of My and atlas {(Vz,v3)} of Ma, holds true ¢g0 fogp,! € C" on
their domains of definition.

Given a differentiable manifold M and = € M, we say that two curves
y1,72 € CY((—1,1), M), such that v,(0) = 71(0) = z, are equivalent at x if
for each chart (U, ¢) such that 2 € U holds true (¢ ov1)'(0) = (¢ o72)’(0). A
tangent vector at x is an equivalence class of curves.

Problem 1.7 Show that if M is localy homeorphic to R?, then the set of
tangent vectors at any x € M form canonically a d dimensional vector space.?!

We will use 7, M to designate the tangent space at x, that is the set of the
tangent vectors at x. The tangent bundle is the disjoint union of the tangent
spaces, i.e. TM = Uzep{z} X T, M. Finally, a vector field is a section of the
tangent bundle, i.e. V : M — T M such that V(z) = (z,V(z)), V(z) € T, M.
Form now on, with a slight abuse of notation, we will identify V with V. Also,
given f € CY(M;y, Ms), since the image of a C' curve is a C! curve, ve have

naturally defined a map f, : TM; — T M.

Problem 1.8 If f € CY(R? R"™) discuss the relation between f, and the
derwative D f.

We have finally the language to define O.D.E. on manifolds, in fact the Cauchy
problem is exactly given again by (1.1.1), only now V is a, possibly time
dependent, C! vector field.

Problem 1.9 Suppose that xo belongs to some chart (U, ), show that the
solution of

& =V(x,t)
z(0) = xg

for a sufficiently small time can be obtained by the solution of an appropriate
O.D.E. in ¢(U).

20Note that, contrary to C¥, C* is not a Banach space (there is no good norm). It is
possible to give to it the structure of a Fréchet space | |, but we will refrain from such
subtleties. We just consider C*° = N, cNC"™ as a vector space.

211f (U, ¢) is a chart containing x, and 71, 2 two curves, think of the curves v (t) = v1 (At)

and ¢~ (B(11(1) + d(2(t) — ¢(x)).
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Problem 1.10 Given a finite atlas {(Uq, o)}, show that there exists a smooth
partition of unity subordinated to the atlas, that is a collections {¢va} €
C>®(M,R) such that y_  ¢o =1 and supp @, C Uq.

Problem 1.11 Given a smooth vector field V' consider

z=V(x)

#(0) = 20 (1.1.7)

with o € Uy for some element of an atlas {(Uada)}. Let zo(t) be the solution
of

Zo = (¢a)V (2a)
Za(o) = (ba(xO)

and suppose that ¢ (z(1)) € Ug. Consider then the solution of
55 = (69).V (25)
25(1) = ¢p(¢5 ' (2a(1)))-
Show that there exists t1 > 1 such that
2(t) = ¢, (2a(t))  forte0,1]
z(t) = ¢ (2(t)) forte (1,t1)
is a solution of (1.1.7) in the time interval [0, ).

Remark 1.1.15 We have seen that the theory of ODE on manifolds can be
reduced locally to the case of RY. Yet, the reader should be aware that the
global properties of the solutions can be very different. We will comment at
length on this issue later on.

1.2 Linear ODE and Floquet theory

Let us briefly discuss the simplest possible differential equation: the affine
ones. For simplicity, we restrict ourselves to the case B = R for some d € N.

1.2.1 Linear equations

Consider

(1.2.8)
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Problem 1.12 Show, by induction, that for each n € N the solution of
(1.2.8) satisfies

n—1

n 1 ¢ t t
x(t) = Z — ARtk + dty dty--- dtnA"Hx(tn).
k! 0 0 0
k=0

Taking the limit for n — oo in the above expression one readily obtains
z(t) =30 ) L A"t . That this is a solution can be verified directly insert-
ing this formula in (1.2.8) (and noticing that the series and the series obtained
by deviating term by term are uniformly convergent). By the standard ana-
lytic functional calculus for matrices (and operators, see Appendix C) we can
thus write z(t) = e*zo. The above discussion provides a general solution for
all equations of the type (1.2.8).

In reality life it is not that simple: if one has a concrete matrix A and
wants to compute e, this may be quite unpleasant. A general strategy,
although not necessarily the simplest one, is to perform a linear change of
variables © = Uz. Then 2 = U ' AUz, and U is chosen so that A = U~LAU

is in Jordan normal form. Then
z(t) = Uz(t) = UeMzy = UeMU L.

It suffices then to know how to take exponentials of Jordan blocks, and this
can be computed by using the defining series.

Problem 1.13 Compute e for

a 1 0

A:(g 2) A:(g i) A={0 a 1

0 0 a
Another, equivalent, point of view is to look for solutions of the type
x(t) = e*v, substituting in the first of (1.2.8) one obtains av = Av. Thus, as
we know already, each eigenvalue of A provides a solution of (1.2.8) (ignoring
the initial condition). If there exists real eigenvectors {v;}¢_; which span all
R? then one can write the general solution, depending on d parameters o, as
x(t) = Z?Zl a;v;e®t where a; is he eigenvalue associated to the eigenvector
v;. One can then satisfy the initial condition by solving zy = Zle ;.
The same can be done is the eigenvectors are complex, by working in C¢
instead then R?. If Jordan blocks are present one can look for solutions of
the form z(t) = > 1 _, ﬁtke‘”vk, compare this formula with your solution

of Problem 1.13.

Remark 1.2.1 Note that if the matriz A does not have eigenvalues with zero
real part, then (by spectral decomposition) one can write R? = V_ @V, , where
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AVy = Vi and A restricted to V_ has eigenvalues with negative real part while
on Vi has eigenvalues with positive real part. Hence if xo € V_ it will hold
lim,, 00 z(t) =0, and if xg € Vy it will hold lim,,_, ||z (t)|| = c0. If o & V_
we can write it as vo = r_ + x4, where xyx € Vi. Hence lim,,_, ||z(t)| = oo
and the trajectory will escape to infinity while getting exponentially close to
the subspace V.. This is our first long time result.

A slightly more complex situation is given by

b= Ax +b(t
N =+ o) (1.2.9)
x(o) = 2o,
where b € C°(R, R?). The solution of (1.2.9) is given by??
t
z(t) = e —|—/ eA(tfs)b(s)ds. (1.2.10)
0

1.2.2 Floquet theory

Let us consider the simplest case of a linear time dependent equation: there
exists a continuous function 4 € C) (R, L(R% R%)) and T € R, such that,
for all t € R, A(t+T) = A(t). More precisely, let ®(xo,s,t) be the solution
of the Cauchy problem??

@(t) = A(t)a(t)

A (1.2.11)

Problem 1.14 Verify the following facts for each x¢,yo € B and for each
a,b,t,s, T €R

o O(axg + byo, s, t) = a®(xo, s,t) + bP(yo, s, 1),
o O(xg,s,t) = D(P(xg,s,7),7,1),
o O(xg,s+T,t+T)=P(xg,s,t).
By the first property of Problem 1.14 there exists K € CL(R?, L(R¢,R%)) such

loc
that ®(xg, s,t) = K(s,t)xo, the second property implies that K (7,t)K (s, 7) =
K(s,t), the third that K(s+ T,t +T) = K(s,t). The next step is the first
occurrence in this book of a very simply but very powerful idea to analyze
dynamical systems: a Poincaré section. Essentially the idea consist in look-
ing at the system only at specially selected moments in time. In this case
it is convenient to look at ¢t € {nT},ecz. That is, we want to investigate

D(x9,0,nT) =: F(xp,n).

22Look for a solution of the form x(t) = e4*2(t) and find the differential equation for z.
23The solution is well defined for all times by Lemma, 1.1.10.
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Lemma 1.2.2 The couple (R, F) is a discrete Dynamical System.

PRrROOF. We have to show that F is an action of Z on RY. Let f(xg) :=
F({E(), ].)

F(zg,n) = ®(x0,0,nT) = &(P(x0,0,(n — 1)T), (n — 1)T,nT))
= ®(P(z0,0,(n—1)T),0,7)) = f(P(x0,0,(n — 1)T)) = f"(z0).

In addition, note that the uniqueness of the solutions of the ODE implies that
if f(xg) = 0, then 2o = 0. Now, by construction, f(z¢) = K(0,T)xg, thus
K(0,T) is an invertible matrix. Hence F'(zg,—n) = f~"(xo) foralln e N. O

By using the functional calculus (see Problem C.19) one can define B :=
T 'InK(0,T), so BT = K(0,T). Let us now consider P(t) := K(0,t)e”F*.

Pt+T)=K(0,t+T)e BT = K(T,t + T)K(0,T)K(0,T) te B
= K(0,t)e”B" = P(t).
We have just proven the following result.

Theorem 1.2.3 (Floquet theorem) The solutions of the equation (1.2.11)
can be written as z(t) = P(t)eP'K(s,0)x¢ where P(t+T) = P(t) is periodic.

Note that the matrix B can be complex valued. This can be avoided at a
little extra cost.

Problem 1.15 Prove that the solutions of the equation (1.2.11) can be writ-
ten as x(t) = P(t)ePlzy where B is real and P(t + 2T) = P(t) is periodic of
period 2T'.

Note that Theorem 1.2.3 implies that the long time behavior is completely
contained in the eigenvalues of the matrix B often called floguet exponents.

Problem 1.16 Find the solutions of

& =a(t)Ax
where a € C°(R,R) is periodic of period T and A is a fized matriz.
Problem 1.17 Given a fized matriz A and a function at matriz values B(t)
of period T, consider the equation & = (A + eB(t))x, ¢ € R. Show that, for

e small enough, calling v; the Floquet exponents and setting A; = e”i (often
called Floquet multiplier), the A; are e-close to the eigenvalues of A.
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1.3 Qualitative study of ODE

The previous discussion has shed some light on the behavior of linear ODE,
unfortunately the interesting ODE are typically non linear. Although some
nonlinear ODE can be solved explicitly (see any ODE book for examples)
typically this is not possible, hence the need of a qualitative theory. As
for the qualitative study of functions this can be done quite naively in one
dimension, while higher dimensions requires some non trivial theory. Let us
see such a naive qualitative theory for ODE via few examples.

1.3.1 The one dimensional case

This situation is very similar to the study of the graph of a function of one
variable. Indeed to draw the graph one studies the first derivative and here
the first derivative is specified by the equation. Let us consider a couple of
simple examples. Consider

9'c:e_x2+x—2:V(x)
ZL'O:O.

One cannot integrate the function V(z)~! (which would yield an explicit
solution of the ODE), yet from the equation follows that there exists a close
to 2 such that & is negative if x < a and positive otherwise. This implies that
the solution starts to be decreasing and keeps decreasing forever.

Next, consider

T=1-2tx
o = a.

Such an equation cannot be solved by separation of variables, yet the above
arguments still apply. In particular for t > 0, we have @(t) < 0 iff z(t) > 5.
On the other hand if z(t) > 5 1t will be so forever. In fact, consider g(t )

z(t) — &, then ¢'(t) = @(t) + 5. So if g(t.) = 0, then ¢’(t.) > 0 hence for
t < t. one has ¢g(t) < 0. Thus the solution will increase until it will intersect

the curve % and then it will start decreasing but always staying above such

a curve. Accordingly, for ¢ > t, we can write x(t) = Ha(t) with @ > 0. Then
z(t) = —af(t), that is

L= /tta(s)ds (1.3.12)

moreover — 1;’2(” + O‘(t) —a(t)
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which means that either a(t) < 55— or it is decreasing. But if it is de-
creasing it must decrease to zero otherwise (1.3.12) would be false for large ¢.

Accordingly it must be lim;_,o a(t) = 0.

1.3.2 Autonomous equations in two dimensions

In this case the basic idea is to consider one component as a function of the
other and in this way reduce to the previous case. Let us see some examples.

Van Der Pol equation

Consider the equation

5=y (1.3.13)
g =(1-32%)y — . e

Clearly (0,0) is the unique zero of the vector field. If we linearise (1.3.13)

around zero we have
d (2,y) = 0 1\ [z
a1 1) \y)-

The matrix has eigenvalues AL = %\/‘g’z

the solutions spiral away from it.

The next question is if a similar motion takes place also far away from the
origin. To this end we want to forget the time dependence and concentrate
only on the shape of the trajectories. Thus we can represent trajectories on
the xy plane. Indeed, apart from the point (0,0), either & or g are different
from zero. In the first case one can locally invert z(t) and write y(z) = y(t(zx)).
When this is possible one obtains

hence the fixed point is repelling and

dy g T
—=1-3z" - —,
dx
which can be studied as in the previous examples. With a bit of work one can
see that the trajectory spirals around zero, but exactly how?
To better understand the behaviour of the solution we introduce a “Lya-
punov” like function.

L(z,y) = 2(z — 2 — y)* + (z — y)* + 32°.
If (x(t),y(t))is a solution of (1.3.13), then a direct computation yields

d

aL(z(t), y(t)) =2*[6 — 2 — 3(z — y)* — 3y°] .
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Accordingly, L is decreasing outside an ellipse. Since 2ab < a? + b2,%*

L(z,y) = 3(x —y)* — 4(x — y)z> + 22° 4 32% > (x — y)* + 322

1
=42% — 2zy + y? > 22% + §y2.

Hence, the level sets K, = {(z,y) € R? : L(x,y) < a} are contained in the
ellipses {(z,y) € R? : 2z + 1y? < o} and hence are compact.

Thus, far away from the origin the trajectory spirals inwardly. It follows,
by the continuity with respect to the initial data, that there exists an a, > 0
such that the corresponding solution is a periodic orbit.

Lotka-Volterra equation

& = ax — Az — \zy

y = —dy + Azxy.

This equation is meant to describe the evolution of two populations one feed-
ing on the other (predator-prey). It also has periodic solutions, try to prove
it using qualitative methods.

Second order in one dimension

Consider the equation

i i
T T
z(0)=0; #(0)=o.

Setting (z,w) = (x,4), we can write it as

Z=w
: 22
w = —yw + m
which is the type discussed above.
Clearly if we consider still higher dimensional cases the above naive ap-
proach cannot help us very much, hence the need of a more sophisticated
theory.

2414 follows from (a — b)2 > 0.
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Problems

1.18.

1.19.

1.20.

1.21.

1.22.

1.23.

Given two Banach spaces Bi,Bs and a functionf : By — By we can
define the partial derivative at x € By in the direction v € B; (Géateaux
derivative) by
Oy f(x) = lim B~ [f(z + ho) — f(x)],
h—0

if the limit exists. On the other hand we say that f is Fréchet differ-
entiable at z if there exists A € L(By, Bz2) (the space of the continous
linear operators from By to By) such that

iy (@ +h) — f(z) — AR|| _
=0 |4

0,

and A is called the Fréchet differential at of f at « (often written D f(x)).
Show that if f is Fréchet differentiable at zero, then it is continuous and
Gateaux differentiable.

Let f € C%By,B;) and g € C°(By,B2) such that f is Fréchet dif-
ferentiable at @ € By and g is Fréchet differentaible at f(z) € Bj.
Show that g o f € C°(By,Bz) is Fréchet differentaible at z and that
D(go f)(z) = Dg(f(z)) - Df(x) € L(By, Bz). Of course, this is nothing
else than a glorified version of the chain rule.

Given a compact interval I C R, a Banach space B, and a continuous
function f € C°(I, B), shows that one can define the equivalent of the
Riemannian integral.

Prove the fundamental theorem of calculus in this setting. That is,
for f € C1(By,By) let Df(x) € L(By,Bz) be the Fréchet differential at
x € By, then for each z,y € By

f(y):f(I)Jr/O Df(z+t(y—z)) - (x — y)dt.

Show that, for all f € C%([a,b], B),

’ /al’f@dt

Study the solutions of the following equations for all possible initial
conditions and p € N

b
< / £t dt.

& =|zP

& = z(In |z|)P



HINTS 21

1.24. Let K € C}(R x [0,1]). Show that the equation

1
Owu(t,s) = | K(t+s,7)u(t,7)%dr
0

u(0, s) = s2.
has a unique continuos solution for ¢ small enough.

1.25. Under the same hypotheses of Problem 1.17 show that if foT B(s)ds =0
and the eigenvalues of A have all multiplicity one, then the Floquet
multiplier differ from the eigenvalues of e4” only of order 2.

1.26. Study the equation
(I+z)yg+ (z+y*) =0.

1.27. Study the equation (Bernoulli)

mn

g+ p(x)y = q(x)y".

1.28. Study the equation

&= —yi — 25

Hints to solving the Problems

In this section, and in the parallel sections in later chapters, I give hints for
the solution of some of the Problems.

It is a very good idea to try very hard to solve the problems before looking
at the hints: it is impossible to appreciate the solution if one has no feeling
for the difficulties in the problem. The only way I know to get such a feeling
is to seriously try to solve it.

Also, keep in mind that I suggest one way to proceed, often other ways
are possible and maybe better.

1.1 The proof is the same as the standard proof for the case B = R?. How-
ever to see this you have to do Problems 1.18 and 1.20 to understand
exactly what the derivate and integral mean in this more general case.

1.12 For n = 0 it is just (1.1.2). To verify it for any n it suffices to show that

t t1 tn—1 tn
dt dtg - -- dt,1l = ——.
R A AN

This follows since the domain of integration is D = {z € [0,¢]"*!
tnt1 <t, <---<t}. On the other hand, for each permutation o of the
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1.15

1.17

1.20
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set {1,...,n+ 1} the sets D, = {z € [0,¢]"* : t, ., <t,, <--- <t}
have the same measure, all the D, are disjoint and the union of all of

them gives [0, #]" .

First notice that if a matrix has no eigenvalues on the negative axis
then the contour v in C.3.2 can be taken symmetric around the real
axis and, by using C.3.2 with the standard definition of In with a cut
on the negative real axis, this defines In K(0,7T) with real entries (since
the formula for his complex conjugate is the same). In general use the
spectral decomposition to write K(0,T) = C'+ D where o(C)NR_ =0
and (D) C R_. Then ¢(D?) C Ry, hence B = £ InC + 5-InD? is
real and ¢?8T = C? + D? = K(0,7)%. The rest of the argument is as
before.

Show that the solution satisfies

t
z(t) = e*ay + 5/ eA=) B(s)x(s)ds.
0

and apply the perturbation theory in Appendix C.

Let I = [a,b]. Since the function is continuos, it is uniformly con-
tinuous, hence for ¢ > 0 there exists 6 > 0 such that, for each par-
tition & = {[xo,z1],. ., [Tn-1,Zn]}, To = @, Tn = b, Tpi1 — xy < 6,

holds sup ye(z,.. 1 2] I/ (z) = f(y)|| <e. Accordingly, for each choice of
ZnyYn € [$n+1,£n] we have

S Fe) @t — o) — 3 £ wess — )| <e.
k=0 k=0

By similar arguments one can compare the sum defined on one partition
with the sum defined on a finer partition. Finally sum on different
partitions can be compared with the sum on the coarser partition finer
of both. This shows that all sufficiently fine partitions yield the same
approximate value, hence one can consider the partitions &, = {[a +
=2 a+ (i +1)2=2]}7") and define

n

= b—a b—
/If(t)dt:—nlln;o;f(a+i na) na'

By the above discussion this is equivalent to the same limit taken along
any other partition the diameter of which elements tend uniformly to
zZero.
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1.24

1.25

Consider the Banach space B = C°([0,1],R). Then u(t,-) € B and one
can apply Theorem 1.1.2.

By Problem 1.17 we know that the solution at time T is given by the
matrix D(g) := AT []l —|—6f0T e‘ASB(s)eASds}. By the results in Ap-
pendix C it follows that, for € small enough, the eigenvalues of D(g) are
still simple and analytic on e. Thus, let A(¢) one of such eigenvalues
and II(e) the associated eigenprojector. We have D(e)Il(e) = A(e)Il(e).
Differentiating yields D(e)II(e)+D(e)II(e) = A(e)I(e) +A(e)II(e). Mul-
tiplying on the right by II(¢), since II(e)D(e) = D(e)Il(e), we have

Since I(e)v = (a(e),v)b(e) for some vectors a, b analytic in ¢, AMe) =
(a(e), D(e)b(e)). We can now apply such a general formula to our spe-
cific case:

(a(0), D(0)b(0)) = (a(O),eAT/O e 4% B(s)e”*b(0)ds)

T
— (a(0), AT /O ¢4 B(s)eAb(0)ds)

Notes

This chapter is super condensed and has no pretension to exhaust the theory of
ODE. If one wants to have a better understanding of the field and some ideas of
how an ODE can be solved in special cases better consult | , , .
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Appendix A

Fixed Points Theorems
(an idiosincratic selection)

In this appendix, I provide some standard and less standard fixed-point theo-
rems. These constitute a very partial introduction to the subject. The choice
of the topics is motivated by the needs of the previous chapters.

A.1 Banach Fixed Point Theorem

Theorem A.1.1 (Fixed point contraction) Given a Banach space B, a
bounded closed set A C B and a map K : A — B if

i) K(A) C A,

it) there exists o € (0,1) such that ||K(v) — K(w)|| < ollv — w]| for each
v,w € A,

then there exists a unique v, € A such that Kv, = v,.

PRrROOF. Since A is bounded sup,, ,c 4 [[z—y|| = L < o0, i.e. it has a finite
diameter. Let ag € A and consider the sequence of points defined recursively
by an+1 = K(a,) and the sequence of sets A4g = A and 4,11 = K(A,) C A.
Let dy, := sup, ,ca, |z — yl| be the diameter of A,. Then if z,y € A,, we
have

1K (y) = K(@)|| < ollz =yl < odn.

That is d,+1 < od,, < ¢™L. This means that, for each n,m € N, a,,ap € A
and am, Gpym € Am, hence ||apim — am|| < o™L. That is, {a,} C A is a
Cauchy sequence and, being B a Banach space, it must have an accumulation

25



26 APPENDIX A. FIXED POINTS THEOREMS

point v, € B. Moreover, since A is closed, it must be v, € A. Clearly

|Kvie — vl = lim || Kve — ay|| = lim ||Kve — Kay-1]|
n— oo n— oo
< lim oljvs — ap—1|| = 0.
n—oo

Hence, v, is a fixed point. Next, suppose there exists u € A such that Ku = u.
Then
[u—vull = | K (u = va)|| < offu—v ||

implies u = v,. O

Corollary A.1.2 Given a Banach space B and a map K : B — B with the
property that there exists o € (0,1) such that || K(v) — K(w)|| < o||lv —w|| for
each v,w € B, then there exists a unique v, € B such that Kv, = v,.

PrOOF. To prove the theorem, for each L € R, consider the sets Bp :=
{v e B: |v| < L}. Then [K@)| < [IK(v) — KO)| + [IK©O)] < olv] +
|K()] < oL + ||[K(0)||. Thus, for each L > (1 — o)~} K(0)|| we have
that K(Bp) C Br. The existence follows by applying Theorem A.1.1. The
uniqueness follows from the same argument used at the end of the proof of
Theorem A.1.1. O

A.2 Brouwer’s Fixed Point Theorems

The next result is interesting since it relates the geometrical properties of the
domain to the existence of a fixed point. However, one should note that the
fixed point may not be unique. In the following, I provide an elementary
proof. Other proofs based on algebraic topology exist, but are outside the
scope of this book.

Before stating the Theorem, we need a combinatoric lemma about simplices
that will be fundamental in the proof. First, recall the definition of simplex.

Definition A.2.1 (Geometric n-simplex) Let vg,vy,..., v, be affinely in-
dependent points in R™, m > n.! The n-simplex spanned by these points is

n+1 n+1
A™(v1, . V1) = {x eR™: gz = ZA{U“ Ai >0, Z)\i = 1}~
i=1 i=1

The standard n-simplex in R™*1 is

n+1
A" = A"(el,...,en+1) = {(.Tl,...,.’lﬁn+1) S Rn+1 Iy > 07 le = 1}.

i=1
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V2 V2

[ ] o ——O
AO Vo Al (%} Vo AQ (%1} Vo A3 (%1

Figure A.1: Low-dimensional examples

Definition A.2.2 (Coloring) Let A™ be the standard n—simplex, and let
T be a simplicial subdivision (triangulation) of A™. We call V(T) the set
of vertices of the simplices in T. A s-coloring of T is a function £ : V(T) —
{1,...,n+1} such that if v lies on the face of A™ opposite e; (that is, v; = 0),
then £(v) # i. A simplex with vertices in V(T) is fully colored if, calling V
the set of its vertices, f|yv is invertible on its image.

Lemma A.2.3 (Sperner’s Lemma) Let A™ be the standard n—simplex. Let
T be a simplicial subdivision (triangulation) of A™. Any s-colouring of T con-
tains at least one fully colored simplex.

PROOF. The proof is by induction on n.

Let us start with n = 1. Here A! is the interval with endpoints eg,e;. The
labeling rule forces ey to have label 0 and e; to have label 1. If all the
subdivisions have vertices with the same color, then eg and e; would have the
same color, contrary to the assumption.

Assume the lemma is true for dimension n — 1. Consider A™. By assumption,
there is at least one fully colored (n — 1)-simplex A(vy,...v,), v; € V(T),
lying on the boundary OA™. Let Ay := A(vy,...0n41) € T be the n-simplex

containing A(vy,...,v,). If £(vp41) # £(v;) for all ¢ < n, then we have a
fully colored simplex and we are done. Otherwise, there is a unique j such
that v,41 = v;. We then consider the simplex A(vi,..., 01, Vj41, ..., Vnt1),

which is fully colored by construction. Note that each face of an element of
T belongs to two elements of T', unless it belongs to 0A™ in which case it
belongs to a unique element of T'. So there exists a unique v, 2 € V(T') such
that vy42 # v; and Ag == A(v1,...,0j_1,Vj41, - -, Unt1,Unt2) € T. Again,
either is fully colored, or we can erase the vertex with the same color as v,42
and obtain another fully covered n — 1-simplex. In this way, we can construct
a sequence of simplices {Ag} € T

Next, we show that Ay, = A; = k = j. Suppose the contrary, and let k be
the smallest integer for which there exists j < k such that A, = A;. Let w;" €

1A set of points vg,v1,...,vn € R™ is called affinely independent if the collection of
vectors v1 — vg, v2 — Vg, ..., Un — g are linearly independent.
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V(T) be the last vertex added to obtain A; and w; € V(T) the unique vertex
in A; such that £(w;") = £(w;"). Consequently, if V(A) are the verteces of A,
we have V(Ar) = [V(Ar—1)\{w_; HU{w } and V(A1) = [V(A))\ {w; }U
{wfi1}. By contruction A(V(Ax) \ {w;}), AV (Ar)\ {w;}), AV(A))\
{w;}), and A(V(A ) \ {w;'}) are all fully coloured. Since, by hypothesis,
V(Ay) = V(4;), it must be wi € {w]_,w;'}, otherwise A(V(Ay) \ {wi})
could not be fully colored. So, either wlf = w]j-[, or w,f = w;-F. If w,j =
u}j7 and j > 1, then it must be Ap_; = A;_; contradicting the hypothesis
that k is the smaller integer for which this happens. If j = 1, then note
that w ¢ OA™ while w,‘: € OA™ since otherwise Aj_; would have a vertex
outiside A™. It remains the possibility w,': = wj , this implies Ap_1=Aj4
again contradicting the hypothesis unless k = j + 2. But this would imply
Aj = Ajy» which is impossible, as one can check directly.

The above implies that all the Ay are different, but they are only finitely many,
so the construction must eventually stop, and the only possibility to stop is
when a fully colored simplex appears, whereby concluding the proof. O

Theorem A.2.4 (Fixed Point Theorem for simplices) Every continuous
map f: A™ = A™ has a fized point.

PROOF. Let € A" such that f;(x) > x; for each i € {1,...,n+1}, then

d+1

0=1-1=> (fi(z) —x), (A.2.1)

i=1

which implies f(z) = z. It thus suffices to show that such a point exists.
We argue by contradiction, assume that for every x there exists some ¢ with
f,' (SE) < Z;.

For each k € N, consider a triangulation T} of A™ with simplices of size
smaller than 27%. For each vertex v of Ty, we set £(v) = arg max;{v; — fi(v)}.
By our assumption, we have vy > fow)(v). If v lies on the face {x; = 0},
then clearly f;j(v) > 0 = v;, so £(v) # j. Thus, we have defined an s-
coloring of Tj. It follows that there exists a simplex Ay € Tj which is fully
colored. Let zp € Ay =: A(vg1,...Vknt1), by compactness the sequence
{x1} admits a convergent subsequence {zy,}. Let T = lim;_, o 2x,. It follows
that z = lim; o vy, 1, for each I € {1,...,n + 1}. Since the Ay are fully
colored, for each i and j there exists [;; such that f(vk;1, ;)i < (v, 1,,)i- By
the continuity of f, it follows

z; < f(x)

for each i € {1,...,n + 1}, hence the contradiciton. The lemma follows. O
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To obtain a more general result, we need to recall a useful characterization of
convex sets.

Lemma A.2.5 Let K C R" be a non-empty compact convex set with nonempty
interior. Then K is homeomorphic to the standard n—simplex A™.

PROOF. Choose ¢ € int(K) and zp = (;37,--, 727) € R"*!. Let R
be a rotation that sends egi; into the vector [n +1]72(1,...,1). Consider

the map ®g(z) = 2z + R(x — x0,0) and let K = ®y(K). By construction,
K belongs to the same hyperplane containing A™. For each z € K, the half
line {zo + t(z — z0) : t > 0} intersects the boundary 0K at a unique point
a(z) and the boundary OA™ at a unique point b(z). Define a continuous map
¢ : K — A" by

I(2)]

la(2)]l

Clearly, ¢ = ¢1 o ¢ is the wanted homeomorphism. O

o1(x) = 20+ (z — 20).

Theorem A.2.6 (Brouwer Fixed Point Theorem) For every non-empty
compact convexr set K C R™ and continuous map f: K — K, f has a fized
point.

PRrROOF. By Lemma A.2.5, there exists a homeomorphism ¢ : K — A",
Define F = ¢po fogp~! : A" — A" Theorem A.2.4 implies that there
exist Z € A" such that F(n) = z. Hence, setting . = ¢~(Z) we have
flxy) = x4 O

To conclude this section, we show how Brouwer’s result can be extended to
the infinite-dimensional setting by an approximation procedure.

Theorem A.2.7 (Schauder Fixed-Point Theorem) Let B be a Banach
space and K C B a nonempty, compact, convexr subset. Let f : K — K be
continuous. Then f has a fized point.

PROOF. Since K is compact, for each € > 0 there exists a finite set
{z1,...,2n} C K such that

N
K c | B:(x:),
i=1

where B.(z;) denotes the open ball of radius e around z;. Let

K. :=conv{zy,...,ay} C K
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be the convex hull of the points {z;}. Then K. is a compact, convex, and

finite-dimensional set since it is contained in span{xi,...,zx}. Next, define
e —l||lx — x| for||lx —x;|| <e
bi() = | ill | . ill
0 otherwise.
and

N -1 N
P.(z) = lz qbl(x)] Z oi(x)x;.
i=1 i=1
Note that P.(B) = K., P. is continuos and, for all x € K

N
| P(2) — xf| = Z@'(I)] Zd)i(x)(xi —2)|| <e. (A.2.2)

We can then define the continuous function
fe=P.of : K. — K..
By Brouwer’s fixed-point theorem, there exists
xe € K. such that fo(ze) = z..

Since K is compact, there exists a convergent subsequence {z.,}, let x, be
the limit. Consequently, reacalling (A.2.2), we have

1f (e;) = ae, |l = 1f (2e;) = fe; (we )| = [1f (2e;) = Pe; (f ()| < &5

Taking the limit j — oo, by the continuity of f, we have the wanted fixed
point f(z.) = .. O

A.3 Hilbert metric and Birkhoff theorem

One may wonder if there are cases in which the fixed point provided by the
Brower and Shauder theory is unique. In general, the answer is negative,
but much more can be said for linear maps. In particular, we will see that
the Banach fixed-point theorem can produce unexpected results if used with
respect to an appropriate metric. We thus start with a short digression on
projective metrics.
Projective metrics are widely used in geometry, not to mention the importance
of their generalizations (e.g. Kobayashi metrics) for the study of complex
manifolds [ ]. Tt is quite surprising that they play a major role also in our
situation, [ ]

Here we limit ourselves to a few words on the Hilbert metric, a quite
important tool in hyperbolic geometry.
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A.3.1 Projective metrics

Let C C R™ be a strictly convex compact set. For each two point z,y € C
consider the line £ = {Ax + (1 — Ay) | A € R} passing through = and y. Let
{u,v} = 0C N ¢ and define?

[l — ulllly = vl

O(z,y) = |In
[ = vlllly — vl

(the logarithm of the cross ratio). By remembering that the cross ratio is a
projective invariant and looking at Figure A.2, it is easy to check that © is
indeed a metric. Moreover, the distance of an inner point from the boundary
is always infinite. One can also check that if the convex set is a disc, then the
disc with the Hilbert metric is nothing but the Poincaré disc.

Figure A.2: Hilbert metric

The objects that we will use in our subsequent discussion are not convex
sets but rather convex cones, yet their projectivization is a convex set, and one
can define the Hilbert metric on it (whereby obtaining a semi-metric for the
original cone). It turns out that there exists a more algebraic way of defining

2Remark that u, v can also be co.
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such a metric, which is easier to use in our context. Moreover, there exists
a simple connection between vector spaces with a convex cone and vector
lattices (in a vector lattice one can always consider the positive cone). This
justifies the next digression in lattice theory.?

Consider a topological vector space V with a partial ordering “=<,” that is
a vector lattice. We require the partial order to be “continuous,” i.e. given
{fn} eV nll_}n;o fn=f,1if fn = g for each n, then f = g. We call such vector

lattices “integrally closed.” °

We define the closed convex cone ° C={f € V| f #0, f = 0} (hereafter,
the term “closed cone” C will mean that CU{0} is closed), and the equivalence
relation “~": f ~ g iff there exists A € RT\{0} such that f = Ag. If we call C
the quotient of C with respect to ~, then C is a closed convex set. Conversely,
given a closed convex cone C C V, enjoying the property C N —C = (), we can
define an order relation by

fRg < g—fecu{o}.

Henceforth, each time that we specify a convex cone, we will assume the
corresponding order relation and vice versa. The reader must therefore be
advised that “=<” will mean different things in different contexts.

It is then possible to define a projective metric © (Hilbert metric),” in C,
by the construction:

a(f, g) =sup{A €RT | Af = g}
B(f, g) =inf{u € R" | g < pf}
B(f, 9)
O(f, g) =log {
9 =8 [a(r )
where we take a = 0 and 8 = oo if the corresponding sets are empty.

The relevance of the above metric in our context is due to the following
Theorem by Garrett Birkhoff.

3For more details, see [ ], and [ ] for an overview of the field.

4We are assuming the partial order to be well-behaved with respect to the algebraic
structure: for each f, g €V f = g<= f—g > 0; foreach f € V, A € RT\{0} f = 0 =
Af = 0; foreach f € V f =0 and f <0 imply f =0 (antisymmetry of the order relation).

5To be precise, in the literature “integrally closed” is used in a weaker sense. First, V
does not need a topology. Second, it suffices that for {an} € R, an — «; f, g € V, if
anf = g, then af > g. Here we will ignore these and other subtleties: our task is limited
to a brief account of the results relevant to the present context.

SHere, by “cone,” we mean any set such that, if f belongs to the set, then Af belongs
to it as well, for each A > 0.

"In fact, we define a semi-metric, since f ~ g = O(f, g) = 0. The metric that we
describe corresponds to the conventional Hilbert metric on C.
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Theorem A.3.1 Let Vi, and V5 be two integrally closed vector lattices; L :
Vi — Vo a linear map such that L(C1) C Ca, for two closed convexr cones
Ci, C Vy and Co C Vy with C; N —C; = 0. Let ©; be the Hilbert metric

corresponding to the cone C;. Setting A = sup ©Oa(f, g) we have
f,9€L(C1)

0u(cf, L) < anh () €a(fi)  Whgec

(tanh(co) =1).

PrROOF. The proof is provided for the reader’s convenience.
Let f, g € C1, on the one hand if & = 0 or § = oo, then the inequality is
obviously satisfied. On the other hand, if & # 0 and 8 # oo, then

61(f7 g) :lng

where af =< g and Bf > g, since V7 is integrally closed. Notice that a > 0,
and 8 > 0 since f = 0, g = 0. If A = oo, then the result follows from
alf X Lgand BLf = Lg. If A < oo, then, by hypothesis,

©2(L(g —af), LBf—g)) <A
which means that there exist A, g > 0 such that

M (g —af) 2 LBf—9g)
pl(g —af) = L(Bf —g)

with In £ < A. The previous inequalities imply

B+ Aa
—
1+)\£f_£g
po+ B
—Lf =< Lg.
1+p f3Lg
Accordingly,
(BAAra)(l+p) @D 4N 14
O2(Lf, Lg) <1 =1 _
2( f7 g)_ n(1+)\)(,ua+ﬁ) neel(ﬁg)—}—u 1’11+,u
A

:/el(f,g) wd§<®1(f 9)1_7;
. o

e€ + ) (e + p) <1+\ﬂ)2

< tanh (i) O1(f, g9).
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Remark A.3.2 If £(Cy) C Csa, then it follows that ©3(Lf, Lg) < ©1(f, g).
However, a uniform rate of contraction depends on the diameter of the image
being finite.

In particular, if an operator maps a convex cone strictly inside itself (in
the sense that the diameter of the image is finite), then it is a contraction in
the Hilbert metric. This implies the existence of a “positive” eigenfunction
(provided the cone is complete with respect to the Hilbert metric), and, with
some additional work, the existence of a gap in the spectrum of £ (see | ]
for details). The relevance of this theorem for the study of invariant measures
and their ergodic properties is obvious.

It is natural to wonder about the strength of the Hilbert metric compared
to other, more usual, metrics. While, in general, the answer depends on the
cone, it is nevertheless possible to state an interesting result.

Lemma A.3.3 Let |- | be a norm on the vector lattice V, and suppose that,
for each f, g€V,

—f=2g=2f=1fl =gl
Then, given f, g € C CV for which || f| = ||gll,

1f = gll < (259 —1) |1 f].

Proor. We know that ©(f, g) = lng7 where af = ¢, Sf = g. This
implies that —g X 0 < af <X g, i.e. ||g]] > a||f|l, or @« < 1. In the same
manner, it follows that 8 > 1. Hence,

which implies

lo— £l < (8- )l < 2211 = (209~ 1) 7).

o
O
Many normed vector lattices satisfy the hypothesis of Lemma 1.3 (e.g.

Banach lattices®); nevertheless, we will see that some important examples
treated in this paper do not.

8 A Banach lattice V is a vector lattice equipped with a norm satisfying the property
[I'1f] Il = IIf|l for each f € V, where |f| is the least upper bound of f and —f. For this
definition to make sense it is necessary to require that V is “directed,” i.e. any two elements
have an upper bound.



A.3. HILBERT METRIC AND BIRKHOFF THEOREM 35

A.3.2 An application: Perron-Frobenius

Consider a matrix L : R™ — R of all strictly positive elements: L;; >~ > 0.
The Perron-Frobenius theorem states that there exists a unique eigenvector
vt such that v;r > 0, in addition, the corresponding eigenvalue X is simple,
maximal and positive. There are quite a few proofs of this theorem; one is
based on Birkhoff’s theorem. Consider the cone C* = {v € R? | v; > 0}, then
obviously LCtT C CT. Moreover an explicit computation (see

Problem A.1 shows that
O(v,w) = Insup vty (A.3.3)

ij UjWi

Then, setting M = max;; L;j;, it follows that
M
O(Lv, Lw) < 2In — := A < 0.
Y

We then have a contraction in the Hilbert metric, and the result follows from
the usual fixed points theorems. Note that, since ©(v, \v) = 0, for all A € R,
the fixed point vy € R™ is only projective, that is Lv; = Avy for some A\ € R;
in other words, we have an eigenvalue.

Remark that L* satisfies the same conditions as L, thus there exists wT &
C*, p € RY, such that L*wt = pw*. Next, define p;(v) = [(w*,v)| and
p2(v) = ||v||. Tt is easy to check that there are two homogeneous forms of
degree one adapted to the cone.

In addition, if p1(v) = p2(v), then pi(L"v) = p1(L"w). Hence, by Lemma
A33

1L — L™w|| < (e@@"v’”w) - 1) min{|| L™, || L"w])}
< KA" min{|[L"v|, [ L"w][},

(A.3.4)

for some constant K depending only on v, w. The estimate A.3.4 means that
all the vectors in the cone grow at the same rate. In fact, for all v € intC,

AL — AL < KA

Hence, limy,, oo A™" L0 = v

Finally, consider V; = {v € V | (w*,v) = 0}. Clearly LV; C V; and
Vi @ span{vy} = V. Let w € Vi, clearly there exists « € RT such that
avy +w € C,° thus

IL"w| < ||L™(avs +w) — aLl™vi | < LA"A™.

9this is a special case of the general fact that any vector can be written as the linear
combination of two vectors belonging to the cone.
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This immediately implies that L restricted to the subspace V; has spectral
radius less than AA. In other words, A is the maximal eigenvalue; it is simple,
and any other eigenvalue must be smaller than AA. We have thus obtained
an estimate of the spectral gap between the first and the second eigenvalue.

Notes

For more details on Hilbert metrics see | |, and [ | for an overview
of the field.



Appendix B

Implicit function theorem
(a quantitative version)

In this appendix we recall the implicit function Theorem. We provide an
explicit proof because we use in the text a quantitative version of the theorem
so it is important to keep track of the various constants.

B.1 The theorem

Let n,m € N and F € C}(R™"" R™) and let (2, \g) € R™ x R™ such that
F(xg,X\0) = 0. For each 6 > 0 let V5 = {(z,\) € R*"™™ : |z — x| <

5.0~ Dol < ).

Theorem B.1.1 Assume that 0, F(xo, Ag) is invertible and choose § > 0 such

that sup, y ey, [1—[02F (20, M)l "' 0.F (2, \)|| < 3}. Let Bs = sup, y)ev; [|OAF(z, V]|
and M = ||0,F (29, Xo) 1||. Setd; = (2M Bs)~15 and As, := {\ € R™ : ||A—

Al < 61}. Then there exists g € C(As,, R™) such that all the solutions of the
equation F'(z,\) = 0 4n the set {(z,\) € B1xBa : ||A=Xo|| < d1, ||lz—z0]| < I}

are given by (g(\), A). In addition,

g = =0 F(9(N), X)) T AF (g(N), N).

We will do the proof in several steps.

B.1.1 Existence of the solution

Let A(z,\) = 0, F(z,\), M = || A(xo, Xo) |-
We want to solve the equation F'(z, \) = 0, various approaches are possi-
ble. Here we will use a simplification of Newton method, made possible by the

37
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fact that we already know a good approximation of the zero we are looking for.
Let A be such that [[A—Ag|| < §1 < §. Consider Us = {z € R" : |lx—z| < I}
and the function ©) : Us — R” defined by!

Ox(z) = 2 — A(x0, o) " F(z, ). (B.1.1)

Problem B.1 Prove that, for x € U(N), F(x,\) = 0 is equivalent to © =
@)\(x)

Next,
[Ox(z0) = Ox, (wo)[| < M|[F (20, )| < MBs6;.

In addition, ||0,0x| = |1 — A(zo, Ao) *A(z, A)|| < . Thus,
1 1
1©x(x) = 2ol < Sl = ol + ©x(z0) — zoll < 5llz = zol| + M Bsdy < 6.

The existence of x € Us such that ©y(x) = x follows then by the standard
fixed point Theorem A.1.1. We have so obtained a function g : {A : [|A —
Xo|| < 61} = As;, — R™ such that F(g(A),\) = 0. it remains the question of
the regularity.

B.1.2 Lipschitz continuity and Differentiability
Let A, \ € As,. By (B.1.1)

1
lg(X) = 9Nl < Sllg(A) = g(N)[l + MBs|A = X
This yields the Lipschitz continuity of the function g. To obtain the differ-

entiability we note that, by the differentiability of F' and the above Lipschitz
continuity of g, for A € R™ small enough,

[F(g(A+h), A+ h) = F(g(A),A) + 0. F[g(A + h) — g(A)] + Oz Fhl| = o(||]).
Since F'(g(A+ h), A+ h) = F(g(A),\) =0, we have that

lim |2 g\ + h) = g(A) + [0 F)~ 0xFh|| = 0
h—0

which concludes the proof of the Theorem, the continuity of the derivative
being obvious be the obtained explicit formula.

1The Newton method would consist in finding a fixed point for the function z —
A(z,\)"'F(x,)\). This gives a much faster convergence and hence is preferable in ap-
plications, yet here it would make the estimates a bit more complicated.
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B.2 Generalization

First of all note that the above theorem implies the inverse function theorem.
Indeed if f: R™ — R™ is a function such that J, f is invertible at some point
Zo, then one can consider the function F(z,y) = f(x) —y. Applying the
implicit function theorem to the equation F'(z,y) = 0 it follows that y = f(z)
are the only solution, hence the function is locally invertible.

The above theorem can be generalized in several ways.

Problem B.2 Show that if F' in Theorem B.1.1 is C", then also g is C".

Problem B.3 Verify that if By, B2 are two Banach spaces and in Theorem
B.1.1 we have By instead of R™ and By instead of R™ the Theorem remains
true and the proof remains exactly the same.

As I mentioned the statement of Theorem B.1.1 is suitable for quantitative
applications.

Problem B.4 Suppose that in Theorem B.1.1 we have F € C?, then show
that we can chose )
6 =2 D0y Fllo0] -



Appendix C

Perturbation Theory
(a super-fast introduction)

The following is really super condensate (although self-consistent). If you
want more details see | , ] in which you probably can find more
than you are looking for.

C.1 Bounded operators

In the following we will consider only separable Banach spaces, i.e. Banach
spaces that have a countable dense set.

Given a Banch space B we can consider the set L(B,B) of the linear
bounded operators from B to itself. We can then introduce the norm ||B|| =
sup|, <1 [|1Bv]-

Problem C.1 Show that (L(B,B),|| - ||) is a Banach space. That is that || - ||
s really a norm and that the space is complete with respect to such a norm.

Problem C.2 Show that the n x n matrices form a Banach Algebra.?
Problem C.3 Show that L(B,B) form a Banach algebra.’

1Recall that a Banach space is a complete normed vector space (in the following we will
consider vector spaces on the field of complex numbers), that is a normed vector space in
which all the Cauchy sequences have a limit in the space. Again, if you are uncomfortable
with Banach spaces, in the following read R? instead of B and matrices instead of operators,
but be aware that we have to develop the theory without the use of the determinant that,
in general, is not defined for operators on Banach spaces.

2A Banach Algebra A is a Banach space where it is defined the multiplications between
element with the usual properties of an algebra and, in addition, for each a,b € A holds
llabl| < llall - [I5]]-

The multiplication is given by the composition.

40
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To each A € L(B,B) are associated two important subspaces: the range
R(A) ={v e B : Jw e Bsuch that v = Aw} and the kernel N(A) = {v €
B : Av=0}.

Problem C.4 Prove, for each A € L(B,B), that N(A) is a closed linear
subspaces of B. Show that this is not necessarily the case for R(A) if B is not
finite dimensional.

An very special, but very important, class of operators are the projectors.
Definition C.1.1 An operator 11 € L(B,B) is called a projector iff 11> = TII.

Note that if IT is a projector, so is 1 — II. We have the following interesting
fact.

Lemma C.1.2 IfII € L(B, B) is a projector, then N(II) & R(II) = B.

ProOOF. If v € B, then v = ITv + (1 — IT)v. Notice that R(1 —II) = N(II)
and R(IT) = N(1 — II). Finally, if v € N(II) N R(II), then v = 0, which
concludes the proof. O

Another, more general, very important class of operators are the compact
ones.

Definition C.1.3 An operator K € L(B,B) is called compact iff for any
bounded set B the closure of K(B) is compact.

Remark C.1.4 Note that not all the linear operator on a Banach space are
bounded. For exzample consider the derivative acting on C*((0,1),R).

C.2 Functional calculus

First of all recall that all the Riemannian theory of integration works verbatim
for function f € C°(R,B), where B is a Banach space. We can thus talk of
integrals of the type ff f(t)dt.* Next, we can talk of analytic functions for
functions in C°(C,B): a function is analytic in an open region U C C iff at
each point zg € U there exists a neighborhood B 3 zy and elements {a,} C B
such that

f(z)=> an(z—z)" Vz€B. (C.2.1)
n=0

4This is special case of the so called Bochner integral [ 1.
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Problem C.5 Show that if f € C°(C,B) is analytic in U C C, then given
any smooth closed curve v, contained in a sufficiently small disk in U, holds®

/f(Z)dz =0 (C.2.2)

Then show that the same hold for any piecewise smooth closed curve with
interior contained in U, provided U is simply connected.

Problem C.6 Show that if f € C°(C,B) is analytic in a simply connected
U C C, then given any smooth closed curve 7y, with interior contained con-
tained in U and having in its interior a point z, hods the formula

f(2) = = / (€ — 2 F(e)de. (C2.3)

= omi

Problem C.7 Show that if f € C°(C,B) satisfies (C.2.3) for each smooth
closed curve in a simply connected open set U, then f is analytic in U.

C.3 Spectrum and resolvent

Given A € L(B,B) we define the resolvent, called p(A), as the set of the
z € C such that (21 — A) is invertible and the inverse belongs to L(5, B). The
spectrum of A, called o(A) is the complement of p(A4) in C.

Problem C.8 Prove that, for each Banach space B and operator A € L(B, B),
if z € p(A), then there exists a neighborhood U of z such that (z1 — A)~! is
analytic in U.

From the above exercise follows that p(A) is open, hence o(A) is closed.

Problem C.9 Show that, for each A € L(B,B), o(A) # 0.
Problem C.10 Show that if I1 € L(B, B) is a projector, then o(II) = {0,1}.
Up to now the theory for operators seems very similar to the one for

matrices. Yet, the spectrum for matrices is always given by a finite number
of points while the situation for operators can be very dfferenct.

50f course, b; z)dz we mean that we have to consider any smooth parametrization
y [, y P

g : la,b] = C of v, g(a) = g(b), and then f,y f(2)dz = f;’f o g(t)g’(t)dt. Show that the
definition does not depend on the parametrization and that one can use piecewise smooth
parametrizations as well.
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Problem C.11 Consider the operator L : C°([0,1],C) — C°([0,1],C) defined
by
1 1
(E1)() = 35(e/2) + 1 (/24 1/2).
Show that o(L) ={z € C : |z] <1}

Problem C.12 Show that, if A € L(B,B) and p is any polynomial, then for
each n € N and smooth curve v C C, with o(A) in its interior,

p(A) = L /p(z)(z]l — A)dz.

T omi
Problem C.13 Show that, for each A € L(B, B) the limit
. nnd
r(4) = lim |47
exists.
The above limit is called the spectral radius of A.

Lemma C.3.1 For each A € L(B,B) holds true sup,c,a) 2| = r(4).

PROOF. Since we can write
oo
(21 —A) =211 -2t A) =2t Z z27 A",
n=0

and since the series converges if it converges in norm, from the usual criteria
for the convergence of a series follows sup,¢,(ayl2| < 7(A). Suppose now
that the inequality is strict, then there exists 0 < n < r(A) and a curve
v C {z€C : |z| <n} which contains o(A) in its interior. Then applying
Problem C.12 yields ||[A™|| < Cn™, which contradicts n < r(A). O

Note that if f(z) = > 0~ fn2" is an analytic function in all C (entire), then
we can define

FIA) =" faA™
n=0

Problem C.14 Show that, if A € L(B,B) and f is an entire function, then
for each smooth curve v C C, with o(A) in its interior,

211

flA) = i / f2)(z1 — A)fldz.

In view of the above fact, the following definition is natural:
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Definition C.3.2 For each A € L(B,B), f analytic in a region U containing
o(A), then for each smooth curve v C U, with o(A) in its interior, define

f(A) = % / F(2)(21 — A)~Ldz. (C.3.4)

Problem C.15 Show that the above definition does not depend on the curve
5.

Problem C.16 For each A € L(B,B) and functions f,g analytic on a do-
main D D o(A), show that f(A) + g(A) = (f + 9)(A) and f(A)g(A) =
(f - 9)(A).

Problem C.17 In the hypotheses of the Definition C.3.2 show that f(o(A)) =
o(f(A)) and [f(A), 4] = 0.

Problem C.18 Consider f : C — C entire and A € L(B,B). Suppose that
{z€C : f(z) =0}no(A) = 0. Show that f(A) is invertible and f(A)~! =
FHA).

Problem C.19 Let A € L(B,B). Suppose there exists a semi-line £, starting
from the origin, such that £ N o(A) = 0. Prove that it is possible to define an
operator In A such that ™4 = A.

Remark C.3.3 Note that not all the interesting functions can be constructed
0 1
)
be interpreted as a square rooth of —1 but it cannot be obtained directly by a
formula of the type (C.3.4).

Problem C.20 Suppose that A € L(B,B) and 0(A) = BUC, BNC =),
suppose that the smooth closed curve v C p(A) contains B, but not C, in its
interior, prove that

i such a way. In fact, A = is such that A2 = —1, thus it can

1
Pg:= — /(z]l —A)ldz
2mi J,
is a projector that does not depend on 7.

Note that by Problem C.17 easily follows that PgA = APg. Hence,
AR(Pp) C R(Pg) and AN(Pg) C N(Pg). Thus B = R(Pp) & N(Pg) pro-

vides an invariant decomposition for A.

Problem C.21 In the hypotheses of Problem C.20, prove that A = PgAPg+
(I — Pp)A(L - Pp).

Problem C.22 In the hypotheses of Problem C.20, prove that o(PpAPg) =
B U{0}. Moreover, if dim(R(Pg)) = D < oo, then the cardinality of B is
<D.
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C.4 Perturbations

Let us consider A, B € L(B,B) and the family of operators A, := A+ vB.

Lemma C.4.1 For each § > 0 there exists vs € R such that, for all |v| < vy,
p(A) D {2z €C : d(z,0(A)) > d0}.

PROOF. Let d(z,0(A)) > ¢, then
(21— A,) = (21— A) [1 —v(z1 — A)"'B] (C.4.5)

Now |[|(21 — A)~!B]| is a continuous function in z outside o(A), moreover it
is bounded outside a ball of large enough radius, hence there exists Ms > 0
such that 3, ;(ay)ss (21 = A)7B|| < Ms. Choosing vs = (2M;s)~! yields
the result. g

Suppose that z € C is an isolated point of o(A), that is there exists § > 0 such
that {z € C : |z —z| <} N(c(A)\ {z}) = 0, then the above Lemma shows
that, for v small enough, {z € C : |z — Z| < 4} still contains an isolated part
of the spectrum of o(A4,), let us call it B, clearly By = {z}.

Problem C.23 Let Pp, be defined as in Problem C.20. Prove that, for v
small enough, it is an analytic function of v.

Problem C.24 If P,Q are two projectors and |P—Q|| < 1, then dim(R(P)) =
dim(R(Q)).

The above two exercises imply that the dimension of the eigenspace R(Pg,)
is constant.

Next, we consider the case in which By consist of one point and dim(R(Pg,)) =
1, it follows that also B, must consist of only one point, let us set P, := Pg, .

Lemma C.4.2 If dim(R(F)) = 1, then A, has a unique eigenvalue z, in a
neighborhood of zZ, zo = Z. In addition z, is an analytic function of v.

PROOF. From the previous exercises it follows that P, is a rank one
operator which depend analytically on v. In addition, since P, is a rank
one projector it must have the form P,w = v,/,(w), where ¢, € B.° Then
z,P, = P,A,P,. Next, setting a(v) := lo(P,vg) = £,(vo)lo(v,), we have
that @ is analytic and a(0) = 1. Thus a # 0 in a neighborhood of zero and
2, = a(v)~o(P,A, P,vp) is analytic in such a neighborhood. O

Problem C.25 If dim(R(P)) = 1, then there exists h, € B and ¢, € B’
such that P,f = h,L,(f) for each f € B. Prove that hy,¢, can be chosen to
be analytic functions of v.

6By B’, the dual space, we mean the set of bounded linear functionals on B. Verify that

is a Banach space with the norm [[£|| =32 5 ‘li‘(wwu)l.
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Hence in the case of A € L(B,B) with an isolated simple’ eigenvalue z
we have that the corresponding eigenvalue z, of A, = A+ vB, B € L(B,B),
for v small enough, depend smoothly from v. In addition, using the notation
of the previous Lemma, we can easily compute the derivative: differentiating
A, v, = z,v, with respect to v and then setting v = 0, yields

Bv + Av|), = z{v + zv|).

But, for all w € B, Pw = vl(w), with {(Aw) = Z¢(w) and £(v) = 1, thus
applying ¢ to both sides of the above equation yields

2y, = {(Bv).

Problem C.26 Compute vy.

Problem C.27 What does it happen if the eigenspace associated to Z is finite
dimensional, but with dimension strictly larger than one?

Hints to solving the Problems

C.1. The triangle inequality follows trivially from the triangle inequality of
the norm of B. To verify the completeness suppose that {B,} is a
Cauchy sequence in L(B, B). Then, for each v € B, {B,v} is a Cauchy
sequence in B, hence it has a limit, call it B(v). We have so defined
a function from B to teself. Show that such a function is linear and
bounded, hence it defines an element of L(B,B), which can easily be
verified to be the limit of {B,}.

[[Av]|
lloll

C.3. Use the same norm as in Problem C.2.

C.2. Use the norm ||A| = sup,egn

C.4. The first part is trivial. For the second one can consider the vector
space (> = {z € RY : 3% 2? < co}. Equipped with the norm
llz|l = /> jep 7 it is a Banach (actually Hilbert) space. Consider now
the vectors e; € £2 defined by (e;) = d;x and the operator (Az), = %xk
Then R(A) = {z € > : > ;2 k*z} < oo}, which is dense in ¢ but
strictly smaller.

C.5. Check that the same argument used in the well known case B = C works
also here.

"That is with the associated eigenprojector of rank one.
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C.6. Check that the same argument used in the well known case B = C works
also here.

C.7. Check that the same argument used in the well known case B = C works
also here.

C.8. Note that

(1= A) = (1= A (2 = 1) = (1 = A) [1 — (2 (1 — A)]
and that if ||(z — ¢)(21 — A)~!|| < 1 then the inverse of 1 — (z — {)(21 —
A)~tis given by >0 (2 —¢)"[(21 — A)~!]" (the Von Neumann series—
which really is just the geometric series).

C.9. If 5(A) = 0, then (21 — A)~! is an entire function, then the Von Neu-
mann series shows that (21 — A)~! = 271(1 — 271 A)~! goes to zero for
large 2, and then (C.2.3) shows that (21 — A)~! = 0 which is impossible.

C.10. Verify that (z1 —II)~! = 27 [1 — (2 — 1)~ 'I].
C.11. The idea is to look for eigenvalues by using Fourier series. Let f =

Y okez fre?™* and consider the equation Lf = zf,

Z fkl {e‘m‘ka: + eﬂ'ik:erﬂ'ik:} — 5 kae%rikz
5 .

kEZ keZ

Let us then restrict to the case in which for 11 = 0, then

Z f2k62ﬂ'ikx _ ZZ fk627rikz'

kEZ keZ

Thus we have a solution provided for, = zfx, such conditions are satisfied
by any sequence of the type

fo = 27 ifk=2'm,j €N
b 0 otherwise

for m € N. It remains to verify that Z?io 27e?™2’® helong to C°. This is
the case if the series is uniformly convergent, which happens for |z| < 1.
Thus all the points in {z € C : |z| < 1} are point spectrum of infinite
multiplicity. Since the spectrum is closed the statement of the Problem
follows.
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C.12.

C.14.
C.17.

C.19.

C.20.
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Let p(z) = 2™, then
i/ (A - A)ld —A”+i/( AT (A — A)1d
ori [, 7V o7 ori )\ : ‘
n—1 1
A"y / AR = AT
21
k=0 R

The statement for general polynomial follows trivially.
Approximate by polynomials.
For z ¢ f(o(A)) it is well defined

K(z) = -2 [ (2= £(0) "¢ — 4y de.

271 ~

with « containing o(A) in its interior. By direct computation, using def-
inition C.3.2, one can verify that (21 — f(A4))K(z) = 1, thus o(f(4)) C
f(o(A)). On the other hand if, if f is not constant, then for each z € C
f(z)=f(&) = (2—€)g(§). Hence, applying Definition C.3.2 and Problem
C.16 it follows f(2)1— f(A) = (z— A)g(A) which shows that if z € o(A4),
then f(z) € o(A) (otherwise (z — A) [g(A)(f(2)1 — f(A))~'] =1).

Since one can define the logarithm on C\ £, one can use Definition C.3.2
to define In A. It suffices to prove that if f : U — C and g : V' — C, with
o(A) C U, f(U) CV, then g(f(A)) = go f(A). Whereby showing that
the definition C.3.2 is a reasonable one. Indeed, rememebring Problems
C.17, C.18,

a(f(A) = —— / 9(2)(+1 — F(A))"1dz

1 9(z) ~ AV ld
= @ // T

N

From this imediately follows e 4 = A.

The non dependence on v is obvious. A projector is characterized by
the property P2 = P. Thus

P2 = omi)? L [m(z]l — AN - A)rdzdC

~ (2ri)? /d di(z =7 (21 = A~ = (1= A)7T].

Y2
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If we have chosen v; in the interior of 7o, then (z — ¢)~1(¢1 — A)~!
is analytic in the interior of 7;, hence the corresponding integral gives
zero. The other integral gives Pp, as announced.

C.21. Use the above decomposition and the fact that (1 — Pg) is a projector.

C.22. The first part follows from the previous decomposition. Indeed, for z
large (by Neumann series)

(21 — A)~! = (21 — PgAPp) ' + (21 — (1 — Pp)A(1 — Pg))~".

Since the above functions are analytic in the respective resolvent sets
it follows that o(A) C o(PgAPg)Uo((1 — Pg)A(1 — Pg)). Next, for
z ¢ B, define the operator

K(2) = /(z Ce M (en - Ay e,

= omi

where 7 contains B, but no other part of the spectrum, in its interior. By
direct computation (using Fubini and the standard facts about residues
and integration of analytic functions) verify that

(Z]l — PBAPB)K(Z) = PB.

This implies that, for z # 0, (21 — PsAPg)(K(2) + 2z~ 1(1 — Pg)) =1,
that is (21 — PgAPg)™! = K(2) + 27 (1 — Pp). Hence o(PgAPg) C
B U {0}. Since Pgp has a kernel, zero must be in the spectrum. On the
other hand the same argument applied to 1 — Pg yields o((1—Pg)A)1—
Pg)) C CU{0}, hence o(PgAPg) = BU{0}.

The second property follows from the fact that P APp, when restricted
to the space R(Pp) is described by a D x D matrix Ag and the equation
det(z1—Ap) = 0 is a polynomial of degree D in z and hence has exactly
D solutions (counted with multiplicity).®

C.23. Use the representation in Problem C.20 and formula (C.4.5).

8This is the real reason why spectral theory is done over the complex rather than the
real. You should be well aquatinted with the fact that a polynomial p of degree D has
D root over C but, in case you have forgotten, consider the following: first a polynomial
of degree larger than zero must have at least a root, otherwise ﬁ would be an entire
function and hence

1 2 1
= lim —/ —_ =

p(z) r—o0 2w Jo p(z + ret?)
Let z1 be a root. By the Taylor expansion in z; follows the decomposition p(z) = (z —
z1)p1(z) where p1 has degree D — 1. The result follows by induction.
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C.24. Note that Q(1 + P — Q) = QP, then Q = QP(1 — (Q — P))~}, hence
dim(R(P)) > dim(R(Q)), exchanging the role of P and Q the result
follows.

C.25. Note that ¢,(h,) = 1 since P, is a projector, hence they are unique
apart from a noralization factor. Then we can chose the normalization
£,(hg) = 1 for all v small enough. Thus P, f = h,, that is h, is analytic.
Hence, for each g € B and v small, £, (g)¢o(h,) = €o(P,g), which implies
£, analytic for v small.

C.27 Think hard.?

9A good idea is to start by considering concrete examples, for instance

G Do) 1)l o)



Appendix D

Analytic Fredholm Theorem
(fine rank)

Here we give a proof of the Analytic Fredholm alternative in a special case.

Theorem D.0.1 (Analytic Fredholm theorem—finite rank)' Let D be
an open connected subset of C. Let F : C — L(B,B) be an analytic operator-
valued function such that F(z) is finite rank for each z € D. Then, one of
the following two alternatives holds true

o (1 — F(z))! exists for no z € D

o (1 — F(2))~! exists for all z € D\S where S is a discrete subset of D
(i.e. S has no limit points in D). In addition, if z € S, then 1 is an
eigenvalue for F(z) and the associated eigenspace has finite multiplicity.

PRrROOF. First of all notice that, for each zy € D there exists r > 0 such
that D,(.,)(20) :={2 € C : |z — 2| <7(20)} C D, and

sup  [|F'(2) = F(z0)]| = 5
2€D,.(z4)(20)

Clearly if we can prove the theorem in each such disk we are done.? Note that

1-F(z) = (1= Fz0)(1 = [F(2) = F(20)]) ") (1 = [F(2) = F(=0)]).

1The present proof is patterned after the proof of the Analytic Fredholm alternative for
compact operators (in Hilbert spaces) given in [ , Theorem VI.14]. There it is used the
fact that compact operators in Hilbert spaces can always be approximated by finite rank
ones. In fact the theorem holds also for compact operators in Banach spaces but the proof
is a bit more involved.

2In fact, consider any connected compact set K contained in D. Let us suppose that for
each 2o € K we have a disk D,.(,,)(20) in the theorem holds. Since the disks D,.(,),2(20)
form a covering for K we can extract a finite cover. If the first alternative holds in one such

o1
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Thus the invertibility of 1 — F(z) in D,.(2¢) depends on the invertibility of 1 —
F(z0)(1—[F(2) = F(20)])~*. Let us set Fy(2) := F(z0)(1—[F(2)—F(20)])~!.
Let us start by looking at the equation

(1 — Fy(z))h = 0. (D.0.1)

Clearly if a solution exists, then h € Range(Fy(z)) = Range(F(zp)) := V.
Since Vj is finite dimensional there exists a basis {h;}}\; such that h =
>-; @ih;. On the other hand there exists an analytic matrix G(z) such that?

Fo(Z)h = Z G(z)ijajhi.

Thus (D.0.1) is equivalent to
(1 -G(2)a=0,

where o 1= («;).

The above equation can be satisfied only if det(1 — G(z)) = 0 but the
determinant is analytic hence it is either always zero or zero only at isolated
points.*

Suppose the determinant different from zero, and consider the equation

Let us look for a solution of the type h =Y, a;h; + g. Substituting yields
a—G(z)a=4

where § := (8;) with Fy(z)g =: >, Bih,. Since the above equation admits a
solution, we have Range(1 — Fy(z)) = B, Thus we have an everywhere defined
inverse, hence bounded by the open mapping theorem.

We are thus left with the analysis of the situation z € S in the second
alternative. In such a case, there exists h such that (1 — F(z))h = 0, thus

disk then, by connectness, it must hold on all K. Otherwise each S N DT(ZO)/2(Z()), and
hence K NS, contains only finitely many points. The Theorem follows by the arbitrariness
of K.

3To see the analyticity notice that we can construct linear functionals {¢;} on Vg such
that £;(h;) = d;; and then extend them to all B by the Hahn-Banach theorem. Accordingly,
G(z)ij == €;(Fo(z)h;), which is obviously analytic.

4The attentive reader has certainly noticed that this is the turning point of the theorem:
the discreteness of S is reduced to the discreteness of the zeroes of an appropriate analytic
function: a determinant. A moment thought will immediately explain the effort made by
many mathematicians to extend the notion of determinant (that is to define an analytic
function whose zeroes coincide with the spectrum of the operator) beyond the realm of
matrices (the so called Fredholm determinants).
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one is an eigenvalue. On the other hand, if we apply the above facts to the
function ®(¢) := (1 F(z) analytic in the domain {¢ # 0} we note that the first
alternative cannot take place since for |(| large enough 1 — ®(¢) is obviously
invertible. Hence, the spectrum of F'(z) is discrete and can accumulate only
at zero. This means that there is a small neighborhood around one in which
F(z) has no other eigenvalues, we can thus surround one with a small circle
~ and consider the projector

P ::% W(g — F(2))7td¢ = 217”/7 [((—F(2))7t = ¢ dC
1

= F(2)¢7H¢ = F(2)) 7 dC.

211 ~

By standard functional calculus it follows that P is a projector and it clearly
projects on the eigenspace of the eigenvector one. But the last formula shows
that P must project on a subspace of the range of F(z), hence it must be
finite dimensional. ]
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