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Introduction

The main goal of these notes is to generalize some results which are standard for linear iso-
morphisms of finite dimensional vector spaces to infinite dimensional spaces. In particular,
we shall prove that there exists an invariant splitting for any hyperbolic bounded linear
isomorphism on a Banach space and that such an isomorphism is structurally stable.

Let us start with some motivational considerations in the finite dimensional setting.
Consider A : F — E an isomorphism of a vector space E over R or C with finite dimension.
It is well known that by a suitable choice of a basis in £ the isomorphism A can be
represented by a block diagonal matrix

Ji
J= ,
In

where each J; is a Jordan block. In the complex case, by a Jordan block we mean a square
matrix of the form

J; = ‘ , (%)

where each ); is an eigenvalue of A. In the real case, a Jordan block can either be a matrix
of the type (), corresponding to a real eigenvalue \; of A, or a matrix

C;, I

where

(%) w110,

corresponding to a complex eigenvalue \; = a; + tb; with b; # 0. In this last case, by an
eigenvalue of A we mean a root of the characteristic polynomial of A. We leave it as an
exercise to show that:

1. if e1,..., e, are vectors in a basis associated to a Jordan block of an eigenvalue \ of
A with |A] < 1, then A"z — 0 as n — 400 for all x € span{ey,...,en};
2. if f1,..., fn are vectors in a basis associated to a Jordan block of an eigenvalue A\ of

A with |A] > 1, then A™"2 — 0 as n — +oo for all z € span{fi,..., fu}.
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Hence, if A has no eigenvalues in the unit circle, then there are subspaces E® and
E" of E (called the stable and unstable spaces of A, respectively) for which the following
properties hold:

1. E=FE® EY
2. A"r — 0 as n — +oo for all z € E?;

3. A"z — 0 as n — +oo for all x € E™.

As a linear isomorphism of an infinite dimensional Banach space may have no eigenval-
ues we need an alternative method to find the stable and unstable spaces. The idea is to
consider the more general notion of spectrum of an operator and the projections associated
to certain isolated parts of the spectrum.

We shall try to make these notes as self-contained as possible, in particular proving
most of the results we need from Functional Analysis and Spectral Theory. In Sections
and [2| we consider some basic results on bounded linear operators. We introduce the
notion of spectrum of a bounded linear operator and prove some of its basic properties. In
Section [3| we prove a Spectral Decomposition Theorem for operators whose spectrum can
be decomposed into two isolated parts.

The results in Sections [2] and |3| are specific for complex Banach spaces. In order to
obtain our conclusions on the dynamics of hyperbolic linear isomorphisms in the real case
as well, in Section 4| we recall the standard notion of complexification, both of a real vector
space and of an operator defined on that real space. In particular, we shall introduce a
suitable norm in the complexification space.

In Section [5| we apply the Spectral Decomposition Theorem to an operator whose
spectrum is disjoint from the unit circle, both in the complex and real cases, and obtain
for a linear isomorphisms of a Banach space the decomposition of that space into a direct
sum of sable an unstable spaces. This depicts a fairly reasonable scenario for the dynamics
of such hyperbolic isomorphisms.

Another important issue in Dynamical Systems Theory is the structural stability of a
system, meaning that the dynamics is not affected under a small perturbation of the system.
We shall also address this question for isomorphisms of infinite dimensional spaces. In
Section [6] we prove that a hyperbolic linear isomorphism of a Banach space is topologically
conjugate to any nearby isomorphism.
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1 Bounded linear operators

Consider E a vector space over R or C endowed with a norm || ||. We say that E is a
Banach space if the space E with the metric induced by || || is a complete metric space.
We say that a linear operator T : ' — E is bounded if
|||
7| = sup —= = sup [Tz < oo,
w20 [zl <t
and define

L(E)={T:E — E| T is linear and bounded}.

It is well known that L(FE) is a vector space and ||T'|| as defined above gives a norm in
L(FE). Moreover, if E is a Banach space, then L(FE) with that norm is a Banach space as
well. We shall always consider this norm in the space L(E).

In our first result we give some useful criteria for the existence of inverse for certain
bounded operators in Banach spaces.

Lemma 1.1. Let E be a Banach space and T € L(E). Then
1. if Y0 (T converges, then I — T is invertible and (I — 1)t =302 [ T™;

2. if ||T]| < 1, then I — T is invertible, (/ — 7)™t = Y2 /7" and ||(I — 7)Y <
1/ =1Tp).

Proof. Assume first that the series ) 7" converges to S € L(E). Then we have T™ — 0,
when m — oo. A simple calculation gives that for each m € N

(J—T)i:r": <iT”> (I-T)=1-T1"""

Hence, using the continuity of the product in L(E) and taking limit when m — oo, we
obtain
(I-T)S=S(I-T)=1.
This gives that I — T is invertible and > 2 (T = (I — T)".
Assume now that ||| < 1. Then, as

ST <y o
n=0 n=0

and this last series converges, we easily deduce that the partial sums of ) >° ;7™ form a
Cauchy sequence in L(E). Since L(E) is a Banach space >~ T converges. Now we use
the first item and deduce that [ — T is invertible and (I — T')~! = >"°° / T™. Moreover,

ST
n=0

- n - n 1
<< I =
n=0 n=0

1

17 —1)"" =




for ||T]] < 1. 0

As illustrated in the introduction, the existence of stable and unstable spaces for an
isomorphism on a finite dimensional space can be obtained knowing the eigenvalues of
the isomorphism and the corresponding generalized eigenspaces. As eigenvalues of an
isomorphism of an infinite dimensional space need not to exist in general, the idea is to
consider the more general notion of spectrum of an operator and the projections associated
to certain isolated parts of that spectrum.

Definition 1.2. We say that a bounded linear operator P : E — E of a vector space F is
a projection if P2 = P.

In the next result we give some useful properties of projections. By [ : E — E we
mean the identity operator in the vector space FE.

Proposition 1.3. Let P: FF — E be a projection. Then:
1. I — P is a projection;
2. P(E) =ker(I — P);
3. P(E) is a closed subspace of E;
4. E=PE)® (I —-P)(E).

Proof. 1. A simple calculation gives
(I-P?=(I-P(I-P)=I-P—-P+P*=1-P,

where this last equality follows form the fact that P is a projection.

2. If y = Px for some v € E, then y — Py = Px — P?x = Pz — Px = 0. Hence,
y € ker(I — P). On the other hand, if y € ker({ — P), then y = Py, and so y € P(E).

3. Since P(E) = ker(I — P) by the second item, then we have P(E) = (I — P)~*{0}
where {0} is a closed set and I — P is continuous. Therefore P(E) is a closed subspace.

4. Given z € E, we may write x = Px + (I — P)z. It remains to prove that P(E) N
(I — P)(E) = {0}. Given x € P(E)N (I — P)(FE), there are y,z € E such that z = Py
and x = z — Pz. We have in particular Py = z — Pz. Applying P to both sides, we obtain
P?y = Pz — P%z. As P is a projection, we have Py = z — Pz = 0 and this implies that
xz=0. O



2 Spectrum and resolvent

In this section we introduce the spectrum of a bounded linear operator on a complex
Banach space and prove some of its basic properties.

Definition 2.1. Let E be a complex Banach space. We define the spectrum of T € L(E) as
o(T)={A € C: A —T is not invertible} and the resolvent set of T as p(T') = C\ o(T).
Given \ € p(T), the resolvent operator of T at X is defined as Ry\(T) = (A —T)~'.

It is worth noting that by the Open Mapping Theorem we have Ry (7") a bounded linear
operator for any 7' € L(E) and A\ € p(T'). Also, if A is an eigenvalue of T', then A € o(T).
Recalling that a linear operator from a finite dimensional space into itself is invertible if
and only if the operator is injective, we have that the spectrum of a linear operator on
a finite dimensional complex vector space coincides with the set of eigenvalues of that
operator. However, in infinite dimensional spaces we may have elements in the spectrum
of an operator which are not eigenvalues, as the next example illustrates.

Example 2.2. Consider the vector space of absolutely summable sequences in C

= {(xl,xg,xg,...) cx, € C and Z|xn| < oo}

n>1

It is well known that

Iy @2, ) =D Jal

n>1

defines a norm in ¢! with respect to which ¢! is a Banach space. Let T : ¢! — ¢* be the
shift operator given by
T(.’L'l, Ta, ) = (0, T1, T2, )

It is clear that 0 — T = —T is not invertible, and so 0 € o(7"). However, 0 is not an
eigenvalue of T'.

Next we give a result on the spectrum of inverse and conjugate operators, which is well
known for isomorphisms of finite dimensional spaces.

Lemma 2.3. Let E be a complex Banach space and A, B : E — E be bounded linear
isomorphisms. Then:

Lo(A)={1/A: Aea(A)};
2. o(BAB™') = o(A).

Proof. First of all observe that as A is invertible, then 0 ¢ o(A). Furthermore, we have
for A #£ 0

M—-—A=-)A (%I—A_l) .
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Hence, if A € GL(FE), then A\I — A is invertible if and only if I/A — A™! is invertible. This
proves the first assertion.
Given B € GL(F) and X\ € C, we may write

M — BAB™' = B(\I)B™' — BAB™' = B(A\I - A)B™".
Hence, A\l — BAB™! is invertible if and only if A\] — A is invertible. O

In the next result we consider analytic functions defined on some open set of the complex
plane and taking values in a complex Banach space. Essentially all the main definitions
and results of the theory of complex valued functions, such as Contour Integrals, Residue
Theorem and Liouville Theorem, remain true in this more general context; see e.g. [1].

Theorem 2.4. Let E be a complex Banach space and T' € L(E). Then:
1. p(T) is open in C and it contains {\ € C: || > ||T|| };

I T
2. R\(T) = XZV for all |A| > ||T;
n=0

3. p(T) > A+ R\(T) € L(F) is an analytic function.

Proof. If |A| > ||T||, then using Lema |1.1| we easily deduce that A — T is invertible and

1 T\N' 1& 77

Thus we have proved that p(T) D {A € C: |A\| > ||T||} and also the second item.
Given Ay € p(T), take A € C close enough to \g so that

A= Aol - [[Bo (T < 1. (1)
Writing
M-—T=NI-T+ (X=X = [[ — (A= )\O)RAO(T)] (Nl = T),

then Lemma [1.1] gives that A € p(T') for A satisfying (1)), thus proving that p(T) is an open
set. Moreover,
RA(T) = Ry (T) [ = (A = o) R (T)] .

Now Lemma [I.1] gives that

[e.o]

[T = (A= 20) R, (1) 7" =) (A= Xo)" Ry, (T)",

n=0



and so

RA(T) = Ry (T) D (A= Xo)" Ra (T)".
n=0

Thus we have written R,(7') as a convergent power series around Ay, thereby proving its
analyticity. O

This last theorem shows that > >° 77! /A" is the Laurent series of the function Ry (T)
in the annulus {||7’|| < |2| < co}. So we can use the theory of holomorphic functions to
deduce many results about Ry (7") using this expansion. To start with, we consider a Jordan
curve v oriented counterclockwise and containing the disk {|z| < ||T'||} in its interior. The
Residue Theorem gives that

/ RA\(T)d\ = 1.
omi

Such utilization of curves and contour integrals to separate different parts of the spectrum
will be very useful in defining projection operators which will give a splitting into stable
and unstable spaces of hyperbolic isomorphisms.

Theorem 2.5. Let E # {0} be a complex Banach space and T' € L(E). Then o(T) is a
nonempty compact set contained in {|z| < ||T||}.

Proof. Noticing that o(T) = C\ p(7T), it immediately follows fromTheorem [2.4] that o(T)
is a closed set and o(T') C {z € C: |z| < ||T|}. It remains to see that o(T") is nonempty.
Assume, by contradiction, that p(7') = (). This implies that A — R,(T) is an analytic
function defined in the whole complex plane. Moreover, it follows from Lemma [1.1] that

for |A| > ||T|| we have
1 -1
RN
A A

Thus, A — R,(T) is a bounded function. Hence, by Liouville Theorem it must be constant.
As Ry(T) — 0 when A — oo, it follows that Ry(7) = 0. This gives a contradiction for

E # {0}. 0

1
= N =T/

IBA(T)] =

Definition 2.6. Let E' be a complex vector space. We define the spectral radius of an
opreator T € L(FE) as

r(T) = sup |Al
Aeo(T)



Theorem 2.7. Let E be a complex Banach space and 7' € L(FE). Then
r(T) = lim | 7Y™ = inf | T"|| /™.
n— 00 n>1

Proof. We start by showing that lim,, .. ||77]|"/" exists and coincides with

s(T) = lir7£1>i1nf |7

For this, it is sufficient to show that
limsup || 77" < s(T). (2)

n—-+00

Given an arbitrary € > 0, fix p € N such that |T?||'/? < s(T) +¢e. Any n € N can be
written as n = pg+r with 0 < r < p. Then, using the fact that norm is submultiplicative,
we obtain

T2 = TPt |V < TP T < (s(T) + )P || T
Since pg/n — 1 and r/n — 0 when n — +00, it follows that
limsup ||T"(|*/" < s(T) + e.
n—-+00

Since € > 0 is arbitrary, we have proved .
Let us now prove that r(T) < s(T), or equivalently, A € p(T') for |A| > s(T). In fact,
taking ¢ = |[A\| — s(T") > 0, we obtain ||T"|| < [s(T") + ¢/2]" for sufficiently large n, since

limy, 40 | 77||*/™ = s(T). Then,
L . s(T) +c/2\"
< ()
By s(T)+c
which shows that the series Y ° ;7" /A" converges in L(E). Moreover, by Lemma [1.1| we

can write .
I T 1 T\
z E :_ N — R\(T

and so we have proved that A € p(T') for |A| > s(T).

It remains to show that r(7) > s(T'). Theorem gives that r(T) < ||T|| and the
function A — R,(T) is analytic for |A| > =(7T"). In particular, Ry(7") admits a Laurent
series representation centered at 0 for |A| > r(T"). Equation shows that this series is
necessarily Y 2 T"1 /X", Thus we have lim,_, [[A""T"|| = 0 for any |\| > 7(T'). Hence,
given an arbitrary € > 0, we have |[|T"|| < [e + r(T")]" for n large. As e > 0 is arbitrary, we
obtain

s(T) = lim ||T"|Y™ < r(T).
n—oo
Thus we have proved that r(T') = s(T). 0

As r(T') is obviously bounded by ||T'||, equation (3 shows that the formula obtained in
Theorem [2.4] can be extended to the annulus {\ € C: r(T) < |\| < co}.
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3 Spectral decomposition

In the next result we show that if the spectrum of an operator on a complex Banac space
can be split into two disjoint compact parts, then corresponding to such splitting in the
spectrum there is a splitting in the space.

Theorem 3.1 (Spectral Decomposition). Let E be a complex Banach space and T' € L(F).
Assume that o(T") = 01 U0y, where 01, 0y are compact disjoint sets. Then there are closed
spaces F1, Fy with:

1. F = El D Ez,
2. T(Ey) C Ey and T(Es) C Ey;
3. o(T|g,) = o1 and o(T|g,) = 0o.

Proof. Assume that o(T) = o1 U 09, where 01,09 are compact and disjoint. Consider a
Jordan curve v C p(7T) oriented counterclockwise, containing o; in its interior and o9 in
its exterior. We define the operator in L(E)

1
P=_— T)d.
YT o R*( JdA

Let +' be another Jordan curve oriented counterclockwise, containing 7y in its interior and
09 in its exterior. As  and 4/ are homotopic in p(7'), we have

1 1
P=— T\ = — [ Ry(T)dN.
1 : 7R,\( ) 27TZ.[YIR,\( )

271
Let us now prove that P; is a projection. First of all observe that for A\, \ € p(T) we have

RA(T) = R\(T)(NT—T)Ry(T)
= RA\(T)[M —T+ (N = NI|Ry(T)
[T+ (N = ) RA(T)] Ry (T)
= Ry(T) + (N = MRA(T) R (T). (4)

Now, using in the second equality below we may write

2 = e e— !
P? = <2m //RA )R (T)dN dA
= / / U\l R” (™) gxvan
(27i)2 )\’

1 (T
— // d)\d/\——,// Rx(T) 1yran
(27i)? (2mi)? ), ) N = A

1 dN 1 1 d\
= Ry\(T)— d\ R\ (T ).
2i . A )27r2 /7/ N =) +27m[/ g )27Tz//\—)\’




Noting that we are taking v inside +/, we have for A € v and X € +/

1 A
2mi Sy N — A 2mi Jo A= N

0,

from which we deduce that P? = P;, and so P, is a projection.
Defining P, = I — P, and the spaces Fy = P;(FE) and Ey = P3(E), we have by
Proposition [I.3] that £y and E, are closed subspaces and

E:EIEBEQ.

Moreover, as T' commutes with A\I —T', we have that T commutes with R,(T") for A € p(T).
Integrating we get
PT=TPh.

Then we have

Similarly we see that T'(Ey) C E,, thus having proved the first two items of the theorem.
Now we are going to see that

o(T) = o(T|e) Vo(T|e,). (5)
It easily follows from (4]) that for all A, N € p(T') we have
Ry (T)RA(T') = RA(T) R (T),
and so, integrating with respect to A" along the curve v/, this yields
PiR\(T) = R\(T)P,.

Hence
(M —T)PiR\(T) = (M —T)R\(T)P, = P,. (6)
Also
RA\(T)N —T)P, = P,. (7)

Noticing that P;|g, is the identity, restricting equalities (6)) and to E; we deduce that
A € p(T|g,) and Rx(T|g,) = RA(T)|g,, thus proving that p(T") C p(T|g,). Using that P,
commutes with Ry (7T') as well, we also see that p(T) C p(T'|g,). Hence we have

p(T) C p(T|g,) N p(T|&,)- (8)

Besides, as T'(F;) C Ey and T(Ey) C E,, we easily see that Ry\(T) = Rx(T|g,) ® RA\(T|g,)
for X € p(T'|g,) N p(T|g,). This shows that p(T|g,) N p(T|g,) C p(T'), which together
with gives ([5)).



Let us finally show that o(T'|g,) = 01 and o(7T'|g,) = 02. Consider D the set delimited
by the Jordan curve v C p(T) used to define P;, containing o; in its interior and o9 in its
exterior. We start by proving that

C\D C p(T|g,). (9)
Given A € C and X € p(T) we may write

(M — T)Ry(T) = ARx(T) — TRy (T)
— ARy(T) = NRy(T) + XN Ry (T) — TRy (T)
= (A= N)Ry(T) + 1,

Assuming that A ¢ D we have

1 [Ru(T),, 1 ;o1 I,
M —T)-— AN = — [ Ry(T)dN + — dx. 1
( )QWiLA—A’ 2m/7RA< VAN o A= N (10)

Noting this last integral is equal to zero for A ¢ D, we have

1 R\ (T) .,
M-T)— | ——=d\N =P, 11
( )omi A A— N b (11)
and observing that A/ — 7" commutes with Ry (7") we also have
1 Ry (T) .,
— dN' (N =T) = P,. 12
2mi J, A — N ( )=h (12)

Considering equations and restricted to Ey we deduce that A € p(T'|g,) for A ¢ D,
and thus we have (9)). It follows that o(T'|g,) C D, which together with (5)) gives that

o(T|g,) Co(T)ND =o;. (13)

Assume now that A is in the interior of D. In this case we have the last integral in ({10)
coinciding with —7, and so it follows that

L [ Bx(T)
A —T)=— AN =P —1=—P.
( >2m'/7)\—)\’ ' ?

Using the same kind of arguments that we used in the previous case we easily deduce that
A € p(T|g,) for X in the interior of D. Tt follows that o(T|g,) C C\ D, which together

with gives

o(T|g,) Co(T)N(C\ D) = 0. (14)
Finally, noting that o(T") = o1 U 03 it follows from , and that we necessarily
have o(T'|g,) = 01 and o(T'|g,) = 09. 0



In the next result we state some useful characterization of contractions in complex
Banach spaces.

Proposition 3.2. Let E be a complex Banach space with a norm || || and T" € L(FE).
The following conditions are equivalent:

1. the spectral radius of T is strictly smaller than 1;
2. there is a norm | | equivalent to || || for which |7 < 1;

3. there are C' > 0 and 0 < A < 1 such that ||T"z| < CA"||z| for all z € F and n € N.

Proof. Clearly, if condition 2 holds, then there is 0 < A < 1 such that |T"z| < \"|z| for all
x € E and all n € N. Using that | | is equivalent to || || we easily deduce condition 3.
From Theorem we also deduce that condition 3 implies condition 1. It remains to check
that condition 1 implies condition 2.

Assume that the spectral radius of T is smaller than 1. It follows from Theorem
that if we fix 7(7') < s < 1, then we have ||T"||/s™ < 1 for all n sufficiently large. Hence,
there exists C' > 0 such that

[T"2]| < C's™[|]. (15)
for all z € F and all n € N. Fixing N € N such that
CsY <1, (16)

we define for x € E
N-1
ol =) T ].
n=0

Clearly, | |is anorm in E for which || || <| |. On the other hand, it follows from ([15])
and that for all x €

C
1—s

N-1
o] < O8] < =], (17)
n=0

thus having shown that the norms || || and | | are equivalent. Let us now prove that
|T| < 1. We have for each z € E

N
Ta| =Y T x| = [a] = [l + |TVz| < |z| = (1= CsV)||z],
n=1

which together with gives

Tl < (1 (18- csN)) ol

C
Observing that 1 —s > 0 and (1 — Cs™) > 0 we have |T| < 1. 0
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4 Complexification

Here we recall the well-know process of complexification of a real vector space and introduce
a useful norm in that complexification space. Given a real vector space E, define

Ec={z+iy:z,y € E}.

We introduce in E¢ a structure of complex vector space, defining the addition of x + iy
and v + v in E¢ as
(x+iy) + (u+ i) = (x +u) +i(y +v)

and the multiplication of a +i8 € C by x + i1y € E¢ as

(a+1i8)(z +iy) = (ax — By) + i(ay + Bx).

We leave it as a straightforward exercise to verify that F¢ endowed with these operations
has a structure of complex vector space, called the complexification of E.

The problem of introducing a norm in E¢ for which E¢ inherits important properties
from E (being a Banach space, for instance) is more subtle than it may appear at first
sight. An attempt to define a norm in the complexification space has been made by A. E.

Taylor through
Iz +iylle = VIl=[* + llyl>

for each = + iy € Ec. The problem with || ||c is that in general it fails to have the
homogeneous property over the complex numbers. A reasonable norm has been proposed
later by A. E. Taylor, defining for each = + iy € E¢

|z +iyllc = sup || cos@x—sinbyl. (18)
0€[0,27]

For many other considerations about possible choices of reasonable norms in complexifica-
tion spaces see e.g. [0].

Proposition 4.1. If E be a real vector space with a norm || ||, then || |¢ defined as
in gives a norm in F¢ such that for all z,y € F

max{ |z, [[yl[} < llz +ayllc <zl +yl. (19)

Proof. Let us see first that for all x,y € E we have . In fact, it easily follows from the
definition of || /¢ that for all z,y € F

]| = [[ cos 0z — sin O y|| < [z +iyl|c

and . -
lyll = [[eos 5 & = sin %y < o+ .

11



Furthermore, for each 6 € [0, 27| we have

|| cos O — sin y|| < | cos f[[|]| + [sin ] |lyl| < [[=[| + [ly]l,

which finally gives .
Let us now see that || ||c defines a norm in E¢. From ((19) we easily deduce that

|z +iylc=0 <« x=0.

Moreover, given z,y € E and A € C, choose « € [0, 27] such that A = |A|(cosa + isin ).
We have

ANz +)|lc = [|M(cosa+isina)(z+iy)|c
= [[[A|[(cosaz —sinay) + i(cosay + sinaz)]|c

= |\ sup |[cosf(cosax —sinay)—sinf(cosay + sina x|

0€[0,27]

= |\ sup | cos(fd + a)r —sin(6 + a)y||
0€(0,27]

= Az +ylle,

and so we have the homogeneous property. Let us finally prove the triangular inequality.
For u + v, x + 1y € E¢ we have

[(u+w)+ (@ +iy)llc = [(utz)+(v+yilc
= sup [ cosf(u+x)—sinf(v+y)
0€[0,27)

= sup |[cosOu—sinfv+ cosfx—sinbyl
0€[0,27)

< sup |[cosfu—sinfuv||+ sup |[cosfx —sindy||
0e[0,27] 0€[0,27]

= u+ivflc +[lz +ylle,

which gives the triangular inequality. O
From here on we shall always assume that || ||c related to || || as in (18] is the norm
in the complexification E¢ of the real vector space E with the norm || ||. The next result

shows that with this choice we do not loose completeness.

Corollary 4.2. If E is a Banach space with a norm || ||, then E¢ is a Banach space with
the norm || ||c.

Proof. Observe that if (x, + iy,), is a Cauchy sequence in Eg, then (x,), and (y,), are
Cauchy sequences in E, by Proposition 4.1} Hence, both (), and (y,), must converge
in £. The convergence of these sequences in E implies the convergence of (x, + iy,), in
E¢, again by Proposition 4.1} O
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We are also interested in defining the complexification of an operator. Given a linear
operator T': E — E of a real vector space E, we define the complezification of T as

Tc E(C — E(C
r +— Tx+iTy.

We leave it as an exercise to verify that T is a linear operator on F¢. In the next result
we show that the norm of the complexification operator is preserved.

Lemma 4.3. Let E be a real Banach space. If T': £ — FE is a bounded operator, then
Tc : Ec — Ec is a bounded operator and ||T¢||c = ||T||-

Proof. We have for each x + iy € E¢

[Te(x +iy)llc = [Tz +iTyllec

= sup |[cosO@Tx—sinfd Tyl
0€l0,27]

= sup ||[T(cos@z —sinfy)||
0€l0,27]

< ||IT|| sup | cosfz —sinby||

0€[0,27]
= Tl +iyllc,

thus having proved that ||T¢|| < ||7||. Moreover, noticing that for all x € E we have
|lz|lc = ||=]|, it follows that

Te(x + 10 Tx Tz
Telle 2 sup T2 Ole ) WTwlle o, I
a0 |lz+1i0llc w20 |lzlle  azo0 [lz]
thus getting the other inequality. O

The following result is an immediate consequence of the previous lemma.

Corollary 4.4. Let E be a real Banach space. The mapping L(E) 3 T —— T¢ € L(E¢)
is continuous.

Finally, given a bounded linear operator 7' : £ — F of a real vector space E, we define
its spectrum o(T) as the spectrum of its complexification, i.e.

o(T) = o(Tt).

13



5 Hyperbolic isomorphisms

Given E a vector space we denote by GL(E) the set of elements in L(E) which are in-
vertible. Notice that under the assumption that F a Banach space we have by the Open
Mapping Theorem that A~* € GL(E), whenever A € GL(E).

Definition 5.1. We say that A € GL(E) is hyperbolic if the spectrum of A is disjoint from
the unit circle S € C. We define H(FE) = {A € GL(E) : A is hyperbolic}.

Proposition 5.2. Let E be a Banach space. Then H(F) is open in GL(E).

Proof. We first see the case of E being a complex vector space. Given A € H(E), we
have S C p(A). We need to see that for B € GL(FE) sufficiently close to A we also have
St C p(B), i.e. A\I — B is invertible for all A € S'. Given A € S we may write

M—B=M—-A) [+ —-A)"(A-B)].

Observing that A\ — A is invertible for A € S!, by Lema it is enough to see that
|(M — A)"'(A — B)|| < 1 for B sufficiently close to A (not depending on \). Considering

M = max ||(AM — A)7|
Aest
it is enough to take |B — Al < M~
Let us assume now F is a real space. Noticing that by definition one has o(A) = o(Ac),
it follows that A € GL(E) is hyperbolic if and only if Ac € GL(E¢) is hyperbolic. The
result in the real case then easily follows from Corollary and the complex case. ad

We leave it as an exercise to prove that the set of hyperbolic isomorphisms H(F) of
a finite dimensional vector space E forms a dense subset of GL(E). To see this one can
use the simple idea that, under a small perturbation of an operator on a finite dimensional
space, we can get rid of the elements in the spectrum which lie on the unit circle. This
does not necessarily hold in infinite dimensional spaces, as the next exampl{] illustrates.

Example 5.3. Consider D the disk of radius 1/2 centered at the point 1 € C and let
E be the space of bounded analytic functions f : D — C. This is a Banach space with
supremum norm. Let A : E — E be the bounded linear operator defined for each f € E as

Af(z) =2f(z), VzeD.

We leave it as an exercise to prove that o(A) = D. We claim that 1 € ¢(B) for any
isomorphism B sufficiently close to A in the natural norm of L(E). Indeed, given € > 0
and B € GL(E) with ||A — B|| < € let us prove that, as long as € > 0 is sufficiently small,

!Thanks to Maurizio Monge for providing me with this example.
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we have 1 € o(B). For this, it is enough to prove that I — B is not surjective. Noticing that
the constant function equal to 1 belongs to E we shall actually prove that the equation
(I — B)f =1 has no solution f € E. We have

(I-B)f=1 & f-Af=1-(A-B)f.
Assume by contradiction that there is f € F for which
f—Af=1—-(A-B)f. (20)

Using the maximum modulus principle we get

1
17— Afl = 51511 2,

which gives
(A= B)fll < el f[l = 2¢llf — Af],
and so ]
I7 = Afl = o I(A = B)S.
we obtain .

(A= Bl <1+ (A~ B)f|

which then yields
1 -1
(A= B)f]| < <2— - 1) <1, fore> 0 small
€
This in particular gives that the function 1 — (A — B) f has no zeros in D. Noticing that

(f — Af)(2) = 0 has a solution in z = 1 we have a contradiction with (20)).
Definition 5.4. We define the stable space of A € GL(E) as

EP={reFE: lim A"r=0}

n—-4o00

and the unstable space of A as

EY = {mGE: lim A_"x:()}.

n—-+o0o

We leave it as an exercise to verify that E° and E" are linear subspaces of E, which
additionally are invariant under A, meaning that

A(E®) = E* and A(E") = E".

The next result shows that the stable and unstable spaces are complimentary when the
isomorphism is hyperbolic. Clearly, this not necessarily true without the hyperbolicity
assumption, even in fine dimension.
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Theorem 5.5. Let A be a Banach space and A € H(E). Then E = E° @ E*.

Proof. Consider first the case of E/ being a complex space. Theorem |3.1] ensures that there
is a spliting F = F; @ Es into closed subspaces which invariant under A such that

o(Alg,) =c(A)N{|z| <1} and o(A|g,)=0c(A)N{|z| > 1}. (21)

We are going to prove that £° = E; and E* = E5. Observe that gives in particular
that
T(A’El) < 17 (22)

where 7(A|g,) is the spectral radius of A|g,. Using Proposition (3.2 we easily get

By C E*, (23)
and together with Lemma [2.3] we also get

B, C E". (24)

Let us now prove the reverse inclusion of . More precisely, we shall prove that if x ¢ Ej,
then A™z cannot converge to 0 when n — +oo. Actually, if z ¢ E;, then by Theorem
there are x1 € E; and 0 # x9 € Fsy such that x = z7 + x5. By and we have

lim A"z; =0 and lim A"z =0.
n—+o00 n—+00
Now it is enough to verify that A"z, does not converge to 0, when n — co. Assuming by
contradiction that A"z — 0 when n — oo, then there is ny € N such that ||A™z,] <1 for
all n > ng. Hence, we have for n > ng

1A [, || = [[A™" A5 = |5 # 0.

This implies that
1A g, 1" = a7,

and so 7(A7!|g«) > 1, by Theorem 2.7 This gives a contradiction with (22), and so we
have proved that F; = E*®. Noticing that the unstable space of A coincides with the stable
space of A1, then using Lemma we also see that Fy = E™.

Let us now see that £ = E° @ E* in the real case. Consider E¢ and A¢ the complexi-
fications of E' and A respectively. We have by definition that Ac¢ is hyperbolic and, by the
complex case already proved, we have a decomposition E¢ = Eg @ E¢ invariant under Ac.
Defining

gb : F — Eg¢
r — x 410
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by Proposition 4.1 we have that ¢ is continuous. Hence, ¢~ (E%) and ¢~ 1(Eg) are closed
subspaces of E. Observe that

re¢ '(BY) & x+i0€E}
& lim AZ(z+i0) =0+ i0
n—-+oo

< lim A"x =0,

n—-+40o

being this last equivalence a consequence of the definition of A¢ and Proposition Then
we have ¢~ '(E&) = E*, and so E* is a closed subspace of E. Noting that (A¢)™' = (A™!)¢
we easily deduce that ¢7'(Eg) = E“ as well, thus proving that E" is a closed subspace
of E. Moreover, observing that

re E°NE"Y & o¢x)e ENEE
& 4i0e B\ E®
& =0,
we easily get that F* N E* = {0}. Finally, given z € E, there are = + iy, € E& and

Ty + 1Yy € B¢ such that
z 410 = (x5 +1ys) + (T + 1Y),

which then implies
T = Ts+ Ty.

Noticing that

s +iys € B & lirf A (zs +iys) = 0410
n—-—+0oo

= lim A"z, =0

n——+o0o

by Proposition we have z, € F*. Using that (A¢)™! = (A71)¢, we also get z, € E*. O

Definition 5.6. Let E be a Banach and A € H(E). We call E = E° & E" the hyperbolic
splitting of A, and denote A®* = A|gs and A" = A|pu.

Definition 5.7. Let F with a norm || || be a Banach space and E = E® @ E“ be the
hyperbolic splitting of A € H(E). We say that a norm | | in E is adapted to A if the
following conditions hold:

1. | | is equivalent to || |;
2. |z% 4+ 2% = max {|z°|, |z"|}, for all z° € E* and z* € E";

3. |A%] <1 and |[(AY)7}] < 1.
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Theorem 5.8. Let E be a Banach space and A € H(E). Then A has some adapted norm.

Proof. Consider first the case of F being a complex space. Let £ = E®* @ E" be the
hyperbolic splitting of A. Considering the operators A* and (A*)~!, then by Proposition
and Lemma [2.3[ there are norms | |s; and | |, in the spaces E® and E*, respectively, such
that

|A*|, <1 and [(A")7Y, < 1.

Furthermore, | |s and | |, are equivalent to || || restricted to E* and E“, respectively.
This means that there is C' > 0 such that for all z° € E* and z* € E" we have
1 1
alrls <l < Cla®lsand - Zla®ly < [l27]] < Clal..
Define for z° € £° and 2" € E*
|2 + 2| = max {|2°[5, [} -

To finish the complex case we just need to see that | | is equivalent to || || in E. Indeed,
considering the projections P® and P" onto the subspaces £° and E", respectively, we have
for 2° 4+ 2" € B° @ E

22 = max (|l 2"}
|2°[s + |2"]u
Cllz*|l + Cll=]]
= C([P(@* + ") + [[P*(=* + "))

IAIA

< CUP I+ 1PN + 2.
On the other hand,
J° + 2" < l2*] + [J="]]
< Clz°|s + Cla"|,
< 2C max{|z®|s, |[x"].}
= 2C|z* + x|

This finishes the proof of the result in the complex case

Consider now the case of E being a real space. Let E¢ be the complexification of E
and Ac : Ec — E¢ the complexification of A. Considering Ec = EZ @ E¢ the hyperbolic
splitting of Ac = AZ @ Af, we leave it as an easy exercise to verify that

Ei =FE°+4F° and Eg=E"+iE". (25)
Moreover, for all z,y € E* we have

Al(z +1y) = A’x + 1A%y (26)
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and for all z,y € E" we have
Al (z +1y) = Atz + iA"y. (27)

Let || |lc be the norm in E¢ introduced in (18). By the complex case already seen, there
is some norm | |¢ in E¢ adapted to Ac. In particular, there exists C' > 0 such that for
all x,y e B

Sl +igle < o+ iyle < Clla + gl (28)
Defining |x| = |z + 0i|c for € E, from Proposition and (28) we get
1
cllell < Jof < Cllal)
which gives the equivalence of | | and || ||. Moreover, for each x € E we have

|z| = |z + i0|c = max{|xs + i0|c, |z, + i0|c} = max{|xs|, |x.|}-

Finally, it follows from (26]), and the the way we have defined | | that if |A%|c < 1
and |(A%)7|c < 1, then |A%| < 1 and |[(A*)7!] < 1 as well. 0

Using that an adapted norm is, by definition, equivalent to the original norm, we easily
get the following useful consequence of the previous result.

Corollary 5.9. Let E be a Banach space with a norm || || and E = E®* @& E* be the
hyperbolic splitting of A € H(E). Then there are C' > 0 and 0 < A < 1 such that:

L. ||A"z|| < CA*||z|| for all z € E¥;

2. [J[A7"z|| < CN"||z|| for all z € E™.

This gives in particular that points in the stable and unstable spaces converge to the
zero vector exponentially fast under iterations by A and A~! respectively.

6 Structural stability

In this section we prove that a hyperbolic linear isomorphism is structurally stable, mean-
ing that it is topologically conjugate to any nearby linear isomorphism. We start with
a well know result on the existence of fixed points for contractions on complete metric
spaces, highlighting the maybe no so well-known fact that, for a continuous family of such
contractions, the fixed point depends continuously on the parameter.
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Lemma 6.1. Let X be a complete metric space, Y a topological space and f: X xY — X
continuous for which there is 0 < A < 1 such that

dist(f(x,y), f(2',y)) < Adist(x,2"), Vz,2' € X Vy €Y. (29)
Then there is a continuous function p : Y — X such that for each y € Y:
1. p(y) is the unique fixed point of f, : X — X given by f,(z) = f(y,x) for z € X;

2. lim f'(z)=p(y) for all r € X.

n—-+o0o

Proof. Given x € X, define the sequence of points in X
r, = f,(z), neN.
Using we can inductively see that for all n € N we have
dist(zp41, ) < A" dist(zq, x).

Then, for any m,n € N with m > n we have

dist(@p,, x,) < dist(@,, Tpo1) + - - - + dist(Tp41, 5)
< N hdist(ag, 2) + - - 4+ A" dist (2, 2)
< dist(xq, x).

1—A

Thus we have that (x,), is a Cauchy sequence in X, and so it must converge to some point
p(y) € X, by completeness of X. This means that

lim f(z) = p(y)

n—oo

and using the continuity of f, we get

lim fy(x) = lim " (z) = f,(p(y)).

n—oo

By uniqueness of the limit we necessarily have f,(p(y)) = p(y). Moreover, if p/(y) is another
possible fixed point of f, we have

dist(p(y), p'(y)) = dist(f,(p(y), ' (y))) < Adist(p(y), ' (v)),

and this necessarily implies that p'(y) = p(y).
Let us now prove that p : Y — X is continuous. Given x € X and y € Y we choose
n =n(x,y) € N such that

Aist( (), p(y) < 1 dist(z, £,(x))
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We have

dist(z,p(y)) < dist(@, fy(2)) + - +dist(fy " (2), fy (@) + dist(f} (), p(y))
< dist(x, f, (@) + -+ A dist(z, f, () + N i 5 dist(z, f,(x))
2
< X dist(z, fy(x)).

Given yy € Y we apply this last inequality to x = p(yo), thus getting

dist(p(yo), fy(P(0))) = dist(f(p(0), ¥o), f(p(v0), ¥))-

2 2
1—-A 1—A

Since f is continuous, then p is continuous. ad

dist(p(yo), p(y)) <

Given Banach spaces E and F' we define
CHE,F)={¢: E— F| ¢ is bounded and continuous}.

It is clear that CP(E, F) is a vector space, which moreover becomes a Banach space when
endowed with the supremum norm. In the special case that £ = F we simply denote the
space CP(E, F) by C(E).

Definition 6.2. We say that ¢ : £ — E is Lipschitz if
lo(x) — o(y)

sup | < +00,

ity |l =l

and denote this supremum by Lip(¢).

Lemma 6.3. Let F be a Banach space and A € GL(FE). If ¢ € C)(FE) is Lipschitz with
Lip(¢) < ||A7Y||7!, then A + ¢ is a homeomorphism.

Proof. 1t is enough to show that for each y € E the equation (A 4 ¢)(z) = y has a unique
solution x € E depending continuously on y. Defining for each z,y € £

flz.y) = A7y — ¢(x))
we have
(A+9)(x)=y & z=AT(y—o() & [flz.y ==
For each x,2’,y € E we have
1f(2,y) = f(@', )|l < [|A7Y| Lip(¢) ]|z — 2|

Thus, if Lip(¢) < [|[A7![|~!, we are in the conditions of Lemma [6.1] It follows that for
each y € E the equation (A + ¢)(x) = y has a unique solution in z € E which, morever,
depends continuously on y € E. O
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Definition 6.4. We say that f : F — FE and g : E — FE are topologically conjugate if
there is a homeomorphism h : E — E such that ho f = go h.

Proposition 6.5. Let F be a Banach space and A € H(FE). There is € > 0 such that if
b1, 92 € CP(E) are Lipschitz with Lip(¢;) < ¢, for i = 1,2, then A + ¢, and A + ¢, are
homeomorphisms topologically conjugate.

Proof. Let E = E°@® E" be the hyperbolic splitting of A € H(FE) and consider a norm || ||
in F adapted to A. Then there is 0 < a < 1 such that

|4 <a and (47| <a.

We start by choosing ¢ < ||A7'||7!. Lemma ensures that if we take ¢, 2 € CY(E)
with Lip(¢;) < e for i = 1,2, then A+ ¢; and A + ¢ are homeomorphisms. Our goal now
is to prove that there is a homeomorphism h : £ — E such that

(A4 ¢1)h = h(A+ ¢s). (30)

We shall look for such an homeomorphism of the form h = I + g with g € CP(F). In these
conditions, equation (30) can be written as

(A+ o)L +g) = (I +g)(A+ ¢a),

or equivalently
Ag = g(A+ ¢2) = g2 — d1(1 + g). (31)

This last equation motivates the linear operator

L : CYE) — CQE)
g +— Ag—g(A+ ¢).

We claim that L is a bounded linear isomorphism. Actually, we may write L = ST, where
S and T are the linear operators in C{(E) given by

Sg=Ag and Tg=g— A g(A+ ¢s).
We have that S is a bounded linear isomorphism with
ISl = 1Al and [[S7H| = [[A7]].

Moreover, as E* and E" are invariant under A~', then CY(E, E*) and CY(E, E") are
invariant under 7" as well. Hence we may write T" = T @ T", where T* is the restriction
of T to CP(E, E*) and T is the restriction of T to CY(E, E"). Let us now see some useful
properties on 1 and T™:
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1. T is invertible and ||(T*)7']| < 1/(1 — a).
Indeed, noticing that

Tv . CYE,E%) —s C(E,EY)
g — g — (AY)'g(A+ o),

we may write 7% = I 4+ U, where

U : C)E,E") — CYE,EY)
g — —(AY) (A + ¢2).

Since [|U]| < [|(A*)7Y|| < a, then Lemmall.1|gives that T* is invertible and ||(T%) || <
1/(1 = a).

2. T¢ is invertible and ||(T*)7|| < a/(1 — a).
In this case we have

Ts . CE,E?) — CYE,E®)
g — g — (A°)Tg(A+ @),

Since by Lemma [6.3| we have A + ¢5 a homeomorphism, we may write 7% = [ 4+ V =
V(V=! 4+ 1), where

V-1 CS(E,E”) — CE(E,E“)
g — —Asg(A—{—gbg)_l.

Noticing that ||V~ < ||A%]] € a < 1, then Lemma [I.1] ensures that T is invertible
and [|(T*)7Y| < a/(1 - a).

It follows from the two properties above that T'=T° & T is invertible and

1 1
||T_1||§max , a — )
l—a' 1—a 1—a

This gives that L is a bounded linear isomorphism.
Now consider the operator

R : C)E) — CYE)
g — L (2=l +9))

A fixed point of R clearly gives a solution to equation . By Lema it is sufficient to
see that R is a contraction in the Banach space C{(FE). We have for each g, go € CY(E)

|Rg1 — Rga|| = |IL7(=¢1(I+g1) + d1(1 + g2))]
< N T7HIISTH| Lip(é1)]lg1 — gel]
< M 61— gl
- 1—-a

23



As we are assuming Lip(¢;) < ¢, taking € < (1 — a)||[A7Y||”' we ensure that R is a
contraction in CY(E). Hence, there is a unique solution g € CP(E) to equation or,
equivalently, there is a unique g € C(FE) such that

(A+o)(I +9) =T+ 9)(A+ ). (32)

It remains to see that I + g is a homeomorphism. By symmetry on the roles of ¢, and ¢
we can also prove that there is a unique g € CP(E) such that

(I +9)(A+¢1) = (A+¢2)(I + 7).
Multiplying on the left by I + g, we obtain
L+ 9)I+9)(A+ 1) = (I +g)(A+ ) (I +9),
and using we get
L+ 9)I+9)(A+ 1) = (A+ o)L +9) (I + 7).
Observing that
L (I+gI+3g) =I+g+9+95;
2. g+g+gg€CYE);
3. [(A+ 1) = (A+ o)1,
4 (I+9)I+9)(A+ ) =(A+ o) +9) I +9);

by the uniqueness of the solution of in CY(F) we ensure that (I + g)(I +g) = I.
Similarly we prove that (I + §)(I + g) = I, thus having I 4+ g a homeomorphism. O

Lemma 6.6. Let £ be a Banach space. If ¢ : E'— E is Lipschitz, then ¢|p(1) has some
extension ¢ € CP(FE) with Lip(¢) < 3 Lip(yp).

Proof. Take a smooth function n : R — R such that

n(t) =0, ift>2
nt)y=1, ift<1;
(1) <2, VteR,

and define for x € F
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We clearly have ¢|p(o.1) = ¢|p(0,1) and ¢ € Cp(E). For any 1,22 € E we have

lo(x1) = @(@2)|| = [In(llz1[)e(z1) = nlllz2])e ()]
= [ltn(llz ) = nlllz2ID] le(z1) = @ (0)] + nlllzal) (1) — @l
< [n(llz[l) = nlllz2lD leGer) = L)) + [lez1) = (@) (33)

Using the Mean Value Theorem for n we deduce that if 21,2 € B(0,1), then

[¢(x1) — d(z2)|| < (2[|z1 — @2||) Lip(p)||21 || + Lip(p)|[z1 — 22|
< 3Lip(p)[|z1 — z2|.

We also deduce from that if z; € B(0,1) and z2 ¢ B(0, 1), then
[¢(x1) — ¢(22)]| < 2Lip(@)l|lz1 — 2.
By symmetry on the roles of z; and x5 we also get the conclusion for z; ¢ B(0,1) and

xe € B(0,1). Finally, if z1,29 ¢ B(0,1), then ¢(z1) = 0 = ¢(x2), and this clearly gives
what we need to prove also in this case. O

Definition 6.7. We say that A € GL(E) is structurally stable if there exists € > 0 such
that for all B € GL(E) with ||A — B|| < € we have B topologically conjugate to A.

Theorem 6.8. Let F be a Banach space and A € H(FE). Then A is structurally stable.

Proof. Take A € H(E). We need to check that for any B € GL(E) sufficiently close to A
there is a homeomorphism h : £ — E such that ho A = B o h.

Let € > 0 be given by Proposition and take B € GL(FE) with |B — A|| < €/3.
It easily follows that Lip(B — A) < €/3. Defining V;, = B(0,1) and ¢ = B — A, by
Lemmal[6.6] there exists an extension ¢ € C{(E) of |y, with Lip(¢) < 3 Lip(¢) < €. Then,
by Proposition [6.5] there is some homeomorphism & : E — E such that

hoA= (A4 ¢)oh.
Since (A + ¢)|v, = Blvw,, taking Uy = h™1(1}), we may write
ho Alu, = Bohly, (34)

Our goal now is to extend this local conjugacy h to a conjugacy between A and B. Observe
that by Proposition we may suppose B € H(FE). Let E5 @& EY and E & E} be the
hyperbolic splittings of A and B respectively. By Corollary there are C' > 0 and
0 < A < 1 such that

|Az|| < CA"||z||, forall z € Ef
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and
|B"z|| < CX"||zf|, for all z € E}.

Then there are V; C V and U; C Uy small neighborhoods of 0 such that
Av e Uy, VYxeUNE), VneN,

B'reVy, VzxeViNEs VneN

and

h(Ul) = V1.

Define
UlszUlﬂEZ and MS:‘GQEE

It follows from that for any « € U;* we have h(A"z) = B"(h(x)) for all n € N, and
so by the continuity of A we must have B"(h(z)) — 0, when n — oo. Recalling that
h(Uy) = Vi1 we obtain h(U;*) C Vi®. From ([34]) we easily get

h™to Bly, = Ao h™ |y,

and so we similarly see that h='(V;*) C U;°. Hence we have proved that h(U;°) = V;°.
This allows us to extend Ay, to a homeomorphism h® : E% — E% conjugating A® and B?*.
Indeed, given z* € E* by Theorem [5.5| there is some n = n(xz*) > 0 such that A"z* € U;.
We define

h*(z®) = B™" o ho A"(z).

We leave it as an exercise to prove that h® is well defined and is a homeomorphism conju-
gating A B3 and B‘E%

It is not difficult to see that similar conclusion holds for the unstable spaces. Indeed,
considering Uy = A(U;) and Vo = B(V4), it follows from that h=1(V3) = Uy and

h_l e} B_1|V2 = A_l e} h_1|V2.
Using similar arguments to those above we can prove that there is also a homeomorphism
h*: B — E} conjugating Algy and B|gy.
Finally, defining h : £ © B} — E3 @ Ef by
h(z® 4 %) = h®(2®) + h*(z")

we have that h is a homeomorphism conjugating A and B. ad
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7 Open problem

We have proved in Theorem that a hyperbolic isomorphism of a Banach space is
structurally stable. We leave it as an exercise to show that in the finite dimensional case
we have a converse to that result: any structurally stable linear isomorphism of a finite
dimensional space is necessarily hyperbolic.

A possible strategy to prove the converse to Theorem in the finite dimensional case
can be based on the simple idea that given a non hyperbolic isomorphism in a finite di-
mensional space, under a small perturbation we can get rid of the eigenvalues on the unit
circle. We can do that in such a way that arbitrarily close to the given non hyperbolic iso-
morphism there are two hyperbolic isomorphisms whose dimensions of stable and unstable
spaces do not coincide. This is an obstruction to structural stability.

To the best of our knowledge, the necessity of hyperbolicity for structural stability in
infinite dimensional Banach spaces is still an open problem.

Problem. Let E be a Banach space and let A € GL(E) be structurally stable. Is A
necessarily hyperbolic?

8 Exercises

1. Let E be a finite dimensional linear space and A € GL(E). Prove that:
(a) if {e1,...,es} is the basis associated to a Jordan block of an eigenvalue A of A
with |A| < 1, then A"x — 0 as n — +oo for all © € span{ey, ..., e, };

(b) if {f1,..., fs} is the basis associated to a Jordan block of an eigenvalue A\ of A
with [A| > 1, then A~z — 0 as n — 4oo for all x € span{fi,..., fs};

(c) if A has no eigenvalues in the unit circle, then there are subspaces E* and E“
of E such that:

i. E=FE*® E";
ii. A"r — 0 asn — +oo for all x € E?;
iii. A"z — 0 asn — +oo for all z € E“.

2. Let E be a vector space and A : E — E a linear isomorphism. Show that the stable
and unstable spaces of A are linear subspaces of E invariant under A.

3. Given an example of a linear isomorphism of a Banach space E for which the sum of
its stable and unstable subspaces is not equal to FE.

4. Let A € GL(E) and Ac € L(E¢) be the complexification of A. Show that:
(a) B3 = E* +iE° and E% = B + iE"
(b) A&(z +iy) = A’z + iA®y for each x,y € E*;
(¢) Af(z +iy) = A%z + A%y for each z,y € E™.
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10.

11.

(d) [Azllc = [[A°[] and [[Ag]lc = [[A™]l

Let X =[1/3,1/2]U[2, 3] and E be the Banach space of bounded functions f : X — C
endowed with the sup norm. Define A : E — F by assigning to each f € E the
function Af € E, defined as

Af(z) =z f(x), VrelX.

(a) Show that A is a bounded linear isomorphism.
(b) Show that A is hyperbolic.

(c¢) Determine the stable and unstable spaces of A.

Consider D the disk of radius 1/2 centered at the point 1 € C and let E be the
Banach space of bounded analytic functions f : D — C with supremum norm. Let
A : F — FE be the bounded linear operator defined for each f € F as

Af(z)=zf(z), VzeD.
Prove that o(A) = D.
Prove Corollary [5.9

Let A, B : R — R be the linear isomorphisms given by Az = axr and Bx = bx, with
a,b > 1. Show that A and B are topologically conjugate.

. Let A, B: E — E be the hyperbolic isomorphisms of a Banach space E. Show that

A is topologically conjugate to B if and only if both A
to B|g;, and A|gu is topologically conjugate to B | B

s, 1s topologically conjugate

Let E be a finite dimensional vector space. Show that H(FE) is dense in GL(E).

Let E be a finite dimensional vector space. Show that if A € GL(E) is structurally
stable, then A € H(E).
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