K

)

ADVANCES IN OPERATOR THEORY

Adv. Oper. Theory 4 (2019), no. 1, 215-225
https://doi.org/10.15352/aot.1805-1364
ISSN: 2538-225X (electronic)
https://projecteuclid.org/aot

GENERAL EXPONENTIAL DICHOTOMIES:
FROM FINITE TO INFINITE TIME

LUIS BARREIRA* and CLAUDIA VALLS

Communicated by C. Lizama

ABSTRACT. We consider exponential dichotomies on finite intervals and show
that if the constants in the notion of an exponential dichotomy are chosen
appropriately and uniformly on those intervals, then there exists an exponential
dichotomy on the whole line. We consider the general case of a nonautonomous
dynamics that need not be invertible. Moreover, we consider both cases of
discrete and continuous time.

1. INTRODUCTION

The notion of an exponential dichotomy or of an exponential splitting, together
with its various extensions and generalizations, plays a central role in a large
part of the stability and hyperbolicity theories of differential equations and dy-
namical systems. Essentially going back to Perron in [19], it is central in the
study of stable and unstable invariant manifolds, of topological and smooth con-
jugacies to the linear part of the dynamics, of normal forms under appropriate
resonance conditions, and of closing and shadowing properties, among many other
developments. We refer the reader to the books [6, 7, 10, 11, 14, 25] for details
and further references. A far reaching generalization of the hyperbolicity theory
is the nonuniform hyperbolicity theory, which goes back to landmark works of
Oseledets [16] and particularly Pesin [20, 21, 22]. For example, almost all trajec-
tories of a dynamical system preserving a finite invariant measure with nonzero
Lyapunov exponents are nonuniformly hyperbolic. The theory is an important
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part of the general theory of dynamical systems and a principal tool in the study
of stochastic behavior, particularly in the context of smooth ergodic theory.

An important property of the notion of an exponential dichotomy is that it
persists under sufficiently small linear perturbations, which naturally contributes
to the abundance of the hyperbolic behavior. This is usually called the robustness
or roughness property. The study of robustness has a long history. In particular, it
was discussed by Massera and Schéffer [13] (building on earlier work of Perron [19];
see also [14]), Coppel [5] and Dalec’kii and Krein [7]. For more recent works
we refer the reader to [4, 15, 23, 24] and the references therein. In a different
direction, and as an example, we note that for a geodesic low on a compact
smooth Riemannian manifolds with strictly negative sectional curvature, the unit
tangent bundle is a hyperbolic set (this essentially corresponds to the existence of
an exponential splitting at all points). Furthermore, time changes and small C*
perturbations of flows with a hyperbolic set also have a hyperbolic set. This last
result is a natural version of the robustness property of an exponential dichotomy.

Here, in strong contrast with the usual stable and unstable exponential rates
that are present in the notion of an exponential dichotomy, we allow asymptotic
rates of the form e®® determined by an arbitrary function p. The usual expo-
nential behavior corresponds to take p(t) = t. This includes situations in which
the Lyapunov exponents are all zero or are all infinite and to which one cannot
apply, certainly without modifications, the existing hyperbolicity and stability
theories. Incidentally, in [1] we showed that for a large class of rate functions p
there exist many linear equations 2’ = A(t)x exhibiting an asymptotic behavior
that can be expressed in terms of the more general exponentials e®®). One can
also consider the case of discrete time and the same observations apply without
change.

In this work we consider exponential dichotomies on finite intervals. Certainly,
without other requirements, the notion is trivially satisfied in this case. However,
as first observed by Palmer in [18] (building on his related approach in [17]), if
the constants in the notion of an exponential dichotomy are chosen appropriately
and uniformly on intervals of sufficiently large length, then the existence of expo-
nential dichotomies on these intervals allows one to deduce that there exists an
exponential dichotomy on the whole line. More precisely, [18] considers the case
of a nonautonomous dynamics defined by a sequence of invertible matrices. In [8],
Ducrot, Magal, and Seydi extended Palmer’s work to exponential trichotomies
(which corresponds to consider stable, unstable, and central directions), again for
discrete time, but without assuming that the dynamics is invertible, which causes
several complications in the proof.

Our main aim is to obtain a version of Palmer’s result in [18] for exponential
dichotomies with arbitrary growth rates. As in [8], we also consider the general
case of a nonautonomous dynamics that need not be invertible. In addition we
consider both cases of discrete and continuous time. In order to formulate our
main result, we first introduce the notion of a p-exponential dichotomy. Let
(Am)mez be a sequence of bounded linear operators acting on a Banach space X.
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For each m,n € Z with m > n, let

Ap_1---A, ifm>n,

A(m,n) = L
Id if m=n.

Given an increasing function p: Z — Z with p(0) = 0 and an interval I C Z
(that is, the intersection of Z with some interval in R), we say that the sequence
(Am)mez has a p-exponential dichotomy on I if:

(1) there exist projections P, for m € I satisfying
P,A(m,n) = A(m,n)P,, form >n,
such that, writing @),, = Id — P,, the map
A(m,n)|imQ,: imQ, — imQ,, (1.1)

is onto and injective;
(2) there exist ¢,k > 0 such that, for all m,n € I with m > n, we have

||A(m,n)Pn|| < ke clp(m)=p(n))

and
1A, m) Q| < reePtm=etn),
where A(n, m) denotes the inverse of the map in (1.1).

The vector spaces im P, and im @),, are then called, respectively, stable and un-
stable spaces at time n. For example, when p(n) = n we recover the classical
notion of an exponential dichotomy. By considering other functions p one can
consider other types of asymptotic behavior.

The following theorem is our main result. Given 7 € N, we say that an in-
creasing sequence (a;)iez in Z is 7-dense if a1 < a;+7 for every i € Z (in other
words, each interval of length 7 contains at least one element of the sequence).

Theorem 1.1. Let (A,,)mez be a sequence of bounded linear operators such that

K :=sup (||Am||ec(p(m+1)_p(m))) < 400, (1.2)
meZ

for some ¢ > 0, and let («;);ez be a T-dense sequence. Given ¢ > ¢ > 0, there
exist ¢ = U(7,¢,¢, Kk, K) and R = R(k, K) such that if (Ap)mez has a p-exponential
dichotomy on [oy, a; + €] for each i € 7 with constants ¢ and k, then it has a p-
exponential dichotomy on Z with constants ¢ and k.

See Section 2 for the proof of Theorem 1.1. The method of proof follows the
strategy devised by Palmer in [17, 18] and also used in [8]. Namely, there are two
main elements:

(1) In a first step we show that if there are exponential dichotomies in suf-
ficiently large intervals intersecting only at their endpoints, and the pro-
jections of two intervals at the intersection endpoint are sufficiently close,
then there is an exponential dichotomy on the whole line. An important
element of this part of the proof is the use of the robustness property of
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an exponential dichotomy to deduce that the original dynamics has an ex-
ponential dichotomy by showing that this happens for a sufficiently close
related dynamics.

In a second step we show that if the original finite intervals in which we
assume that there are exponential dichotomies have a sufficiently large
intersection, then the projections associated with any two intersecting in-
tervals are uniformly close. This is assured by assuming that the original
intervals are sufficiently close, while the closeness of the projections al-
lows one to apply the first step to the original intervals (and not only to
those that intersected at the endpoints; recall that in the first step the
projections are assumed to be sufficiently close).

The corresponding result for continuous time (see Theorem 3.1) is obtained by
reducing the statement to the case of discrete time and then applying a result of
Henry in [12] that shows the existence of an exponential dichotomy on the whole
line for continuous time if it exists for the discretization of the dynamics (under
some appropriate growth assumptions).

2. PROOF OF THEOREM 1.1

We first consider the case when there exists ¢ € N such that the sequence
(Apm)mez has a p-exponential dichotomy on [(i — 1)q,iq] for each i € Z, with
constants ¢ and x (independent of 7). Later on the general case will be reduced
to this one. Thus, we assume that

(1)

(2)

there exist projections P! for i € Z and n € [(i — 1)q, ig| and satisfying
P! A(m,n) = A(m,n)P. form >n
such that, writing Q! = Id — P!, the map
A(m,n)|im Q" : im Q" — im Q* (2.1)
is onto and injective;

there exist ¢,k > 0 such that for all i € Z and m,n € [(i — 1)q, iq] with
m > n we have

||A(m, n)PﬁH < ge—clp(m)=p(n)) (2.2)

and
A (n, m)QL, || < ke~ tm=etm), (2.3)

where A(n, m) denotes the inverse of the map in (2.1).

Note that

1Pl <% and [lQ]l < = (2.4)

for all i € Z and n € [(i — 1)q, iq].
We also recall a result from [9] (see their Lemma 3.1 and Claim 3.3).

Lemma 2.1. Let F, F: X — X be bounded linear operators such that

|IF-F||<d<Vv2-1.
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Then F is invertible from im F onto im F' and

— 1 —
I(F|im F) 'z| < . 5||$|| for z € im F'.

Now we establish some auxiliary results. We first show that if the projections
P}, and P’ ! are sufficiently close uniformly on 4, then the sequence (A,,)mez has
a p-exponential dichotomy.

Lemma 2.2. If there exists § € (0, V2 — 1) such that
1P, — P <6, (2.5)

for alli € Z, then (Am)mez has a p-exponential dichotomy on Z with constants ¢
and K.

Proof. We define projections P, and @, = Id — P, for each n € Z by

P,=P, Q,=Q,, forieZ nel(i-1)q,ig). (2.6)
Note that
i+1 ) i+1 .
Py, =P, Q,=Ql" foricZ (2.7)
We also define linear operators A,, for each n € Z
_ A, if nc[(i—1)qiqg—1),
An =9 pit1 i+1 ; l ! [(2 Jaia = 1) (2.8)
P APl + Qi Aig Q. ifn=1q—1

We first show that (A,,)mez has a p-exponential dichotomy with projections P,,.
Then we show that the two sequences (A,,)mez and (A,,)mez are sufficiently
close on m, which by the robustness property of the notion of a p-exponential
dichotomy implies that the sequence (A,,)mez also has a p-exponential dichotomy.
Step 1. Invariance and invertibility along subspaces. We need to show that
P,.A, = AP, (2.9)

for all n € Z. It follows readily from (2.6) and (2.8) that identity (2.9) holds for
all n € Z such that n € [(i — 1)q,iq — 1) for some i € Z. Now take n = iq — 1.
By (2.7) and (2.8) we obtain

PoiA, = Pi Ay, 1=P?+1(1%2“Am WPl + Qi Ay 1Qly )
_Pz+1AZq P zq .
= (P”lAiq 1P+ Qi A1 Qi 1) P
= Ay 1P 1

and so identity (2.9) also holds in this case.
Now we show that for each n € Z the linear operator

A,Q,: im@Q, = imQ,., (2.10)
is onto and injective. Since

Zn@n - Aanm and Gn-i—l - fm—l—lﬂ
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for all n € [(: — 1)g,iq — 1), it follows that the operator in (2.10) is onto and
injective for these values of n. Now take n =1iq — 1. By (2.8) we have

+1 17
zq 1qu 1 — Ql A'Lq 1qu 1 — Q’L+ Azq 1-

Since (A;,)mez has a p-exponential dichotomy, the linear operator A;,_; is invert-
ible from im Q;, ; = im Q;,_, onto im Q;, and since

iq—1
195, — Qi <0
(see (2.5)), it follows from Lemma 2.1 that the map

i+l i+
1 imQg, —im (2.11)

is onto and injective This implies that the linear operator

1
lq 1qu 1 lszq 1—1leq 1_>1szq 1_Hn 22_1

is onto and injective. Moreover,
(A1 Qi) = (Qi Aig1Qlp 1) = (Ag1Qiy ) (Q11)

for i € Z, where ( ;:1)—1 denotes the inverse of the map in (2.11). This shows

that the linear operator in (2.10) is onto and injective for all n € Z. Finally, it
follows from (2.3) and (2.5) together with Lemma 2.1 that

_ _ _ c(p(ig—1)—p(iq))
1(Aig 1 Qi) 2] < ™5

|z (212)

for x € im Q This inequality will be used later one in the proof of the lemma.

qu

Step 2. FEmistence of contraction and expansion. Finally, we show that the se-
quence (A,,)mez exhibits contraction and expansion.

Before proceeding, we show that, for each ¢ € Z, the linear operators A;,_; and
Ziq,l are sufficiently close. Note first that

[ Aig—1 — Aig1|
= || P A 1+ininq,1 P A — Qi A |
= || P Aig-1 Py — P Aig 1 Py + Qi Aig 1 Qiyy — Qi Aig1 Qi |
< [P, = P Aigm Pya || + [[(Q — Qig ) Aig—1 Qi1
It follows from (1.2) and (2.4) that
[ Aig1 — Aig1]| < 2K ke clrli=plia=1) (2.13)
and so
[Aig—1ll < [ Aig—1 = Aigall + [ Aig1l
< K(2r6 + 1)6—6(p(iq)—p(iq—1))‘

To obtain the exponential estimates we first consider integers on a single in-
terval [(i — 1)g,iq). Namely, take ¢ € Z and m,n € [(i — 1)q,iq) with m > n.
Then

(2.14)

A(m,n)P, = A(m,n)P. and A(n,m)Q,, = A(n,m)Q",.
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It follows from (2.2) and (2.3) that
| A(m, n)P,]|| < ke clptm)=e(n)

and
||ﬁ(n7m)@m|| < ke~ clpm)=p(n))
Now take i € Z, n € [(i — 1

)q,iq] and m = iq. Then
Py =P, An,iq)Q, = Q;, = Qi

iq

for n = iq, and
A(iq,n)P, = Ay _1A(ig — 1,n) P,

- N . i — oy -1

A(n, Zq)Qiq = A(n,ig—1) iqfl(AiQ—lQiq—l)
for n < iq. Hence, it follows from the first case together with (2.14) that

[A(m, n)P,|| < K(2k6 + 1)Re—6(p(iq)—p(iq—1))6—0(p(iq—1)—p(n))
= K(2K6 + 1)K676(p(iq)*p(n))
and it follows from the first case and (2.12) that
2

1—

Combining the inequalities, we find that, for all ¢ € Z and m,n € [(i — 1)g, iq]
with m > n, we have

||I[(n’ m)@m || < e—clplia)=p(n))

[, )P, | < e cltmi=ote) 219
and
[, )| < om0, (210)
where
E:max{lyﬁaK(Q’fé"‘l)a’iQ/(l_5)}' (217)

One can take any fixed § < v/2 — 1, which ensures that & = &(k, K).

[t remains to consider arbitrary integers m > n (that are not necessarily in the
same interval [(i — 1)g, iq]). Take m,n € Z with m > n. Then there exist integers
7 <1 such that

n€[(j—1)gjq and m e [(i —1)qg,iq].

When j = i we have the bounds in (2.15) and (2.16). Now assume that j <1i— 1.
Then

”Z(T’%n)?nn = ||Z<m7 (i — 1)Q)F(i—1)qz((i - 1)Qan)?qu(ijn>?nH

< Fe—elpm)=p((i=1)0) =1 g —e(plia)=p((i—1)0)) o —c(plin)—p(m))

< EQ(G—CEUQ)P(W)—P(”)

< 2 (e L 10m)(p(m)—p(m)
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since (i — 1)q § m < p(m) and —jq < —n < —p(n) (because p is increasing) and
"> 1 (see (2.17)). One can show in a similar manner that

A, m)@,|| < R e eRHaptm=ole) < 2o owmintm)=ion),
Step 3. Conclusion. Taking q > %logﬁ sufficiently large, so that
L
c— —logk > ¢,
q

we find that (A,,)mez has a p-exponential dichotomy with constants % and €.
On the other hand, it follows readily from (2.8) and (2.13) that

sup(|[ A, — A,|ecrtD=em)) = Sug(HZiqﬂ — gy [ esteli—rlia=1)))
1€

ne”L

< 2K K0.

Hence, by the robustness property of the notion of a p-exponential dichotomy
(see [2, 3] for details) that for ¢ sufficiently small the sequence (A,;)mez also
has a p-exponential dichotomy with constant arbitrarily close to %2 and ¢. This
concludes the proof of the lemma. O

Now take a,b,r € Z such that b —a > 2r > 0.

Lemma 2.3. Assume that the sequence (Ay,)mez has two p-exponential dichotomies
on [a,b] with constants ¢, k and projections, respectively, (P, )mez and (Pm)mez-
Then

sup ||P, — P,| < 2k,
n€la+r,b—r]

Proof. For each m > n, let A"(n, m) be the inverse of the operator
A(m,n)|im@Q,: imQ, = imQ,.
Now take n € [a+r,b—r| and z € im Q),,. We have
= Qux =A(n,n—r)A*(n—rn)x,

and so

P,z =A(n,n—1r)P,_,A"(n —rn)z.

Therefore,

| Ppz|| < w2e2Pm=pn=m) |1z for € im Q.
One can show in a similar manner that

| P,z|| < ke~ 2ee@=p=m 1zl for 2 € im Q,,. (2.18)
Now take z € im P,,. Then

Qur = A" (n,n+r)An+r,n)z = A“(n,n+r)An+r,n)P,x,

and so

|Quz|| < K2e2P=P(=D| 12| for € im P,,. (2.19)
Again, one can show in a similar manner that

Q2| < w2 2= D | for & € im Q.
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Moreover, we have
1Py = Pull = ||(Id = P,) P — Po(1d = Py
= [|QuPrn — PaQ,
< 1QuPall + 1@,
and it follows from (2.18) and (2.19) that
1Py — Pyl < w2 2020 ([P || +1]Q,]1)

< 2I€36—2c(p(n)—p(n—r)) < e—2cr

Y

where we have used that p(l) — p(j) > | — j whenever | > n. This completes the
proof of the lemma. 0

We proceed with the proof of the theorem. Let ¢ = 6¢ > 37 be an integer
multiple of 6 with ¢ even (note that if necessary one can take ¢ larger in the
statement of the theorem). Then, for each n € Z, the interval [n — 2¢, n| contains
at least one number «; and

[n+q,n+2q] C [n,n+3q] C [y, a; + 6q].
In particular, taking n = iq with ¢ € Z, we obtain
Ji = [(i + 1)q, (i +2)q] C I; := [ig, (i +3)q] C [y, o + 6q].

Since the sequence (A,,)mez has a p-exponential dichotomy on each interval
laj, a; + 6g], it has also a p-exponential dichotomy on each interval J;, which
as we have seen can be extended to the whole interval I;. Therefore, one can
readily apply Lemma 2.2 on [a,b] = J; provided that the integer r = ¢/2 in
Lemma 2.3 can be taken sufficiently large, so that

e 2 — 22 < § < /2 — 1

with ¢ at least as small as in Step 3 of the proof of Lemma 2.2. But this is always
possible by taking ¢ sufficiently large.

3. THE CASE OF CONTINUOUS TIME

In this section we obtain a corresponding version of Theorem 1.1 for a dynamics
with continuous time. Let A: R — B(X) be a continuous function, where B(X)
is the set of all bounded linear operators acting on a Banach space X. Consider
the linear equation

= A(t)z, (3.1)
and let T'(t,s) be the linear evolution operator associated with equation (3.1).
Given an increasing function p: R — R with p(0) = 0 and an interval I C R, we
say that equation (3.1) has a p-exponential dichotomy on I if:

(1) there exist projections P(t), for ¢t € I, satisfying
P(t)T(t,s) =T(t,s)P(s) fort>s
such that, writing Q(t) = Id — P(¢), the map
T(t,s)|imQ(s): imQ(s) — imQ(t) (3.2)
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is onto and injective;
(2) there exist ¢,k > 0 such that, for all ¢, s € I with ¢ > s, we have

IT (¢, s)P(s)|| < e r)=p(s)

and
IT(s,)Q(1)]| < ke~ PH=P),
where T'(s,t) denotes the inverse of the map in (3.2).

The vector spaces im P(s) and im Q(s) are then called, respectively, stable and
unstable spaces at time s.
The following result is a version of Theorem 1.1 for continuous time.

Theorem 3.1. Let A: R — B(X) be a continuous function such that
K':= sup (|T(t,s)]e?D=rE)) < too,

t,s€ERt>s
for some ¢ > 0, and let («;)iez be a T-dense sequence. Given ¢ > ¢ > 0, there
exist £ = U(1,¢,¢,k, K') and § = R(k, K') such that if equation (3.1) has a p-
exponential dichotomy on [y, o + 0] for each i € Z with constants ¢ and k, then
it has a p-exponential dichotomy on R with constants ¢ and .

Proof. Let
Ayp=T(m+1,m) form e Z.

It follows from the assumptions in the theorem that (A,,)mez is a sequence of
bounded linear operators satisfying (1.2) having a p-exponential dichotomy on
[a;, a;+0) for i € Z with constants ¢ and k. By Theorem 1.1, given ¢ > ¢ > 0, there
exist £ = {(7,¢,¢,k, K') and § = R(k, K') such that (A,,)mez has a p-exponential
dichotomy on Z with constants ¢ and . Finally, applying Theorem 1.3 in [12]
(which allows one to pass from discrete time to continuous time), we conclude
that equation (3.1) has a p-exponential dichotomy on the whole R. 0
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