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Abstract. It is well known that along any stable manifold the dynamics travels
with an exponential rate. Moreover, this rate is close to the slowest exponential rate
along the stable direction of the linearization, provided that the nonlinear part is
sufficiently small. In this note, we show that whenever there is also a fastest finite
exponential rate along the stable direction of the linearization, similarly we can establish
a lower bound for the speed of the nonlinear dynamics along the stable manifold.
We consider both cases of discrete and continuous time, as well as a nonuniform
exponential behaviour.
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1. Introduction. In this note, we consider stable invariant manifolds obtained
from a sufficiently small nonlinear perturbation of an exponential dichotomy. It is
well known that invariant manifolds play a central role in a large part of the theory
of differential equations and dynamical systems, both in discrete and continuous
time, and in finite and infinite dimension. Not surprisingly, the theory of exponential
dichotomies, invariant manifolds and their applications is widely developed. We refer
the reader to the books [4-6,10] for details and references.

We consider both cases of discrete and continuous time. More precisely, we
consider stable invariant manifolds respectively for the dynamics

Upt1 = Anvn +ﬁ1(vn)’ ne N, (1)
and
vV =Av+f(tv), >0, 2)

on some Banach space (in fact we consider the more general case of mild differential
equations obtained from perturbation a linear evolution family). The linear dynamics
Upy1 = A,v, and v/ = A(f)v are assumed to have an exponential dichotomy and the
nonlinear terms are assumed to be sufficiently small (see Sections 2 and 3).

In fact, we consider the more general case of a linear dynamics having a nonuniform
exponential dichotomy. This type of exponential behaviour is much more typical
than the uniform exponential behaviour and plays a central role in a large part of
the theory of dynamical systems, most notably in smooth ergodic theory (see, for
example, [1]). Besides the existence of stable invariant manifold for any sufficiently small
perturbation of a nonuniform exponential dichotomy (with a small nonuniformity,

https://doi.org/10.1017/5S001708951700026X Published online by Cambridge University Press


https://doi.org/10.1017/S001708951700026X

528 LUIS BARREIRA AND CLAUDIA VALLS

which is controlled by the Lyapunov regularity theory), one can study the ergodic
properties of the dynamics, obtain a formula for the entropy of an invariant measure,
and study the dimension of a hyperbolic invariant measure, among many other
nontrivial consequences. Invariant manifolds were first obtained for nonuniformly
hyperbolic trajectories by Pesin [8]. The first related results in Hilbert spaces were
established by Ruelle [9]. The case of transformations in Banach spaces under some
compactness assumptions was considered by Maneé [7].

It is well know that along any stable manifold the dynamics travels at least with
an exponential rate. Moreover, this rate is close to the slowest exponential rate along
the stable direction of the linearizations v,y = A4,v, and v’ = A(¢#)v, provided that the
nonlinear part is sufficiently small. This means that if we have an upper exponential
bound for the stable part of the linear dynamics, we have also a close upper exponential
bound along the stable manifold of the corresponding nonlinear dynamics in (1)
and (2).

Our main aim in this note is to show that whenever there is also a fastest exponential
rate along the stable part of the linearization, which means that the linear part has in
fact a strong nonuniform exponential dichotomy, we can also establish a lower bound
for the speed of the nonlinear dynamics along the stable direction. We consider both
cases of discrete and continuous time, as well as the general case of a nonuniform
exponential behaviour.

We emphasize that in the context of ergodic theory most nonuniform exponential
dichotomies are in fact strong nonuniform exponential dichotomies. More precisely, for
a flow preserving a finite invariant measure, the linear variational equation of almost
all trajectories with a nonuniform exponential dichotomy has a strong nonuniform
exponential dichotomy (see for example [1]).

2. Stable manifolds for discrete time. Let X be a Banach space. We denote by B(X)
the set of all bounded linear operators acting on X. Given a sequence (4,),en C B(X)
of invertible linear operators, we define

Am—l Ana m>n,
A(m,n) = {1d, m=n,
A A, m<n
for each m, n € N. Note that
A(m, n) = A(m, k)A(k,n) and A(m,n)~' = A(n, m) 3)

for m, n, k € N. We say that (A4,),en has a nonuniform exponential dichotomy if there
exist projections P, for n € N satisfying

P, Am,n) = A(m,n)P, form,neN,

and there exist constants a < 0 < b and D > 0 such that for each m, n € N withm > n
we have

I AGm, n)P,|| < De“™+n and || A(n, m)Q,,|| < De~btm=mrtem, 4)
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where Q,, =Id — P,,. For each n € N, we define the stable and unstable spaces,
respectively, by

S, =Py(X) and U, = Q0,(X).

Moreover, we say that the sequence (A,),en has a strong nonuniform exponential
dichotomy if it has a nonuniform exponential dichotomy and there exist constants
¢ > —a and d < —b such that for each m, n € N with m < n we have

A, )P,|| < De ™™™+ and || A(n, m)Ql| < De=“rrmtem, Q)

Note that given an invertible linear operator 4 € B(X), the constant sequence
A, = A has a strong nonuniform exponential dichotomy if and only if the spectrum of
A does not intersect the unit circle and 4~ is bounded. Before proceeding, following [3]
we describe a few examples of nonconstant sequences.

EXAMPLE 1. Given w < 0 and p > 0, let
a, = @ tPl=1"n=1/2]

for n € N. Then, the sequence

a, 0
= ) ©

has a strong nonuniform exponential dichotomy provided that w is sufficiently small.
EXAMPLE 2. Given w < 0 and p > 0, the sequence 4, in (6) with a, replaced by

b, = ew+p(n+l) cos(n+1)—pncosn—p sin(n+1)+p sinn
=

for alln € N or by

¢ = ew+p(n+1) sin log(n+1)— pn sinlog n+p sin log(n+1)—p sinlogn
=

for all n» € N, also has a strong nonuniform exponential dichotomy, again provided
that w is sufficiently small.

We also consider a sequence of C' functions f;,: X — X withf;,(0) = 0Oand dyf; = 0
for n € N. We always assume that there exists § > 0 such that

Idufull < 8e™" and  ||dyfy — dufll < 8¢ ||v — w| (7

for n € N and v, w € X, with the same ¢ as above. We are interested in the dynamics
given by

Upy1 = Fy(v,), where F,(v) = A,v + f,(v).
Clearly, letting

Fuy10---0k,, m>n,
F(m,n) = {1d, m=n,

—1 —1
F_ ---F., m<n,

we have v,, = F(m, n)(v,) for all m, n € N.
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Now let X be the set of all sequences ¢ = (¢,,)neny of C' functions ¢,: S, — U,
with ¢,(0) = 0 and dy¢, = 0 for n € N such that

y ==sup{lldegull :neN, & € S,} <1
and
Ids¢n — dz¢ull < y11§ — &Il forneNand§, & e S,.
Given ¢ € X, we consider the C' manifolds

V=1, du(§)) : &£ €S} forn e N.

The following stable manifold theorem can be obtained as in [2] (even though the paper
takes y = 1, the same argument applies with simple changes).

THEOREM 1. Assume that the sequence (A,),en has a nonuniform exponential
dichotomy and that the maps f, satisfy property (7). If a+ e < b and § is sufficiently
small, then there exists a unique sequence of functions ¢ € X such that

Fm,n)(V,) =V, form>n. (8)

Moreover, there exists K > 0 such that for each m,n € N with m > n and £ EeS, we
have

1F(m, n)(v) — F(m, n)(®)|| < Ke“""rem|g — £,

where v = (£, ¢p,(£)) and v = (&, ¢p,(£)), and so

Iy F(m, m)l| < (1 —y)~ ' Ke 4o,

Our main aim is to show that when (A4,,),en has a strong nonuniform exponential
dichotomy, one can in fact also establish lower bounds along the stable manifolds V,, in
Theorem 1 that imitate the first bound in (5). In other words, along the stable manifolds
the nonlinear dynamics has the same lower and upper bounds as the linear dynamics
along the stable space.

THEOREM 2. Assume that the sequence (Ap)nen has a strong nonuniform exponential
dichotomy and that the maps f, satisfy property (7). If a+ ¢ < b and § is sufficiently
small, then for the unique sequence of functions ¢ € X in Theorem 1 there exists L > 0
such that for each m,n € N withm > n and &, & € S, we have

|F(m, n)(v) — F(m, n)(@®)|| = Le """ |1& — £, ©
where v = (€, ¢,(£)) and v = (€, ¢pn(§)), and

lld,F(m, n)|| > Le~m==¢m, (10)

Proof. Write v, = (X, Ym), With x,,, € S,,, and y,,, € U,,. It follows from (8) that for
the unique sequence ¢ € X in Theorem 1, given n € N and v, = (§, ¢$,(§)) € S, & U,
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for each m > n we have

m—1
Xon = A, mE + Y Alm, L+ D Py fiCxr, ¢i(x0),
= . (11)
Gn(m) = Am, mpa(E) + Y Am, 1+ 1D)Orpfilxr, $i(x)-
I=n

For simplicity of the notation, we shall also write
Xm=2xm(§) and  ¢,(§) = Pum(xm(§)).
We first establish the lower bound in (9). Let
un(§) = F(m, n)(xm (&), ¢,,(§))- (12)

Then,

(&) — V@)l = 11xm(E) — X @)l — 91(&) — ¢ E)I
> (1 = Y)Ixm(&) — xm().

Hence, to prove the theorem, it suffices to show that
1 (&) = xm(E)ll = Ce™ =" g — || form = n
for some constant C > 0. By (3), one can rewrite the first identity in (11) in the form

m—1

& = A, myxy, — Y A, L+ DPLfiCer, ¢i(x)- (13)

I=n
We will show that
1€ — &l < 2De M| x,(E) — xn(E)|| forn < m.
Writing x,, = X,,(£) and X,, = x,,(€), it follows from (13) that

Xy — Xy = .A(I’l, m)(xm - )_Cm)

m—1
= > A T+ DP (il di(xn) — SR ¢i(X0)).

I=n
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Using (5), we obtain

X0 = Xall < A, m)|| - 1Xm — Xl

m—1
+ Y MA@ L+ DP - Sl dixn) — fix, ¢nx)|
I=n
< DT — o
m—1
+ 8D Z €CU+17")+8(1+1)67318(1 + )/)”xl _ )_Cl”
I=n

< Dec(mfn)Jram”xm — Xl
m—1
+ 5D(1 + y)ec+s Z ec(m—n)ec(l—m)e—le”xl — %

I=n
Letting I'; = /=™ x; — X;|| yields the inequality

m—1
Ty < D™ [l xm — Xl + 8D(1 + y)e Y "1,

I=n
Now let I' = max,</<,, I';. Then,

sD(1 ct+e
(1+y)e r

r = Degm”xm - )_Cm” + )
I —e2¢
Taking § sufficiently small so that

—w(ll_*eﬂf‘“ < % (14)
we obtain

T < 2D xp — Xl
which is equivalent to

X, — Xl < 2D x0 — Xl

This concludes the proof of inequality (9).
Now we establish the lower bound in (10). With the notation introduced in (12),
we have

lde vl = lldexmll — llde by, |I-

Moreover, since ¢ € X, we obtain

Ideppll < lldx, &) m@EIl - 1 dsXmll < v llds Xl

and so

ldevmll = (1 — y)lldg Xl
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In order to bound ||dx,, ||, we take derivatives in (13), thus yielding the identity

m—1

Id = A(n, m)dex,n — Y Aln, L+ DPiadelfilxr, di(x)].

I=n
Using (5) and (7), we obtain

m—1
1< JAG, m)|| - dexll + Y IAG L+ P |- lldyefill - lldevi)]
I=n
m—1

< Dec(m—n)-ﬁ-Sm”dExm” + §D Z eC(/+1—n)+S(l+1)e—2l€(l + J/)”dgxln

I=n
m—1
< Dec(m—n)+sm”d5xm” + (SD(I + J/)Ez‘-&-e?ec(m—n) Z e—2lsec(1—m)”déx[”'
I=n

Finally, letting Y; = ¢~ |d; x,| and taking into account that x, = £ and so d:x, =
1d, we have

m—1
Tn = Des’"”dsanll + 8D(1 + )/)CH—S Z e_ZISTl‘

I=n
Now let T = max,<;<m Y. Then,

8D(1 + y)ecte

T < Dedgxll + ———;

For § as in (14), we obtain
Y < 2De™"||ds xplls
which yields the inequality
1 < 2De ™% 1 g x|

This concludes the proof of the theorem. ]

As noted in Section 1, along any stable manifold, the dynamics travels at least
with an exponential rate. We end this section with an example illustrating the role of
Theorem 2: it shows that if the linear dynamics has a strong exponential dichotomy
(and not all exponential dichotomies are strong), then there is also a lower bound for
the speed of the nonlinear dynamics along the stable manifold.

EXAMPLE 3. Given § > 0, consider the sequence f,: R*> — R? defined by
fu(v) =8e ¥y forneN.

Moreover, let A4, be any of the sequences of 2 x 2 matrices in Examples 1 and 2.
By Theorem 1, for each such choice, there exist unique stable manifolds V,, that are
obtained from a sequence of functions ¢ € X. On the other hand, it follows from
Theorem 2 that there is also a lower bound for the speed of the dynamics along the
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stable manifolds. In fact, this bound is given by the constant ¢ in the notion of a
strong exponential dichotomy (see (10)), which shows that under the assumptions of
Theorem 2 the minimal and maximal speeds along the stable manifolds are precisely
those of the linear dynamics along the stable spaces (see (4) and (5)), determined by
the constants a and c.

3. Stable manifolds for continuous time. In this section, we obtain a version of
Theorem 2 for continuous time. Let X be a Banach space and let T(¢, s), for ¢, s > 0,
be an evolution family on X. This means that 7'(¢, s) € B(X) for ¢, s > 0 and that

T(t, t)=1d and T(t,5)=T(t,t)T(r,s) fort, s, >0.

We shall always assume in the paper that the map (¢, s) — T'(¢, s) is of class C'. We say
that T'(¢, s) has a nonuniform exponential dichotomy if there exist projections P(z) for
t > 0 satisfying

P()T(t,s) = T(t,s)P(s) fort,s>0,

and there exist constants a < 0 < b and D > 0 such that for each # > s > 0 we have

IT(t, 9)P(s)l| < D" and || T(s, HO@)|| < De "=+,
where Q(t) = Id — P(t). For each s > 0, we define the stable and unstable spaces by

S(s) = P(s)(X) and  U(s) = Q(s)(X).

Moreover, we say that T'(¢, s) has a strong nonuniform exponential dichotomy if it has a
nonuniform exponential dichotomy and there exist ¢ > —a and d < —b such that for
each s > ¢ > 0 we have

IT(t. 9)P(s)l| < DeC% and ||T(s, NQ()|| < De =+, (15)

We also consider a C' function f: Ry x X — X with f(z,0) = 0 and 9/(z,0) = 0

for t > 0, where 9df denotes the partial derivative with respect to v. We always assume
that there exists § > 0 such that

12, v)ll < 8™ and |3 (1, v) — & (1, w)|| < S lv — w]| (16)

for t > 0 and v, w € X. In this section, we consider the problem

v(t) = T(t, s)vg + /t T(t, )f (z, v(7))dr, 17)

for some s > 0 and v, € X.
Now let X be the set of continuous functions ¢: F — X of class C! in &, where

F={(s8):520.% €S},
with ¢(s, 0) = 0, 3¢(s, 0) = 0 (where d¢p = d¢p/0&) and

¢(s,&) € U(s) fors>0andé& € S(s),
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such that
y = sup{|ldg(s. £)]| : 5> 0. & € S(x)} < 1
and
18 (s, ) — 3ep(s, &)l < v 1§ — &I forneNand§, & €S,
We also consider the graph
Vo ={(5.6,¢(5,6)) 1520, § € S(s)}.
Given s > 0 and vy = (&, n) € S(s) x U(s), we denote by
(-, 5, v5) = (X, 8, ), Y(-, 8, vy))

the unique solution of problem (17) or, equivalently, of the system

x(1) = T(t, 5)P(s)§ + /t T(1, D)P(r)f (z, x(7), ¢(7, x(1))) d,

' (18)
o(t, x(0)) = T(2, )Qs)n +/ T(t, Q) (r, x(1), p(r, x(1))) dt

for t > 5. For each T > 0, we consider the semiflow
W (s, v5) = (s+ 1, v(s + 1,5, vy)).

The following stable manifold theorem was established in [2] (even though the paper
takes y = 1 the same argument applies with simple changes).

THEOREM 3. Assume that the evolution family T(t, s) has a nonuniform exponential
dichotomy and that the function f satisfies property (16). If a + ¢ < b and § is sufficiently
small, then there exists a unique function ¢ € X such that

wv.V)=V fort>0.
Moreover, there exists K > 0 such that for eacht > s > 0 and £, & € S(s) we have
W (s, &, d(s. 6)) — Wels, €. (s, §))| < Ke™ ™l — &

and so

18, W+ (s, &, ¢(s, EDII < (1 — y) ' KeU=Fes,

We also establish a version of Theorem 2 for continuous time.

THEOREM 4. Assume that T(t, s) has a strong nonuniform exponential dichotomy
and that the function f satisfies property (16). If a + ¢ < b and § is sufficiently small,
then for the unique function ¢ € X in Theorem 3 there exists L > 0 such that for each
t>s>0and&, & € S(s) we have

W (s, &, p(s, &) — Wo(s, &, (s, §))|| > Le HPIN=a—ere g
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and

18, P (s, &, (s, )| = LeHPIFNm=er,

Proof. 1t follows from the first inequality in (18) that

x(t—r)=T( —r, t)P(t)x(t) — /[ T(t—r,t)P(t)f (7, x(7), ¢(t, x(7))) dt (19)
for r € [0, t — s]. Using (15), we obtain
(e = 1) = 5 = 1)
< De !l x(t) — X(1)]| + 8D(1 + J/)/ e T e | x(x) — X(2)| dT

t
< D () — X(0) | + 8D(1 + y)e” / || x(t) — 3(0)]| d.

N

Now let I'(s) = e~ ||x(t — r) — X(¢ — r)||. Then,
['(r) < DeF'T(0) +8D(1 + y) /r I'(t)dr
0

for r € [0, t — s]. It follows from Gronwall’s lemma that
T(r) < De' e |1x(1) — 30|,
also for r € [0, t — 5], and so
Ix(s) = X(s)I| < De'elHPUEE| (1) — X(2)]]. (20)

Finally, note that if t = 7 4 s, then

W (s, &, P(s, §)) — We(s, &, (s, )l

(¢, x(1), ¢(t, x(1))) — (£, X(2), $(t, (1))
> [[x(2) — XDl = (2, x(1)) — &(z, X(D)|
> (1 = p)lix@) — x|

Together with (20) this yields the first inequality in the theorem.
Now, we establish the bound for the derivative. Clearly,

18, W (s, &, d(s, ENII = 10 x(DI — 192, x| - (|9 x(D) |

21
> (1= )l ex(D). @

In order to bound ||3¢ x(?)||, we proceed as before. Taking derivatives in (19), we get

Id = T(s, t)P(£)0: x(t) — /t T (s, T)P(r)de[f (z, v(z))] d.

https://doi.org/10.1017/5S001708951700026X Published online by Cambridge University Press


https://doi.org/10.1017/S001708951700026X

LOWER BOUNDS ALONG STABLE MANIFOLDS 537

Using (15) and (16), we obtain
t
I < D13 x(0)]| + 8D(1 + y) / eI T g x(T) || d
8 ,
< DI 3 x(0)|| + 8D(1 + y)e / e~ U972 |1 5. x(7)|| d.
N

Since 9¢x(s) = Id, it follows again from Gronwall’s lemma that
1 < Deste(c+6D(l+y))(r—s) ” agx(l)”

for t > 5. Together with (21) this concludes the proof for the theorem. ]
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