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KEYWORDS

1. Introduction

1.1. Tempered exponential dichotomies

In this paper, we consider the notion of a tempered exponential dichotomy (see Section 2
for the definition). For a linear cocycle over a measure-preserving transformation satisfy-
ing a certain integrability assumption, it follows from the multiplicative ergodic theorem
that the dynamics admits a tempered exponential dichotomy if and only if all Lyapunov
exponents are non-zero almost everywhere. Hence, a principal motivation to consider this
notion of exponential dichotomy is its ubiquity in the context of smooth ergodic theory
and of the non-uniform hyperbolicity theory. We refer to [1] for detailed expositions of
the theory, which goes back to the landmark works of Oseledets [2] and Pesin.[3] More
recently, Lian and Lu [4] showed that for a strongly measurable cocycle with values in the
set of bounded linear operators acting on a separable Banach space, it is also true that if the
usual integrability assumption holds and all the Lyapunov exponents are non-zero almost
everywhere, then the dynamics admits a tempered exponential dichotomy.
Our main objective is twofold
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(1) to give a characterization of the notion of a tempered exponential dichotomy in
terms of an admissibility property;

(2) to establish a Grobman-Hartman theorem, thus yielding a topological conjugacy
between a tempered exponential dichotomy and any sufficiently small nonlinear
perturbation.

As a consequence of our approach, we also give a new and much simpler proof of the robust-
ness of the notion of a tempered exponential dichotomy established by Zhou et al.[5] More
precisely, we use Lyapunov norms and the complete characterization of the notion of a
tempered exponential dichotomy in terms of an admissibility property established in our

paper.

1.2. Robustness and admissibility

Having in mind the central role of the notion of an exponential dichotomy in a large of part
of the stability theory of differential equations and dynamical systems, it is not surpris-
ing that the study of its robustness has a long history. For some of the most relevant early
contributions in the area we refer to the books by Massera and Schiffer [6] and Dalec’kii
and Krein.[7] Related results for discrete time were obtained by Coffman and Schiffer.[8]
We refer to the book [9] for some early results in infinite-dimensional spaces. For further
references, see [10,11].

The robustness property of a tempered exponential dichotomy was studied in [12,13]
and, more recently, in [5] with the most general result. In the last paper (in Remark 1), the
authors note that it is unclear whether the existence of a tempered exponential dichotomy
can be characterized in terms of an admissibility property. The study of admissibility prop-
erties goes back to Perron [14] and referred originally to the existence of bounded solutions
of the equation

X =Al)x+ f(t) (1)

in R" for any bounded continuous perturbation f : R — R”. The remark made in [5]
is quite relevant since often the study of the robustness of an exponential dichotomy uses
a characterization in terms of an admissibility property, and one might expect that this
could again be the case with the tempered exponential dichotomies. Because of the lack of a
characterization, they use other methods, partly based on techniques developed by Barreira
and Valls [15] for non-uniform exponential dichotomies (some of which are inspired by the
work of Popescu [16] for uniform exponential dichotomies).

We show in this paper that indeed the existence of a tempered exponential dichotomy
can be completely characterized in terms of an admissibility property (see Theorems 3.1
and 3.2). Roughly speaking, the notion of a tempered exponential dichotomy can be
expressed in terms of the invertibility of certain operators associated to single trajectories,
which essentially corresponds to a discrete time version of (1) for cocycles (and thus with
one equation for each trajectory 8" (w) with n € Z, although satistying a certain joint mea-
surability). Our approach is partly inspired on the characterization of hyperbolic sets in [17]
and on the characterization of non-uniform exponential dichotomies in terms of an admis-
sibility property in [18]. Moreover, in contrast to many of the existing approaches, we are
able to obtain bounds along the stable and unstable directions in a single step.
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As already noted above, and as a consequence of our approach, we also give a new and
much simpler proof of the main result in [5], thus showing that admissibility does play a
role in the study of the robustness of the tempered exponential dichotomies.

1.3. A Grobman-Hartman theorem

Going back to pioneering work of Poincaré, a fundamental problem in the study of the
local behaviour of a map or a flow is whether the linearization of the system along a given
solution approximates well the solution itself in some open neighbourhood. That is, we
look for an appropriate change of variables, called a conjugacy, that can take the system
to a linear one. This can be done, for example, when the linear dynamics admits an expo-
nential dichotomy: by the Grobman-Hartman theorem, under mild additional assump-
tions on the perturbation the two dynamics are topologically conjugate. The original ref-
erences for the Grobman-Hartman theorem are Grobman [19,20] and Hartman.[21,22]
Using the ideas in Moser’s proof [23] of the structural stability of Anosov diffeomorphisms,
the Grobman-Hartman theorem was extended to Banach spaces independently by Palis
[24] and Pugh.[25]

We establish a version of the Grobman-Hartman theorem for the nonlinear perturba-
tions of a tempered exponential dichotomy thus yielding the existence of topological con-
jugacies between a linear dynamics with a tempered exponential dichotomy and any suf-
ficiently small nonlinear perturbation. In addition, we show that the conjugacy maps vary
continuously with the perturbation.

2. Preliminaries

We first introduce some basic notions. Let (€2, J, i) be a probability space and let 6: 2 —
2 be a measurable map with measurable inverse. We always assume that 6 preserves the
measure u. Since 6 has a measurable inverse, this is equivalent to require that

w(@(A) = u(A) forAed.

Now let X be a Banach space and let B(X) be the set of all bounded linear operators act-
ing on X. Moreover, let ® : Ny x 2 — B(X) be a strongly measurable map. In the present
work, this means that the map wr ®(n, w)x is measurable for each n € Ny and x € X (in
the sense that the preimage of a measurable set is measurable). When some integrability
conditions are also necessary (although they are not needed in our work), one must make
the stronger assumption that for each n and x, there exists a sequence F,,: 2 — X of simple
(measurable) functions such that

|E,(w) — ®(n, w)x|| > 0 whenm — o0 (2)

for p-almost every w € Q2 (since the measure w is finite, there is no need to consider
countably-valued functions F,,,).

The map @ is called a (measurable) cocycle over 0, if

(1) ©(0,w) =Idforw €

(2) ®(n+m,w) = d(n, 0™ (w))d(m, w) form,n=>0and w € Q.
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The strongly measurable map A : 2 — B(X) defined by A¢(w) = @ (1, w) is called the
generator of ®. Conversely, each strongly measurable map A: Q2 — B(X) induces a strongly
measurable cocycle by letting

n—1
(1. w) = {ii(@ (@) ... Alw), Zig,

for n > 0 and @ € Q. When A(w) is invertible for all € Q and the map wr—>A(w) ™' is
strongly measurable, we obtain a Z-cocycle by also defining

d(n,w) = d®(—n,0"(w)) forn < 0.

It should be noted that for the stronger notion of measurability in (2), the product of
strongly measurable bounded linear operator a priori may not be strongly measurable in
that sense, although this is true, for example, when X is a separable Hilbert space (see [26]).
We say that a strongly measurable cocycle ® admits a tempered exponential dichotomy if
there exist a strongly measurable map IT: 2 — B(X) and measurable functions «, K: 2 —
(0, 4-00) with K = 1 such that for p-almost every w € Q:
(1) IT*(w) is a projection, a(f(w)) = a(w) and

lim sup il log K(6"(w)) = 0; (3)

n—=+00 |ﬂ

2) TI* (0™ (w))DP(n, w) = P(n, w)I1¥(w) for n > 0;
(3) for each n > 0 the map

@ (n, w)| ker I[T°(w) : ker [T°(w) — ker IT(6°(w))

is invertible and @ > (®(n, )| ker [T°(w)) " is strongly measurable;

(4)
|©(n, )T ()| < K(@)e * ", n>0 (4)
and
[®(n, 0)T*(@)]| < K(w)e* ", n <0, (5)
where IT*(w) = Id — I[T*(w) and
P (n, w) = (P(—n,0"(®))|Im 1'1“(9"(60)))‘1 forn < 0.

3. Characterization of tempered exponential dichotomies

In this section, we give a complete characterization of the notion of a tempered exponential
dichotomy in terms of an admissibility property. As a consequence of our approach, we also
give a new proof of the robustness of a tempered exponential dichotomy.
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Consider a measurable family of norms on X, that is, a family of norms ||-||,, on X for @
€ Q such that the map (x, o) ||x||,, is measurable. For each w € 2, we define

YY = {X = (Xu)nez C X : sup ”xn”O"(w) < +OO}

nez

It is easy to verify that Y* is a Banach space when equipped with the norm

1X /.00 = sup [[x, 1167 () -
nez

We also consider the set Y of all measurable functions y : Z x Q — X such thaty, =
(Y(n, w))uez € Y® for each w € Q, identified if they coincide (v x p)-almost everywhere
on Z x 2, where v is the counting measure on Z. Up to the measurability requirement,
one can think of the set Y simply as (Y*),cz. We shall also write y(n, w) = y,(w) for each
yevy.

Theorem 3.1: Let & be a strongly measurable cocycle admitting a tempered exponential
dichotomy. Then there exist a 0-invariant measurable set 2 C Q of full p-measure, a mea-
surable family of norms || - ||, on X for w € Q, and measurable functions K, p: Q — (0, 4+00)
with K = 1 and p 0-invariant such that

(1) property (3) holds and

Sl < il < K@)l foro € @ andx € X; (6)
(2) giveny €Y, there exists a unique X,, = (x,(w))nez € Y satisfying
X (@) = Ag (0" (@))Xy-1 (@) = yu(@) fornelZ (7)
and

1X0llo,c0 = P(@) 1Y llo,003 (8)

moreover, the function (n, o) x,(w) is measurable.

Proof: We first construct appropriate Lyapunov norms || - ||,,. For each w € Q and x € X,
let

%l = max {[1x1llo, %210}, €
where

1l = Sup(||(I)(m, a))l_[s(a))x”e“(‘”)"’)

m=>0

and

%2l = sup(I|® (m, &) TT* (@)x]|e™*™).

m=<0
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By construction, the family of norms ||-||,, is measurable. Moreover, itfollows from (4)
and (5) that property (6) holds for some #-invariant measurable set 2 C 2 of full p-

measure.

Lemma 3.1: For each w € Q, we have
| (m, ©)T°(@)x|lgm@w) < e *“"|xll,, m>0
and

D (m, @) T*()xllgme) < ™ |x]l,, m < 0.
Proof of the lemma: We have

| (m, @)IT*(w)x]lgm ()
= sup(||® (n, 0™ (@) T (0" () D (m, ) T’ (w)x[ ")

n=>0

= g @(@m sup(||®(n + m, w)l'[s(co)xlle“(‘”)(”+m))

n>0

< e ¥ @™||x]],,

for x € X and so (10) holds. One can establish (11) in a similar manner.

Now takey € Y. Foreachn € Zand w € Q, let

X, (@) = Z O (m, 0" " ()T (O™ " (@) Yn-m (@)

m=>0

and

() = — Z O (=m, 0" " (@) T (0" () Ynim(@).

m=>1

It follows from (10) and (11) that

1
I3 (@) lloncor < Ty Wollos
and

—a(w)

2
Il (@) llon @) < Yo llo,00-

T 1l—e @
Let

Xy (@) = xL(0) + x2(w) forneZandw € Q.

O

(10)

(11)

(12)

(13)

Moreover, definex € Y by x(n, w) = x, () (the measurability of x follows readily from the
measurability assumptions in the theorem). It follows from (12) and (13) that x € Y and
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that (8) holds with
pl@) = (1+e“)/(1— ),

Moreover, it is easy to verify that (7) holds.
In order to establish the uniqueness of x,, = (x,,(®) )z, it is sufficient to take y = 0, in
which case

Xy () = A (0" (@))Xy_1 () forn e Zandx e Q.
Let
x, (@) =IO (@)x(w) and  x,(0) = [1"(0"(®))x, ().
Clearly, x, () = x; (@) + x;(w),
X6 (@) = A (0" (@))x;, 1 (@) and  x,(®) = Ap (0" (®))x,_, ().
Since x; (@) = ®(m, 0" (w))x;_, (w) for m > 0, we have

156, (@) gk @y = 1P (m, 05 ™ (@))%, (@) Ik o)
= | ® (m, 6" ™ (@) T (0" ()X (@) Il gt )

= e_a(w)m”xkfm (w)”é)k*m(w)

< €O x| 00

Letting m — 400 yields that x; (w) = 0 for k € Z. One can show in a similar manner that
x;(w) = 0for k € Z and thus x,, = 0 for each w € Q. This completes the proof of the the-
orem.

Now we establish the converse of Theorem 3.1. O

Theorem 3.2: Let & be a strongly measurable cocycle and assume that there exist a 0-
invariant measurable set 2 C Q2 of full y-measure, a measurable family of norms |-||,, on
X for w € Q, and measurable functions K, p: Q — (0, +00) with K = 1 and p 0-invariant
satisfying properties 1 and 2 in Theorem 3.1. Then the cocycle ® admits a tempered exponen-
tial dichotomy.

Proof: We first introduce a family of linear operators related to condition (7). Namely, for
each w € 2, we define a linear operator T : D(T®) — Y* by

(T*%X)y = %, — Ap (0" (0))x4e1, ne€Z, (14)

on the domain D(T*) composed of those x € Y such that T“x € Y. O
Lemma 3.2: The linear operator T : D(T“) — Y* is closed.
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Proof of the lemma: Let (x);cy be a sequence in D(T*) converging tox € Y and assume
that T®x* converges toy € Y. Then,

%, = A (0" (@))x,1 = lim (3, — A6 (0" (@), )

khm (wak)n = Vn

for n € 7Z, since the linear operator A (6"~!(w)) is continuous. Therefore, x € D(T*) and
T“x =y. This shows that T is closed. O

Forx € D(T?) C Y*, we consider the graph norm
111 00 = 1Xllo00 + 17Xl c0-
Clearly, the operator
T (DT N Nlgpo) = Y1 Moo

is bounded. From now on we denote it simply by T*. It follows from Lemma 3.2 that
(D(T*), |l - II,.o0) is @ Banach space for each w € 2. Moreover, in view of the assumptions
in the theorem, the operator T* is invertible and

ICT) 7Y, 00 < (p(@) + DYl

fory € Y* (see (8~)).
For each w € Q, let

F(w) = {x € X :sup ||P(m, w)x|gmy) < +oo}.

m=>0

Moreover, let F*(w) be the set of all vectors x € X for which there exists a sequence
(%m)m <0 CX such that xo = x, sup,,_ lxnllom(w) < +00 and

Xm = Ap (0™ ()X, form < 0.

It is easy to verify that F'(w) and F*(w) are subspaces of X.

Lemma 3.3: For each w € Q, we have
X =F(0) ® F'(0). (15)
Proof of the lemma: Take v € X and consider the functiony € Y defined by
y(0,w) =0 and y(n,w)=0forn #0, (16)

for each w € Q (sincey is independent of w it is clearly measurable). Now take x € Y such
that T*x,, =y, for v € Q. We have

Xo(@) = Ap (0™ (@)x-1 (@) =0
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and
Xp (@) = Ap (0" (@))Xu_1 () forn # 0.

Therefore, x, = ®(n, w)xy(w) for n = 0 and so xy(w) € FF(w). One can show in a similar
manner that Ap (07! (@))x_,(w) € F*(®), and so

v = xp(@) + (—Ae (0 ())x_1 (®)) € F(w) + F*(w).

Now take v € F(w)NF'(w) and let (x,), <oCX be a sequence such that x, = o,
sup, <o 1% llon @) < +00 and

Xy = Ap (0" N (w))x,_, forn <O0.
We define

{CD(n,a))v, n>0,
Z, =
X n<a0.

Thenz = (z,)nez € Y. It is easy to verify that T“z = 0 and thus z = 0. Therefore, xo = v
=0. 0

Let
*(w): X - FF(w) and 7" (w):X — F*(w)

be the projections associated to the decomposition in (15). According to the proof of
Lemma 3.3, we have

T’ (0)o = xo(@), T"(@) = —Ae (07" (@))x_1 (@), (17)
where x,, = (x,(w))qez are the unique sequences such that T“x,, =y, for each w € Q,
with y as in (16). Since y € Y, it follows from the assumptions in the theorem that also
X = (X,)ocz € Y, which ensures that the functions w+>x,(w) are measurable. Hence, it
follows from (17) that the maps IT*: 2 — B(X) and IT*: Q — B(X) defined by
[TF(w)o =7°(w)v and [MT*(w)v = 7% (w)v
are strongly measurable. One can easily verify that

[P0 ()P (n, w) = ®(n, w) [T (w)

forn>0andw € Q.
Lemma 3.4: For each n = 0, the map

®(n, w)|F*(w) : F*(w) — F*(0"(w)) (18)

is invertible.
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Proof of the lemma: Take a vector v € F*(w) such that ®(n, w)v = 0 and let (x,,,)n < 0 CX
be a sequence such that xo = v, sup,,_ |xnllom @) < +00 and

Xm = Ap (0™ ()X, form < 0.
We define

y _ xm+na mf —n,
" d(m+n, 0, m> —n.

It is easy to verify thaty = (y,,)mez € Y and T?" 'y = 0. Hence,y = Oandsov =y_,
= 0. This shows that the map in (18) is one-to-one.

Now take v € F*(6"(w)) and let (x,,)n<0CX be a sequence such that x, = v,
sup,,,o l%mllgm+n(w) < 400 and

X = A (O™ Y w))x,—; form < 0.
We define y,, = x,, — », m < 0. Since
lymllom ) = ”xn—m”Gm—"(G"(w))
and
Y = Ao (0" (©))yy  form <0,

we obtain yo = x_, € F¥(w). Finally, we note that v = ®(n, ®)y,, and so the map is
onto. O

In order to show that the map wr> (®(n, w)|F*(w)) ! is strongly measurable we proceed
as follows. Given w € F*(0"(w)), consider the map y € Y defined by

y(n,w) =—w and y(m,w)=0form # n.
Then, T“x,, = y,,, where

z,(w), m <n,
0, m=>n,

x(m, w) = {
with z,(w) = w, sup,, _; [|Zuymllgn+m(m) < 00 and
Zuim(@) = Ap (0™ N (@))Zpym1 form <O0.
Since w € F¥(0"(w)), by Lemma 3.4, the sequence (2, 4 n(®))m <o is uniquely defined.
Moreover, sincey € Y, it fgllows from the hypotheses in the theorem that x € Y and that
X, is unique for each w € Q. In particular, this implies that

w > (P(n, w)|F () 'w = z(w) = x(0, )

is measurable, sincex € Y.
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It remains to establish the exponential bounds along the stable and unstable directions.
Take w €  and v € X. Moreover, let y and x be as in the proof of Lemma 3.3. For each
z = 1, we define an operator

R@) : (D(T) 1) = XN Mlaooo)

ZVm — A@(emil(a)))vm—h m < 07
%Vm - A<I>(6”h1 (a)))vm—la m > 0.

R(Z)v)m = {
Clearly,

[R(2) = T < (2= DIV,

for v € D(L®) and z = 1. This implies that R(z) is invertible whenever 1 <z <1+ 1/(1 +
p(w)), in which case

1

-1
1@ = (1+p@)™" = (=1

Now let y: Q — (0, 1) be a #-invariant measurable function such that
Y@ ' <1+1/0+ p(w)) forwe Q.

Moreover, take z € Y such that R(y (w) ')z = y,,. Writing

1

D = )
@ = @) =@ =1

we obtain

IZllo.00 < IR(Y (@) ™) 7Yull, 0 < D@)IYllw0c = D(@) 0]

For each m € Z, let w,, = y ()"~ 'z,, and define w = (w,,) mez. Clearly, w € Y. More-
over, one can easily verify that T“w = y,, and hence w = x,,. Therefore,

1% (@) 9@y = NWmllomw) = ¥ (@)™ HIzmllom @) < D(@)y (@)™ o]l

for m € Z. By (6) and (17), we obtain
D(w)

| (m, o) (w)v] < 2——K(@)y (w)"|lv|| form >0
v (w)

and

D(w) _
|®(m, 0)[T"(w)v]|| < 2——K(w)y (w) "|v] form <0.
Y (w)

This shows that the cocycle ® admits a tempered exponential dichotomy. O
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The following result was established in [5]. We give an alternative proof using the com-
plete characterization of tempered exponential dichotomies provided by Theorems 3.1
and 3.2.

Theorem 3.3: Let ® be a strongly measurable cocycle admitting a tempered exponential
dichotomy. Then there exists a 0-invariant measurable function §: Q2 — (0, 400) such that
any strongly measurable cocycle V satisfying

[Av(@) — Ao (@) = 8(w)/K(0 (@), o€, (19)

also admits a tempered exponential dichotomy.

Proof: Let Q, || - ||, and p be as in Theorem 3.1. Moreover, let 8: Q — (0, +00) be a mea-
surable function such that

0<28(w) <1/(p(w)+1) forw e Q.
Finally, let T* be the linear operators defined by (14). 3
We construct analogous linear operators associated to Ay. Namely, for each w € Q, let
L® : D(L®) — Y be the linear operator defined by

(LX) = Xy — Ag (0" (@)Xp1, n€Z,

on the domain D(L”) composed of those x € Y* such that L“x € Y. It follows from (6)
and (19) that

(T = L*)X]lp.00 = sup||[Ae (0" (@) — Ay (0" (@))] %1

nez 0% (@)
< sup(K (0" (@) (466" (@) = 4w @ @)1 )

< 28(w) sup [|xn-1llgn-1(w) = 28 (@) [|X]| 0,00
nez

for x € Y. Therefore, D(T) = D(L”) and since || Xy, < [IX[}, o> we obtain
IT” = L”|| < 28(w).
Hence,
1T = Ll < (T~

which shows that L is invertible for w € €2, with inverse given by

(L)' = Z(Id —(T*)7'L)" (1)

n=0

It follows from this identity that property 2 in Theorem 3.1 holds with the operator T*
replaced by L* (the strong measurability condition follows from the explicit formula for
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(L®)~1). Moreover,

< ! .
(@) - D' — 25(0)

L)~

Since the function on the right-hand side is measurable and 8-invariant, it follows from
Theorem 3.2 that the cocycle W admits a tempered exponential dichotomy. O

4. A Grobman-Hartman theorem

The goal of this section is to obtain a Grobman-Hartman theorem for the notion of tem-
pered exponential dichotomy. In the remainder of the paper we always consider generators
A such that A(w) is invertible for all @ € € and wr>A(w) ™! is strongly measurable.

Let @ be a strongly measurable cocycle admitting a tempered exponential dichotomy
and let || - ||, be the measurable family of norms constructed in (9). We denote by Z the set
of all measurable maps u: 2 x X — X such that the function u,: X — X defined by u,,(x) =
u(w, x) is continuous for p-almost every w € Q and

lul|" := esssup sup [|u, (x)|l, < +00.
we  xeX

One can easily verify that (Z, || - ||') is a Banach space.

Although the measure 4« need not be ergodic, one can always consider an ergodic decom-
position and obtain results for each measure in the ergodic decomposition. Thus, without
loss of generality one can and will assume in what follows that u is ergodic.

Theorem 4.1: Let & be a strongly measurable cocycle admitting a tempered exponential
dichotomy and let f: Q@ x X — X be a measurable map such that, for ji-almost every w €
Q)

(1) fo =flw, -) is continuous and F,, = A (w) + f., is a homeomorphism;

(2) there exists a constant § > 0 such that, for x, y € X, we have

| fo ()|l < 8K (O (w))™* (20)
and
| (%) — fuO)Il < SK(O (@) llx — yl. (21)

Then provided that § is sufficiently small,
(1) thereis a unique u € Z such that, for ju-almost every w € Q, we have

Ag(w) o U, = g o (A (w) + f,), wherei, =1d + u,; (22)
(2) thereis a unique v € Z such that, for ju-almost every w € Q, we have

D6(w) © Ao (@) = (Ap(®) + f,) 00y, whered,, =1Id + v,; (23)
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(3) for w-almost every w € K, the maps u,, and 0,, are homeomorphism and

U, 0 D,y = Dy 0 U, = 1d. (24)

Proof:
(1) We note that the first identity in (22) is equivalent to

Agp(w) oty — g 0 E, = fo. (25)
For each w € €, let
B(w) = Ap(w)| Im T (w) and C(w) = A¢(w)|Im 1" (w).
Clearly, the operators
B(w) : ImIT*(w) - ImIT°(f(w)) and C(w):ImI1*(w) — ImIT"(0(w))
are invertible. Write u,, = (b, ¢,,) and f,, = (¢,, h), where
b, = T (@)uy, ¢ =T (W) y, g =TTF0(W))fn, hy=T"0(v)) f,.

Then, (25) holds for p-almost every w € 2 if and only if (b, c,,) = (l_ﬂw, c,) for
pn-almost every w € 2, where

b, = (B(n) o b, —g,) o F, ", (26)

with n =07}(w), and
¢w = C(w) " 0 (o) © F, + hyy). (27)
Given u = (b,, ¢,)w c o € Z, we define S(u) = (l_)w, Cw)weq. For each z € X, we have

160 (2) 1, < sup(IB(n, ©)B()by (™ (2)) ")

n>0

+ sup(IIB(n, w)g, (F{l (2)) ”ea(w)n)

n>0

= Sup(”B(n +1, n)bn(anl(z))”ea(w)n)

n>0

+sup(|B(n, )g, (E, " (2)) 1)

n>0
< e sup(|B(n+ 1, mb,(F, ' (2)) ]| D)
n=>0
+ sup(I1B(n, )|l - llgyllsce™ ™),
n=>0
where B(n, w) = ®(n, w)IT*(w) and where || - ||« is the usual supremum norm.

Using (4) and (20), we conclude that

b6 (@)l < e [1by (B, (@)l + 8
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for p-almost every w € 2 and thus,
161" < 1Bl + 8 < +-o0. (28)
Similarly, for each z € X, we have

10 (@)l < sup([C(n, @)C(@) " cou) (B, (2))lle* ")

n=<0

+ sup([€(n, ©)C(w) "' hy(2) ||efa(w>n)

n<o

= sup(IC(n — 1,6 @)coie) (B (2D lle ")
+_ili}§(||e(” —1,0(0))h,(2)]|e ")

< @ SEE(IIG(n — 1, 0()) o) (B (2)) e *@0D)
+ Sup(ll(_'f(n —1,0(@)] - [y llwe™ "),

n<0
where C(n, w) = ®(n, w)[1"(w). Using (5) and (20), we obtain
lew (@l < €™ llco(w) (Fo(@)) o) + 8¢
for p-almost every w € 2 and thus,
llell” < llell” + 8 < +o0. (29)

It follows from (28) and (29) that S(u) € Z for every u € Z (the measurability of S(u)
follows readily from (26) and (27)).

Now we show that S is a contraction. Take u; = (b1, 4, €1, 0)w e o and u, = (by, »
€2, 0)w e o In Z. For each z € X, we have

1b1.0(2) = b2 (@) llo = sup(|B(n + 1, 1) by, — bay) (F, ' (2)) ][ €%

n>0
< e_a(w)”(bl,n - b2,n)(Fn_1 (z))”n
=< e_a”(bl,n - bZ,n)(Fn_l (Z))”m

for p-almost every w € 2, where a is the constant value of the 6-invariant function
a on € up to a set of measure zero (recall that the measure p is assumed to be
ergodic). Therefore,

b1 — byl < e |lby — bsll'. (30)
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Similarly,

[€1.0(2) = €2.0(2) o
= sup([|€(n — 1, 0(0)) (cLo() — C2.0)) (Fu(2))[le”* ")

n=<0
e_a(w)H(Cl.é‘(w) — 2.0(0)) F (@) o)

=
< e ll(cro — c200w) Fo(2) o),
for z € X and p-almost every w € Q2. Hence,
e =Gl < e e —all. (31)
By (30) and (31), we have
18(u1) — Su) " < e “llur — o’

and so S is a contraction. We conclude that S has a unique fixed point in Z which
yields the first statement in the theorem.
(2) We note that (23) is equivalent to

Vo) © Ag (@) — Ag(w) 00y = f,, 0 Dy, (32)

Write v, = (du, €,), where d,, = TT*(w)v,, and e,, = IT*(®)v,,. Then, (32) holds for
pu-almost every w € Q if and only if (d,,, e,) = (d,, e,) for u-almost every € €,
where

d, = (B(n) o d, +g,00,) 0 Ae(n)™", (33)
with n =07Y(w), and
Ew = C(w)_l @) (eg(w) OAq;(a)) - hw @) ISw) (34)

Given v = (d,, €y)wec o € Z, we define T (v) = (d_a,, €,)weq. For each z € X, we
have

Ido(2) |l < sup(B (1, @)B(n)d, (Ae ()" 2)[|€* ")

n>0

+ sup (| B (n, )g, (9, (As (1) 2))[|e* ")

n>0

< e sup(|B(n+1,n)d,(As () '2)[ @ "HV)

n>0
+ sup([|B(n, @) - 1g o™ ).

n>0

Using (10) and (20), we conclude that

Idu (@)l < e *ld, (Aa (1) 2)Il, +8
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for p-almost every w € 2 and thus,
Il < 1d]l' +8 < +o0. (35)
Similarly, for each z € X, we have

20 (2l < sup(l|C(n, @)C(@) ™ egw) (Aw (@)2) [le™* )

n<0

+ suP(||@(n, CU)C(Q))_Ihw (5w(z))”e—a(a))n)
n<0

< e sup(C(n —1,60(w))e, (As (@)2) e ")

n<0

+ suP(||(3(n —1,0(w))] - ||hw||ooe_“(“’)")_

n<0
By (11) and (20),
120 (@) o < e llesw) (Ae (@)2)llow) + S~
for p-almost every w € 2 and thus,
llell” < llell” + & < +o0. (36)

It follows from (35) and (36) that T(v) € Z for every v € Z (the measurability of
T(v) follows readily from (33) and (34)).

Now we show that T is a contraction. Take v; = (d} , €1, )0 c @ and 02 = (d;, »
€,0)wecqin Z. Let Gi, = 0;, 0 Ag(w) ! for i = 1, 2. For each z € X, using (10)
and (21) we obtain

Id1.0(2) — 0 (@)l
= Sup(l|B(H + 1’ n)(dl,n - dzqn)(Aq,(n)_lz)”e“(w)n)

n>0

+ sup([B (1, ) (g,(G1.,(2)) — 8, (G2.y(2)))[|e* ")

n>0

< e N (d1y — doy) (As ()2,
K@) sup(IB(m, @)1l - /3 (Gry(2)) = f3(Gay (@)™

< e (dr,y — doy) (Ae () "2l
+ 8llv1, (Ae ()71 (2) = 02, (A ()~ (2],

for p-almost every w € 2 and thus,

ldi — dll' < e ®lldy — sl + 8llor — vl (37)
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3)

Similarly, using (11) and (21) we obtain

lle1.0(2) — €2.6(2)w([0]
< sup([[C(n — 1, 0(w))[e1,6(0) (Aa (@)2) — 20(0) (Aa (@)2)][le”* ")

n<0

+ sup([|C(n — 1, 0()) (hy (D16, (2)) — he(D2,0(2))) e ")

n<0
< e 1 p(w) (Aa (0)2) — €10(0) (Aa (@)2) [l
+ 5670{(&)) “Z)l,u) (Z) - DZ,w (Z) “w

for z € X and p-almost every w € Q2. Hence,

ler — el < eller — el + 8lloy — vall’, (38)
It follows from (37) and (38) that for any sufficiently small §, the operator T is a
contraction on Z which yields the second statement in the theorem.

In order to complete the proof, it is sufficient to establish (24). By (22) and (23), we
have

U (w) © Do) © Ao (@) = Ug(w) © (Ae (@) + fow)) © Dp = Ae(®) 0 Uy, 0 Dy,
for pn-almost every w € Q. Furthermore,
Uy 0 Dy — Id = vy, + Uy 0 Dy
for p-almost every w €  and thus (4, o 0, — Id),ecq € Z. So it follows from the

uniqueness statement in Theorem 4.1 that 1, o 9,, = Id for u-almost every w € Q.
Similarly, one can establish the second equality in (24). O

Finally, we describe how the conjugacies v,, in Theorem 4.1 vary with the perturbations
f.- A related study can be effected for the functions u,,. We denote each function v, in (23)

by

Vi(, ) =0 f = (do 5, 0,5) = (df(w, ), ef(w, ).

We continue to assume that the measure p is ergodic.

Theorem 4.2: Let ® be a strongly measurable cocycle. Then there exists C > 0 such that for
any sufficiently small § as in (20) and (21) we have

oy —vgll" < Cess sslzlp(maX{K(w), K@®(w))} sup Il fo(x) — fw(x)||w>

for any maps f and f satisfying the hypotheses of Theorem 4.1.
Proof: Write

Vs =Id40v,; and G, ;=047 oAgp(w) .
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For p-almost every w € € and each x € X, it follows from (33) that writing n = 67! (w),
we have

ldo,r(x) —d,, 7)o

< sup(||B(n, )B)[d, s (Ae (1) 'x) — d, (Ao ()" x)] [ ")

n>0

+ i‘ilg(”B(” ®)[8(Gy 5 (x)) — & (G, 7)€
<o sup(|B1-+ 1l (Aa()™*) = d, 7(Aa () )]0 .
+ i‘i%’(”g(” @)[g(Gy. ;1 () — &)(G,. ()] || ")

* ig%)(”B(” )[8(Gy, s (x)) — & (G, 7(x))] e

< e (dy s —d, DA D, + K@)(gy = ) (Gy s DIy
+81@y. 1 =0, A @)y

Thus,
sup |do, s (x) —d,, ;(X)llo < e “suplldy s (x) —d, ()l
xeX xeX
+ K(w) sup [1g,(x) — g, ()l
xeX
+ 4 sup ||v,,_f(x) — vn,f(x)”,,
xeX
and

(1—e)lldy — d;l|" < esssupsup(K()llg, (x) — & (ll,) +8llog —v7ll.  (40)

we2  xeX

Proceeding in a similar manner to that in (39), we obtain

sup [leq, s (x) — e, 7(X)llo < € “sup llegiw), £ (%) — €y, 7 () llow)
xeX xeX

+ K(@) sup [hy, (x) — By, () .,

xeX
+ 8 sup [lve, (%) — v, 7(O)le

xeX

and

(1—elles — el < esssup sup(K(@) o (x) = () + 8lloy — o7, (41)

weQ  xeX

The desired statement follows now readily from (40) and (41). O
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