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INVARIANT MANIFOLDS AND ALMOST AUTOMORPHIC
SOLUTIONS OF SECOND-ORDER MONOTONE EQUATIONS

DAVID CHEBAN* AND CRISTIANA MAMMANAT

Abstract. We give sufficient conditions of the existence of a compact invariant manifold, almost
periodic (almost automorphic) solutions of the second-order differential equation z’/ = f(¢,z) on an
arbitrary Hilbert space with the uniform monotone right hand side f.
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1. Introduction. The problem of the almost periodicity of solutions of non-linear
almost periodic second-order differential equations

2 = f(t,7) (L1)

with the monotone (with respect to the spacial variable x) right hand side f was studied
by many authors (see, for example, [2, 3], [5, 6], [7], [12] and the bibliography therein).

In the present paper we consider a special class of equations (1.1), where the function
f:Rx H — H (H is a Hilbert space) is uniformly monotone with respect to (w.r.t.)
x € H,ie. flL(t,z) > ml, where f,(t,x) is a self-adjoint operator and I is a unit operator
on H and m > 0. We also study a more general equation

" = f(wt,z) (weQ), (1.2)

with the uniform monotone (with respect to the spacial variable x) right hand side f,
where 2 is a compact metric space, (2, R, o) is a dynamical system on Q and wt := o(¢,w).
We give sufficient conditions for the existence of a compact invariant manifold of equation
(1.2). Almost periodic, quasi-periodic, almost automorphic, pseudo recurrent solutions
and chaotic sets of equation (1.2) are studied too.

2. Almost Periodic and Almost Automorphic Motions of Dynamical
Systems.

2.1. Almost Periodic and Almost Automorphic Motions. Let X be a com-
plete metric space, R (Z) be a group of real (integer) numbers, Ry (Z4) be a semi-group
of nonnegative real (integer) numbers, S be one of the twosets Ror Zand T C S (S; C T)
be a sub-semigroup of the additive group S.

Let (X, T, ) be a dynamical system.

A number 7 € T is called an € > 0 almost period, if p(x(7 +t),xt) < e for all ¢t € T.
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142 D. Cheban and C. Mammana

A point x € X is called Bohr almost periodic, if for any € > 0 there exists a positive
number [ such that at any segment of length [ there is an € almost period of point z € X.
Denote M, := {{t,} C T : such that {m(t,,z)} is convergent and {t,} — oo}.
A point x € X is called
1. Levitan almost periodic [8], if there exists a dynamical system (Y,T,c) and a
Bohr almost periodic point y € Y such that 91, C Ny;
2. stable in the sense of Lagrange (st.L), if its trajectory {m (¢, x) : t € T} is relatively
compact;
3. almost automorphic [8, 10] in the dynamical system (X, T, ), if the following
conditions hold:
(a) zisst. L;
(b) there exists a dynamical system (Y, T, o), a homomorphism A from (X, T, )
onto (Y, T, o) and an almost periodic in the sense of Bohr point y € Y such
that h=1(y) = {z}.

2.2. Shift Dynamical Systems, Almost Periodic and Almost Automorphic
Functions. Below we indicate one general method of construction of dynamical systems
on the space of continuous functions. In this way we will get many well known dynamical
systems on the functional spaces (see, for example, [1, 11]).

Let (X, T, n) be a dynamical system on X, Y be a complete pseudo metric space and
P be a family of pseudo metrics on Y. We denote by C'(X,Y") the family of all continuous
functions f : X — Y equipped with a compact-open topology. This topology is given by
the following family of pseudo metrics {d}.} (p € P, K € C(X)), where

dhe(f, g) = Eggp(f(w),g(x))

and C(X) a family of all compact subsets of X. For all 7 € T we define a mapping
or: C(X,Y) — C(X,Y) by the following equality: (o, f)(z) := f(n(r,2)) (x € X). We
note that the family of mappings {0, : 7 € T} possesses the next properties:

a. 0o = ido(x,y);

b. V1,72 €T 07 007, = 07 41y}

c. VT € T o, is continuous.

LEMMA 2.1 ([4]). The mapping o : T x C(X,Y) — C(X,Y), defined by the equality
o(r,f) =o.f (feC(X,Y), 7€T), is continuous.

COROLLARY 2.2. The triple (C(X,Y),T, o) is a dynamical system on C(X,Y).

Consider now some examples of dynamical systems of the form (C(X,Y), T, o), useful
in the applications.
EXAMPLE 2.3. Let X = T and we denote by (X, T, n) a dynamical system on T, where
m(t,xz) := x +t. The dynamical system (C(T,Y),T,o) is called Bebutov’s dynamical
system [11] (a dynamical system of translations, or shifts dynamical system).

We will say that the function ¢ € C(T,Y) possesses a property (A), if the mo-
tion o(-,) : T — C(T,Y) possesses this property in the dynamical system of Bebutov
(C(T,Y), T, o), generated by the function ¢. As property (A) we can take periodicity,
almost periodicity, almost automorphy etc.

EXAMPLE 2.4. Let X := T x W, where W is some metric space and by (X, T,7) we
denote a dynamical system on X defined in the following way: w (¢, (s,w)) := (s + t, w).
Using the general method proposed above we can define on C(T x W,Y) a dynamical
system of translations (C(T x W,Y), T, o).



Equadiff-11. Invariant manifolds ... of monotone equations 143

The function f € C(T x W,Y) is called almost periodic (almost automorphic, etc)
with respect to ¢t € T uniform on w on every compact from W, if the motion o(-, f) is
almost periodic (almost automorphic, etc) in the dynamical system (C(TxW,Y), T, o).

2.3. Cocycles, Skew-Product Dynamical Systems and Non-Autonomous
Dynamical Systems. Let T; C Ty be two sub-semigroups of the group S (S; C T).

A triplet ((X, Ty, 7), (Y, To,0), h), where h is a homomorphism from (X, Ty, 7) onto
(Y, Ty, 0), is called a non-autonomous dynamical system.

Let (Y, Ty, 0) be a dynamical system on Y, W be a complete metric space and ¢ be
a continuous mapping from T; x W x Y in W, possessing the following properties:

a. p(0,u,y) =u (ueW,yeY)
b. ot +7,u,y) = o(r,0t,u,y),0(t,y)) (t,7 €T, uc W,y €Y).

Then the triplet (W, ¢, (Y, T2,0)) (or shortly ¢) is called [9] a cocycle on (Y, Ts,0)
with the fiber W.

Let X := WxY and let us define a mapping 7 : X xT; — X as follows: 7((u,y),t) :=
(o(t,u,y),0(t,y)) (ie. = (p,0)). Then it is easy to see that (X, Ty, 7) is a dynamical
system on X, which is called a skew-product dynamical system [9] and h = pro : X — Y
is a homomorphism from (X, T;,7) onto (Y, Ts, o) and, hence, ((X, Ty, 7), (Y, To,0),h)
is a non-autonomous dynamical system.

Thus, if we have a cocycle (W, p,(Y,Ts,0)) on the dynamical system (Y, Ts,0)
with the fiber W, then it generates a non-autonomous dynamical system ((X,Ty,7),
(Y, Ty,0),h) (X := W xY), called a non-autonomous dynamical system generated by
the cocycle (W, ¢, (Y, Ta,0)) on (Y, Ty, 0).

Non-autonomous dynamical systems (cocycles) play a very important role in the
study of non-autonomous evolutionary differential equations. Under appropriate assump-
tions every non-autonomous differential equation generates a cocycle (a non-autonomous
dynamical system).

ExXAMPLE 2.5. Consider the system of differential equations

{ u' = F(y,u)
Y =G(y),

where Y C E™ G € C(Y,E™) and F € C(Y x E™ E™). Suppose that for the system
(2.1) the conditions of the existence, uniqueness and extendability on R, are fulfilled.
Denote by (Y,Ry,0) a dynamical system on Y generated by the second equation of the
system (2.1) and by o(t,u,y) we denote the solution of the equation

(2.1)

u' = F(U(tv y)v u)

passing through the point uw € E™ for t = 0. Then the mapping ¢ : Ry X E" XY — E"
satisfies the conditions a. and b. from the definition of cocycle and, consequently, system
(2.1) generates a non-autonomous dynamical system ((X,Ry,7),(Y,Ry,0),h) (where
X =FE"XY,7:=(p,0) and h:=pry: X —Y).

EXAMPLE 2.6. Let E be a Banach space and (Y,R, o) be a dynamical system on the
metric space Y. We consider the system

{w—memm

2.2
ey, (2.2)
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where F € C(Y x E, E). Suppose that for equation (2.2) the conditions of the existence,
uniqueness and extendability on R are fulfilled. The non-autonomous dynamical system
(X, Ry, ), (Y,R,0),h) (respectively, the cocycle (E,p, (Y,R,0)) ), where X := E x Y,
7w = (p,0), p(-,x,y) is the solution of (2.2) and h := pro : X — Y is generated by
equation (2.2).

2.4. Invariant Sections of Non-Autonomous Dynamical Systems. Let ((X,
Sy, m), (Y,S, o), h)) be a non-autonomous dynamical system.

A mapping v : Y — X is called a section (selector) of a homomorphism h, if h(y(y)) =
y for all y € Y. The section v of the homomorphism h is called invariant, if y(o(¢,y)) =
7w(t,v(y)) forally € Y and t € S.

Denote by I' = T'(Y, X) the family of all continuous sections of h, i.e. T'(Y,X) =
{ve C(Y,X): ho~y = Idy}. We will suppose that T'(Y, X) # (). For applications this
condition is fulfilled in many important cases.

3. Invariant Manifolds of Second Order Differential Equations.

3.1. Invariant manifolds. Let Q be a compact metric space and (2, R, o) be an
autonomous dynamical system on 2. Let E be a Banach space. Denote by [E] the space
of all linear continuous operators acting on E and endowed with an operator norm.

Denote by H a Hilbert space with the scalar product (-, -) and the norm | -|? := (-, -),
by C(Q, E) we denote the Banach space of all continuous function ¢ : Q@ — E equipped
with the norm [[¢lloo, p) = max p(w)] 5.

A function ¢ € C(Q, E) is called:

— differentiable in the point wy along the flow (2, T, o), if there exists a limit

Yo (wp) = ilﬂ% W(U(S»WO)S) — w(wo);

In this case ¢, (wp) is called a derivative of the function ¢ € C'(£2, E) at the point
wp € Q along the flow (Q, T, o) (shortly, o).
— differentiable on €2 along the flow o, if it is differentiable at every point w € €;
— continuously differentiable on 2 along the flow o, if it is differentiable at 2 and
Y € C(NE).

Denote by C 1(Q, E) a Banach space of all continuously differentiable (on €2 along the
flow o) functions ¢ € C(Q, E) endowed with the norm

[ellen,m = llellew,r) + 1€4llc@ B)-
Let us consider a differential equation of the second order
2 = f(wt, ), (we) (3.1)

where f € C(Q x H, H), and give a criterion of the existence of an invariant manifold for
this equation. Below we will suppose that the function f is regular, i.e. for all x -y € H
the equation (3.1) admits a unique solution (¢, z,y,w) defined on R} with the initial
conditions ¢(0,z,y,w) =z and ¢’'(0, z,y,w) = y.

As we know, we can reduce the equation (3.1) to the equivalent system

L
y/:f(Wt7$)
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(w € Q) or to the equation
2 = F(wt, 2) (3.2)

on the product space H? := H x H, where z := (x,y) and F € C(2 x H? H?) is the
function defined by the equality F(w, z) := (y, f(w,z)) for allw € Q and z := (x,y) € H>.
REMARK 1.

1. Since (p(t,z,y,w), ¢ (t,x,y,w)) is a cocycle, generated by equation (3.2), then
we have the following equality

<,0(t + 7, $7y7w) = go(t, 90(7—7‘%‘73/7(“;)7 @/(Tvxvva)ﬂ“”—) (3'3)

forallt,7 e Ry, z,y € H and w € Q.

2. The function p := (v,8) € C(Q, H?) (7,6 € C(Q, H)) is a continuous invariant
section of the cocycle (p(t, z,y,w), ¢’ (t,z,y,w)), generated by equation (3.2), if and only
if the following conditions are fulfilled:

(i) v e CHQ H);
(i) Yo = 4;
(iii) y(wt) = @(t,v(w), ¥ (w),w) for all t € R and w € Q.

THEOREM 3.1. Let f € C(Q x H, H) be continuously differentiable w.r.t. © € H and let
exist rg > 0 such that

1. |f(w,z)] < A(r) < 400 for all (w,x) € Q x B[0,r] and 0 < r < ro;

2. there exists positive numbers m and M (r) such that for all (w,x) € Q x B[0,r],
0<7r<rg, ml < fllwz) < M) (Iis a unit operator from [H]) and the
operator fL(w,x) is self-adjoint;

3. A(0) < mrg.

Then for an arbitrary A(0)ym~" < r < ro there exist a unique function v € C(S, B|0,
r]) such that y(wt) = @(t,7(w),¥(w),w) for all w € Q and t € R, where o(t,u,v,w)
is a unique solution of equation (3.1) with the initial conditions ¢(0,u,v) = u and
©'(0,u,v) = v.

4. Almost Automorphic Solutions of Monotone Second-Order Differen-
tial Equation. In this section we suppose that the space H is finite-dimensional. Let
W be a nonempty compact from H and (C(R x W, H),R, o) be a shift dynamical sys-
tem on C(R x W, H). Recall, that C(R x W, H) is topologically isomorphic to C(R,
C (W, H)) and the shift dynamical systems (C(RxW, H),R, o) and (C(R,C(W, H)),R, o)
are dynamically isomorphic.

Let K be a convex set of H.

The direction n € H is called normal to K at the point z € K, if (n,u —x) <0 for
all u € K. The set of all normal directions is called normal cone to K at = and is denoted
by N(K,x).

Let K C H be nonempty, compact, convex subset of H and f € C(R x K, H). We
formulate the following assumptions:

(C1) fisalmost automorphic in ¢ uniformly for z € K, i.e. the motion o(¢, f) is almost
automorphic in the shift dynamical system (C(R x K, H),R, 0);

(C2) the function f is monotone in z € K uniformly for ¢ € R, ie. (f(t,z1) —
f(t,xa), 21 —x9) > 0 for all z1, 20 € K and t € R;

(C3) there exists tg € R such that (f(to,z1)— f(to, 22), 21 —x2) > 0 for all 21,25 € K,
such that xy # xs;

(C4) (f(t,x),n) >0 for each x € 0K, n € N(K,z) and t € R.
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LEMMA 4.1. Let W C H be a nonempty compact. The function f € C(R x W, H) is
almost automorphic in t € R uniformly for x € W, if and only if the following conditions
hold:
(i) the function f is bounded, i.e. there exists a constant C > 0 such that | f(t,x)| <
C for all (t,xz) € R x W;
(ii) the function f is uniformly continuous on R x W;
(iil) the function f is Levitan almost periodic in t € R uniformly for x € W.

THEOREM 4.2 ([5]). Let f € C(R x K, H) be a bounded on R x K function. Then the
following statements hold:
(i) if the assumption (C4) is fulfilled, then the equation

2" = f(t,7) (4.1)

has at lest one bounded on R solution;

(ii) if the assumptions (C2) and (C4) are fulfilled and equation (4.1) has two solutions
©1 and o defined on R with their values in K, then p1(t) — @a(t) = costant for
allt € R;

(iii) if, in addition, the condition (C3) is fulfilled, then (4.1) has a unique solution
defined and bounded on R.

Denote Xo := {(p, f) | p € CR,H), f € C(R x H,H), and let ¢ be a solution of
equation (4.1)}.

LEMMA 4.3. The set X is invariant and closed in the product dynamical system (C (R, H)x
CRx H,H),R,0).

COROLLARY 4.4.
1. Xo is a complete metric subspace of the product space C(R,H) x C(R x H, H).
2. On the space Xq there is defined a shift dynamical system, induced by the product
dynamical system (C(R,H) x C(R x H,H),R, o).

THEOREM 4.5. Let the assumptions (C1), (C2) and (C4) be fulfilled. Then the following
statements hold:
(i) equation (4.1) admits at least one almost automorphic solution;
(ii) if the equation (4.1) has two solutions @1 and ¢ defined on R with their values
in K, then p1(t) — p2(t) = costant for all t € R;
(iii) 4f, in addition, we assume that (C3) is fulfilled, then equation (4.1) has a unique
almost automorphic solution.

Proof. According to LEMMA 4.1 and THEOREM 4.2, to prove this theorem it is sufficient
to show that equation (4.1), under the conditions of the theorem, admits at least one
almost automorphic solution. Let ¢ be a bounded on R solution of equation (4.1). By
Landau’s inequality, we have

sup |/ ()] < 2¢sup " (1)] [sup [o(2)]
teR teR teR

and, consequently, |¢'(¢)| < 2ab for all t € R, where

a:=sup|f(t, () < sup [f(t,2)| and b:=sup|e(t)].
teR teR, z€W teR

Thus, the function ¢ € C(R, H) is bounded and uniformly continuous on R and by
Theorem 7 [9, p.37] the motion o(t, ) is stable in the sense of Lagrange in the shift



Equadiff-11. Invariant manifolds ... of monotone equations 147

dynamical system (C(R, H),R, o). Let us consider a non-autonomous dynamical system

(X,R,7), (Y,R,0),h), where Y := H(f) (f is the restriction on R x W of f, where W :=
©(R) ) and (Y, R, o) is the shift dynamical system on H(f) induced by (C(Rx H, H),R, o),
X := H(p, f) C Xo and (X,R, ) is the shift dynamical system induced by (Xo,R,0)

and h:=pre : X — Y is the second projection. Now we will prove that ‘ﬂf - ‘ﬂ(%f). In
fact, let {t,} € M. Then {fi.} — f in the space C(R x W, H) (f, := o(r, f)). Since
p € C(R, H) is stable in the sense of Lagrange, then H(y) := {¢, | 7 € R} is a compact

invariant set and the sequence {¢;, } is relatively compact. Let {t/ } be a subsequence of
the sequence {t,}, such that {¢s } converges and denote by P(y) := 1iIJ1;1 oy € H(p).
n—-—1+0oo

By LEMMA 4.3, the function P(y) is a solution of equation (4.1) defined on R. Since
P(¢)(R) C W, then by THEOREM 4.2 there exists ¢ € H such that

P(p)(t) = o(t) + ¢ (4.2)

for all + € R. From equality (4.2) we have P?(p) = P(p) +c = ¢+ 2¢, ..., Pk(p) =
¢ + ke for all k € N. On the other hand, {P*(¢)} C H(yp) and taking into account the
compactness of the set H(p) we obtain ¢ = 0, i.e. P(¢) = ¢. Thus the sequence {p; } is
relatively compact and it has a unique limit point . This means that the sequence {¢; }
is convergent, and consequently, {t,} € N, 5 But f, under the conditions of Theorem,

is almost automorphic in ¢ € R uniformly for x € W, and, hence, the function (¢, f) is
also almost automorphic (and, in particular, the function ¢ is too). 0
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