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Invariant manifolds for difference equations with
generalized trichotomies

ANTONIO J. G. BENTO

ABSTRACT. On an arbitrary Banach space, assuming that a linear nonautonomous difference equation
Tm41 = AmTm admits a very general type of trichotomy, we establish conditions for the existence of global
Lipschitz invariant center manifolds of the perturbed equation z,,+1 = Am@m + fm (zm). Our results not only
improve results already existing in the literature, but also include new cases.

1. INTRODUCTION

Let X be a Banach space and let 5(X) be the space of linear bounded operators acting on
X. Assume, for all m € Z, that A,,, € B(X) is an invertible operator and that f,,: X — X
is a Lipschitz function such that f,,(0) = 0. We find sufficient conditions in order that the
nonautonomous difference equation

Tm4+1 = Ay, + fm(xm)a

has an invariant center Lipschitz manifolds, when the nonautonomous linear difference
equation

LTm+1 = Amxm
admits a generalized trichotomy.

Center manifolds are a very important tool in the study of stability and of bifurcations
because they frequently permit the reduction of the dimension of the state space (see
Carr [14], Henry [24], Guckenheimer and Holmes [21], Hale and Kogak [22] and Haragus
and Iooss [23]]). The first results on the existence of center manifolds were obtained in the
sixties by Pliss [32] and by Kelley [25] 26]. After that many authors studied the problem
and proved results about center manifolds. For autonomous differential equations in
the finite dimensional case see Vanderbauwhede [39] (see also Vanderbauwhede and
Gils [40]) and for autonomous differential equations in the infinite dimensional case
see Vanderbauwhede and Iooss [41]. For nonautonomous invariant manifolds, and in
particular to nonautonomous center manifolds, we suggest the paper by Aulbach and
Wanner [2]. See also Chow, Liu and Yi [17, [16] for more details in the finite dimensional
case and Sijbrand [38]], Mielke [29], Chow and Lu [18|[19] and Chicone and Latushkin [15]
for the infinite dimensional case.

The notion of (uniform) exponential trichotomy, introduced by Sacker and Sell [33],
Aulbach [1] and Elaydi and Héjek [20], is inspired in the concept of (uniform) exponential
dichotomy that goes back to the works of Perron [30,31]]. The definition of Sacker and
Sell [33] is motivated by the autonomous case of a matrix having semisimple eigenvalues
on the imaginary axis and because of that they only impose boundedness in the central
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direction. On the other hand, Elaydi and Hajek [20] impose in both time directions an
exponential decay on the central direction and thus their case is inherently nonautonomous.

However, the definition of exponential trichotomy is very stringent and several general-
izations have appeared in the literature. On the one hand, Fenner and Pinto [27] introduced
the so-called (h, k)-trichotomies, replacing the exponential growth rates by nonexponential
growth rates, and, on the other hand, Barreira and Valls [5} 6] introduced the nonuniform
exponential trichotomies that also depend on the initial time. The next step was given by
Barreira and Valls [8, 9] with the introduction of the p-nonuniform exponential trichotomies
that are both nonexponential and nonuniform, but the (A, k)-trichotomies of Fenner and
Pinto [27] are not a particular case of the notion of p-nonuniform exponential trichotomy.
For characterizations of exponential trichotomies we recommend Barreira, Dragicevi¢ and
Valls [3] 4] and Sasu and Sasu [34, 135,136, 137] and the references therein.

In [11] it was introduced, for linear differential equations, a very general type of tri-
chotomies that include as particular cases all the notions of trichotomies mentioned above,
as well as new cases. Despite of this generality, it was possible to prove the existence of
central invariant Lipschitz manifolds for sufficiently small Lipschitz perturbations of the
linear differential equations that admit this type of generalized trichotomy.

This paper is a discrete time counterpart of [11]. We are going to consider for linear
difference equations the same general type of trichotomies. We only suppose that the linear
equation admits an invariant splitting in three invariant subspaces and the norms of the
linear evolution operator composed with the three different projections are bounded by
general sequences that only depend on the initial and on the final time (see
and[(T3)). Despite of that we were able to obtain invariant manifolds provided that the
Lipschitz constants of the perturbation are sufficiently small. Note that for dichotomies
this has already been done in [12] and in [13] for differential and for difference equations,
respectively.

The proof of the main theorem is based in the Lyapunov-Perron method (see [28} 30, 31])
that consists in the following:

o relate the solutions of the linear equation with the solutions of the perturbed equation

using the variation of constants formula;

e construction of a suitable space of sequences of functions that is a complete metric
space and the construction of a suitable contraction on this complete metric space;

e the application of Banach’s fixed point theorem to the referred contraction gives a
sequence of functions that is the only fixed point of the contraction and whose graphs
are the invariant manifold.

The Lyapunov-Perron method was used by many authors, namely [6,/8,[12, [13]. In the
mentioned papers the authors use two applications of the Banach’s fixed point theorem, the
first one to obtain the solutions of the perturbed equation along the stable/center direction
and the other to obtain the solutions of the perturbed equation in the other directions. In
this paper, as in [11], we use only one application of the Banach’s fixed point theorem to
obtain the solutions of the perturbed equation in all directions.

As particular case of our main result we improve the results obtained by Barreira
and Valls [5, [10] for nonuniform exponential trichotomies. Moreover, we also obtain as
particular cases new results for nonuniform (a, b, ¢, d)-trichotomies.

The structure of the paper is as follows. In Section [2| we introduce the notation and
preliminaries. The main theorem of the paper is stated in Section [8|and in Section [4 we
apply our main result to particular cases of trichotomies. Finally, in Section[5} we prove the
main theorem.
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2. NOTATION AND PRELIMINARIES
Let X be a Banach space and let B(X) be the Banach algebra of all bounded linear
operators acting on X. Given a sequence (A,,),, ., of invertible operators in B(X), we are
going to consider the difference equation
(21) Tm41 = Aml‘nu m € 7,

and denote by ®,, ,, its evolution operator, i.e.,

Ap_1- Ay ifm >n,
Q. =<1Id if m=n,
At A ifm <o
We say that equation (2.1) admits an invariant trichotomic splitting if, for every m € Z,
there are projections P2, P}, P, € B(X) such that
(S1) P2+ P} + P, =1dforallm € Z;
(S2) PP =0forallm e Z;
(S3) @, ,PS = PS5y, forallm,n € Z;
(S4) ®,, P = P/®,,, forallm,n € Z;
From and |(S2)|it follows that

PO P, =PtP° = PP, = P.P% =P, Pt =0 forallm € Z

and from[(S1)}[(S3)|and [[S4)|we obtain

®,,, P =P, ®,,, forallm,n € Z.

Under these conditions we define, for every m € Z, the subspaces E°, = P°(X), E;f, =
Pr(X)and E,, = P,,(X) and, as usual we identify ES, x E}f X E,> and ES, @ E} & FE,, = X
as the same vector space.

Consider a°: Z* —]0, +00[, a™: Z% —]0,+o0and a™ : Z% —]0, +00[, where

7% ={(m,n)€Z*:m>n} and ZZ = {(m,n)€Z’:m<n},

and denote o (m n), at(m,n)and o~ (m,n) by oy, ., ot . and o, ,,, respectively. We say
that equation (2.1) admits a generalized trichotomy with bounds (a°, a* ,a ) if it admits an
invariant trlchotomlc sphttmg such that

(T1) || PmnPs < 2, ,, forall (m,n) € Z2;

(T2) || PPl < oﬁ , forall (m,n) € Z2

(T3) | PPl < am,n for all (m,n) € Zi.
Example 2.1. Let (ky,),, ., be a sequence such that k,, > 1 for every n € Z and let

Pyt Py, P, Py RY - R

nez

be defined by
Po" (21,29, 23,14) = (0,0, 23 + (k,, — 1)14,0),
P>~ (z1, 22,23, 24) = ((1 — ky)wa, 22,0,0),
Pl (21,72, 73,74) = (21 + (k, — 1)22,0,0,0),
P (x1,22,23,24) = (0,0, (1 — ky, )24, 24) .

It is clear that

POt + P>+ PF+ P =1d
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for every n € Z. Moreover,
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0,— PO,+ __ — po,+ __
pos+ po,+ — po,+ Pm Prr=0 Prpot+ —0 Pabym =0
POt P =0 _ PrPr=pPF n
Py-Pr =0 P.Pi=0
Pt P =0 PLPy =0
Po~Pr=0 P Pr="pr,
and
POt P (z1,22,73,24) = (0,0, (ki — ky)z4,0)
and
PTJnr’PTCL)’i (1‘1,1‘2, 1'3,$4) = ((]km — Ikn)xg,0,0, 0)

for every m,n € Z.

If (an) ez (bn)nEZ’ (Cn) ez and (d

(Bn+1

n)nez are sequences of positive numbers, then

k, dp, k,

bn+1

A, = —"—P>" + P Pf P
An41 Cn 1kn-l—l e N dn-i—l " M bn ]kn-‘rl et
is an invertible operator (on R*) and
_ anJrl o,+ Cp, ]knJrl — dn+1 1bn ]knJrl _
A, P+ P+ Pr+ -
n el (En-l—l ]kn dn ntl Ibn-‘,—l Ikn
Clearly,
a Cm k d, b, k
Py = — PPt 4+ 2 2P0+ Lphy 2P
el e T
and using the projections P2 = P> + P>~ , P and P, we have
m k
(bmnP;;_ P0++ nPSZ’_:PSl(I)mna
’ A ¢, ki, ’
+_ oy _
O, nPy =—P =P ¥,
dm
bm kn -
S nP, = — — =P, Pnn
Equipping R* with the maximum norm, we have
1B = 1Pl =t and P27 = [[P]] = max {1,k —1} < K
and this implies that
T ]k
R o Ll Bl L | SR S0
d d
PPl || = G 1B = ke
Ib ]kn m
[@m Py = 22| mu o
Thus, if
an Cm 2
(2.2) — > — for every (m,n) € 75,
am, (B’IL -
we get
%]kn ifm ;
|OmnPell < or
—k, ifm
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Therefore, if holds, then we conclude that admits a generalized trichotomy with bounds
given by

2k, forall (m,n) € 72,

e 2
Elkn forall (m,n) € ZZ,
(2.3)
an o, = ;j—"]kn forall (m,n) € 7%,
_ b, 2
a, = —ky forall (m,n) € ZZ.
s bn X

The trichotomies with these bounds are called nonuniform (a, b, ¢, d)-trichotomies.

Example 2.2. Let p: Z — R be a strictly increasing sequence such that

p(0) =0, m1_1>r£1OO p(m) = —o0 and mlilfoo p(m) = 4o0.
Taking in (2.3)
a, = e-w) b et o ) g o—de(n)

and
k, = K elP(m,
where a,b,c,d € R, K > 1and € > 0, we obtain the following bounds

. K ealp(m)—p(n))+eln| forall (m,n) €
Oy = {Kec(p(n)p(m))+€|n forall (m,n) € Z2 ,
(2.4) + = | edptm)=p(m)+eln] forall (m,n) €
an = K e —ptm)teln] for all (m,n) € 22

)

Note that for this bounds inequality (2.2) is equivalent a + ¢ > 0. This type of trichotomies is
called nonuniform p-trichotomy (see [[7] where, in our notation, the conditions 0 < a < —b and
0 < ¢ < —d were also imposed).

Example 2.3. Taking p(n) = n in .4) we obtain the nonuniform exponential trichotomies
considered by Barreira and Valls in [5] with bounds given by

o [Eetm o forall (mon) €
m,n K ec(nfm)+8|n‘ for all (m’ )
af, = K edtm=n)teln| forall (m,n) €
O = K eb(n—m)+eln| forall (m,n) € Z2

As in the last example, inequality (2.2) is equivalent to a + ¢ > 0. Moreover, in [5] conditions
0<a< —band 0 < ¢ < —d were also imposed.

3. MAIN THEOREM

Suppose that (2.I) admits a generalized trichotomy with bounds (a°,a™, &™) and con-
sider the equation

(35) Tm+41 = Am‘rm + fm(xm)a me Z7
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where f,: X — X is a sequence of functions such that, for every m € Z,

(3.6) A + fm is invertible;

(3.7) fm(0) = 0;

(3.8) Lip(fm) := sup { ”fM(ﬁ;)c : gﬁl(y)n cx,y e X, x# y} < +o00.
From if follows immediately that

(3.9) [ fm(z) = fin (W) < Lip(fm) [z — y|| forallz,y € X and allm € Z

and from and we obtain that

(3.10) || fn(2)|| < Lip(fim) ||lz|| forallz € X and all m € Z.

Since we are assuming that (2.1) admits a generalized trichotomy, given an initial

condition x,, = (z, 7,2, ) € Ey, x E} x E, the sequence (x,,),,,, that satisfies
Tm+1 = Amxm + fm(xm)v m € 7Z
is denoted by

(z0,, 2t @) = (a0, (n,zn), 2} (n, @), 2, (n,2)) € Egy x B, X By

Then

m—1
D, x5 + Z Dy k1 Py (27, xz, z,) ifm>n,
(3.11) 20, = h=n

m n—1

+ J— .
D, x5 — g P ki1 Py e, ol ) ifm <n,

k=m

m—1

D, nxt + Z <I)m7k+1P,j+1fk(x2,x;,m;) ifm>n,
(3.12) b = k=n

n—1

+ + = ;
(bm,nxz - Z (I)m,kﬂPkak(x(é,xk sz ) ifm<n,

k=m

m—1
(I)mmx; + Z CDka-‘rlPk_Jrlfk(xz’xz?xI;) ifm > n,
(3.13) T, = k=n

m n—1

— —_ + — .
(I)m,nzn - Z (I)m,k+1pk+1fk(xzaxk ,ZEk) ifm < n.

k=m

For every k € Z we set

(314) \Ilk (na xn) = (n + kv x?H»k(nv :En)a m:+k (na x’ﬂ)a x;Jrk (n7 x’ﬂ))

The invariant manifolds that we are looking for will be given as the graphs of a sequence
of functions. To find that sequence of functions we need to introduce a suitable space of
sequences of functions. Given D > 0, let B be the space of sequences ¢ = (¢n),,c4 Of
functions

on = (o, 0): By = B x B
such that
(3.15) ©n(0) =0 foralln € Z;

(3.16) |on (&) = n(&)|| < D||¢ = €| foralln € Zandall§, ¢ € E.
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Clearly, by (3.15) and (3.16) we have
(3.17) ||(pn( )W <DJE| foralln € Zandall{ € Ej.

For every ¢ € Bp we set
oo ={(pn(8) :n€Z € EN}
={(& (&), 0,(6) :neZ, EcEy}.

Before stating the main theorem we need to introduce the following quantities:

(3.18) o:= sup lmax {mzl S Llp(fk)ak - mzl e Llp(fk)ak § H

ao af

(m,n)€Z22 b—n P n,m
and
n—1 +oo
(3.19) w = sup [ D b Lin(f)ad, + Y an gy Lin(fr)ag, ] :
" k=—o0 k=n

Theorem 3.1. Let X be a Banach space and suppose that equation (2 admzts a generalized
trichotomy with bounds (a°, o™, a™). Suppose that fn,: X — X satzsﬁes B.7) and (3.8). If

(3.20) ml_i)r{lOo o e = mgriloo Ay Oy = 0

and

(3.21) o+w<1/2,

then there exists D €0, 1] and a unique ¢ € B p such that

(3.22) Vin (Tnyp) =T forallm,n € Z.

Moreover,

(3.23) 120 (6 90(6)) = T (m:6, 0 @] < el ~E]

for every m,n € Z and every £, € € ES.

The proof of this theorem will be given in the last section of this paper.

4. PARTICULAR CASES OF THE MAIN THEOREM
Now we will apply our main theorem to nonuniform (a, b, ¢, d)-trichotomies.
Corollary 4.1. Let X be a Banach space and suppose that equation (2.1)) admits a nonuniform
(a, b, ¢, d)-trichotomy and such that the sequences <Crﬂzdm> and (2, bmk,,)
increasing. Assume that fp,: X — X, m € 7Z, satisfies , eaan

5min {'Y Cm+1 N dm ]km+1 Ibm+1 Ikarl _ D, }
" Cm d77L+1 ]km ' b7rz ]km A +1
]1{2
m—+1
with 6 €]0,1/6[ and (Ym ), @ Sequence of positive numbers such that

+oo +oo
(4.25) max{ > i S 3 "%%} < 1.
k=—o00

‘ap kg Cr+1 kr41
If
k.,

(4.26) lim ¢,d,k, = lim -0,

m——0o0 m——+00 am[bm

meZ are

(4.24) Lip(fm) <
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then there exists D €0, 1] and a unique ¢ € B p such that

Uy (D) =Dy forallm,n € Z.

Moreover,
D a, - .
T mle-E mn
H\Il’m—n (n7 57 Spn(f)) - W'm—n (na 57 @n(g)) || < D c

o kalle =€l ifm<n

for every m,n € Z and every &,€ € E2.

Proof For this type of bounds it is obvious that (3.20) is equivalent to (4.26). From ({@:24)
and (#.25) it follows for (m, n) € Z3 that

m— 1 m—1 m—1
Lip(fx)ay a a
m Jk+1 k.n k+1 . k+1
= k L < e <O
kz:; a(r)n,n kz:; A k+1 lp(fk) kz:; . Yk
and for (m,n) € ZZ that
n—1 o ; o n—1 n—1
QA ket Lip(fr)as, ,, Ck . Tk
~ n ket Lip(fi) < S° — % 57, <6,
k:zm o k;ﬂ P k41 Lip(fr) k;n Crrt ket Tk
which proves that o < §. From (4.24) and {#.26) we have
n—1
Z an k+1 Llp(fk' ak nt Z an k+1 Llp(fk)ak n
k=—o0 k=n
]k n—1
dri1k L bk, L
r— k;oo k+1Ki10 Lip(fi) + 2 Z by ip(fk)
k, <= [cpid cpd =X 1
<5 Kn kr1dryr  Cp k]+5anﬂo]k { B
Crdp k; { ki1 Ky, kz arbrky  artibrrikes
. cpdy 1
=§—0 1 6 —da, bk, li _—
(End kﬁlmoo ]kk + @ kﬁuj}oo ak+1u3}€+11kk+1
=26

and thus w < 2§. Hence 0 + w < 30 < 1/2 and from Theorem the conclusions of this
theorem follow. O

Now we consider the p-nonuniform exponential trichotomies. For that we need to
introduce the following notation:

p(m) =p(m+1)—=p(m)  and  p(m) = [p(m+1)| —[p(m)].

Corollary 4.2. Let X be a Banach space and suppose that (2.1) admits p-nonuniform exponential
trichotomy such that

(4.27) a+b+e<0 and c+d+e<0,
Assume that f,,: X — X satisfies (3.6), (3.7) and

6 min {’Vm, e=cP(m) _ gdP(m)+ep(m) o=bp(m)+ep(m) _ eaﬁ(m)}
Lip(fim) <

K2 e2¢elp(m+1)] ’
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where 6 €]0,1/6], 8 > 0and
K [e=Blem+Dl _ g=Blotm)|

Tm = 5 max{—a.ctp(m)—elp(m+1)]
Then there exists D €0, 1] and a unique ¢ € B p such that
Upen (Tnp) =Tm, forallm,n € Z.

Moreover, putting mn ¢ = (n,&, on(€)) and 7,z = (n, &, on(£)), we have

DK a(o(m)=p(n))+elp(m)] le-2| iFm=n
e poe ()] |
’ " DE ctotm=ptm)+lotm | :
e ¢=¢| ifm<n
w

for every m,n € Z and every &, € EX.
Proof. 1t is easy to see that for this type of bounds is equivalent to (4.20) and

Bmtl _ —ap(m)  Pm+l _ —epm)  Cmtl _ —epm)  Umal _ _ap(m)
b b

Am " b Cm, dp,
and N
]I:i: — ech(m)
This implies that
Cmt1  Am Kmi1  epim) _ dpm)+eim)
Cm derl ]km
and
bt Kmi1  @m bpm)+em) _ gapm)
bm ]km Am 41
Moreover,
Aot = e~ (k) [ |e=Blok+ DI _ o=Ble(k) \| ‘ PN _eimp(k)l‘
apkps1 ¢ K eslp(A D] 2 emax{—a.c}p(k)—<[p(k+1)] S5
and
o Vi = ePk) K |e*5\p(k+1)l fefﬁ\p(k)|| _ 1 ’e—ﬂlp(Hl)\ _e—B\p(kH’
Crr1kpi1 K eclo(k+1)| 9 gmax{—a,c}p(k)—elp(k+1)| ~ 2 '
Since
+oo
Z ‘ —Blp(k+1)]| 7efﬁ|p(k)l‘ _ Ze p(k) _ o=Bp(k+1) 4 Z oBolk+1) _ Bo(k)
k=—o0 k=0 k=—o0
— e BP0 _ Qi e BP(RFD) 4 oBP(0) _ (i eBP(R+D)
k—~400 k——o0
= 27
the theorem is proved. 0

Corollary 4.3. Let X be a Banach space and suppose that (2.1) admits a generalized trichotomy with
bounds of the form [24) and such that @27) holds. Assume that Jm: X — X satisfies (3.6}

and
) K |e=Blm=+1] _ o—=BIm|
6 min { 2|emax{_a7c}_€|m+1| | e ¢ — ed+su(m)’ e—btev(m) _ qa

Lip(fm) < K2 e2¢elm+1]
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with
1 ifm>0,
v(m) = ifm
-1 ifm<0,

§ €10,1/6[and 8 > 0. Then there exists D €0, 1[ and a unique ¢ € B p such that
Upn L) =Ty forallm,n € Z.
Moreover, putting m, ¢ = (n,&, on(€)) and 7, & = (n, &, on(£)), we have

7DK ea(m—n)+e|n| ||§ — EH ifm > n,
H\Dm—n( nﬁ) m—n( HE)H < K
Tng) = mn (T, DK ._ al i
Tec(n m)+e|n| Hé’ é’H ifm<n,

for every m,n € Z and every &,€ € E2.

This theorem improves Barreira and Valls [5, Theorem 2] (see also Barreira and Valls [10,
Theorem 2]) because we obtain a better decay along the invariant manifold.

5. PROOF OF THE MAIN THEOREM
Lemma 5.1 ([11) Lemma 5.1]). If o and w are positive numbers such that o + w < 1/2, then
there are C €11,2[ and D €]0, 1] such that
Cc-1 D
5.28 = d -
(5.28) 7=ca+rnp "™ “TCatD

From now on the numbers C and D will be given by (5.28). Moreover, the number D in
Theorem [3.1]is also given by (5.28).

To prove the main theorem we need to introduce another space of sequences of functions.
Let 2 be the space of sequences © = (Zy,n),), ,,cz Of functions
Tmn: By — £
such that
(5.29) ZTm.n(0) =0 forall m,n € Z;

(5.30) Tnn(§) =& foralln € Zand all ¢ € E};

(5.31) [|Zmn (&) = Zmm(§)|| < Cap,, ||€ = €| forallm,n € Zand all € € E,.
It is obvious that from (5.29) and (5.31) we have
(5.32) |Zmn ()l < Cay, ,, ]| forallm,n € Zandall§ € Ep.

The space ¢ equipped with the metric defined, for every z,y € ¢, by

[Zm,n (&) = Ymm (I | 0
as €l cm,n €7, £ € ED\ {0}}

(5.33) di(x,y) = sup {

is a complete metric space.
The space B p is also a complete metric space with the metric given, for all p,9 € Bp,

by
(5.34) d2(¢,¢)sup{”“”"(5)|§”%(5)|:nez, geE;;\{O}}.

Therefore, the space €¢,p = ¢ x Bp equipped with the metric defined, for every
(.’E, 90)7 (yv '(/}) € cC,D/ by

(5.35) d((z,¢), (y,v)) = di(z,y) + da(,¥)
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is a complete metric space.
For every (z,¢) € €¢ p and every k,n € Z set

fo o nn (&) = fr(@rn(§), or(@r,n(£)))
= fk (xk:,n(g)v 902_ (mk:,n(g))a 90]; (xk:,n(g)))
To prove we need to show that there is a unique (z, ¢) € €¢ p such that
(xm,n(g)a ‘P;(fcm,n(f»a SD:n(zmn(f)))
is a solution of (3.5). By (3.11), (3.12) and (3.13) we need to prove that

(5.36)

m—1
(I)m’nf + Z (I)m7k+1PI?+1fw,go7k,7l(§) if m 2 n,

(5.37) T (§) = et
‘I)m,nf — Z q)m7k+1P/g+1fI,Lp,k,n(§) ifm < n,

k=m

m—1

(bm,nw;t (f) + Z (I)m7k+1P]:_+1fl',Q07k‘,7l(§) lfm 2 n,
(5.38) 0 (Tmn(€)) = i
Dot (€) — Z (I)m,k+1plj+1fx,tp,k,n(§) ifm <n,

k=m
and

m—1

(I)m,n@; (5) + Z (bm,k-i-lpkjrlfx,go,k,n(g) ifm>n
(539) o (Tmn(6)) = i
Doy, (f) - Z (I)M,k+1pl;+1fr,ap,k,n(§) ifm<n
k=m
Lemma5.2. Let (z, @) € €, p. Suppose that for every m,n € Z and every { € E, equation (5.37)
holds. Then the following properties are equivalent:

a) for every m,n € Z and every ¢ € E2, identities (5.38) and (5.39) hold;
b) for every n € Z and every § € E,

n—1
(5.40) Pr(€) = > Purt1 Py frprn(©)
k=—oc0
and
+oo
(5.41) 0 (€)= =D Purt1Pryy frphn(S):
k=n

Proof. First we prove that the series in equations (5.40) and (5.41)) are convergent. By (5.36),
(3-10), 3.17) and (5.32) we have

[ fa ok (O] = | fe(xr.n (), ¢

Lip(fx) l|k.n (€
Lip(fx) (k0 (O + llox (@0 (E)I])
Lip(f) ([[en,n (O + D [lzk,n (€)1
C(1+ D) Lip(fi)af . lI€]l

Tk (E)))l

k(
) + en(@rn ()]l

//\

(5.42)

NN N
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for every k,n € Z and every ¢ € ES. Thus by[(T2)] (5.42) and (3.19) we have

n—1 n—1
Z ||(I)n,k+lpij+1fx,<p,k,n(f)||< Z ||(I)n,k+1P;;:_1|| ||f:c,sa,k,n(£)”
k=—o00 k=—oc0
n—1
SCA+D)|El > af i, Lip(fr)af,,
k=—oc0

<C(1+D)|¢l|w
and from[(T3 i|, (5.42) and (3.19) it follows that

+oo too
Z ||(I)n,k+1pk_+1f$7%k7n(f)|| < Z H®n7k+1Pk;_+IH ”fx,«p,k,n(ﬁ)”
k=n k=n
+oo
SCA+D) Y oy Lin(fr)af
k=n

< C(l +D) H§|| w,
and this proves that the series in equations (5.40) and are convergent.
Now we prove that a) = b). From (5.38), for every m < n, it follows that
n—1
So’rt(f) = ‘I)n,mw;tl(xmm(f)) + Z q)’ﬂ,mq)m,k"rlP]:_Jrlfw,(p,k?,n(g)
k=m

n—1

= @ Pl (Tmn(€)) + Z én,kJrlP/i;.lfm,w,k,n(f)'

k=m
Since by [[T2)] (3:17) and (5.32) we have
||(I)" m m(pnb Z‘mn || anHIm n(f)” CDan m® mn||£||

from (3:20) we conclude that lim ®,, ., Pt o (2,,.0,(€)) = 0 and this implies that
m——o0

n—1
(&) = Z q)n,k+1pl¢,++1fz,<p,k,n(f)-
k=—o0
Similarly, from (5.39) we have
m—1
Pn (5) = q)n,m@:n(xm,n(g)) - Z @7L,m¢m,k+lplg_+1fx,¢,k,n(f)
k=n
m—1
=@ P (Tmn(§)) — Z (bﬂ,k+1P];+1fx,Lp,k,n(€)
k=n
for every m > n. Because
Hq)nmPn(Pm Imn || an ||$m n( )H CDan m& mnH&H

by (3.20) we conclude that Lll}rl D, m P o (Tm.n(€)) = 0. Thus (5.41) holds.
Now we will prove that b) = a). From (5.40) we get

n—1 n—1

q’m,n@:(f) = Z (I)m,nq)n,k+1pl:r+1fz,<p,k,n(5) = Z (I)m,k+1plj+1fz,w,k,n(§)

k=—o0 k=—o00
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and this implies that for m > n we have

m—1
‘I)m,nwz(f) + Z (I)m,k—HP]:_Jrlfx,sa,k,n(g)
k=n
m—1
= Z (I)m,kJrlPl:;lfm,w,k,n(g)
k=—o00
m—1
= Z (I)m,kJrlPl:;lfk(xk,n(f)a @k(mk,n(f)))
k=—o00
m—1
= Z (I)m,k+1P1j+1flc(xk,m(xm,n(§)>v @k(mk,m(xm,n(g)»)
k=—o00
= ‘P;(fmn(g))
and for m < n we obtain
n—1
(bm,n@j;(g) - Z (I)m,kJrlPl:;lfm,tP,km(g)
k=m
m—1
= Z <I)m,k+1P]:_+1fa:,cp,k,7L(§)
k=—oc0
m—1
= Y 1P fr(@rn(€), or(Ten(6)))
k=—oc0
m—1
= Z (I)m,k—o—lP/;:_lfk(Ik,m(xm,n(g))a(pk(xk,m(xm,n(g))))
k=—oc0
= ‘P; (xm,n (€))-
Similarly, from (5.41) we get
+oo +oo

P nipy, (§) = — Z (I)m,nq)n,k+lpl;+1f:v,w,k,n(f) == Z (I)m,k+1P1;+1fz,<p,k,n(§)

k=n k=n

and this implies that for m > n we have

m—1
q)m,n@; (5) + Z (I)m,k+1P[;+1fz,ap,k,n(§>
k=n
+oo
= - Z (I)m,k+1P]:+1fw7tp,k,n(§)
k=m
“+o0
== o1 Py r(@hn(€), or(2h,n (€)))
k=m
“+o0
= - Z (I)m,kJrlP;;.lfk(xk-,m(xm,n(f)),Sok(xk,m(xm,n(g))))
k=m

= O (Tm,n(§))
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and for m < n we obtain

n—1
(pm,nSQ:L (E) - Z (I)m,k+lpj€_+1fm,ap,k,n(£)
k=m
+oo
= - Z (I)m,k+1PI;+1fw,@,k,n(§)
k=m
+oo
= - Z (I>m7k+lpk_+1fk(xk,n(§)aSpk(xk,n(g)))
k=m
+oo
= - Z P k1 P fr(heom (T n ()5 0k (Th i (Tm,n (£))))
k=m
= P (Tm.n(§))
and the lemma is proved. O

On the space €¢,p consider the operator T° that assigns to each (z,¢) € €¢ p the

sequence T°(z, ) = (T3, . (x, go))(m ez Of functions Tp,  (x,¢): E} — X defined by

m—1

(I)m,ng + Z (I)m,k+lplg+1fx,cp,k,n(§) ifm>n,
k=n
n—1

Connl = > Pk 1Pe s fopkn(§) i m <.

k=m

Lemma 5.3. If (z,¢) € €c,p, then T°(x, ) € Ac.

Proof. Let (z,p) € Qﬁc D- By definition [T}, ,,(z, ¢)] (§) € E5, for every m,n € Z and every
¢ € Eg. From (5.29), 3.15) and (3.7) we have [T}, ,,(z,¢)] (0) = 0 for every m,n € Z.
Also by def1n1t10n _Tn n(m ©)] (5) & for every n € Z and every £ € ES. Hence T'(z, ¢)
satisfies and (5.30).

To flmsh the proof we must prove that T'(z, ¢) satisfies (5.31). From (5.36), (3.9), (3-16)
and (5.31) it follows that

| feo ki (§) = frohm(E)||

= || fr (@ (€), ok (@rn(€)) = fu(@rm(E), ok (zen(€)))]

S Lip(fr) [[|@kn (&) — 2hn @) + |ler(en(©)) — @rlzen(©)|]
< Lip(fx)(1 + D) ||x,n(€) = zr.n ()|

< C(1+ D) Lip(fr)ag, , ||€ = €]

(5.43)
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and this implies by [[T1)] and that
T (@ 2)] (©) = [T )] @)

m—1
g ||(I)m,nPn|| ||€ _EH + Z H(Dm,kJrlP]?Jrlu Hfm,ap,k,n(g) - f:v,<p,k,n(g)||
k=n
_ B m—1
<apn 6 =€ +C+D) ¢ =€l Y- ampp Lin(fu)at ,
k=n
<amn||§ £||+C (1+ D)ooy, ,, ||l€ =€

for every m > n and every { € E7. Similarly, for every m < n and every ¢ € ES, we also
have

T3 (. 0)] (§) = [T n (@, 0)] ©)]

n—1

< ||(I)m,npn|| Hf _EH + Z H(I)m,k-i-lplg-i-ln ||fx,go,k,n(§) - fx,w,k,n(g)n
o n—1
< afun € =€+ CA+ DI =€l 3 af s Lin(fi)at,,
k=m
S o [|€ =& + O+ Dyoar, . [|€ —£]]
= Cag, [l€ =€
and this finishes the proof. O

Now, let T* be the operator that assigns to every (z, ) € €c p the sequence T+ (z, ¢) =
(TE(x,9)),cz of functions TE (z,y): ES — X defined by

T35 (2, 0)] (&) = ([T (2, 9)] (6), [Ty (,9)] (6))
n—1 +oo
- < Z q)"»k+1plj+1f$7%k7ﬂ(£)7 - Z (bn,k+1Pk+1fm,Lp,k,n(5)> .

k=—o00 k=n
Lemma 5.4. If (z, ) € €c p, then T*(z,¢) € Bp.

Proof. Let (z,¢) € €¢ p. It is obvious from the definition that [T*(:c, go)] (¢€) € E;f and
[TH(x, )] (€) € E,, for every n € Z and every ¢ € E°. From (5.29) - 3.15) and we
have [T (z,¢)] (0) = 0 for every n € Z, i.e., T(z, p) satisfies (3

To finish the proof we must prove that T'(x, ¢) satisfies (3.16). Since from by
and we obtain

Z | @n k1 P || || frobin (€) = faipen (©)]]
k=—oc0
n—1
< C(l + D) ||é~ —EH Z Olj;]H_l Lip(fk)ai,n

k=—o0
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and from and (5.43) we have

+oo
|| [T;(LSO)] (€) - [Tg(x,go)] (E)H < Z Hq)n,k+1pk_+1” |’fx,<p,k,n(§) - fx,w,k,n(E)H
k=n
“+o0
<C(L+D) e =€ Y ap g Lin(fr)aR .
k=n

it follows by (3.19) and (5.28) that

I[TE(z, 9)] (€) - [TE(x,9)] (€]
< Tt (2, 0)] (€)= [T (2, 0)] © + || [T w)] ©) = [Ty (z,9)] ©)

n—1

<C(1+ D) ||§ *EH Z an k+1 Lip(fx) 0% n T Z an k+1 Lip(fx)ay

k=—o0 =

<CA+Dw|¢-¢|
=Clle-¢f,

which finishes the proof.

Lemma 5.5. Let (z,¢), (y,v) € €c,p. Then

(5.44) d(T°(z,¢), T°(y,v)) < o [(1+ D)di(z,y) + Cda(p, )]
and
(5.45) d(T*(, ), T*(y,v)) < w[(1+ D)dy(x,y) + Cda(p,¥)] .

Proof. By (3.9), 3.16), (5.33), (5.34) and (5.32) we have

1 fooskn (&) = e (€]
= || fr(@k,n (&), 0k (k0 (€))) — Fr (Wi, (§)s i (Yr,n (§))) ]
< Lip(fe) [[|2k,0.(§) — Yo (O + |0k (@h,n(€)) — Yr(yrn ()]
(5.46) < Lip(fx) [(1 + D) |2x,0(8) = vk (O + 10k (Yr,n (€)) — Yk (yr,n ()]
< Lip(fi) [(1+ D)ag, ,di(z, )€l + da (e, ¥) lymn (E)]l]
(fx)
(fx)

< Lip(fx) [(1 4 D)ag ,di(z,y) €] + da(e, ¥)Cag , [I€]l]
= Lip(fi)ag , €]l [(1 + D)dy(z,y) + Cda(p, )] .

From|(T2)| (5.46) and (3.18), for every (m,n) € Z;, it follows that

I[T2. . (. 0)] (€) = [T5,. (2, 9)] (©)]]
m—1

< Z ”‘I)m,k+1PIS+1 H ||fw,<p,k,n(§) - fy,w,k,n(f)H
k=n

m—1

< €N+ D)di (@, y) + Cda(p,9)] > gy iy LD (f)ef
k=n

< apn €10 [(1 4 D)di(x,y) + Cda(0, )]
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and for every (m,n) € ZZ we obtain

T8 n (@, 9)] (€) = [T (z,0)] (©)]]

n—1
< Z H(I)m,k-‘rlpkoJrl” ||fw,so,k,n(§) - fyﬂ/J,k,n(g)H
k=m
n—1
<[ [(1 + D)da(z,y) + Cda(p, )] Y s Liv(fr)a,
k=m

< a%z,n ||§|| o [(1 + D)dl (il?7 y) + Cd2(907 QZ))]
and this proves that (5.44).
On the other hand, using[(T2)]and (5.46) we get

1T (2, 0)] (€) = [T (2, 9)] (©)]|
< Z ||(I)n,k+lplj+1H ||fz,tp,k,n(§) - fy,w,k,n(§)||

k=—o0
< K€L + D)di (2, y) + Cda(p, )] Z af o Lip(fr)og ,
k=—oc0
and using[(T3)|and we obtain
[T (2, 0)] (€) = [T (2, 0)] (9)]]
+oo
< Z ||(I)n,k+1pki+1|| ||fx,w,k,n(€) - fy,w,km(f)”
k=n
+oo
< €L+ D)du(,y) + Cda(0,9)] Y @y joiy LiD(fi)OR, -
k=n
This implies that
[T (2. )] (€) = [T} ]fH
<[z @) (€) - | ; D) @l + [T (2,0)] €)= [T (@, 9)] €]
< €11+ D)di (2, y) + C (s@ V)]
Z an k+1 Llp(fk ak nT Z O[n k+1 Llp(fk)ak n
k=—o00 =
< €l w1 + D)di(z,y) + Cda(p,9)]

which proves (5.45).
Define the operator T': €¢,p — ¢ p by

T(x,¢) = (T°(z,9). T (x,9)) -

Lemma 5.6. The operator T': €c.p — C¢ p is a contraction.

Proof. From last lemma and it follows, for every (z, ¢), (y,¢) € €c p, that

d(T(z,0), T(y, ) = di(T°(z, ), T°(y,¥)) + do(T* (2, ), T (y, )

< (0 +w) [Cdi(z,y) + (1 + D)da (e, ¥)]
< (0 +w)max{C, (1 + D)} [di(2,y) + da(p, ¥)]
= (0 +w)max{C, (1+ D)} d((x, ¢), (y,¥)).

833
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However by and Lemma 5.1 we can conclude that
(c+w)max{C,(1+ D)} <1
and this finishes the proof. O

Now we are in conditions to prove the main theorem.

Proof Theorem In Lemmal5.6|we proved that 7' is a contraction. Since €¢, p is a complete
metric space, by Banach Fixed Point Theorem, 7" as a unique fixed point (z, ¢) € €¢ p that

satisfies (5.37), (5.40) and (5.41). By Lemma the fixed point (x, ¢) satisfies (5.37), (5.38)
and (5.39) and this proves that (3.22) holds.

To prove we use (3.14), (3.16), (5.31) and to get
[[Wmn (7,&,00(8)) = Ypnn (1., 00 (6)) ||
< ||(m -n, l'm,n(f)a ‘Pm(xm,7z(§))) - (m -n, xmn(g)a ‘Pm(xm,n(g))) ||

< mnl§) = 2@ + [om @nn €)= om@mn@)]
< (14 D) |[mn(€) = Tmn @)
<C(1+D)as,, | —¢|
= Zaz, e~
for every m,n € Z and every £ € E} and the theorem is proved. -
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