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ON h—TRICHOTOMY OF LINEAR DISCRETE-TIME SYSTEMS IN
BANACH SPACES

IoAN-LuciAN PoprA, MIHAIL MEGAN AND TRAIAN CEAUSU

ABSTRACT. The aim of this paper is to give characterizations of a general con-
cept of trichotomy of time-varying linear systems described by difference equations
with noninvertible operators in Banach spaces. This concept contains as particular
cases the classical properties of (uniform and nonuniform) exponential trichotomy
and polynomial trichotomy. The approach is motivated by two examples.
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1. INTRODUCTION

As a natural generalization of exponential dichotomy, exponential trichotomy is one
of the most important properties of dynamical systems ( see for eg. [1], [2], [3], [4],
[5], [6], [10], [11], [12], [15], [16], [18] and the references therein) playing a crucial
role in the study of centers manifolds.

The concepts of trichotomy was identified for the firs time in literature in 1976
by R.J. Sacker and G.R. Sell in [17]. They described trichotomy of linear differ-
ential systems by linear skew-product flows. The first studies devoted to the tri-
chotomic behavior for differential equations was initiated by S. Elaydi and O. Hajek
[8]. Later, for the case of difference equations, an interesting study concerning sev-
eral trichotomy concepts was considered by S. Elaydi and K. Janglajew in [7].

The importance of exponential trichotomy in the study of dynamical systems is
well-established, as we can see for example in [9] where it is proved that this property
is a necessary condition for the presence of ergodic solutions of linear differential and
difference equations.

The case of a particular concept of nonuniform exponential trichotomy was con-
sidered by L. Barreira and C. Valls [5] opening a new direction of study by treating
the trichotomy in the context of nonuniform hiperbolicity theory. As we will see later
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in this paper, there are linear systems which do not admit a uniform exponential
trichotomy which motivates our study of the nonuniform exponential trichotomy.

The aim of this paper is to give some characterizations for a more general concept
of nonautonomous discrete dynamical systems in Banach spaces. Thus we obtain
variants for h—trichotomy (in particular for nonuniform exponential trichotomy)
of some known results in the theory of uniform exponential trichotomy [14] and
nonuniform exponential trichotomy [13]. Some examples are included to illustrate
the connections between the uniform and nonuniform trichotomy concepts consid-
ered.

2. PRELIMINARIES

Let X be a Banach space and let I be the identity operator on X. The norm on
X and on the space B(X) of all bounded linear operators on X, will be denoted by
|| - ||. We also denote by A the set of all pairs of natural numbers (m,n) with m > n
and T = A x X.

Let (Ay) be a sequence in B(X). We consider the linear discrete-time system

Tn+1 = Apxn, neN ()

The discrete evolution operator associated to (2) is

A ':{Am_1-~-An m>n (1)

m I m =n, for (m,n)¢€ A.
Definition 1. A sequence (P,) in B(X) is called a projections sequence on X if
P2=P,, forall neN.
A projections sequence (P,,) with the property
AnP, = P14,
for every n € N is called invariant for the system ().

Remark 1. The projections sequence (P,) is invariant for the system () if and

only if
AN P, = Pp AL, for all (m,n) € A.

Definition 2. Three projections sequences Py, Py, P3 : N — B(X) are called supple-
mentary if
Pl + P24+ P3=1, forevery n €N; (s1)
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PiPI =0, forall n €N and alli,j € {1,2,3} withi # j; (s52)

1P + Pla|® = | Py || + | Pixl®, for all (n,z) € Nx X (s3)
and alli,j € {1,2,3} withi # j, where PI = P;(n).

Let h: N — [1,00) be a nondecreasing sequence of real numbers with h(n) = h,
for every n € N.

Definition 3. We say that the system () is h—trichotomic if there exist three
supplementary projections sequences Py, Po, P3 : N — B(X) which are invariant for
(L) and there are two positive constants a, b and a sequence of nonnegative real
numbers (c,) such that

B |l AT PLa| < cuh||Plal,

(
hi || Pacl| < cmbhiy || A Pl (ht2
W || A Pi|| < cahly || Pial) (
ho | Paz|| < emhs, |l AL Paal), (
for all (m,n,x) € T.

In particular case when the sequence (¢,,) is constant, we say that () is uniformly
h—trichotomic.

Remark 2. As particular cases of h—trichotomy we observe that

(a) if hy, = €™, then we recover notion of nonuniform exponential trichotomy and in
particular when (c,,) is constant and h,, = e™ we obtain the classical property
of uniform exponential trichotomy;

(b) if hpy =n+ 1, then we recover the notion of nonuniform polynomial trichotomy
and in particular when (cy,) is constant and h, = n+ 1 we obtain the property
of uniform polynomial trichotomy;

(¢) if P3 =0 the we recover the properties of h— dichotomy, nonuniform exponential
dichotomy (for h,, = €™ ),uniform exponential dichotomy (for h, = €™ and (c,)
constant), nonuniform polynomial dichotomy (when h, = n + 1) and uniform
polynomial dichotomy (for hy, =mn+1 and (c,) constant).

An example of linear discrete-time system (2() which is uniformly h—trichotomic
is given below.
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Example 1. On X = R3 endowed with the norm ||(z1, x2, x3)|| = max{|z1|, |z2|,|z3|},
we consider the projections sequences

Py (21,22, 73) = (21 + (n + 1)32,0,0),
Pr%(xbl’%ﬂ?:s) = ((7’L+ 1).%'2,.1‘2,0),
P3(21, 12, 23) = (0,22, 23).

We have that |Prz|| = (n+2)||z||, |P?z|| = (n+1)||z||, |P3z| = ||x||. We consider
the system () defined by the sequence (A,,) given by

h h
P+ Pl + B

hn+1 hn
We have that the discrete evolution operator associated to () is

h h

Ap, = h—"Pﬁ + h—’”P,i + P2,

m n

for all (m,n) € A. We can see that
hll A Paz]| = ho| Pyl
hnl| PR || < | Pl = ho | A, Pra
AL Pzl = || Pyl

for all (m,n,z) € T, thus system () is uniformly h—trichotomic

A, =

Remark 3. A uniformly h—trichotomic system () is h—trichotomic. Now, we
present an example which shows that the converse implication is not true.

Example 2. On X = R? we consider the linear discrete-time system () defined
by the sequence (A,,) given by

a a
A, =—"plyHlp2 4 p3 (2)
An+1 an,

where P}, P2 P3 are the canonical projections and a,, = eTrum with uy, is a periodic
sequence defined by {1,2,3,1,2,3,...}.

It is easy to check that for hy, = €, ¢, = e™* and o € (0, i) the system () is
h-trichotomic.

On the other side, if we suppose that the system () admits a uniform approach,
tacking into account (hty) from Definition 3 with hy, = e*", m = n + 2, n = 3p,
Uy, = 3 and u, = 1 we have that

3p—2
eZaae—4 S c

which shows that nonuniform part cannot be removed.
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3. h—TRICHOTOMY WITH TWO PROJECTIONS SEQUENCES

It is well-known that the dichotomy properties of discrete dynamical systems are
defined with aid of two projections sequences. In order to give a characterization of
the h—trichotomy property using two projections sequences, we introduce

Definition 4. Two projections sequences Q1,Q2 : N — B(X) are said to be orthog-
onal if

Qn@r = Q7Q, =0 (01)
1(Qn + @2)zl” = |Qnal® + | Qnx? (02)
2 = (@ + Q2| = [lz — Qhe|)? — |Qp|? (03)
2 — (@ + Qp)z|* = [lz — Qua|l? — |Q5|? (04)
for all (n,z) € N x X, where @, = Q;(n).

Remark 4. If X is a Hilbert space then the projections sequences Q1 and (Qa are
orthogonal if and only if Q1Q2 = Q2Q1 = 0 (i.e. in Hilbert spaces (01) implies (02 ),
(03) and (04).)

Let Pi, Py, P3,Q1,Q2 : N — B(X) be five projections sequences with P, = @1,
P,=Qy, P3=1—0Q1— Q2. Then P, P>, P; are supplementary if and only if Q)
and Q2 are orthogonal.

Proof. Necessity. If Py, Ps, P3 are supplementary then from (s2) and (s3) we obtain

(01)
QnQ5 =P,P}=0=P.P) = Q:Q),

(02)
1@+ Q)| = [|(Py + P2)z|?* = || Paa|® + || P2a||®
= | Qnx|* + [|Qax|
(03)
|z — (Qn 4+ Q2)z|* = |Plz|* = |(Py + PD)z||” — || Pyz|?
= |z — Qiz|* — |Qnz|?
(04)
|z — (Q) + Q2)z|* = |Plz|* = |(PF + P))z|* — | Piz|?
= |z — Qpz|® — |Q|?
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and hence @)1 and )2 are orthogonal.
Sufficiency. If @1 and Q)2 are orthogonal then

(s1)

(s2)

(s3)

Pr+PI+ P =1

PIP?2 =QLQ% = Q%QL =0= PP}
PP} =Qp(I—-QL—Q)=0=(-Q,—-Q2)Q, =PP,
PPy =QiI-Q,—Qr)=0=(-Q,—Q)Q;=PrpP;

1Py + PY)zl* = [|Quz + Qrzll” = |Qnz ] + |Qnz]?
2 2,112
= 1Py]* + (1P|

1Py + P)z]? = ||z = Quzll* = 1Quall* + [l = (@ + @)zl
= 1Py + || P

1P + P)z|? = ||z — Quzll* = 1Q72l* + llo — (Qn + @2)xl?
= |P7])? + || P

and hence P;, P», P3 are supplementary.

A characterization of the h—trichotomy property in terms of two orthogonal
projections sequences is presented in

Theorem 1. The system () is h—trichotomic if and only if there are two orthogo-
nal projections sequences Q1, Q2 : N — B(X) which are invariant for (A) and there
are some positive constants a, b and a sequence of nonnegative real numbers (cy)

such that

he AL QL] < cnhl || Qi

he |Qix]| < emhl ]| A @2z
OJIAZ (T — Q2| < enhb, (I — Q2)z|
RO II(T — Q)| < cnmhd, AR (I — QL)

for all (m,n,x) €T.
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Proof. We have that (ht;)<(ht1) and (hty)< (hts).
Necessity. Suppose that (2() is h—trichotomic. Let @1, @2 be the orthogonal
projections sequences (given by Proposition 3) associated to the supplementary pro-
jections Py, Py, Py given by Definition 2. To prove (hty) we observe that (ht1), (ht3)
and (s3) imply
h A (@ = Q) [|? = B AR (Py + P)z|? = b || P Ay + Py AT o]
=y (| PpAml® + 11 P A1)
=y (A% Pa|® + [|A7, P ]|?)
2y (Mt o1 2 M o3 o
Scnhn WHP?’L'IH +ﬁ”anH
m n
< & (n2UPLel? + b2 Pial?)
< cphy (|1 Paz|? + || Pl®)
= cphinll(Py + P)z||* = chht ||z — Qpal?,
for all (m,n,z) € T, which proves (hty).
Similarly, by (ht2), (hts4) and (s3) we obtain
hy e — Qual® = B ||PYx + Pral|* = 13 (|| Prel® + [|Py]|?)
th
2 ""m

<K (2 h%aH.A" Plg|? 4 2,2
= Iip n mh%b

m@ m
< e (MG Paell? + || A7, Pral)
= cohin (1PLAG 2| + | P AT ]
= cohin | (Po + Po) ALz = emhi | AT (¢ — Qua) 1%,

m

HA%PSH:HQ)

for all (m,n,z) € T. Thus, (ht,) is proved.
Sufficiency. If we denote by P; = Q1, Po = Q2 and P = 1 — Q1 — Q2 =
(I —Q2)(I —Q1) = (I —Q1)(I—Q2) then by Proposition 3 it follows that P;, Ps,
P5 are supplementary projections sequences and P;, P, Ps are invariant for (2(). It
remains to prove the implications (hty)=(ht3) and (hty)=(ht4). Indeed, from (ht)
we obtain
ho | A, Pl = B JIAR (I = Q7)) (I = Qp)z|| < enhly|I(1 = Qu) (T — Q)|
n min® n m n n) Tl = Cnlly, n n)¥
= el | Pz
and similarly by (ht)) it results
ho || Paall = WAl = Qi) — Qp)xll < emhi || AT, Pazl,
for all (m,n,z) € T. Finally, we obtain that () is h—trichotomic.
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4. h—TRICHOTOMY WITH FOUR PROJECTIONS SEQUENCES

In order to obtain a characterizations of the h—trichotomy property in terms of four
projections sequences we introduce

Definition 5. Four projections sequences Ry, Ry, R3, Ry : N — B(X) are said to be
complementary if
RI+Ry=R.+R =1

(c1)

Ry R, = RyR;, =0 (c2)

RuRy, = Ry Ry (c3)

(B, + R2)a|® = ||Ryx|® + || Rz® (ca)

I(Ry, + Ry Ry)z||* = || Ryz||* + || B}, Ry (¢s)

(B + Ry Ry)z||* = || Raz|* + || By Rye® (c6)
for all (n,x) € N x X, where R}, = R;(n) for alln € N and j € {1,2,3}.

Remark 5. If X is a Hilbert space then the conditions (c1), (c2) and (c3) imply the

equalities (cq), (c5) and (cg).

Remark 6. If P, P>, P3 : N — B(X) are three supplementary projections sequences
then the projections sequences Ry, Ro,Rs, Ry : N — B(X) defined by Ry = P,
Ro = Py, R3 = P, + P35 and Ry = P> + P3 are complementary.

Remark 7. If Ry, Ro, R3, Ry : N — B(X) are four complementary projections se-
quences then the projections sequences Py, Py, P3 : N — B(X) defined by P = Ry,
P, = Ry and P3 = R3Ry4 are supplementary.

Theorem 2. The linear discrete-time system () is h—trichotomic if and only if
there are four complementary projections sequences Ry, Re,R3, Ry : N — B(X)
which are invariant for (A) and there exist some positive constants a, b and a se-
quence of nonnegative real numbers (c,) such that

B AL RE | < et RLa (ht)
B[ R2a]| < ol | AZ R2a | (h)
RAIIAL, R3al| < bl || REal (ht)
RoIIRAe ]| < cohly |l AL Ria] (ht})

for all (m,n,x) €T.
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Proof. Necessity. If (2() is h—trichotomic, P;, P», P53 three supplementary projec-
tions sequences given by Definition 2 and R;, Re, R3, R4 defined as in Remark 6,
then (ht,)<(ht1) and (hty)<(hty). Thus, similarly as in the proof of the implication
(ht3)=(ht3) we obtain

A Ry || = B AR (P + P)zl|? < chhyy (| Paal® + (1P ]1?)
= ol ||(Py + P)z||* = e by || Ry ||
for all (m,n,x) € T. Thus the property (ht;) is proved. The proof of (ht,) is similar.
Sufficiency. Let Py, Po, Py : N — B(X) given by Remark 7. Then P, P, P;
are supplementary projections sequences which are invariant for (2() and satisfy the
inequalities (ht1) and (htz). To prove (ht3) we observe that from (ht;) we obtain
ho | AL Poll = ho | AL By Ryzl| < cnhp, || Ry Ryl = enhy, || Pz

mT'nTT'n

for all (m,n,x) € T. Similarly, we prove that (ht,)=(hts). Finally, we conclude that
(2() is h—trichotomic.
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