Journal of Applied Analysis and Computation Website:http://jaac-online.com/
Volume 6, Number 4, November 2016, 950-967 DOI:10.11948/2016062

AFFINE-PERIODIC SOLUTIONS AND
PSEUDO AFFINE-PERIODIC SOLUTIONS FOR
DIFFERENTIAL EQUATIONS WITH

EXPONENTIAL DICHOTOMY AND
EXPONENTIAL TRICHOTOMY™

Cheng Cheng!, Fushan Huang!' and Yong Li%3

Abstract It is proved that every (Q, T)-affine-periodic differential equation
has a (Q, T')-affine-periodic solution if the corresponding homogeneous linear
equation admits exponential dichotomy or exponential trichotomy. This kind
of “periodic” solutions might be usual periodic or quasi-periodic ones if @Q is
an identity matrix or orthogonal matrix. Hence solutions also possess certain
symmetry in geometry. The result is also extended to the case of pseudo
affine-periodic solutions.
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1. Introduction

Exponential dichotomy was first studied by Lyapunov and Poincaré in the late
nineteenth century. It is an important tool to study non-autonomous dynamical
systems. Perron ( [15]) developed the exponential dichotomy of linear differential
equations and studied the problem of conditional stability of linear systems. Since
then, exponential dichotomy has been widely studied and applied in the field of
differential equations; for some literature, see [6,7,16] and references therein. Under
the condition of exponential dichotomy of linear equations, Ait Dads and Arino
( [1]) studied the existence of pseudo almost-periodic solutions of homogenecous
differential equations; Akhmet ( [2]) studied the existence and stability of almost-
periodic solutions of quasi-linear differential equations. We also refer to [8,13,14,17]
for some relative results.

The exponential trichotomy is a generalization of the concept of exponential
dichotomy. Sacker and Sell ( [18]) established a fundamental theory of trichotomy.
Elaydi and Hajek ( [10]) introduced and studied the exponential trichotomy of
differential systems.
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Differential systems often exhibit certain symmetry rather than periodicity. This
initiates us into considering the following system:

' = f(t,x), (1.1)
where f(t,r) : Rl x R® — R” satisfies the affine symmetry
fE+T,x) =Qf(t,Q '), (1.2)

where Q € GL(R™), T > 0 is a constant. We introduce (Q, T')-affine-periodicity
and (Q, T)-affine-periodic solutions in the following definitions:

Definition 1.1. If f(¢,x) satisfies the affine symmetry (1.2), then the system (1.1)
is said to be a (@, T)-affine-periodic system.

Definition 1.2. The solution z(t) of the system (1.1) is said to be a (Q, T)-affine-
periodic solution, if x(t) satisfies

z(t+T) = Qx(t) forall tcR. (1.3)

Notice that when @ = I (identity matrix), Q = —I, Q¥ = I, Q € SO(n), a
(Q, T)-affine-periodic solution x(t) is just T-periodic, anti-periodic, harmonic and
quasi-periodic respectively. For some relative studies, we refer to [4,5,9]. For
more general @, a (Q,T)-affine-periodic solution no longer has the characteristics
of periodicity, anti-periodicity or quasi-periodicity, even it has the form of =%,
where @ € GL(n)\SO(n). Recently there have been some papers in studing the
existence of (Q,T)-affine-periodic solutions, see, for example, [3,11,20,21].

In this paper, we are concerned with the existence of (Q,T')-affine-periodic so-
lutions for the affine-periodic systems (1.1). In section 2, we introduce some basic
concepts and results about exponential dichotomy and exponential trichotomy. In
section 3, we prove the existence of (@, T)-affine-periodic solutions of nonhomoge-
neous linear differential equations and semi-linear differential equations provided
the corresponding homogeneous linear equations have exponential dichotomy. We
also give some applications in higher order differential equations. In section 4, we
prove the existence of (@, T)-affine-periodic solutions when the corresponding ho-
mogeneous linear equations have exponential trichotomy. We also obtain a result
on the existence of pseudo affine-periodic solutions.

2. Preliminaries

Let ®(t) be a fundamental matrix solution of the homogeneous linear differential
equation

¥ = A(t)x, (2.1)

with initial value ®(0) = I, where A(t) : Rt — R"*" is continuous and ensures
the uniqueness of solutions of equation (2.1) with respect to initial values, I is the
identity matrix.

Definition 2.1. It is said that there exists an exponential dichotomy of equation
(2.1), if there exist a projection P and constants K, L, «, 8 > 0 such that

()PP (s)| < Ke @9 >,
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[D(t)(I — P)® ()] < Le P71 s>,
where | - | is the Euclidean norm.

Definition 2.2. It is said that there exists an exponential trichotomy of equation
(2.1), if there exist linear projections P;, P, such that

P\P=PP, PL+P—-PP=1I,
and constants K > 1, « > 0 such that

()P D (s)] < Ke (=), 0<s<t,
|®(t)(I — P )® 1 (s)] < Ke 1), t<s,s>0,
|® () Po® 1 (s)] < Ke (1), t<s<0,
|®(t)(I — Py)® 1 (s)| < Ke (=), s<ts<O.

We introduce a sufficient condition for the existence of exponential dichotomy
(see Section 6 in [7]).

Proposition 2.1. Assume that

(i) There are positive constants ag, Bo such that A(t) has k eigenvalues with real
part Re(Ap) < —ag <0 (m =1,-- k) and n — k eigenvalues with real part
Re(Am) > Bo >0 (m=k+1,---,n) for all t € RL.

(ii) |A(t)| < B for all t € R, where B > 0 is a constant.

(iii) For any positive constant ¢ < min(«ag, fy), there exists a positive constant
d =6(B,ag + Bo,e) such that

|A(t2) — A(t1)| < 9§ for all |tg —t1]| < h,
where h > 0 is a fized bounded constant.
Then there exists an exponential dichotomy of equation (2.1):
D) P (s)] < Ko@) 4>
|D(t)(I = P)& ™' (s)| < Le” P60 5 >,

where K, L are positive constants depending only on B, ag + By, and

I 0
00
Consider the nonhomogeneous linear differential equation
= A(t)x + f(t), (2.2)

where f(t) : R! — R™ is a bounded and continuous function. We have the following
results on the existence of bounded solutions of equation (2.2) (see Section 3 in [7]).

Proposition 2.2. Under the assumptions of Proposition 2.1, homogeneous linear
differential equation (2.1) has an exponential dichotomy with projection P. Then

nonhomogeneous linear differential equation (2.2) has the following bounded solu-
tion:

t +oo
x(t):/ @(t)P(b’l(s)f(s)ds—/t O(t)(I — P)® () f(s)ds. (2.3)

— 00
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Proposition 2.3. If homogeneous linear differential equation (2.1) has an exponen-
tial trichotomy with projections Py and Py. Then nonhomogeneous linear differential
equation (2.2) has the following bounded solution:

+o00
z(t) = /_ U(t, s)f(s)ds, (2.4)
where
D(t) PP 1(s), 0 < s < max(t,0),

(b(t (I P2) ( )a s < min(t70)a

)
—®(t)(I — P)®~!(s), max(t,0) < s
)
—O(t) P, @ 1(s), min(¢,0) < s <0.

3. Exponential dichotomy and (Q, T')-affine-periodic
solutions

We have the following result on the existence of (@, T)-affine-periodic solutions of
nonhomogeneous linear differential equation (2.2).

Lemma 3.1. Under the assumptions of Proposition 2.1, linear differential equation
(2.1) has an exponential dichotomy with projection P. If A(t), f(t) in equation (2.2)
are (Q,T)-affine-periodic, i.e.

At +T) = QAHQ™" and f(t+T)=Qf(1),

then nonhomogeneous linear differential equation (2.2) admits a (Q, T)-affine-periodic
solution.

Proof. By Proposition 2.2, we have

z(t+T)
t+T —+o0
_ [ B(t + T)PD(s)f(s)ds — /HT B(t + T)(I — P)1(s)f(s)ds.

We only need to verify that x(t + T') = Qz(t). Let U(t) = Q1®(t + T~ 1(T)Q.
From the (Q,T)-affine-periodicity of A(t), we have

dv(t)
dt

1d<1>(t—|—T) »

= Q*lA(t+T)cI>(t+T) HTQ
=Q 'QAQe(t+ T2 1 (T)Q
= A()T(1).

Then ¥(t) solves equation (2.1) with the initial value ¥(0) = I. By the uniqueness
of solutions of equation (2.1), we get ¥(t) = ®(¢). Thus

P(t+T)=Qd(H)Q 'd(T). (3.1)
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By variable substitution and (3.1), we get
z(t+1T)

:/t Ot +T)PO~ (s + 1) f(s + T)ds
/m O(t+T)I—P)@ " (s+T)f(s+T)ds
/ QP)Q 1 ®(T)PEH(T)QD 1 (s)Q ' Qf(s))ds

- Q‘P()Q O(T)(I - P)2~H(T)QP™'(5)Q™' Qf (s)ds

t

=Q(/¢<MﬂP@*@V@m8—ﬂ+m@uXI—Pnr%@f@mQ.

The last equality holds due to the fact that Q~1®(T) and P are comcommutative
under matrix multiplication, i.e.
Q 'o(T)P = PQ'0(T)
and
Q7' - P)=(I-P)Q™'®(T).

We have confirmed that z(t +T') = Qx(t). O
We give the following lemma, which is useful to our main results.

Lemma 3.2. Let Q € GL(n) and
Cr={y(-) e CR"R™) : y(t + T) = Qy(t), for all t € R'}.

Then {Cr,|| - ||} is a Banach space with the norm ||ly|| = sup |y(¢)|.
t€[0,T]

Proof. Note that the norm is well defined. We only need to verify the following
property: if ||y|| = 0, then y(t) is the zero vector for all ¢t € R!. In fact, if y € Cp
such that

llyll = sup |y(t)| =0,
t€[0,T]

then we get that y(t) is the zero vector for all ¢ € [0,7]. For any k € Z, if
t € [kT, (k + 1)T7], then we have
y(t) = Qky(t - kT)?

which means that y(t) is the zero vector for all ¢ € R*.

Let {y,} be a Cauchy sequence in Cr. For all n, denote by 7,, the restriction
of y, on the interval [0,7]. Then {3, } is a Cauchy sequence in C([0,77]), which is
a Banach space, and there exists a 7, € C([0,T]) such that nll)rfm [17,, — U.l| = 0.

Define a continuous (@, T')-affine-periodic function

7. (1), t€[0,77,

Yy (t) = _
QFy,(t — kT), te[kT,(k+1)T), ke Z\{0}.
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Then we have lim ||y, —vy.|| = lim |7, —7.|| =0, which means that {Cr, ||-||}
n—-4o00 n—-4o0o
is a Banach space. O

Consider the following semi-linear differential equation
= A(t)x + g(t, z(t)), (3.2)

where g : R x R™ — R" is continuous, A(t) and g(¢, ) are (Q,T)-affine-periodic,
ie.

At+T)=QAM)Q™" and g(t+T,z) = Qg(t,Q ).

We have the following result on the existence of (@, T)-affine-periodic solutions
of semi-linear differential equation (3.2).

Theorem 3.1. Under the assumptions of Proposition 2.1, linear differential equa-
tion (2.1) has an exponential dichotomy with projection P and constants K, L, o, 8 >
0. Moreover, assume that A(t), g(t,z) are (Q,T)-affine-periodic, g(t,x) is bounded
and satisfies that

lg(t,x) — g(t,y)] < N|z —y| for all ¢, x and y,
where Q € GL(n), N > 0 is a constant such that

A= N(5 + £) + N sup {K (—e‘o‘t +e (e —1) Z |Q"”‘eo‘kT>

« B tefo,7] | & b1

+oo
+ % (eWT) +eft(1—e )Y |Q’“6BkT> } <l (3:3)
k=1

Then equation (3.2) admits a unique (Q,T)-affine-periodic solution.
Proof. We first consider the nonhomogeneous linear equation
= A(t)x + g(t,y(t)), (3.4)

where y(t) is a continuous function. From Proposition 2.1, there exists an exponen-
tial dichotomy of the equation (2.1):

|B(t) PO~ (s)| < Kem (79, t>s,
|B(t)(I — P)®'(s)| < Le PtV s>+,

where

P I; 0
00

By Proposition 2.2, equation (3.4) has the following bounded solution:

t “+o0
£(t) = / (1) PD ()g(s, y(s))ds — / B(t)(I — P)o " (s)g(s, y(s))ds.

— 00
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We show that z(t) is (Q, T')-affine-periodic if y is (Q, T')-affine-periodic.

4T
z(t+7T) = / Ot +T)PP ' (s)g(s,y(s))ds

—0o0

“+oo

- / B(t +T)(I — P& (s)g(s. y(s))ds. (3.5)
t+T

Let s =7+ T in (3.5), by the (Q,T)-affine-periodicity of g(¢,y), y(t) and (3.1), we

get

z(t+7T)

:/t Ot +T)PO ' (r+T)g(r +T,y(r +T))dr

—00

- /m Ot +T)I —P)d  (r+T)g(r +T,y(r +T))dr
- / QB(H)Q ' B(T) P(QD(r)Q " B(T)) " Qq(r. y(r))dr
+

-/ " Qe()Q (1)1 — P)QO)Q (L)) Qglr.y(r))dr
+oo

¢
— [ qatpe gyt - [ Qe - Pe gty
. ¢
Thus we have x(t + T) = Qxz(t), which means that z(t) is (Q, T')-affine-periodic.
Define a map H : Cpr — Cp by

t

+oo
H(y)(t) = / (1) PB ()g(s, y(s))ds — / B(1)(I — P)B(s)g(s,y(s))ds.

— 00

From the above discussion, H is obviously well-defined.

In order to prove the existence of (Q,T)-affine-periodic solutions of equation
(3.2), we only need to prove that there exists a fixed point of H in Cp. For any
y,9 € Or and t € R, there holds

1H (y)(-) = H@) I
< sup {/ DO PR™ ()] - [g(s,y(s)) — g(s,3(s))lds

t€[0,T] —o0
+o0 L
+/ [@(t)(I — P)2™(s)] - [9(s, y(s)) — 9(87?)(5))|d5}
t
t +oo
<N sup {K/ eIy (s) — Q(S)|d8+L/ Py (s) — Q(S)ldé’}-
te[0,T) —00 t
Note that t € [0,7]. For the first integral, we have

/ eIy (s) — §(s)|ds

— 00

00 (k+1)T t
=2 / ey (s) = (s)|ds + / e y(s) = §(s)lds
k=—1"KT 0
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—oo T t
(Z @ [ et asy | e-°*<t-s>ds> ly(s) — 505
k=—1 0 0

L <1 ety 3 |QMeekT -t (oo 1)) ly(s) — 91l

k=-1

IN

For the second integral, we have

“+oo
/ B9y (s) — (s)|ds

t

+00  (k4+1)T T
= [ Ny~ ge)lds+ [ e Iyls) — h(s)lds
o kT t

400 T T
< <Z|Qk|/ eﬁ(t‘s"“T)dsﬂL/ eﬁ“‘s)d8> lly(s) = a(s)ll
k=1 0 t

400
_ % (1 — PO N |QF e BT (1 eBT)> lly(s) — 9(s)Il-

k=1

Then we get

HH (y)(-) = H@) Ol < Adlly(s) = a(s)]]-

Thus H(y)(-) is a contraction mapping on Cr. From Banach Fixed Point Theorem,
it follows that H admits a unique fixed point x2*(t) € Cr, which is the unique
(Q, T)-affine-periodic solution of equation (3.2). O

Remark 3.1. When @ is an n-dimensional orthogonal matrix (denoted by @ €
O(n)), then |Q*| = 1 for all k € Z. Thus condition (3.3) reduces to A; = N(£ +

(0%
£) <1

The conditions of g(t,x(t)) in Theorem 3.1 can be replaced by the following
condition:

(C1) g(t,x) is uniformly continuous with respect to = for all t+ € R! and satisfies
that

lg(t,z)| < alz|+b for all ¢t and =z,

where a,b > 0 are constants such that a(£ + %) <1(Q € O(n)).

Then we can also obtain the existence of (@, T)-affine-periodic solutions of e-
quation (3.2). We make the following restatement of Theorem 3.1.

Theorem 3.3°. Under the assumptions of Proposition 2.1, linear differential equa-
tion (2.1) has an exponential dichotomy with projection P and constants K, L, o, 8 >
0. Moreover, assume that A(t), g(t,x) are (Q,T)-affine-periodic, where Q € O(n).
If g(t, ) satisfies condition (C4), then equation (3.2) admits a (Q,T)-affine-periodic
solution.

Proof. Let D1y = {y € Cr : ||yllec < M;}, where ||y]lec = sup |y(t)|, M1 =
ter!

(G+5)b

(3L Obviously, D; is a convex and closed subset of Banach space BC(R?!).
ats
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For any y € D;, we have

H@)(O)lleo < sup / [@(t)PD™(s)] - [g(s,y(s))lds
teR! ye Dy J —c0

+oo
4 wp./ D) (I — PY®1(s)] - [g(s, y(s))|ds
teRl,yeDy Jt

t —+oo
< (aM7 + b)(K sup / e (=9 ds + L sup / ePt=5) )
teR? J—oo teR! Jt

K, L

< (abdy +B)(5 + )

= M.

Thus H(y)(¢) is uniformly bounded for all y € D;. According to the proof of
Theorem 3.1, we get that H(y)(¢) is (@, T)-affine-periodic and maps D; to itself.

Similar to the proof of Theorem 3.1 in [19], by the uniform continuity of g(¢, z),
for every € > 0 there exists a § > 0 such that for any y1, yo € D1 with ||y1 —y2|]eo <
0, there holds

Hg(tvy1> _g(tayQ)HOO < & for all ¢ € Rl'

Then we have

[1H (51)(8) = H (y2) (8)]]oo

SW/uw%ﬂmewwmwwm

teR! J —co

+oo
+wp/ BT — P) ()] - |95 92(5)) — (. 2(s))ds
teR J¢

t —+o0
< sup (K/ e_a(t_s)ds—FL/ eﬁ(t_s)ds) €
teRr! —o0 t

< K L
_<a+6>€.

Thus H(y)(¢) is continuous with respect to y. Since H (y)(t) satisfies equation (3.4)
for any y € Dy, by the boundedness of A(t), H(y)(t) and y(t), we get

I[H (y))]loo < sup [A()]- sup [H(y)(t)|+ sup gt y(t))
teR?! teRl,ye D, teRY,yeDq

< Mi(a+ sup |A(t)]) + b.
teR?

H'(y)(¢) is uniformly bounded, thus H(y)(¢) is equicontinuous for all y(¢t) € Ds.
By Arzela-Ascoli’s Theorem, for any sequence {y,(t)} € Dy, {H(yn)(t)} has a
subsequence which converges uniformly on [0,7]. We still denote the subsequence
by {H(y,)(t)}, then ILm [|1H (yn)(t) — yo(t)|loc = 0, where yo(t) € D;. For any
k € Z, we conclude that {H (y,)(t)} is uniformly convergent on [kT, (k + 1)T]. In
fact, we have

Jim |H (yn)(8) = yo()l]oo

< lim Q- [1H(ya)(5) = yo(s)]loo
=0,



Affine-periodic solutions for differential equations 959

where t € [kT, (k+1)T] and s € [0,T]. Thus H : D; — D; is completely continuous
on R, Tt follows from Schauder Fixed Point Theorem that there exists a fixed point
z(+) of H in Dy, which is the (@, T)-affine-periodic solution of equation (3.2). O

In the following, we give some applications in higher order differential equations.
We consider the following n-dimensional second order differential equation:

2"+ p(t)a’ + q(t)r = e(t), (3.6)

where p(t), q(t) : Rt — R™ ™ and e(t) : R — R” are continuous and (Q, T)-affine-
periodic, i.e.

pt+T)=Qpt)Q™", qt+T)=Qq(t)Q™", e(t+T)=Qe(t),

@) Ixn
Q € GL(R™), T > 0 is a constant. Let ' = y, F(t) = e and
—q(t) —p(t)
O
G(t) = “1'|. We obtain the following equivalent 2n-dimensional differential
e(t)
equation:
!
x x
= F(t) + G(t) (3.7)
Y Y
Obviously, there hold
-1
On n On n
Fit+T)= @ Onx F(t) @ Onx
Onxn @ Onxn @
and
077/ n
Gt +T) = @ " G).
O7L><n Q
~ . . ~ Q On><n
Then F(t) and G(t) are (Q, T)-affine-periodic, where Q) =

We have the following result on the existence of (Q,T)-affine-periodic solutions
for equation (3.6):

Theorem 3.2. Assume that p(t), q(t) and e(t) are continuous (Q, T)-affine-periodic
functions, F(t) satisfies (ii) and (iii) in Proposition 2.1 and G(t) is bounded for all
t € R If p(t) and q(t) satisfy one of the following:
1) p(t) and q(t) are positive definite or negative definite for all t € RY,
2) £Tp(t)€ is bounded for all n-dimensional unit vector & and all t € R, q(t) is
negative definite for all t € R!.

Then equation (3.6) admits a (Q,T)-affine-periodic solution.
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Proof. We only need to verify the condition (i) in Proposition 2.1. We consider
the homogeneous linear differential equation

/!

= F(t) . (3.8)

Vi

For a fixed ¢, let V = "] be the eigenvector with unit length of F(t) and
Va

A = A +i\; be the eigenvalue associated with the eigenvector V', where V;, V5 are

n-dimensional vectors, A, is the real part and A; is the imaginary part of A. Then

we have

AV = F(t)V.
Substituting A, V and F(t), we get
(Ar +iX)V1 = Vo =0,
(Ar +iX)Va 4+ q(t) V1 + p(t)V2 = 0.
Then we have
(A = ADV1 + (V1 + Ap(t)Va +i(Aap(B) Vi + 20,AiV1) = 0,
which means
Nip(O)Vi 4+ 20\ V1 = 0, (3.9)
A2 = XHVi 4+ q() Vi + A\p(t) V1 = 0. (3.10)
We claim that A, # 0. Suppose to the contrary that A, = 0.

1) Because p(t) and ¢(t) are positive definite or negative definite, we have A; = 0
from (3.9). Then we get ¢(¢)V1 = 0 from (3.10), which is a contradiction.

2) Let A, = 0 in (3.10), then we have —A?V; + ¢(t)V; = 0. Because of the
conditions in ii), it is a contradiction.

By the continuity of p(t) and ¢(t), we obtain that there is a non-negative integer
k < 2n such that F(t) has k eigenvalues with real part Re(\,,) < —a < 0 (m =
1,--+ k) and 2n — k eigenvalues with real part Re(\,,) >8>0 (m=k+1,---,2n)
for all t € R, where o, 8 are positive constants. Then it follows from Proposition

x(t)

2.1 and Lemma 3.1 that (3.7) has a (Q, T)-affine-periodic solution , e
y(t)
(t+T1)) Q Onxn x(t)

Obviously, x(t) is a (Q,T)-affine-periodic solution of equation (3.6) and satisfies
that

z(t+T) = Qx(t).
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Remark 3.2. Consider the following semi-linear second order differential equation:
2 +pt)x’ + qt)x = g(t, z(t)), (3.11)

where p(t), q(t) and g(t,z(t)) are (@, T)-affine-periodic functions, @ € GL(n). If
p(t), q(t) satisfy the conditions in Lemma 3.2 and g(¢, z(t)) satisfies the conditions
in Theorem 3.1, then it follows from Proposition 2.1, Theorem 3.1 and Lemma 3.2
that (3.11) has a unique (Q, T)-affine-periodic solution.

Lemma 3.3. We consider the following n-dimensional higher order differential
equation

2™ = a(t)z + e(t), (3.12)

where a(t) : RY — R™ " ¢(t) : R — R™ are continuous and (Q,T)-affine-periodic,
i.e.

a(t+T) =Qa(t)Q™", e(t+T)=Qe(t), Q<€ GL[R"), T >0,
a(t) satisfies (ii), (iii) in Proposition 2.1 and e(t) is bounded for all t € RY. If

1) when m = 4k, k € Z, a(t) is negative definite for all t € RY,

2) when m = 4k + 2, k € Z, a(t) is positive definite for all t € RY,

3) whenm =4k+1 or4k+3, k € Z, a(t) is positive definite or negative definite
for all t € RY.

Then equation (3.12) admits a (Q,T)-affine-periodic solution.

Proof. Let 2’ =z, 2}y =9, -+, 2, 1 =z, and
X(t) = (z(t), z1 (1), - '7$m—1(t))T’
O"L m— n I’fl m— n{m— - On m—
A(t) = | Ontmvxn Inm-vynn=1) )~y [ Ontm-na
a(t) Oan(mfl) h(t)

We consider the following equivalent mn-dimensional differential equation:
X' = A)X +G(2). (3.13)

For a fixed ¢, let U = (Uy,- - -,Uy,)T be the eigenvector with unit length of the
mn X mn matrix in (3.13) and u = u, + iu; be the eigenvalue associated with the

eigenvector U, where p, is the real part and p; is the imaginary part of p. There
holds

WU = AU
and
(,LLT + iﬂi)mUl = a(t)Ul.

Similar to the proof of Lemma 3.2. We claim that u, # 0. Suppose to the contrary
that g, = 0. Then we have

imu?LUl = a(t)Ul,
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however, this is not true under the conditions 1), 2) or 3). Then it follows from
Proposition 2.1 and Lemma 3.1 that (3.13) has (Q, T')-affine-periodic solution X (t),

where @ is an mn X mn matrix,

QO0--0
0 - -
Q=
-0
0--0Q

Obviously, z(t) is a (@, T)-affine-periodic solution of equation (3.12) and satisfies
that

z(t+T) = Qx(t).
O
Remark 3.3. Consider the following semi-linear higher order differential equation:
™ = a(t)z + g(t, 2(t)), (3.14)

where a(t) and g(t, z(t)) are (Q, T)-affine-periodic functions, @ € GL(n). If a(t)
satisfies the conditions in Lemma 3.3 and g(t, z(t)) satisfies the conditions in The-
orem 3.1, then it follows from Proposition 2.1, Theorem 3.1 and Lemma 3.3 that
(3.14) has a unique (Q, T)-affine-periodic solution.

4. Exponential trichotomy and pseudo affine-periodic
solutions

We have the following result on the existence of (Q, T)-affine-periodic solutions.

Theorem 4.1. Assume that equation (2.1) has an exponential trichotomy with
projections Py, Py and constants K,«a. Moreover, assume that A(t), g(t,z) are
(Q, T)-affine-periodic, g(t,x) is bounded and satisfies that

|g(t,$) - g(tvy)| < N‘Jf - y|a for all t, o and Y,
where @ € GL(n), N > 0 is a constant such that

NK 700
AQ _ sup 9 _ et _ ea(th) + efat(eaT _ 1) Z |Qk|eakT
@ tefo,1] 1

“+o0
+e(1 —eoT) Z Qk|eo‘kT} <1 (4.1)
k=1

Then equation (3.2) admits a unique (Q,T)-affine-periodic solution.

Proof. We consider the following equation

x' = A(t)x + g(t, y(t)),
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where y(t) is a continuous function. By Proposition 2.3, it has the following bounded
solution:

Define a map

+oo
H(y)(t) = / U(t, 5)g(s,y(s))ds.

— 0o

Similarly to the proof of Theorem 3.1, we will prove that there exists a fixed point
z(-) of H in Cp. Then z(-) is a (@, T)-affine-periodic solution of equation (3.2).

We show that H(y)(t) is (@, T)-affine-periodic for any y € Cr. Note that U(t,t)
is (@, T)-affine-periodic. Specifically, according to the definition of U(t, s), we only
need to show that ®(¢)P;®~1(t) and ®(¢)(I — P,)®~1(¢), i = 1,2, are (Q, T)-affine-
periodic. By (3.1) and the fact that

Q™'e(T)Pe~(T)Q = P,
and
QeI - P)e H(T)Q=1-P, i=1,2,
there holds
St+T)PO ' (t+T)

= QP(H)Q™'O(T)Pe~H(T)QP™(H)Q ™

=QIMPTI(HQT, i=12
In the same way, we get

t+T)I - P)® (t+T)=Qe(t)(I—-P)d '(H)Q™', i=1,2.
Thus U(t,t) is (Q, T)-affine-periodic.
For any y € Cr,
H(y)(t+T)

“+o0
:/ Ut +T,s)g(s,y(s))ds

= /%O Ut+T,t+T)t+T)0 (s +T)g(s + T,y(s+T))ds

“+oo

— [ QUL HQTQIMQ T (TIQE (5)Q Qo Q1 Qu(s))ds
.
- Q / U(t, 5)g(s, y(s))ds.

Thus we have H(y)(t+7) = QH (y)(t), which means that H(y) € Cr for all y € Cr.
From Definition 2.2, we have

U(t,s)] < Ke~elt=sl,
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For any y,9 € Cr and t € R!, we have
[H (y)(t) — H(g) ()]
t “+o0
< iV sup L[ ey —gias+ [ e lyts) — golas )
t€(0,T] —oo t
< Aoy =9l

Thus H(y)(-) is a contraction mapping on Crp. It follows from Banach Fixed Point
Theorem that H admits a unique fixed point z*(¢t) € Cp, which is the unique
(Q, T)-affine-periodic solution of equation (3.2). O

Remark 4.1. When @ € O(n), then condition (4.1) reduces to Ay = 285 < 1.

T«

Now let us consider the existence of pseudo affine periodic solutions. We first
introduce the definition of pseudo affine-periodic solutions. Let Cy be the set of all
bounded continuous functions satisfying that

T
lim i/ |f(s)|ds = 0.

T—4o00 2T _T

Definition 4.1. A function f(¢,z) is called pseudo (Q, T')-affine-periodic, if it can
be decomposed as

f(t,ﬂ?) = fl(t7z) +f2(t,$),

where f1(t,z) € Cr and fa(t,x) € Cy. Denote by Cp the set of all pseudo (@, T)-
affine-periodic functions.

We have the following result on the existence of pseudo (Q,T)-affine-periodic
solutions.

Theorem 4.2. Assume that A(t) is (Q,T)-affine-periodic and g(t,x) is pseudo
(Q, T)-affine-periodic with decomposition g(t,x) = g1(t,x) + g2(t,z), where Q €
GL(n), T > 0 is a constant, g1(t,x) € Cr and g2(t,z) € Cy. Moreover, g(t,x) and
g1(t, ) are uniformly continuous in any bounded subset of R"™ uniformly fort € R,
g(t,x) is bounded and satisfies that

|g(t,z)—g(t,y)|§N\x—y|, for all t7 x and Y,

where N > 0 is a constant. If equation (2.1) has an exponential trichotomy with
projections Py, Py and constants K, a such that condition (4.1) holds, then equation
(3.2) admits a unique pseudo (Q,T)-affine-periodic solution.

Proof. We consider the following equation
o' = A(t)z + g(t,y(t)),

where y(t) is a continuous function. By Proposition 2.3, it has the following bounded
solution:
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For any y € Cp, we have y(t) = y1(t) + y2(t), where y1(t) € Cr and y2(t) € Co.
Then we have the decomposition

g(t,y(t)) = g1(t,y1(t) + g(t,y(t)) — g(t, y1 (1)) + ga(t, ya (1))

Let g(t,y(t),y1(t)) = g(t,y(t)) — g(t,y1(t)) + g2(t,y1(t)). Define a map

+oo
H)® = [ Utts)alsu(s)is.
Then we get
“+o0 +oo
H(y)(t) = / U(t, 5)gn (5, 1 (s))ds + / Ut $)d(s, u(s), 91 (s)ds.  (4.2)

Similar to the proof of Theorem 4.1, we get that the first part of (4.2) is (Q, T')-affine-
periodic. According to Theorem 2.4 in [12], if y(¢) € Cp, then G(¢,y(t),y1(t)) € Co
and g(t,y(t)) € Cp. For the second part of (4.2), we have

o< tim o [ 1 U606 moasia

T—4o00 2T

< lim / / e~ =) |5 (s,y(5), ya () It

T—+o0 2T

+o00
+/_/ e“t=3) 15(s,y(s), y1(s))|dsdt)

< lim / / e~ . |5(s, y(s), 11 (5))|dsdt

T—4o0 2T

+o0o
+// =) 55, y(s), y1(s))|dsdt
=T JT

+/ ) / " e (s, y(s),n (5)) s
/ / e =) |g(s, y(s), y1(s))|dsdt)

< i Bl oy K / (s, (s). 1 9)) s

TS5+ Ta? T+ T
=0.

Then H(y)(t) € Cp. We have proved that H maps Cp to itself.

Similar to the proofs of Theorem 3.1 and Theorem 4.1, we get that H(y)(¢) is a
contraction mapping on C'p. By Banach Fixed Point Theorem, H admits a unique
fixed point 2*(t) € Cp, which is the unique pseudo (@, T)-affine-periodic solution
of equation (3.2). O

In Theorem 4.1 and Theorem 4.2, assume in addition that g(t, z(t)) satisfies the
following conditions:

(Cy) g(t,z) is uniformly continuous with respect to z for all t € R! and satisfies
that

lg(t,z)| < alz|+b for all t and z,
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where a,b > 0 are constants such that 2£¢ < 1 (Q € O(n)).

Then we can also obtain the existence of (pseudo) (@, T')-affine-periodic solutions
of equation (3.2). The proofs are similar to Theorem 3.3’. We will not repeat them.
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