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EXISTENCE OF
DISSIPATIVE-AFFINE-PERIODIC SOLUTIONS
FOR DISSIPATIVE-AFFINE-PERIODIC
SYSTEMS*
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Abstract In this paper, we prove that every first order dissipative-(T,a)-
affine-periodic system admits a dissipative-(T, a)-affine-periodic solution in
[0,00) via the Leray-Schauder degree theory and the lower and upper solu-
tions method.
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1. Introduction

As is well known, the qualitative theory of dynamical systems was established by
the French mathematician Poincaré and the Russian mathematician Lyapunov in
the nineteenth century from regular solutions to irregular solutions, such as sta-
tionary, periodic, anti-periodic, quasi-periodic, almost periodic, almost automor-
phic, Birkhoff recurrent, almost recurrent, non-wondering, chain recurrent, chaos
etc, and more details can be found in Liu etc [9]. An essential problem on these
kinds of solutions is the “well-posed problem”, which was introduced by the French
mathematician Hadamard, and he believed that the mathematical model of physical
phenomena should have the following properties:

Existence a solution exists;
Uniqueness the solution is unique;
Continuity the solution’s behaviour depends continuously on the data (initial

values and boundary values) and parameters.

If a problem satisfies all above properties, then the problem is called well-posed,
otherwise ill-posed. The meaning of existence is clear, that is, there exists a solution
satisfying the mathematical model. The uniqueness of the solution means that the
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solution is unique within a certain class of functions. For example, if a problem has
many solutions but only one of them is bounded, then we would say that the solution
is unique in the space of bounded functions. The continuity of the solution means
that if the small change in the data and parameters brings about small change in
the solution, i.e., the change of the solution can be controlled by the change of the
data and parameters continuously.

In this paper, we consider the well-posedness of a new kind of solutions to
ordinary differential equations (for short ODEs), which are called “affine-periodic”
solutions. This new type solution was introduced by Li etc [20] to describe some
physical phenomena which exhibit a certain symmetry as the evolution of time and
it depicts how to interact between time and space. More details on affine-periodic
solutions can be found in [1,2,8,10,13-15,19].

Now, let us consider the following first order ODE

= f(t,x), = %, (1.1)

where the nonlinearity term f is continuous and ensures the existence and unique-
ness of the solution with respect to initial value, furthermore f is an affine-periodic
function, i.e., there is some T'> 0 and a € R\ {0} such that

f(t+T,z) =af(t,a 'z), VtecR,VzecR. (1.2)

According to the size of a, system (1.1)-(1.2) can be roughly classified into several
cases:
periodic system if a = 1, then (1.1)-(1.2) is called a T-periodic system;

antiperiodic system if a = —1, then (1.1)-(1.2) is called a T-antiperiodic sys-
tem,;

repulsive system if |a| > 1, then (1.1)-(1.2) is called a repulsive-(T, a)-affine-
periodic system;

dissipative system if 0 < |a| < 1, then (1.1)-(1.2) is called a dissipative-(T, a)-
affine-periodic system.

For a given (T, a)-affine-periodic system, our aim is to seek for the (T, a)-affine-
periodic solution, i.e., there exists a mapping x such that x(t) satisfies equation
(1.1) and the following equality

x(t+T)=ax(t), VteR. (1.3)

Similarly, the solution x(t) of (1.1)-(1.2) with the equality (1.3) can also be roughly
classified into several cases:
periodic solution if a = 1, then the solution x is called a T-periodic solution;

antiperiodic solution if a = —1, then the solution x is called a T-antiperiodic
solution;

repulsive solution if |a| > 1, then the solution x is called a repulsive-(T, a)-
affine-periodic solution;

dissipative solution if 0 < |a| < 1, then the solution z is called a dissipative-
(T, a)-affine-periodic solution.
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In fact, a natural concept of dissipation is to assume that there is a bounded
set such that every orbit eventually enters into the set and remains. In 1944,
Levinson [7] posed a conjecture on the existence of periodic solutions for dissipative
systems. He claimed that such a periodic system admits a periodic solution. In
the theory of dynamical systems, Levinson’s conjecture is a basic result which was
completely solved by Kiipper etc [6]. Furthermore, Li etc proved this classical results
is true in dissipative-affine-periodic systems:

e Zhang etc [20] proved that every dissipative affine-periodic system admits an
affine-periodic solution via Horn’s fixed point theorem.

e Li etc [8] considered the existence of dissipative-repulsive-affine-periodic so-
lutions to dissipative-repulsive-affine-periodic systems using the method of
topological degree.

e Chang etc [1] proved the existence of affine-periodic solutions to a class of sec-
ond order dissipative dynamical systems by the method of topological degree.

Motivated by these fruitful results and ideas, we are concerned with the exis-
tence of dissipative-affine-periodic solutions for first order dissipative-affine-periodic
systems in R in the present paper.

The main tool we used is the lower and upper solutions (for short LUS) method
which is known to be an easy and elementary method for differential equations,
and it replaces a difficulty problem “How to find a solution of a boundary value
problem?” by an easier problem “How to find lower and upper solutions?”. This
method can be dated back to the use of successive approximation by Picard [12]
in 1893. With the development of the LUS method, monotone method, Nagumo
condition, maximal and minimal solutions, non well-ordered upper and lower solu-
tions and so on appeared in the stage of mathematics. Furthermore, LUS method
was connected with other theories including degree theory, variational method and
so on. Above all, LUS can be used to deal with many problems, such as resonant
and nonresonant problems, singular perturbation problems and so on. More details
about the LUS method can be found in the book of Coster etc [3]. Here we only
list some main results using the LUS method connected with our work.

e Fabry etc [4] obtained the existence theorems for the Picard boundary value
problem via the LUS method and the homotophy invariance of Leray-Schauder
degree. Here we list this essential theorem about the homotopy invariance of
Leray-Schauder degree.

Lemma 1.1 (Theorem 1, [4]). Let X be a Banach space, and A : X — X
be a compact mapping such that (I — A) is one to one , and Q be an open
bounded set such that 0 € (I — A)(Q). Then the compact mapping H : Q — X
has a fived point in Q if for any X € (0,1), the equation

x=AHz+ (1 - )\)Ax
has no solution on the boundary OS).

e Wu [16] gave the existence result of anti-periodic solution to first order ODEs
using the LUS method.

e Wu etc [17,18] obtained the existence result of antiperiodic solution to second
order ODEs via the LUS method.
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e Nieto [11] showed that the LUS method is valid for finding periodic solutions
to third order ODEs.

e Howes [5] considered boundary value problems for higher order equations using
the LUS method.

Outline of this paper: In Section 2, we state our main results Theorem 2.1, as
applications: Theorems 2.2 and 2.3. In Section 3, we give the proof of our main
results via the Leray-Schauder degree theory and the LUS method. In Section 4,
we provide some examples to illustrate our results.

2. Main Results

In this section, we list our main results as an abstract Theorem 2.1, as applications:
Theorems 2.2 and 2.3.
At first, we introduce Theorem 2.1.

Theorem 2.1. Assume that the dissipative-(T, a)-affine-periodic system (1.1)-(1.2)
has a solution xo(t) in [0,00) , and there exists a function O(t) such that

(1) —y(@)| < O1)[x(0) —y(0)], Vi € [0,00)

for any possible solutions x(t) and y(t) to (1.1)-(1.2), where O(t) satisfies dissipative
condition, i.e.,

Ot) < la|™=m  mT <t<(m+1)T,meN, e(m)=ecxn(m),e>0,

where x is the indicator function. Then there admits a unique dissipative-(T,a)-
affine-periodic solution for (1.1)-(1.2).

Remark 2.1. In Theorem 2.1, we give a specific condition on O(t) according to the
dissipative coefficient a, which satisfies the ordinary dissipative condition in Wu [16]

O(t) >0 and t1i>r£c Oo(t) =0.

Then we introduce Theorem 2.2 for 0 < a < 1 and Theorem 2.3 for —1 < a < 0.
Theorem 2.2 (0 < a < 1). Assume that the following hold:

(i) There exist a strict lower solution o € C1([0,00);R) to (1.1)-(1.2) and a strict
upper solution 3 € C*([0,00); R), i.e.,

o < f(t,a), B > f(t,B), Vtel0,o0).
(i) « and B are (T, a)-affine-periodic functions, i.e.,
alt+T)=aa(t), BE+T)=apf(t), Vte]l0,00).
(iii) « is a negative function and 8 is a positive function on [0, 00), i.e.,
a(t) <0< B(t), Vtel0, ).

Then the dissipative-(T, a)-affine-periodic system (1.1)-(1.2) admits a dissipative-
(T, a)-affine-periodic solution in the order interval (a, 3).
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Remark 2.2. It should be emphasized that the lower solution a and the upper
solution § in Theorem 2.2 may not satisfy o« + 6 = 0 for 0 < a < 1, which is
necessary in Fabry [4] where the solution z holds |z(¢)| < (¢), that is, if set
a ==, =1, then o+ S = 0. In this sense, we weaken the conditions on the
lower and upper solutions.

Theorem 2.3 (—1 < a < 0). Assume that there exists a function ¢ € C1([0,0); R)
satisfying the following conditions:

(i) = is a strict lower solution and 1 is a strict upper solution for (1.1)-(1.2),
i.e.,

— < f(t,—v), ¥ > f(t,¥), Vte[0,00).
(ii) 9 is a (T, —a)-affine-periodic function, i.e.,
Y+ T) =—ap(t), Vte]0,00).
(iii) v is a positive function, i.e.,
Y(t) >0, Vtel0,00).

Then dissipative-(T, a)-affine-periodic system (1.1)-(1.2) admits a dissipative-(T, a)-
affine-periodic solution in the order interval (—, ).

3. Proof of Main Results

In this section, we prove Theorem 2.1, Theorem 2.2 and Theorem 2.3.

3.1. Proof of Theorem 2.1

Proof. Since x(t) is a solution to (1.1)-(1.2), then x;(t) £ a~'zo(t +iT) is also
the solution to (1.1)-(1.2) for all ¢ € N. In fact,

z;(t) = a”'zy(t 4 iT)

=a 'f(t +iT,x0(t +1iT))
= f(t,a ‘wo(t +iT))

= ft,i(t)).

Furthermore
| g (i 4+ 1)T) = @~ (1T)| < Jal " OGT) |a~ a0 (T) — 20(0)|
< [a]*® |a™ 2o (T) — 20(0)]

and then
’a’(mﬂ)xo((m + 1)T)] <y ]a*@*l)xo((z’ 1T — a*imo(iT)’ + J20(0)]

< (mlaff +1) o~ 20(T) — 20(0)| + |20 (0)]
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Thus
lzo((m +1)T)| < |a|™** ((mlal® + 1) |a™ 2o(T) — 20(0)| + [20(0)]) ,

which indicates that {zo(mT)} is bounded for any m € N.
Analogously,

‘af(”l)xo(s + G+ 1DT) —a"zo(s + mT)‘ <|a|T*O(s +4T) |a~ o (T) — 20(0)|
<lal* o (T) = x0(0))|

for all s € [0,T) and then

‘ S (s + (m+ )T ‘ Z) Do (s + (i +1)T)—a‘%o(s+z‘T)’+Iwo(s)\
< (mlal]® +1) !a xO(T) — xo(())’ + |zo(s)] -
Hence
zo(s + (m+ DT)| < [a|™* ((mlal® + 1) [a™ 2o (T) = 0(0)] + [x0(s)]) ,

which indicates that {z¢(s +mT)} is bounded for all s € [0,T) and any m € N.
Furthermore, for any possible solution z(t) to (1.1)-(1.2), we have

[2(t) — zo(t)| < O)]2(0) — 20(0)],
thus
[2(t)] < |zo(t)| + O(t)|2(0) — z0(0)],

which indicates that x(t) is bounded in [0, c0).
Set
B={zeR:|z|| <r},

where

)

- t)|, vz e B.
(E4] tg[})ax)lw( ). Vz

Define the Poincaré mapping

P:B— B,
p— a 'z(T;p),

where z(t;p) is the semiflow for (1.1)-(1.2) with respect to initial value p, i.e.,
2(0;p) = p. Then we claim that P is a contractive mapping. Indeed,

|P(p1) — P(p2)| = |a| ™M a(T;p1) — 2(T;p2)| < |a| " O(T)|p1 — p2| < |al*|p1 — p2

for all p; € B(i = 1,2). Using Banach contraction mapping principle, there exists a
unique fixed point p* € B such that

a_lx(T;p*) = p*.
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Furthermore

t+T
z(t+T;p*) =p* +/ f(s,z(s;p*))ds
0
t+T

T
:p*+/0 f(S,w(S;p*))d8+/ f(s,2(s;p%))ds

T
T t
=yt [ foalspds + [ 1+ Toats + Tipt)ds
0 0
t
=z(T;p") + a/ f(s,a” (s + T;p"))ds,
0
hence
t
aalt+ Tip?) = o a(Tip) + [ flsa (s + Tip)ds,
0
that is
t
a ta(t+T;p*) =p* + / f(s,a” a(s + T;p"))ds.
0
By the uniqueness of the solution with respect to initial value,
z(t;p*) = a”ta(t+ T;p*),
that is
x(t+T;p") = ax(t;p*).

This completes the proof of Theorem 2.1.
From the proof of Theorem 2.1, we have the following corollary:

O

Corollary 3.1. The ezistence of (T,a)-affine-periodic solution to (1.1)-(1.2) is e-
quivalent to the existence of solution to (1.1)-(1.2) with (T, a)-affine-periodic bound-

ary condition

3.2. Proof of Theorem 2.2

Proof. Consider the auxiliary system
= Xkz+ (1= A)f(t,z), 0<A<1

with (T, a)-affine-periodic boundary condition

where

k:>max{—()\T)_1lna, max {_a(t),_ﬁ(t)}} for 0 <A< 1.

(3.1)

(3.2)
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Then the solution to (3.1)-(3.2) is

z(t) = e A (a — (3*>"€T)71 (1-=2X) /OT e*Ak(T*S)f(s,x(s))ds

t
+(1- )\)/ e MNE=3) £ (s, 2(s))ds. (3.3)
0
Set
Cor={x e CR;,R): z(t+T)=nax(t), Vte[0,00)}
with the usual maximum norm || - || = max 7y |- |, then (Cir.q), || - ||) is a Banach
space.

Define a mapping

R)\ : [aaﬁ] — Ca,T:
¢ — Rro,

where
[, 8] ={z € Cor: at) <z(t)<p(t), Ytel0,T]}

and

(Bag)(0) = (= e M) (1= 0) [ eI p(s,6(5))ds

0

1= [ s, () ds.

Next, we claim that R) is well-defined, i.e., Ry¢ is a (T, a)-affine-periodic func-
tion. In fact

T
(Rx)(0) = (a — e MT)~1(1 — )) / T £ (5 g(s))ds

and
T
(Bao)(T) = (1 3) (¥ (= e M) 1) [ eI p(s,g(5)ds
. 0
—afa - ML) [T f(s,0(5)ds
0
= a(Rx¢)(0).
Furthermore

(Bag)(t+T) =M@ - ) 11—y T (s, 0()ds
0

t+T
F(1-2) /O T M) £, b(s))ds

T
— o MEmART (o = ARTY =1 )\)/ e M=) £ (5, p(s))ds
0

T
F e [T (s, o(5)ds
0
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t+T
S [ e s, g

T

T
= M (e MT (g — M) 4 ) (1 — A)/ eI f(s,6(s))ds
0

+u_»/E”W”U@+ﬂ¢®+ﬂﬂs
0 T
= e Mgy =TIy [T o oo
0

+(1- )\)a/t e MNE=3) (5, ¢ (s))ds
0
= a(R\9)(t).
Furthermore, we claim that there admits a positive constant M > 0 such that
[ Rl Bl < M.
If not, there exists a sequence {¢,,}°°; C [a, (] such that
|Rx@n|| = 00, n — 0.

On the one hand, set
- de)n Pn

¢'n, = = )

where ¢, is the (T, a)-affine-periodic solution to

7= =M+ (L= N)f (t6n (1))
Then ¢,, is the (T, a)-affine-periodic solution of

1
lenl

z = —M\kx + (1= N f(t, dn(t)).

On the other hand, there exist a subsequence {@nj e {6,152, and ¢ € C(r.q)
such that

On, = b0y J — 0.
Thus ¢, is the (T, a)-affine-periodic solution to
z = —Akz. (3.4)

However, equation (3.4) has one and only one (7, a)-affine-periodic solution 0, i.e.,
@y = 0, which is a contradiction to ||¢y] = 1.
Finally, we prove that

0 ¢ H)\(a(a7ﬂ))v VA e [Oa 1]a

where
Hy=1-R,

is completely continuous by Arzela-Ascoli lemma, and

(,)={zeCor: at)<=z(t)<pl), Vtel0,T]}
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is a nonempty open set in Cy 7.

Since x = 0 € (a,f) is the desired dissipative-(T, a)-affine-periodic solution
when \ = 1, then it follows the complete continuity of H that there exists A — 1~
such that

0¢ Hx(0(v, 8)), VA€ [A1]

Thus we only need to illustrate
0¢ Hy(0(c, 8)), VAe]0,A]
If not, then there exists ¢ € d(a, 8) such that
(Hxo)(t) =0,

that is, ¢ satisfies equation

==Xk + (1 =N)f(t,¢).
Set
d=a—¢ or B—0¢

then there exists to € [0, 7] such that ¢ reaches its maximal value or minimal value
0, i.e.,

a(to) = ¢(to) or B(to) = ¢(to)-

Without loss of generality, we only discuss the left case, and the right case is anal-
ogous. Furthermore

(i) If to € (0,T), then § (to) = 0. However,

o' (to) = (a = 0) (to)
= ¢ (to)
= —Ako(to) + (1 — A) f(to, ¢(to))
= —Xka(ty) + (1 = X) f(to, a(to))

> —Aka(to) + (1= MN)a' (o)
2 a,(t0)7
a contradiction.
(if) If tp € {0} <= 6(0) =0 <= 6(T) = 0 <ty € {T'}, then

’

a'(0) < ¢ (0), o (T)>¢ (T).

Notice that

Thus
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However

= —Ako(0) + (1 — X)f(0,¢(0))
= —Xka(0) 4 (1 = N £(0,a(0))
> —Aka(0) + (1= A)a' (0)

> o (0),

this leads to a contradiction.

Since = 0 is the unique a-affine T-periodic solution and R; is linear, then

degLS(H17 (aaﬁ)ao) 7& 0.

Using the homotopy invariance of Leray-Schauder degree, we have

degLS(H07 (a,ﬁ)70) = degLS(Hlﬂ (aaﬁ)v 0) # 0,

which indicates that there exists a fixed point ¢* € (o, 8) to R, i.e., ¢* is the desired

a-affine T-periodic solution. This completes the proof of Theorem 2.2.

O

Remark 3.1. The proof of Theorem 2.3 is similar to one of Theorem 2.2, and we
derive a contradiction at points ¢ = 0 and ¢ = 27" in Theorem 2.3 rather than at

points t =0 and ¢t = T in Theorem 2.2.

4. Applications

In this section, we give some examples to illustrate Theorem 2.2.

Example 4.1. Consider the ODE

’

r =-—2x+et.
Set
ft,r)= 2z +e !, —et=alt)<0<pBt)=2e"" a=eT.
Obviously,
ft+T,z)=—2z+e D =T (=2(e"z) +e7") = af(t,a 'z),
at+T)=—e D) = T (—e™") = aa(t),
Bt +T) = 2e~+T) — e=T(2e~1) = af(1),
o (t)=et <3t = f(tat), B(t)=-2e">-3e"" = f(t.A(t)).

By Theorem 2.2, equation (4.1) has a dissipative-(T, e~T)-affine-periodic solution

in the order interval (—e™t 2e7t).

Example 4.2. Consider the ODE

’

x = —2x+ e tsint.
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Set
f(t,x) = =2z 4+ e tsint, a=e ",
and
—(1+e)e " =alt)<0<pt)=(1+e)e, e>0.
Obviously,

ft+2m) = =22 + e~ 2 gin(t 4 27) = e 2" (—2e2"x 4 e tsint) = af(t,a " 1x),
at+2m) = —(1+e)e 2™ = 727 (_(1 +e)e™") = an(?),

Bt+2m) = (1+e)e” 2 = T ((1 +2)e™") = af(t),

o (t) = (1+e)e " < (242 +sint)e™ = f(t,a(t)),
B(t)=—(14¢e)e " > (—2—2 +sint)e " = f(t,B(t)).
2y

By Theorem 2.2, equation (4.2) has a dissipative-(2m, e
in the order interval (—(1 +¢)e™*, (1 +¢e)e™?).

-affine-periodic solution

Acknowledgements

The authors declare that there is no conflict of interests regarding the publication
of this paper.

References

[1] X. Chang and Y. Li, Rotating periodic solutions of second order dissipative
dynamical systems, Discrete Contin. Dyn. Syst., 2016, 36(2), 643-652.

[2] C. Cheng, F. Huang and Y. Li, Affine-periodic solutions and pseudo affine-
periodic solutions for differential equations with exponential dichotomy and ex-
ponential trichotomy, J. Appl. Anal. Comput., 2016, 6(4), 950-967.

[3] C. De Coster and P. Habets, Two-point boundary value problems: lower and
upper solutions, Mathematics in Science and Engineering, 205. Elsevier B. V.,
Amsterdam, 2006. xii+489 pp.

[4] C. Fabry and P. Habets, The Picard boundary value problem for nonlinear
second order vector differential equations, J. Differential Equations, 1981, 42(2),
186-198.

[5] F. A. Howes, Differential inequalities of higher order and the asymptotic solu-
tion of nonlinear boundary value problems, STAM J. Math. Anal., 1982, 13(1),
61-80.

[6] T. Kiipper, Y. Li and B. Zhang, Periodic solutions for dissipative-repulsive
systems, Tohoku Math. J. (2), 2000, 52(3), 321-329.

[7] N. Levinson, Transformation theory of non-linear differential equations of the

second order, Ann. of Math. (2), 1944, 45, 723-737.

[8] Y. Liand F. Huang, Levinson’s problem on affine-periodic solutions, Adv. Non-
linear Stud., 2015, 15(1), 241-252.

[9] Z. Liu and W. Wang, Favard separation method for almost periodic stochastic
differential equations, J. Differential Equations, 2016, 260(11), 8109-8136.



1636

M. Liu, F. Xu, X. Yang & Y. Li

[10]
[11]

[12]

[20]

X. Meng and Y. Li, Affine-periodic solutions for discrete dynamical systems,
J. Appl. Anal. Comput., 2015, 5(4), 781-792.

J. J. Nieto, Periodic solutions for third order ordinary differential equations,
Comment. Math. Univ. Carolin., 1991, 32(3), 495-499.

E. Picard, Sur l'application des méthodes d’approximations successives a l’étude
de certaines équations différentielles ordinaires, Journal de Mathématiques
Pures et Appliquées, 1893, 9, 217-272.

C. Wang and Y. Li, Affine-periodic solutions for nonlinear dynamic equations
on time scales, Adv. Difference Equ, 2015. DOI: 10.1186/s13662-015-0634-0.
C. Wang, X. Yang and Y. Li, Affine-periodic solutions for nonlinear differential
equations, Rocky Mountain J. Math., 2016, 46(5), 1717-1737.

H. Wang, X. Yang and Y. Li, Rotating-symmetric solutions for nonlinear sys-
tems with symmetry, Acta Math. Appl. Sin. Engl. Ser., 2015, 31(2), 307-312.
R. Wu, An anti-periodic LaSalle oscillation theorem, Appl. Math. Lett., 2008,
21(9), 928-933.

R. Wu, The existence of T-anti-periodic solutions, Appl. Math. Lett., 2010,
23(9), 984-987.

R. Wu, F. Cong and Y. Li, Anti-periodic solutions for second order differential
equations, Appl. Math. Lett., 2011, 24(6), 860-863.

F. Xu, Y. Li, Y. Gao and X. Xu, The well-posedness of fractional systems
with affine-periodic boundary conditions, Differential Equations and Dynamical
Systems, 2017. DOI:10.1007/s12591-017-0360-z.

Y. Zhang, X. Yang and Y. Li, Affine-periodic solutions for dissipative systems,
Abstr. Appl. Anal, 2013. DOI: 10.1155/2013/157140.



	Introduction
	Main Results
	Proof of Main Results
	Proof of Theorem 2.1
	Proof of Theorem 2.2 

	Applications

