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Exponential dichotomy and invariant manifolds
of semi-linear differential equations on the line

Trinh Viet Duoc and Nguyen Ngoc Huy

Abstract. In this paper we investigate the homogeneous linear differential equa-
tion v'(t) = A(t)v(t) and the semi-linear differential equation

v'(t) = A(t)v(t) + g(t, v(t))

in Banach space X, in which A : R — £(X) is a strongly continuous function,
g : R x X — X is continuous and satisfies ¢-Lipschitz condition. The first we
characterize the exponential dichotomy of the associated evolution family with
the homogeneous linear differential equation by space pair (€, ), this is a Per-
ron type result. Applying the achieved results, we establish the robustness of
exponential dichotomy. The next we show the existence of stable and unstable
manifolds for the semi-linear differential equation and prove that each a fiber of
these manifolds is differentiable submanifold of class C*.
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1. Introduction

The exponential dichotomy for the homogeneous linear differential equation
v'(t) = A(t)v(t) was extensively studied by mathematicians, for instance, Perron
[15], Massera and Schéffer [13], Daleckii and Krein [5], Coppel [4], Chicone and La-
tushkin [3]. To characterize the exponential dichotomy for the homogeneous linear
differential equation, Perron’s method has played an underlying role up to now. Some
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efforts improved Perron’s result by following two directions: one is to extend the no-
tion of exponential dichotomy [7, 1], and the other is to change admissible space pair
(input-output spaces) [16, 12, 19, 9, 17, 18].

Huy [9] had characterized the exponential dichotomy of evolution equations on
a half-line by using the notion of admissible Banach function space. Through this
notion, his group got some extended results for the existence of stable and unstable
manifolds of evolution equations [10, 11].

In [1], the authors investigated the exponential dichotomy for the homogeneous
linear differential equation v/(t) = A(t)v(t), in which A : R — L£(X) is a strongly
continuous function. The notion of exponential dichotomy in [1] was with respect
to the family of norms || - ||; on X for ¢ € R. It was characterized by space pair
(Y,Y), where Y = Cy(R, X) is equipped with the norm |[v|o = sup,cp [|[v(t)]]¢, for
v € Y. So, the paper [1] has inspired us to investigate the exponential dichotomy for
the homogeneous linear differential equation v'(t) = A(t)v(t) in the present paper.
Different from [1], in this paper we consider Banach space X with a fixed norm but
our space pair is wider.

It is the aim of this paper to investigate the homogeneous linear differential
equation v'(t) = A(t)v(¢t) and the semi-linear differential equation v'(t) = A(t)v(t) +
g(t,v(t)) in Banach space X, in which A : R — £(X) is a strongly continuous function,
g : R x X — X is continuous and satisfies ¢-Lipschitz condition. In Section 2 we use
Perron’s method to characterize the exponential dichotomy of the associated evolution
family with the homogeneous linear differential equation by space pair (£,E€), the
achieved result is a significant improvement compared to previous results for the
homogeneous linear differential equation. As an application of this characterization,
we get the robustness of exponential dichotomy.

The stable manifold theorem is one of the most important results in the local
qualitative theory of autonomous nonlinear differential equations, see [2, 8, 14]. It
was extended for the semi-linear differential equation v'(t) = A(t)v(t) + g(t,v(t)) in
Banach space X, where g satisfies constant Lipschitz condition, i.e, there exists ¢ > 0
such that ||g(t,2) —g(t,y)|| < gllz —y]| for all t € R and z,y € X, see [5]. In Section 3
we show the existence of stable and unstable manifolds for the semi-linear differential
equation v'(t) = A(t)v(t) 4+ g(t,v(t)), in which g satisfies p-Lipschitz condition, i.e,
llg(t,z)—g(t,y)|| < @(t)|]lz—y| for all t € R and z,y € X. Different from the constant
Lipschitz case, the semi-linear differential equation surely exists solution on positive
semi-axis if initial value lies in a fiber of stable manifold and on negative semi-axis if
initial value lies in a fiber of unstable manifold. The same as autonomous nonlinear
differential equations, each a fiber of these manifolds is differentiable submanifold of
class C! if the map g(t, -) is continuously differentiable (in the sense Fréchet derivative)
on X for each fixed ¢t € R.

The remainder in this section, we recall some notions on Banach function spaces
on the line in the paper [6]. Denote by B the Borel algebra and by A the Lebesgue
measure on R. The space L joc(R) of real-valued locally integrable functions on R
becomes a Fréchet space for the seminorms p,,(f) := [, |f(t)|dt, where J,, = [n,n+1]
for each n € Z (see [13, Chapt. 2, §20]). /
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Definition 1.1. A vector space E of real-valued Borel-measurable functions on R is
called a Banach function space (over (R, B, \)) if

1) E is Banach lattice with respect to a norm || - ||g, i.e., (E,| - ||g) is a Banach
space, and if ¢ € F and v is a real-valued Borel-measurable function such that

W) < le()l, A-ae., then ¢ € E and [[¢] 5 < [l¢] e,
2) the characteristic functions x4 belong to E for all A € B of finite measure, and

supye ||X(te+1)ll B < 00 and infier (X[, t41) |2 > O,
3) E < L10c(R), i.e., for each seminorm p,, of Lj jo.(R) there exists a number
Bp,, > 0 such that p,(f) < Bp,||fllg for all f € E.

The following lemma is very useful in the later sections.

Lemma 1.2. Let E be a Banach function space. Let ¢ and ) be real-valued, measurable
functions on R such that they coincide with each other outside a compact interval and
they are essentially bounded on this compact interval. Then ¢ € E if only if ¥ € E.

Definition 1.3. Let now E be a Banach function space and X a Banach space. The
set

E=ER,X):={f:R— X: fis strongly measurable and ||f(-)|| € E}

is endowed the norm

1flle = IF Ol

Then, £ is a Banach space and is called Banach space corresponding to the Banach
function space E.
Definition 1.4. The Banach function space F is called admissible if

1. there is a constant M > 1 such that for every compact interval [a,b] C R we
have

/ lp(t)|dt < I ( s M=) i, forall g € B, (1.1)

2. for ¢ € E the function A;p defined by Aj¢(t) := :H o(7)dT belongs to E.

3. E is T -invariant and 77 -invariant, where T and 7 are defined by
Trot) :=p(t—7)fort €R,
T-p(t) :=p(t+7) for t € R,
and there exists constants Nj, Ny such that |T.F| < Ny, [T ] < Na for all
TRy

Remark 1.5. It can be easily seen that if F is an admissible Banach function space
then E < M(R), where

t+1
M(R) = {f € L1 10c(R) :SUp/ |f(T)|dT < oo}.
teR Jt

We now collect some properties of admissible Banach function space in the fol-
lowing proposition, see [6, Proposition 2.3] for complete proof.
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Proposition 1.6. Let E be an admissible Banach function space. The following asser-
tions hold.
(a) Let ¢ € L1 joc(R) such that ¢ > 0 and Mg € E, where Ay is defined as in
Definition 1.4 (). For o > 0 we define functions Ay¢ and A, by

t
Aoiplt) = / =9 (s)ds,

—0o0

Roplt) = [ ot (o),

t
Then, Ay and A, belong to E, and

N _ N-
" Alles AegllE < ——

—e 7 1 —e

Aeplle < 5 [Avelle-

In particular, if sup,cp j;t—H lo(T)|dT < oo (this will be satisfied if ¢ € E (see
Remark 1.5)) then A, and A, are bounded. Moreover, denoted by || - ||oo for
sup-norm, we have

N1 N N2
[Acplloe < p A1l and [[Aclleo < =
1-e I—e

A1 co-

(b) E contains exponentially decaying functions (t) = et for t € R and o > 0.
(c) E does not contain exponentially growing functions f(t) = e** for t € R and
b#0.

The associate space of Banach function space is defined as follows.

Definition 1.7. Let E be an admissible Banach function space and denote by S(E)
the unit sphere in E. Recall that L;(R) = {g : R — R| ¢ is Borel measurable and
[75 lg(t)|dt < co}. The set E’ of all real-valued Borel-measureable functions 1 on R
such that

o0

o € Li(R), / o(0(b)]dt <k for all p € S(E),

—0o0

where k depends only on t. Then, E’ is a normed space with the norm given by
[oles=swn{ [~ ettt pe B} forv e B
We call E’ being the associate space of E.

Let F be an admissible Banach function space and E’ be its associate space.
Then, the following “Hélder-type inequality” holds:

/ le@v®)ldt < llollpllvle  forallp € E, ¢ € E'. (1.2)
Definition 1.8. Let E be an admissible Banach function space and E’ be its associate

space. A positive function ¢ € E’ is called ezponentially E-invariant if for any fixed
v > 0, the function h, defined by

ho(t) := |le ™" lp() || forteR
belongs to F.
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2. Exponential dichotomy

Let X = (X, || -||) be a Banach space and £(X) be the set of all bounded linear
operators on X. Assume that A : R — L£(X) is strongly continuous function (that
means the mapping ¢t — A(t)z is continuous on R for each € X). Then, the linear
differential equation

o' =A(t)v, teR (2.1)

generates an evolution family (T'(t,7)):,rer on the Banach space X. This evolution
family is strongly continuous, exponentially unbounded, differentiable and invertible
(see [5] to more detailed informations), also called the associated evolution family with
Eq. (2.1). In this section we characterize the exponential dichotomy of the associated
evolution family with Eq. (2.1) and show that the exponential dichotomy is invariant
under small perturbations. Firstly, we recall the concept of the exponential dichotomy
of the evolution family (T'(¢, 7)) rer on the line.

Definition 2.1. The associated evolution family (T'(¢,7)):,-cr is said to have an expo-
nential dichotomy on the line if there exist bounded linear projections P(t), t € R on
X and positive constants N, 7, v such that

a
“ T(t,7)P(r) = P(t)T(t,7), t,T€eR; (2.2)
(b) for all z € X and t > 7,

IT(t, 7)P(r)al| < Ne™" Dz,

IT(r, )Q(t)z|| < Nem"= s (2:3)
(c) forall z € X and t < 7,

IT(t, 7)P(r)z| < Ne™" "=z,

IT(r, Q)| < Nem = |l]; (2.4)

in which Q(t) =1 — P(t), t € R.

Note that Definition 2.1 is derived from the concept of the exponential dichotomy
in [1] when the family of norms is a fixed norm for all ¢ € R. This definition is also
equivalent to the concept of the exponential dichotomy of a strongly continuous,
exponentially bounded, and invertible evolution family.

To characterize the exponential dichotomy of the associated evolution family
(T'(t,7))t.rer, we define Banach space £ as follows

oo =ENCHR, X) with the norm || fle.. = max{||flle, || flloc}-

The next part we will characterize the exponential dichotomy of the associated evolu-
tion family with Eq. (2.1) by space pair (£, £ ). From the properties of the admissible
Banach function space, we see that the output solution has better information than
the input function. So the output space is smaller than the input space in our re-
sults. We now give necessary condition for the exponential dichotomy in the following
theorem.
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Theorem 2.2. Assume that the associated evolution family (T(t,T)):,rer has exponen-
tial dichotomy on the line. Then,

1) for each y € & there exists a unique v € E that is absolutely continuous on each
[a,b] C R and satisfies

V'(t) — A(t)v(t) = y(t) for a.e. teR; (2.5)
2) there exist K, > 0 such that
|T(t,7)|| < Ke*!*="l for t,7€R. (2.6)

Remark 2.3. The absolute continuity of v on each [a,b] C R guarantees that v is
differentiable almost everywhere and furthermore the Newton-Leibniz formula for
Bochner integral holds for v.

Proof. Take y € &, for t € R we define
v(t) = / T(t, 7)P(T)y(r)dr — /too T(t, 7)Q(7)y(r)dr. (2.7)

—00

It follows from (2.3) and Proposition 1.6 that

()] < / T (¢, 7)P(r)y(r)dr + / I Q@y () dr

— 00

t ]
<N / e |y (r)|dr + N / =10y () [dr
oo t

= NAyp(t) + NAyp(t),

where ¢(t) = ||ly(t)]]. So v(t) is well defined, continuous and bounded. On the other
hand, by Banach lattice property of E we also obtain

Ny Ny
1—e™m 1—e™m |
Therefore, v € £ and ||v]le, < N(Ny+ No)(1 —e )7 Arp|le. -
Moreover, given tg € R, by directly computing we have

v(t) = T(t,to)v(to) +/ T(t,7)y(r)dr

to

lvlle < Al + Al 5.

= (1. 10) [o(to) + / Pt T )y(r)dr] (2.8)

to
for t € R. Since T'(t,7) is the evolution family of Eq. (2.1) and property of Bochner
integral, it follows from (2.8) that the function v : R — X is differentiable almost
everywhere and that identity (2.5) holds for a.e. ¢ € R. Because T'(to, 7)y(7) is locally
Bochner-integrable function so

v(to) —|—/ T(to,T)y(T)dr, teR

to
is absolutely continuous function on each [a,b] C R. On the other hand, T'(¢,to)
and T'(to,t) are continuously differentiable on R follow uniform topology in L£(X).
Therefore, T'(t,t9) f(t) and T(¢o,t)f(t) are absolutely continuous functions on each
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[a,b] C R if sois f. This means that v is absolutely continuous on each [a,b] C R. We
now show that v is the unique function in £, satisfying (2.5) for a.e. t € R.

Indeed, let v; € £ be absolutely continuous function on each [a,b] C R and
satisfy (2.5) for a.e. t € R. So that

vi(t) — A(t)v1(t) = y(t) for ae. teR.

Put 2(t) = T(to,t)v1(t). Then, z is absolutely continuous on each [a,b] C R, differen-
tiable almost everywhere and

2'(t) = T(to, t)y(t) for a.e. te€R.
Thus,

2(8) — =(to) = / 2 (r)dr = / T(to, 7)y(r)dr.

to to
This implies that

or(t) = Tt to)=(t) = T(t, to)vn (fo) + / T(t, 7)y(r)dr.

Put w(t) = v(t) — v1(t), we have w € s and w(t) = T(t,t9)w(ty) for ¢,y € R. For
T > 0, using (2.2) and (2.3) we obtain

[1P(t)w(t)
1Q(H)w(?)

Sending 7 — oo yields that P(t)w(t) = Q(t)w(t) = 0 for ¢ € R. Therefore, w(t) =0
for t € R. So, v is unique.
In order to prove (2.6), we use (2.3) and (2.4). For ¢ > 7,

|7, )all < |T(t,7) Pl + T, T)Q(r)a]
< Ne "D ]| + Ne® = ] < 2N~ Je];

T(t,t =) P(t = T)w(t —7)| < Ne™" [Jw|le..,
Tt +7)QU + 1wt +7)| < Ne™"|Jwle., -

and for ¢ < 7,
1T(, T)z|| < [T, 7)P(r)x|| + 1T, 7)Q(7)z|
< Ne"U Dz + N1 D]l < 2Ne" 0 |]].

Thus, (2.6) holds with K = 2N and « = v. O

The next we show that (2.5) and (2.6) are also sufficient condition for the expo-
nential dichotomy of associated evolution family (T'(¢, 7)) rer.

Theorem 2.4. Assume that the assertions 1) and 2) in Theorem 2.2 are true. Then,
associated evolution family (T'(t,T))trecr has exponential dichotomy on the line.

Proof. The proof scheme is the same as [1, Theorem 2.3]. For the sake of completeness,
we still present the complete proof.



134 Trinh Viet Duoc and Nguyen Ngoc Huy

Linear operator H : D(H) C £ — £ is defined as follows:
(Hv)(t) =0'(t) — A(t)v(t), tEeR,
D(H) = {v € £ is absolutely continuous function
on each [a,b] C R such that Hv € £}. (2.9)

Then, (H,D(H)) is closed operator. Indeed, let {vg}ren be a sequence in D(H) such
that vy — v in £ and yi := Hvp, — y in £. For each fixed 7 € R and ¢ > 7, we have

v(t) —o(r) = hm (vp(t) — vp(T)) = hm v,’c(s)ds

k—o0 k—o0
t

= lim [ (yk(s) + A(s)vi(s))ds.

k—oo ),

On the other hand, by (1.1)

¢ Mt
[ wwtorts = [ wioras] < [ onts) —uolias < D e e
T X1l
Therefore,
t t
lim yk(S)ds:/ y(s)ds.
k—oo [, .
Similarly,

< / Jon(s) — ofs)ds

< Mi(t— 7)ok —vllen

‘/ s)ug(s ds—/A s)ds

with M; = sup{||A(s)|| : s € [T t]}. Thus,

lim A s)vg(s dS—/A

k—o0

So,
o(t) - v(r) = / (A(s)u(s) + y(s))ds.

This implies that v(t) is absolutely continuous on each [a, b] C R, differentiable almost
everywhere and v'(t) = A(t)v(t) + y(t) for a.e. t € R. So, vayandveD(H)
Therefore, (H,D(H)) is closed operator.

By the assumption, H : D(H) — & is bijective. So the operator H has an inverse
operator G : £ — D(H). Because G is closed operator and D(G) = £ is Banach space
so G is bounded.

We now construct stable and unstable subspaces, for 7 € R

F}={r € X : X[r00)()T(-,7)z € E and sup||T(t,7)z| < oo}, (2.10)
t>T1

F={r€ X : X(coor]()T(-;7)z € E and sup||T(t,7)z| < oo} (2.11)
t<t
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Then, F? and F* are subspaces. The next we show that the associated evolution family
(T'(t,7))s,rer has exponential dichotomy corresponding to F2 and F subspaces. To
track easily we will split the proof process into lemmas below.

Lemma 2.5. X = F ® F" for each T € R.

Proof. Let ¢ : R — R be a smooth function supported on [r,00) such that 0 < ¢ < 1,
¢ =1on [T+ 1,00) and sup,cp |¢'(t)] < co. Given z € X, put g(t) = ¢'(t)T'(t, 7).
By (2.6) we get
lgOIl = X[ r+1 ()" (T (¢, )|
< Xirr a1y (B) sup ¢/ ()| Ke? ]| for all ¢ € R.
teR

By Banach lattice property then || g(-)|] € E. Thus, g € . Because H is bijective
so there exists unique v € D(H) C & such that Hv = g for all ¢ € R. Denoted
w(t) = (1 —¢(t)T(t, 7)x +v(t) for t € R, we check easily Hw = 0. Therefore, w is a
solution of Eq. (2.1). For t > 7, we get

lw@] < Xprrs1 (O K e z] + lo@)]-

This implies X[r,o0)(-)|w(-)[| € E. Thus, w(r) € F;.
On the other hand, w(t) — T'(¢, 7)z is also a solution of Eq. (2.1). For ¢ < 7, we have
w(t) = T(t,7)x = v(t) so thus x(—eo,,(-)(w(-) = T(-,7)x) € £ and

sup ||lw(t) — T(t, 7)z| < oo.
t<t

Therefore, w(r) — x € F*. Hence, x € F5 + F* for all z € X.

If © € F2NFY then u(-) := T(-,7)x € Ex. Furthermore, u is absolutely con-
tinuous function on each compact interval in R. Therefore, u € D(H). Since H is
invertible and Hu = 0 so u = 0 for a.e. t € R. Because u is continuous function so
u =0 for all t € R. Thus, z = 0. So, FZ N F* = {0}. O

The decomposition in Lemma 2.5 determines a complementary projection pair
P(r): X — F? and Q(7) : X — F* for each 7 € R. These projections are uniformly
bounded.

Lemma 2.6. There exists M > 0 such that
[1P(r)x|| < Mll]| (2.12)
forx e X and 7 € R.
Proof. Using the same notation as in the proof of Lemma 2.5, we get
[P(r)z]l = lw(r)| < [lz]l + o)l < [lz]l + l[v]len
= [zl + IGglle.. < llzll +[IGllglle-
Moreover, we have

llle < Ixpr sl s LB ] < SUD X r o LI 2]
T
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where L = sup,c |¢'(t)| < oco. Therefore,
I1P(r)ell < L+ |GILE e sup |Ix(r sy 2) ] O

We prove that property (2.2) holds in the following lemma.

Lemma 2.7.
T(t,7)P(r)=P(t)T(t,7) for t, TR

Proof. Using the same notation as in the proof of Lemma 2.5. We prove this lemma

in several steps.
Step 1. We show that T'(t, 7)w(7) € F}. Indeed,

Xit,00) ()T (&, )T (¢, T)w(T) = Xit,00) (§)T (€, T)w(T)

_J o if &<t
Tl w(t) if E>t.

Thus, Xft,00) ()T (-, 6)T(t, T)w(T) € E. This implies T'(t, T)w(r) € F.
Step 2. We prove that T'(¢,7)v(7) € F}*. Indeed, by Hv = g we have

t
v(t) =T, 7)v(r) +/ T(t,&)g(&)ds for t, 7 €R.
Therefore,

T(t,m)u(r) =v(t) = | T(t)g(§)ds

/
~ o) - [ D) (T ()
/

) if t<7,
o { v(t) — )T (t,7)z if t>7.

Hence,

X @76 0T = { D 0 E2T
0 if &>t
={ oE) —HOT(E e it T<E<t,
v(€) if &<,

Putting
|0 it &>,
1&) = { v(€) if <
Then, f € £s. By Lemma 1.2, we have X (_oc,¢(-)T(+,t)T(t, 7)v(T) € . Therefore,
T(t,T)v(r) € Fj*.
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Step 3. We also have
T, 7)P(m)x =T(t, 7)w(r)
=T(t, )z +T(t,7)v(r).

Let projection P(t) act on both sides of the above equality, we obtain

T(t,7)P(t)x =P)T(t,7)x forall ze X. O
Lemma 2.8. There exists constants N,n > 0 such that

IT(t, )all < Ne=10=)|ja] (2.13)

forx e P(T)X andt > 7.

Proof. Let ¢ : R — R be a smooth function which has support on |7, 4+00) such that
0<v¢ <1,¢%=1on[r+1,4+00) and sup,cp [¢'(t)| < 2. Given z € FZ, let u be a
solution of Eq. (2.1) with u(7) = z, i.e, u(t) = T(t,7)x for t € R. We have
[V u@)ll = [[WOT(E 7)z]| = (X7 +00) (YT (¢, 7)]
< X400 (T (E, 7).

From x € F? and using (2.10) we get X[ o) ()T (-, T)T € Ex. Therefore, by Banach
lattice property then we have 1 (-)u(-) € Ex. Moreover, we have H(¢u) = ¢'u and

@ W) < 2x(r, 41 (U < 2X(rr1y () K[|z, §€R.
Thus,
MY ulllle = [¢¥'ulle < 2Ke*(Ix(r 4 llelll-
e Fort>71+1,
lu@®) = v ®u@)ll = G w) @) < |G W)e
< GllIY ulle < 2GINKe(|X(r,r+yllell]-
e For7 <t<r7+41,
lu@®)|l = 1T, )z < Ke®|z]].
Therefore,
lu@) < Cllz| for ¢ >, (2.14)
where C = Ke* max{2/|G]| sup, e | X(rors1) 1+ 1}-
The next, we show that there exists m € N such that
1
[lu()| < §||13H for t—7>m, T €R. (2.15)

In order to prove (2.15), let

13
Y(€) = Xty (©)u(€) and v(€) = u(€) / Xira)(8)ds.

—0o0

It can be seen that y € £, v € D(H) C € and Hv = y. Therefore,
[ollee = 1Gylle < NGyl
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On the other hand,

sy ©OKeal, € € [rr+1],
Il < { GOmE), € € r 1, 400)

Thus,
lylle <max{Ke* Sup IX(rr+1) |2, 2K e[| G| Sg%IIX[T,TH]HE}IIIH =: Kyl
So,
lvlle. < IGIKL]-
We have
(t =7)llu®)] = [[v@®)] < vlle. < IGIIE]l].
Therefore,

fu(ey) < WKL

Hence, if t—7 > 2K ||G|| then [Ju(t)] < §||a:H Taklng m > 2K ||G||, we obtain (2.15).
Finally, take ¢t > 7 and write t — 7 = km + r with k € N and 0 < r < m. By (2.12),
(2.14), (2.15), and Lemma 2.7 we get

1T, )P(T)z|| = ||T(t+ km +r,7)P(m)z|| < C||T (T + km,7)P(7)x||

C n
< slP@)zl < 20Me~ (T2 |z]| for z € X.

Lemma 2.9. There exists constants N,n > 0 such that
IT(t, m)|| < Nem"T 9|z (2.16)
forz € KerP(1) =Q(7)X andt <.

Proof. Let 1 : R — R be a smooth function supported on (—oo, 7] such that 0 < ¢ <
1,9 =1on (—oo,7 — 1] and sup,cg [¢'(t)| < 2. Given z € F*, let u be a solution of
Eq. (2.1) with u(7) = z. We have
[P u)] = X (=001 (VAT (E )]l < [[X(—00,n (T (7).
From x € F} and using (2.11) we get X(—oo,](-)T(-, 7)x € E. Therefore, ¥(-)u(:) €
Es. Furthermore, we can also easily verify that H(yu) = ¢'u. We have
|(¢/u)(f)|| < 2X[7‘—1,7‘] (5)““‘(5)” < 2X[‘r—1,‘r] (§)K60‘Hx||7 5 eR.
Thus,
' ulllg = lW'ulle < 2Ke®|[xr—1,7 el
e Fort <71 —1,
lu@) = Y ®u@®)ll = G w) @) < |G w)e.
< IGIll1Y"ulle < 201Gl K [Xfr—1,7ll ]l
e For7—1<t<T,
[u(®)]| = [T, 7)z| < Ke ||
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Therefore,
lu®)|| < C|lz|| for t<T, (2.17)
where C' = Ke® max{2||G| sup,¢cg [ X[(r—1,7ll 2, 1}
The next, we show that there exists m € N such that
1
lu(t)] < §||ac|| for T—t>m,T€eR. (2.18)

In order to prove (2.18), let

U(€) = Xy (E)u(©) amd v(&) = u(e) /E i (s)ds.

It can be seen that y € £, v € D(H) C € and Hv = y. Therefore,

[vlle. = 11Gylle. < IGlylle-
On the other hand,

Iyl < {

X[r—1,7] (g)Kea”'TH’ § € [T - 1a7—]7
GW'u)(§), € € (—oo, 7 —1].

Thus,
lylle < max{Ke® Sup IX(r—1.71 1|2, 2Ke* |G| Sup IXtr—11 B} 2]l = Kafl].

So,

[vlle. < IGIIK]2]-
We have

(T = Olu@)] = [v® < [lvlle. < [IGIK2]].
Therefore,
|Gl K>
)| < ——— .
el < 22

Hence, if 7—t > 2K>||G|| then |[u(t)|| < 3|z||. Taking m > 2K,||G||, we obtain (2.18).
In order to complete the proof, take ¢t < 7 and write 7 — ¢t = km + r with £ € N and
0 <r <m. By (2.12), (2.17), (2.18), and Lemma 2.7 we get

T, 7)Q(T)z|| = |T(r — km —r,7)Q(T)z| < C|T (T — km, 7)Q(T)x||

IN

QQT.Z‘ §2C1+Me_(7_t)%x for ze X.
ok
O

So, we get (2.3) from (2.13) and (2.16). For t < 7, using (2.6) and (2.12) we
obtain (2.4) as follows.

|IT(t, 7)P(r)z|| < Ke®"||P(r)z|| < Ke*!" "I M||z| = KMe =) ||z||,
IT(m,)Q(t)z]| < Ke*'|Q(t)z| < Ke*=I(1 + M)|z||
= K14 M)e 7|z

Thus, the associated evolution family (7'(t, 7)): rer has exponential dichotomy on the
line. 0
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In the remainder of this section we establish the robustness of the notion of
exponential dichotomy. It is an application of Theorem 2.2 and Theorem 2.4.

Theorem 2.10. Let A, B : R — L(X) be strongly continuous functions such that

1. the evolution family (T (t,7))irer of Eq. (2.1) has exponential dichotomy on the
line;
2. there exists ¢ € E such that

|IB(t) — A(t)|] < @(t) forae. teR. (2.19)

Then, the evolution family (U(t,7))rrer of the equation v' = B(t)v has exponential
dichotomy on the line if ||p||g is sufficiently small.

Proof. Let H be the linear operator defined by (2.9) on the domain D(H). We define
a linear operator L : D(L) C £, — & by

(Lv)(t) =v'(t) — B(t)v(t), teR,

where D(L) = {v € € is absolutely continuous function on each [a,b] C R such that
Lv e &Y.
For v € £, denoted (Pv)(t) := (B(t) — A(f))v(t). By (2.19) we get

[(Po)O)] < e(@)[o@)] < @@)l|v]e,, forae teR.

Therefore, Pv € € and ||Pv||l¢ < ||¢||le|v|lc., - So, the mapping P : £, — £ is bounded
linear operator and ||P|| < ||¢||g. Thus, D(H) = D(L) and L = H 4+ P. By Theorem
2.2 and Theorem 2.4, the operator H is invertible. Hence, if ||¢|| g is sufficiently small
then L is also invertible.

Two evolution families (U(t, 7))s,rer and (T'(¢,7))e,rer have the relation as fol-

lows:
t

Ut,m)e =T, T)z +/ T(t,s)(B(s) — A(s))U(s,T)x ds

T

for t,7 € R and x € X. Using Gronwall inequality and the relation above, we easily
get

t
a\t—T\+K’/ tp(s)ds‘
U (¢, 7)x| < Ke T lz|| for z€ X and ¢, 7 €R.
On the other hand,

t
‘/ pls)ds| < |Argllc(lt — 7/ +1) for t7 R

Thus,
U, 7)z|| < KeKIMelseglatKlMelo)lt=l| 2| for 2 € X and t,7€R.

By Theorem 2.4, we deduce that the evolution family (U (¢, 7)) rer of the equation
v’ = B(t)v has exponential dichotomy on the line. O
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3. Stable and unstable manifolds
Let be semi-linear differential equation
V() = At)v(t) + g(t,v(t), teER (3.1)

in Banach space X, in which A and ¢ satisfy the following assumptions.
Assumption 1: A : R — £(X) is strongly continuous function and generates an evo-
lution family (T'(t,7)):,rer having exponential dichotomy (that means the assertions
1) and 2) in Theorem 2.2 are satisfied).
Assumption 2: g : R x X — X is continuous and satisfies p-Lipschitz condition, i.e,
(i) [lg(z,0)[I < (t) for t € R,
(i) lg(t,z) — gt y)l| < e(t)||z -yl for t € R and z,y € X.
Assumption 3: F is admissible Banach function space such that its associate space
E’ is also admissible Banach function space and ¢ € E’ is exponentially E-invariant
(see Definition 1.8).

The these underlying assumptions, we show the existence of stable and unstable
manifolds for the Eq. (3.1). Actually, these manifolds include trajectories of continuous
solutions lying in the Banach space £ (see Definition 1.3). We easily get the following
result.

Lemma 3.1. A function v: R — X is solution of Eq. (3.1) if only if it is continuous
on R and satisfies the integral equation

v(t) = T(t,to)v(to) —|—/ T(t, 7)g(r,v(T))dr, to,t €R.

to

From now on we shall suppose that Assumption 1, Assumption 2 and Assumption 3
hold. For convenience, we define Green function as follows

)Tt 7)P(T)  for t>T,
glhr) = {—T(t,T)Q(T) for < . 32)

By (2.3), we have ||G(t,7)|| < Ne~"*=7l for all t, 7 € R. Moreover, if a function v has
the domain D(v) then it can be extended on R by the characteristic function x p(,) as
follows (X p(v)v)(t) = v(t) if t € D(v) and (xp()v)(t) = 0 if otherwise. To construct
stable and unstable manifolds we now give characteristic formula denoted solutions
of Eq. (3.1) which belong to the Banach space &.

Proposition 3.2. The following assertions hold.
i. The function v € £ is a solution of Eq. (3.1) on R if only if it has the form

u(t) = /:’0 G(t,m)g(r,v(r))dr, teR.

ii. For each fived s, the function X[s.o)v € & is a solution of Eq. (3.1) on [s,00) if
only if there is vy € ImP(s) such that

v(t) =T(t,s)vo + /Oc G(t,m)g(r,v(T))dr, t>s. (3.3)
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iii. For each fized s, the function X (—o sv € & is a solution of Eq. (3.1) on (—o0, 5]
if only if there is po € ImQ(s) such that

v(t) =T(t, s)po + /_5 G(t,m)g(r,v(r))dr, t<s. (3.4)

Proof. The sufficient condition in the three assertions above is checked easily by simple
computations. So we only prove the necessary condition in the these.

oo
i. Put y(t) = / G(t,m)g(r,v(r))dr, t € R. Using Holder-type inequality (1.2) and

— 00
Assumption 3, we have

ly (O < N/_OO e Tlo(r) (L + o (7)) dr
< Nhg(@)le” 2 V5 + Nhy () o] e.

By iii) in the Definition 1.4, we get [[e”2/"~l||p < max{N1, Nao}|les | g, in which
en(r) = e~ 217l Therefore,
ly()]] < N max{Ny, Na}|leg||phy (t) + Nlvllghy(t).

Because E is the Banach lattice and ha, h, € E so [[y(-)|| € E. Thus, y € €. On the
other hand, y also satisfies the integral equation

€n
2

y(t) = T(t, to)u(to) + / T(t, 7)g(r, v(r))dr, to,t € R,

to
Thus,
v(t) —y(t) = T(t,to)(v(to) — y(to))-
Because of v — y € £ so we obtain v(tg) = y(t9). This deduces v = y on R.

ii. Put yo(t) = / G(t,7)g(r,v(7))dr, t > s. The similar argumentation as above,

we have

i@l <N [ e Tlolm)a + (e ar

<N [ eI Tor) (0 gy 0)(7)
< Nmax{Ny, No} ey [l g (6) + Nhy(0) | xjo.o0y -
Thus, X[s,00)¥2 € €. On the other hand, y, also satisfies the integral equation

y2(t) = T(t, 8)ya(s) +/ T(t,7)g(r,v(r))dr, t>s.

Therefore, v(t) — y2(t) = T(t,5)(v(s) — y2(s)). Because of X[s,00)V — X[s,00)¥2 € &
so we obtain v(s) — y2(s) € ImP(s). So, there exists vy € ImP(s) such that v(t) =
T(t, s)vg + y2(t) with ¢ > s. The last assertion is proved similarly. O

Using Proposition 3.2 and Banach fixed-point theorem we get the existence of
solutions of Eq. (3.1) in the Banach space £. The proof is basic, so we omit here.
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Theorem 3.3. Assume that N||h,||p < 1. Then:

a) The Eq. (3.1) has a unique solution in the Banach space € and this solution
takes the form

vt (8) :/_Oo G(t, 7)g(r,v* (r))dr, tER.

b) For each fixed s and vy € ImP(s), the Eq. (3.1) has a unique solution v on [s,00)
such that X[s,00)v € € and this solution is represented by the formula (3.3).

¢) For each fized s and po € ImQ(s), the Eq. (3.1) has a unique solution v on
(—00, 8] such that X(—o0,s]V € & and this solution is represented by the formula
(34).

The next, we show the existence of stable and unstable manifolds for the Eq.
(3.1). These manifolds like bundles in R x X space, each a fiber of these manifolds is
a submanifold in X space. In precisely, it is graph of a Lipschitz map.

Theorem 3.4. Assume that N?max{Ni, No}|e,|elleller + N|hylle < 1, in which
en(1) = e\ Then, there exist an invariant stable manifold S = lscr Ss and an
invariant unstable manifold U = | |, p Us of Eq. (3.1). Moreover, the stable manifold
has the following properties
(i) Ss = {vo+ g5 (vo) : vo € ImP(s)}, where g5t : TmP(s) — ImQ(s) is a Lipschitz
map having Lipschitz coefficient
N2 max{Ny, Na}ley || ell ol &~

<1
1= N[y e

Lip(gs") <

for all s € R;

(ii) Ss is homeomorphic to ImP(s) for all s € R;

(iii) to each xo € Ss, the Eq. (3.1) has a unique solution v on [s,00) such that
X[s,00)V € &, and v(t) € Sy for all t > s;

() if N(N1+ No)||[A1¢]leo < 1 then the solution v* attracts other solutions on S in
the sense there exist u,C,, > 0 such that

[v(t) —v*(t)|| < Cpe™E=9)||P(s)v(s) — P(s)v*(s)|| for allt > s, v(s) € S;
and the unstable manifold has the following properties
(1) Us = {po+g¥" (po) : po € ImQ(s)}, where g4 : ImQ(s) — ImP(s) is a Lipschitz
map having Lipschitz coefficient
N?max{N1, Nao}|ley |l el ol e

<1
1= N[y £

Lip(gs™) <

for all s € R;

(i1) Us is homeomorphic to ImQ(s) for all s € R;

(#ii) to each xo € Us, the Fq. (3.1) has a unique solution v on (—oo,s] such that
X(=o0,sV € E, and v(t) € Uy for allt < s;

() if N(N1+ N2)|[A1¢|loo < 1 then the solution v* attracts other solutions on U in
the sense there exist u,C,, > 0 such that

[o(t) = o* ()] < Cuet|Q(s)v(s) = Qs)v™ ()| for all t < s, v(s) € Uy,
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Proof. We shall prove the existence of stable manifold and its properties, the unstable
manifold is done similarly.

By Theorem 3.3, for each vy € ImP(s) then the Eq. (3.1) has a unique solution
v on [s,00) such that X[ .c)v € €. So we define the map g5 : ImP(s) — ImQ(s) as
follows

) = [ " G(s. P)g(rv(r))dr, (3.5)

where G(s,7) is the Green function defined by (3.2). For vy, v, € ImP(s) we have
lgs* (1) — g* ()| < N/Oo e Tl (r)Jur (1) — va(7)ldr
SN [ ey 2)(0) — (xpemyn) ()
<V [ o0y (1) = (oo (Dl

S NH()DHE’HX s,oo)vl - X[S,OO)UQHE ( by (12))
On the other hand,
[v1(t) — va(t)]| < Ne "=y — 1p

+N/°° =M Tlo(7)or(7) — va(7)|ldr

< Ne M=l lwy — v 4+ Nhy ()| X(s,00) 01 — X[s,o0) V2]l

for t > s, and |le”"%l|| g < max{Ny, No}|le,| z. Therefore, by the Banach lattice
property of E we get

[1X[s,00) V1 = X[s,00)02]le < N max{N1, Na}|e,| ellvi — vall
+ N||hn||E||X[s,oo)vl - X[s,oo)v2||8~
This implies

Nmax{Nl,Ng}HenHE
||X $,00 v1 — Xs,oo ’02”5 S HV1 — I/2||.
et e 1= N ls

So that

N? max{N1, Na}||eq|| ]l ¢l e ||

g5t (1) — g5t ()| <
L — Nlhyle

_V2H'

Thus, gt is a Lipschitz map with Lipschitz coefficient

2
Lip(get) < 2 max{Ny, No ey gllelle
T 1— Nhyls

for all s € R. This also leads to that Sy is homeomorphic to ImP(s) for all s € R.

From the definition of S and Theorem 3.3, the solution v* lies in the stable
manifold S and the Eq. (3.1) has a unique solution v on [s, 00) such that X[ yv € €
for each zy € Ss. By the composition property of solution flows, we get v(t) € S; for
allt > s.

<1
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For v(s) € S, the Eq. (3.1) has a unique solution v on [s,00) such that x[s,.)v € €
and this solution takes the form

v(t) =T(t,s)P /gtT (ryo(r))dr, t>s.

Therefore,
[o(t) = v*(#)|| < Ne ") P(s)u(s) — P(s)o"(s)|
+ N/ e M=o |lo(r) — v*(7)||dr, t>s.

Put w(t) = e*(=%) ||u(t) —v*(t)|| for t > s and p € (0,n). Then, w satisfies the integral
equation

w(t) < Nem U= P(s)u(s) — P(s)o*(s)l|
(o)
+ N/ e M=TIHRC=T) o (P)w(7)dr, > s.
We shall find w in Cy([s, 00)), consider the linear operator A on Cy([s,o0)) as follows

N/ e M=TIHE=T) (D p(T)dr, t > s

Then, A¢ € Cy([s,00)) and [|Allsc < N(N1+ Na)(1 — e~ )" Arp]lc[[d]l e by
the property (a) in Proposition 1.6. So, we have
w(t) < z(t) + (Aw)(t), t > s and z(t) = Ne~ =03 P(s)u(s) — P(s)v*(s)]).
Take p < n+1n(l — N(Ny + N2)||[A 19|00 ), We get
4] < NN+ No)(1 = e=7) [ Arglloe < 1

Therefore, by cone inequality theorem in Banach space (see [5, Chap. I, Theorem
9.3]) there exists ¢ € Cy([s,00)) such that w(t) < ¢(t) for all t > s and ¢ is a unique
solution of the equation ¢ = z + A¢ in Cp([s,00)). Thus,

1
1—[|A]

N|[P(s)v(s) — P(s)v*(s)]
T 1= NN+ No)(1 = e =)Aol oo

So, there exist u, C, > 0 such that
[o(t) — v*(@)|| < Ce 9| P(s)u(s) — P(s)v*(s)|| forallt>s, v(s)€ S, O

1lloc = (1 — A) ™ 2lloc <

1]l oo

Remark 3.5. By the properties of stable and unstable manifolds, we get Ss N Us =

{v*(s)} for all s € R. Moreover, in Theorem 3.4 if we assume g(¢,0) =0 for all t € R

then v* = 0. Therefore, 75lim v(t) = 0 for all v(s) € S5 and tlim v(t) = 0 for all
—00 ——o00

v(s) € Us.
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When the map g(t, -) is smooth on X for each fixed ¢ then each a fiber of stable
and unstable manifolds is also smooth in the sense the map determining this fiber is
smooth.

Theorem 3.6. Assume that
max{N? max{Ny, No}|le,[| [l & + Nllhyllz, N(Ny + No)l|Arplloo} < 1

and the map g(t,-) is continuously differentiable on X for each fized t € R such that
D.g(t,v*(t)) = 0 for all t € R. Then, Sy and U are differentiable submanifolds of
class C' and tangent to v*(s) + ImP(s) and v*(s) + ImQ(s) respectively at v*(s) for
all s € R.

Proof. We need prove that the map ¢%* (see (3.5)) is continuously differentiable on
closed subspace ImP(s). Because g satisfies -Lipschitz condition and g(¢, -) is contin-
uously differentiable on X so

IDzg(t,a)|| < @(t) forallteR and a€ X. (3.6)
For vy, h € ImP(s), we have

9' o+ h)—gifvo) 1 ™
Hh” - ||h||/s g(SaT)Dwg(TaU(T))h’dT

e g(7,v1(7)) — g(r,0(7)) — Daglr, v(r))h
- / G(s, ) (L7 i )ar.

in which v; and v are solutions of Eq. (3.1) on [s,00) corresponding to vy + h and
o0

vg, and by (3.6) then / G(s,7)Dyg(T,v(7))dr is absolutely convergent in £(X). By

the attractive propertysof stable manifold .S, we have
[o1(7) —o(7)l| < 2C,[|A]|

for all 7 > s. Therefore,

. g(,v1(7)) — g(7,v(7)) — Dag(r,v(7))
Jim G(s.7) 1] )=0

for all 7 > s. On the other hand,

Hg(s, ) (9(7’, v1(7)) — g(7, 1|J|(hr||)) — ng(T,U(T))h> H

<NQ2C, +1)e (1), 7>

According to Lebesgue’s dominated convergence theorem, g5t is differentiable at vq
and

Dy () = [ Glsm)Dag(r ()i

From here deduces Dgs!(P(s)v*(s)) = 0. By (3.6) and Lebesgue’s dominated con-
vergence theorem, Dg$! is continuous on ImP(s). So, S is differentiable submanifold
of class C! and tangent to v*(s) + ImP(s) at v*(s). Similarly, Uy is differentiable
submanifold of class C* and tangent to v*(s) + ImQ(s) at v*(s). O
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