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Abstract

This work is concerned with periodic systems dependent on parameters and
investigates differentiability with respect to parameters of the periodic solutions of
the systems. Some challenging situations arise from a hyperbolic type of periodic
boundary value problem. Using some auxiliary operators and applying semigroup
theory and a fixed point theorem, we are able to handle these cases and obtain the
results on the existence and differentiability with respect to parameters of periodic
solutions. The application of the obtained abstract results to a periodic boundary
value problem is discussed at the end of the article.
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1 Introduction

Our recent work [1] studied the following periodic system dependent on parameter:

dzd(tt) = A(e)z(t) + f(1, (1), £), (-1
z(0) = zo.

and obtained a set of results for the existence of periodic solutions and the differentiabil-
ity with respect to parameter ¢ of such solutions. Those results are effectively applied to
parabolic type of periodic systems. The operator of such systems generates an analytic
Co-semigroup 71(t, ¢), which possesses some nice properties such as (a) the Cy-semigroup
T(t¢) satisfies the contraction condition; (b) the Cyp-semigroup T1(z¢) is differentiable with
respect to parameter ¢ on the entire space (see [2] for details). And these two properties
are the key for determining the existence and differentiability with respect to parameter of
the periodic solution. Hence, the conditions of the obtained theorems in [1] are proposed
for determining that the system has these two properties.

However, we observe that some hyperbolic types of equations do not have the above-
mentioned properties. Take, for example, a wave equation with forced and damped
boundary conditions:

U = Uy fort> 0,
u(x, 0) = up(x), u(x, 0) =u;(x) forx € [0,1]
ne (0, 1) — yue(0, £) = f1(1),

Su(1,t) + yu(1,t) = f2(¢), w,y,8>0,

(1.2)
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where fi(f) and f,(£) are both p-periodic and continuously differentiable. Notice that
the boundary conditions contain three scalars 4, 7, and J. These scalars are considered
as parameters because they may vary as the environment of the system changes.
Reforming (1.2) (see Section 5 for details), we have the following periodic boundary
value problem:

O = Wy + Yy fi(t) =287, (0),

Wy =0+ 87 1H(8) + (1 —x)y L, (1), (1.3)
no(0,t) — yw(0,t) =0,

su(l,t) +yw(l,t) =0, wy,8>0.

Further, the associated abstract equation of (1.3) is given by

dz(tt) - A(e)z(t) + F(t, ¢), w
z(0) = zo

on X = L*[0,1] x L?[0,1], where

Ale) = [;)xaox] e=(wy8)eR,  z-= [“]

_ 2 _ _
D(AE)) = {[ S R o},

[y TTh@ w870
O P S vE

By examining Equation 1.4, we see that (a) F is a p-periodic function, (b) ¢ is a multi-
parameter, (c) A(e) is linear and densely defined, and (d) the operator A(e) has a vari-
able domain (i.e. the domain of the operator D(A(e)) is dependent on the parameter &).
Furthermore, we notice that (a) the operator A(¢) generates a Cy-semigroup 7(t¢),
which is not a contraction operator, but it becomes eventually contracting, that is ||T
(Np, ¢)|| € k <1 for some integer N with Np <¢, and all ¢ € P (see Section 5 for
details); (b) the existing results on differentiability with respect to parameters of non-
analytic Cy-semigroup are not on the entire space [3]. It is not easy to obtain the
smoothness property on the entire space.

Being motivated by this example, we investigate these challenging and interesting
phenomena and aim for obtaining the existence and differentiability with respect to
parameter of the periodic solution of (1.1). In order to treat the situation that 7(¢, ¢) is
not a contraction operator (but it becomes eventually contracting), we construct some
auxiliary operator and show that it is contracting. With some suitable restriction on f,
we can weaken the condition about smoothness property of results obtained in [1],
and just require the differentiability on the domain of the operator. Further, by apply-
ing a fixed point theorem, we are able to show that the periodic system (1.1) has a
unique periodic solution and it is (Frechét) differentiable with respect to parameter.

The semigroup theory indicates that, when A(e) generates a Cy-semigroup 11t ¢), the
weak solution of (1.1) can be expressed in terms of the Co-semigroup T, ¢):

z(t, &) = T(t, €)zo + /t T(t —s, &)f (s, z(s, €), &)ds.
0
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Clearly, the differentiability with respect to parameter ¢ of the Cy-semigroup T(¢, ¢) is
critical in determining the differentiability with respect to parameter ¢ of the solution z
(¢, €) of (1.1). Hence, our previous works [2,3], and reference therein have focused on
the differentiability with respect to parameter ¢ of the semigroup Tz, ¢). A series of
results have been obtained on this topic. Especially, some of these results are very con-
veniently and effectively applied to the case of the variable domain of the operator.
Thus, in this article, we can just assume that the Cy-semigroup 7(¢, €) has such
smoothness property and apply some of these existing results to prove the differentia-
bility with respect to parameter ¢ of the periodic solution of (1.1).

This article is organized as follows. In Section 2, we state some differentiability
result, a fixed point theorem, and some related theorems. These results will be used in
later sections. In Section 3, we study a special case of Equation 1.1

7 =A(e)z+f(t ),

(0) -z (1.5)

where f(t + p,e) = flt,e) for some p > 0, and f{¢, ¢) is continuous in (¢, €) € R x P.
Using an auxiliary operator and apply a fixed point theorem, we are able to prove that
(1.5) has a unique periodic solution, and it is continuously (Frechét) differentiable with
respect to parameter. In Section 4, we will use the fixed point theorem as a tool and
apply the results obtained from Section 3 to obtain the desired results for Equation
1.1. In Section 5, we will discuss the application of obtained abstract results to periodic
boundary value problem (1.2) and use this example to illustrate the obtained abstract
results.

2 Preliminaries
In this section, we present some existing theorems that will be used in later proofs. We
start by giving a result on differentiability with respect to parameters.

Consider the abstract Cauchy problem (1.1) where A(e) is a closed linear operator on
a Banach space (X, || - ||) and ¢ € P is a multiparameter (P is an open subset of a
finite-dimensional normed linear space with norm | - |). Let T(¢, ¢) be the Cy-semi-
group generated by the operator A(e). For further information on Cy-semigroup, see
[4].

Assumption Q. Let ¢y € P be given. Then, for each ¢ € P, there exist bounded
operators Qi(e), Q2(¢): X — X with bounded inverses Ql_1 (¢) and Qz_l(s), such that A
(&) = Qu(e)A(e0) Qa(e).

Note that if A(g;) = Q1(g1)A(gp)Qa(e1), then

A(g) = Qi(e)A(£0)Q2(¢)
= Qi1(£)Q; " (£1)Q1(£1)A(20)Qa(£1)Q; ' (61) Q2 (¢)
= Qi(e)A(1)Qa(e)-

Thus, having such a relationship for some ¢y implies a similar relationship at any
other ¢; € P. Without loss of generality then, we may just consider the differentiability
of the semigroup T(¢, ¢) at € = ¢y € P. In the sequel, we consider all differentiability at
e=¢ge€ P

Theorem 2.1. [3] Assume Assumption Q and that
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(2.1) Q;(e)x and Qi’l(s)x are continuously (Frechét) differentiable with respect to &

for x € X, i =1, 2. Then, for each x € D(A(g)), the Cy-semigroup T(¢, €)x is continu-
ously (Frechét) differentiable at ¢ = ¢, for ¢y € P. In particular,

[DST(t, 8)X|5=80] = [D,;Qz_1 (&)T(t, 80)x|g=80] +Q5 ' (20) [DET(t, 8)x|5=30]
+Q; ' (£0)T(t, £0) [De Qa(€)xe=c, ] -

Theorem 2.2. [5] Assume Assumption Q and that
(2.2) there are constants M > 1 and w € R such that

[(x—AEN™] < . forA>wneNandalle € P.

M
()

(2.3) Qi(e)x and Q;l(e)x are continuous in ¢ forx e X, i =1, 2.

Then, Cy-semigroup 7T(¢, €) generated by A(e) is strongly continuous at &y, and the
continuity is uniform on bounded ¢-intervals. In particular, for any h e P with gy + &
€ P, and any 5 € [0, o),

Os;tlgu [Tt &0 + h)x - T(t, eo)x|| = o(1) as || — O for each x € X.

Now, we state a fixed point theorem from [6].

Definition 2.3. [6, p. 6] Suppose F is a subset of a Banach space (X,|-1),G is a
subset of a Banach space Y, and {Ty,y € G} is a family of operators taking F — X .
The operator T, is said to be a uniform contraction on F if T, : F — F, and there is
ai, 0<A<1such that

|Tyx—Ty5c| <Alx—Xx| forallying, x, xin F.

Theorem 2.4. [6, p. 7] If F is a closed subset of a Banach space X, G is a subset of
a Banach space V, Ty : F — F,7 in G is a uniform contraction on F, and Tyx is
continuous in y for each fixed x in F, then the unique fixed point g(y) of T}, y in G,
is continuous in y. Furthermore, if 7, G are the closures of open sets F°, G°, and T)x
has continuous first derivatives A(x,y),B(x,y) in yx, respectively, for x € F°, T € G°,
then g(y) has a continuous first derivative with respect to y in G°.

Theorem 2.5. [7, p. 167] Let fbe a continuous mapping of an open subset Q of E into
F. fis continuously (Frechét) differentiable in Q iff fis (Frechét) differentiable at each
point with respect to the ith (i = 1, 2,..., n) variable, and the mapping (xy,..., x,,) > D
(%15..,%,,) (of Q into B(e), F))) is continuous in Q. Then, at each point (xy,..., x,) of Q,
the derivative of fis given by

n
Df(x1, ooy Xn) - (11, oo tn) = Y Dif (%1, s %0) i, (11,0 1) € E.

i=1

Lemma 2.6. Let B € B(X,)). If ||B|| < o, then (I - B) exists, and
oo
(I-B)"'=> B~
k=0

Moreover, H (I-B)™! H <!

1—a "

Page 4 of 12
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Proof. The proof is standard and is omitted here.

3 Results on Equation 1.5
The goal of this section is to obtain the existence and differentiability with respect to para-
meter of the unique periodic solution of (1.5), which is a special case of Equation 1.1. As
noted in Section 2, without loss of generality, we may just consider the differentiability of
semigroup 7T(te) at € = g9 € P. Also, Theorem 2.1 illustrates some convenient conditions
for determining differentiability with respect to parameter of Cy-semigroup 7(te) on the
domain of the operator. Thereby, in this section, we will assume that 7(z, ¢) holds the
smoothness property with respect to parameter &.

According to the semigroup theory, when A(¢) generates a Cy-semigroup 7(te), the
weak solution of (1.5) can be expressed in terms of the Cy-semigroup T(te):

z(t, &) = T(t, &)z + /t T(t — s, &)f(s, €)ds.
0

To show that there is a unique p-periodic solution which is continuously (Frechét)
differentiable with respect to parameter ¢, it suffices to show that the operator K(¢) has
a unique fixed point with smoothness property with respect to parameter ¢ where

K(g)z=T(p, &)z + /Op T(p — s, &)f(s, &)ds.

As noted in the Introduction section, the example (Equation 1.2) suggests that the
Co-semigroup () is not contracting, but it is eventually contracting, that is || T(Np,¢)||
< k < 1 for some integer N with Np <t and all ¢ € P (see Section 5 for details).

To handle this situation, we consider the Nth-iterate, K(¢). We first note that K¥(¢)
is a uniform contraction on X. In fact, note that

Np
KN(e)z = T(Np,s)z+/ T(Np —s,&)f(s, &)ds
0

and then, for all e € P and z;,z, € X,

HKN(E)ZI — KN(&)z, || = ||T(N,o,8)(z1 —zz)”
< |IT(Np,&)| - llz1 — z2ll < kllzy — zoll  (since [T(Np,&)| <k < 1).

Further, if the operator K™(¢) has a fixed point, say z(¢) with the smoothness prop-
erty with respect to ¢, then zy(¢) is also the fixed point of K(g). To this end, we just
need to show that the operator K™(¢) has a fixed point with the smoothness property
with respect to parameter &.

We want to apply the fixed point theorem (Theorem 2.4) to obtain the desired
result. Let us begin with the following lemma.

Lemma 3.1. Assume that

(3.1) T(¢, )z is continuous in ¢ for each z € X, and T(¢, )z is continuously (Frechét)
differentiable with respect to ¢ for each z € D(A(gp)).

(3.2) fit,e) is continuously (Frechét) differentiable with respect to ¢ and fit,c) € D(A(gp)).

Then,

(a) T(t - s, e)fis, €) is continuously (Frechét) differentiable with respect to ¢ for ¢ - s,
s € [0, p]. In particular, for any ¢y € P,
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[DST(t =S S)f(sl 8)“8:60
= [D:T(t —s,8)f(s,80)le=e, + T(t — S, €0)[Def (S, €)]le=e-

(b) D, [/Op T(Np — s,s)f(s,e)ds] = fop [D:T(Np —s,e)f(s )] ds.

Proof. The proof of Part (a) is similar to the argument in [1, Theorem 3.4] and is
omitted here.
To prove Part (b), according to Theorem 2.5, it suffices to show that

D |:/0p T(Np — s,e)f(s,e)dsj| = /: [DeiT(Np —s,8)f(s,e)]ds (i=1,...,n).

The rest of the proof is similar to the argument in [1, Theorem 3.4] and is also
omitted here.

Theorem 3.2. Assume that (3.1) and (3.2) are satisfied and support that

(3.3) || T(Np,e)|| < k < 1 for some integer N with Np <¢; and all ¢ € P.

Then, there exists a unique p-periodic solution of (1.5), say z(t), which is continu-
ously (Frechét) differentiable with respect to ¢ for ¢ € P.

Proof. We will apply the fixed point theorem—Theorem 2.4 to show that the opera-
tor K™(¢) has zy(¢) as the fixed point, and z(¢) is continuously (Frechét) differentiable
with respect to ¢.

Note that the operator K™(¢) has the following properties.

(i) KN(g) is defined on the Banach space (X, || - [|).

(ii) KN(¢) is a uniform contraction on X.

In fact, for all e € P and z;,z, € X,

HKN(S)zl — KN(g)zy || = ||T(Np, &)(z1 — zz)H
< HT(Np,s)H “lz1 — 22|l < kllz1 — 22|l (since HT(Np,s)H <k<1).

(iii) K™(¢)z is continuous in ¢ for each fixed z € X. (For the detailed proof, see
Theorem 3.2 from [5].)

Applying Theorem 2.4, we have that zy(¢) is the fixed point of KN(e).

Further, it is clear that the first derivative of K™(g)z with respect to z

DZKN(E)Z = T(N,O, 8)

is continuous in ¢. It is also clear from Lemma 3.1 that the first derivative of K™¥(g)z
with respect to ¢ has the form

[D:KN(£)z] = D:[T(Np, €)z] + /Op [D:T(Np —s,)f(s €)] ds.

By Assumptions (3.1) and (3.2) we can use the similar argument as that in Lemma
3.1-Part (a) to show that [D.T(p-s,e)f(s,e)] is continuous at ¢ = ¢y and thereby
J§ [DT(p — s, €)f (s, €)]ds is continuous at &.

Thus, [D.KY(¢)z] is continuous in (z,¢).

Now, all conditions of Theorem 2.4 are satisfied. It follows from Theorem 2.4 that
there exists a fixed point zo(¢) of operator K™(¢), which is continuously (Frechét)
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differentiable with respect to ¢. As noted at the beginning of the section, zy(¢) is the
fixed point of operator K{¢).
Finally, using a similar argument as that in Lemma 3.1, we can show that 7(¢)zo(¢) and

fot T(t —s,&)f(s, ) ds are continuously (Frechét) differentiable with respect to ¢. Thus,

z(t, &) = T(t, &)zo(e) + /Ot T(t —s,&)f(s &) ds

is continuously (Frechét) differentiable with respect to ¢ for ¢ € P.

Now, we present a theorem that is convenient in application since some assumption
is posed on the operator A(e) instead of the Cy-semigroup T(te).

Theorem 3.3. Assume that Assumption Q, (3.2) and (3.3) are satisfied and suppose that

(3.4) Qi(e)x and Qi’l(s)x are continuously (Frechét) differentiable with respect to &
forxe X,i=1,2.

Then, there exists a unique p-periodic solution of (1.5), say z(t,), which is continu-
ous in ¢ for e € P.

Proof. This is an immediate result from Theorems 2.1, 2.2, and 3.2.

4 Results on Equation 1.1
In this section, we will discuss the general Equation 1.1

dzd(tt) _ A(S)Z(t) +f(t,.Z(t), 8)/

z(0) = zp.

With the aid of semigroup theory, we are able to construct suitable operators. Apply-
ing a fixed point theorem, we obtain the existence and differentiability with respect to
parameter of the unique periodic solution of (1.1).

Lemma 4.1. Assume that (3.1) and (3.3) are satisfied. Then, (I-T(Np,)) 'z is continu-
ously (Frechét) differentiable with respect to ¢ for each z € D(A(g)).

Proof. First note that from (3.3), we see that (I - T(Np,e))™" exists by Lemma 2.6.
Also,

1
[a-Tween| =, 0 (4.1)
Next consider the operator defined on X:
J(e)z = T(Np, €)z + y where y is a given point in X.
Then, we have

1(e)z1 —J(e)z2| < |[T(Np, &) - llz1 — 2a2ll < kllz1 — 22,

so J(¢) is a uniform contraction. Also, it is obvious that J(¢)z is continuous in & by
(3.1). Therefore, from Theorem 2.4, it follows that there is a unique fixed point of J(¢),
say z(e).

Furthermore, since

D.J(¢)z= D.T(Np, )z forz € D(a(go)),
D JJ(e)z=T(Np,¢),
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which clearly satisfy the conditions of Theorem 2.4, so by Theorem 2.4 we have
z(e) = (I=T(Np, &))"y

is continuously (Frechét) differentiable with respect to e.
Let PC[R, p] = {ge C(R) | g(t + p) = g(t)}.
Consider the equation

2(1)" = A(e)z(r) + f(1. 8(t), ),

z(0) = zo “.2)

on a Banach space (X, || - ||), where fit + p,g¢) = fit,ge) for some p > 0 and ge PC
[R,p], and f(t,g:¢) is continuous in (t,ge) € R x PC[R,p] x P.

Lemma 4.2. Assume that (3.3) is satisfied and suppose that

(4.3) T(te)z is continuous in ¢ for z € X, and it is continuously (Frechét) differenti-
able with respect to ¢ for each z € D(A(gy)). Moreover, for any & L P, there is some
0(gp) > 0 such that ¢ € B(gg, d(gp))

|DeT(t, €)z|| < H(eo) llzll ~ for some H(go) > Oand ¢ € [0, p].

(4.4) fit, z, €) is continuously (Frechét) differentiable with respect to ¢ and fit,z(£).¢) €
D(A(eo))-

Then, there exists a unique p-periodic solution of (4.2), say z(t,g), which is continu-
ously (Frechét) differentiable with respect to ¢ for ¢ € P. Also,

(0.6,8) = (1= TNpe)) ™ [ T(No =555 ) s

which is continuously (Frechét) differentiable with respect to e.

Proof. Let F(t,¢) = fit,g(t),e). Then, F(¢ + p,e) = F(t,e). Also, it is obvious that F(t,e)
satisfies (3.2). Equations 4.3 and 4.4 indicate other conditions of Theorem 3.2 are satis-
fied. Therefore, it follows from Theorem 3.2 that there is a unique p-solution z(z, ¢, g)
of Equation 4.2, which is continuously (Frechét) differentiable with respect to ¢. In par-
ticular, z(0,¢,) is continuously (Frechét) differentiable with respect to . Moreover,
using the same argument as that in the proof of Theorem 3.2, we see that

z(0,¢,8) =T(Np, €)z(0,¢,8) + /Op T(Np —s,&)f(s, 8(s). €) ds.
Thus,
(0.6,8) = (1= TP )" [ T(ND —5,6)7(5.8(9, )

which is continuously (Frechét) differentiable with respect to ¢ by Lemma 4.1.
Define J;(¢): PC[R,p] — PC[R,p] by

J1(€)g(t) = T(t, £)2(0, ¢, 8) +/0 T(t—s,&)f (s g(s), &) ds.

Lemma 4.3. Assume (3.3) and that
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(4.5) T(t, &)z is continuous in ¢ for z € X, and
[Tt &) < M(t0)

for some M(ty > 0) and all e € P, t € [0, ).

(4.6) ||fTt, z1,6) - fitzo,€)|| < L(€)||2z1 - 2z2||, where L(¢) is continuous in ¢ € P and L(0)
=0.

4.7) fa(t, g &) = a‘lf(t, & €) is continuous in (t,ge).

Then, the operator J;(¢) has a unique fixed point g(-,¢) € PC[R,p] which is continu-
ously (Frechét) differentiable with respect to &.

Proof. First note that it is clear that (PC[R,p], || - ||-) is a Banach space. Next, since
L(0) = 0, then, by continuity of L(¢'), there is J, such that |&'| <d, implies

W1 1 1
L(¢') <  min , .
4 HMz(to)to M(to)to
Now, for ¢ € P with |&'| <o,

[T(t €)] - |2(0. 81, €) — 2(0, 82, €) |

Np
- 1@ 0= 1o ) [ TN s (s ,0) (520l
/Np IT(Np —s,¢)
0

Np
< M(to) - H - M(ty / /(5. 81, ) — F(s. 82, €)]| ds

: Hf(sfgl, e) —f(s, 8, ¢) H ds

< M(to) [ (1 = T(Np, &))"

<10 0 U -l < ) o -]
and
fo |7 =5 &) - |f(s &1(5) €) = f (5, 82(5), ) | ds
< M(to)L (") / l81(s) — 52(5)]| ds
0
< M(to) - toL (¢') g1 — &2| =< Lll lgr — & -

Hence,

I (e)s1 = (o)
< |7 e)] - [2(0.81. ) — 2(0,82. )| +/O 1T = s.8)] - [ (F(s 81 (5), ) — F(5,2(5), €)] ds

1 1
= Lla-—gl+, o -2

= ,la-sl
=, 81 — &2 -

Therefore, J;(g) is a uniform contraction.

Furthermore, /;(¢)g is continuous in ¢ for fixed g. Using the similar argument as that

in the proof of [5, Theorem 2.3], we have

Page 9 of 12
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DgJ1(g)g = T(t, €)Dgz(0, &, g) + /Ot T(t —s,&)fa(s, 8(s), €)ds
=T(t,e)(I—T(p, s))’1 /(;pfz(s, 8(s), €)ds+ /(; T(t —s, &)fa(s, g(s), €)ds,
D.J1(g)g = [D:T(t, €)z(0, ¢, )] +/(; [D:T(t —s, €)f (s, g(s), €)] ds

are continuous in (g,¢). Therefore, from Theorem 2.4, it follows that /;(¢) has a
unique fixed point, say g(-,¢) € PC[R,p], which is continuously (Frechét) differentiable
with respect to ¢.

Now, we present the main theorem for Equation 1.1.

Theorem 4.4. Assume that (3.3) and (4.3)-(4.7) are satisfied. Then, there exists a
unique p-periodic solution of (1.1), say z(¢e¢), which is continuously (Frechét) differenti-
able with respect to ¢ for e € P.

Proof. This is an immediate result from Lemmas 4.2 and 4.3.

5 Application to a periodic boundary value problem
Consider the periodic boundary value problem:

Uy = Uxx fort >0,
u(x, 0) = up(x), u(x,0) =uy(x) forx € [0, 1]
pu (0, 1) — yuy(0, 1) = f1 (1),

Sug(1, ) + yur(1,1) = fa(1), wy.8>0,

(5.1)

where f(£) and f,(¢) are both p-periodic and continuously differentiable.
Let v = u, and w = u,, then Equation 5.1 is written as

Up = Wy,

Wi = Uy,

no(0,1) — yw(0, 1) = fi(1),

Su(1,t) +yw(1,t) = f2(t), . y.8>0.

(5.2)

If the change of variables

U=vU— x8’1f2,

w=w+(1—x)y 'fi

is made, Equation 5.1 has the form:

O =Wy + Yy fi(t) =287, (0),

W =0+ 87 1(0) + (1 —x)y =11 (1), (5.3)
no(0,t) — yw(0,t) =0,

su(1,t) +yw(l,t) =0, w,y,8>0.

Further, the associated abstract equation of (5.3) is given by

dz(t)
dt
z(0) = zg

= A(e)a(0) + F(t, €), (5.4)
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on X = L?[0,1] x L?[0,1], where

0 ox v
A(8)=|:8x0:|, e=(ny, 8)eRr:, z=|:L_U:|,

- 2 - -
D(A(#)) = {[;’J e[TH" 10,11 5%1(’§‘)))==_Vy”;f(01))’/u, y,8 > o},
i=1
y () — x5 ()
F(t,z,s)x = |:5_1f2(l)1+ (1 _ x)y—zl]c/l(t)] .

m

v B = X, we then have

For convenience, write { as v, w as w, and & =

dz(t)
dt
z(0) =z

= A(e)a(t) + F(t, €), (5.5)

on X = L?[0,1] x L*[0,1], where

A(e) = [Z)Ox 80x], e=(o,B,8)eR, z= [5}],
2
D(A(e)) = H:}] € E[Hl[o, 1] U‘E‘f)((i)jéuu(]?z) a,B > 0},

[ R0 -5 (0
o= 5 ) o i |

Now, make the change of variables

2=|:'~}i|=U|:vi| where U=1|:1 1]
w w 211-1

Then,

Ai(e) = UA(e)U™! = [E)Ox _%x],

where

A (1 — @)#(0) = (1 + a)iv(0),
Plaile)) = Hw] e[]mo RO Y

Define

. 1l—«a ~
o = , ﬁ:

l+a

1-p

148 a, pBe(—1,1].

A;(¢) has the domain

- 2 . ~
D(A1(#)) = [[;] € HHl[o, 11| 470) = w(0),

o(1) - 1), " © (‘1'”}'

If ‘&B‘ < 1, then A;(¢) generates a Cy-semigroup, T1(te), on X = L*[0,1] x L*[0,1],

endowed with the norm || (£g) || = |[fll2 + |lg]|2- It can easily be shown using the
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method of characteristics that this semigroup satisfies ||7:(te)||] = 1 for

0<t<1, |Ti(te)] = max{ial,

Bl =1 for 1<t <2 and |Ti(e)]| <1afl <1
for ¢ > 2. Thus, the semigroup is eventually contracting.

It follows from T(te) = UT,(t,e)l " that T(t,c) must have the same properties with
respect to the norm

lllzlll = | Uzl

on X = L*[0,1] x L*[0,1] when &, § > 0.
Now, consider the operator A;(¢g). Take &y = (0,0). For ¢ = (&, E) with &, 8 € (—1,1]

)= +1& SR O)Q)

where
o - 4]

obviously, Q(¢) is continuously (Frechét) differentiable with respect to ¢ and is

bounded, and so is Q'(¢). Let Q2(¢) = . 1 -Q(&) and Qi(¢) = Q(e). It is clear that the

1+ap
hypotheses of Theorem 3.3 are satisfied for any g, = (@, Bp) in R* x R*. That is, we

have the (Frechét) differentiable with respect to parameter ¢ of semigroup T;(¢, ¢) and
thus the same property holds for semigroup 7(¢¢). Further, if we assume that

f1(6) + f5(t) = kf1(t) where k = “;‘3, then F(t,e) € D(A(go)).

Above all, all assumptions of Theorem 3.3 are satisfied. Thus, it follows from Theo-
rem 3.3 that there is a unique p-periodic weak solution of (5.4) and thus also a unique
p-periodic weak solution of (5.1) and it is L* continuously (Frechét) differentiable with
respect to parameter ¢ = (0,6,).
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