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ON THE INITIAL VALUE PROBLEM WITH ALMOST
PERIODIC LINEAR PART IN A BANACH SPACE

P. KOUMANTOS

In this article we present strong global solutions for the initial value
problem in a reflexive Banach space, when the linear part of the corre-
sponding differential evolution equation is Bohl-Bohr or Stepanov almost
periodic function, and the displayed operator is infinitesimal generator of
(Cp)-semigroup. As an application, we consider a problem from magne-
tohydrodynamics.

1. Introduction

Let (B, ||-||g) be a reflexive Banach space and the semilinear differential evolu-
tion equation:
i(t)+Sx(t) = F(t,x(r)), teR", )

where the symbol of the dot is for %, —S is the infinitesimal generator of a semi-
group {e*ts > O} of operators of class (Cp), F : RT x B — B is a nonlinear
function, and let the initial data x(0) = xo € B.

Also, we assume that there exist real positive constants c,a such that:

He*’SH <ce ™ teR". )
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We present strong global solutions for the above evolution equation by con-
tinuous perturbations of Carathéodory-Lipschitz type, assuming the correspond-
ing composition Nemytskii operator of the nonlinear function F in equation (1)
of the linear part of the corresponding linear evolution equation of the type:

¥(1)+Sy(r) = f(t), teRT, 3)

with initial data y(0) = yo € B, where f : Rt — B is a given function.

For semilinear evolution equations in Banach spaces we refer to Priiss [24]
and for periodic solutions of semilinear evolution equations in [25], while for
stability of (Cp)-semigroups we refer to Phong [26] and to Ruess and Phong
[27] for asymptotically almost periodic solutions of evolution equations in Ba-
nach spaces. We note that Arendt and Batty [1] studied almost periodic solu-
tions of first- and second-order Cauchy problems. Also, we refer to the articles
by Chepyzhov and Vishik [9], and Pankov [22] for non-autonomous evolution
equations with almost periodic symbols, and almost periodic functions, Bohr
compactification, and differential equations, respectively. Further, we refer to
Bokalo and Lorenzi in [8] for linear first-order evolution problems without ini-
tial conditions, and to Horani, Favini and Tanabe in [17] for parabolic first and
second order differential equations.

Moreover, in our previous works [4] and [5] we studied functional evolution
equations (without an initial condition) with delay, in the case where the opera-
tor is infinitesimal generator of an analytic semigroup, and we achieved almost
periodic effects. We also refer to Schechter’s [28] book on fundamental con-
cepts and especially on solutions to the Carathéodory type for the initial value
problem. On the other hand, the problem of almost periodicity and its gener-
alization in the class of almost automorphic functions is of particular interest,
as is shown in the work of Benkhalti, Es-Sebbar and Ezzinbi [7] on the Bohr-
Neugebauer property. Also, Batty, Hutter and Ribiger [6] presented results on
almost periodicity of mild solutions of inhomogeneous periodic Cauchy prob-
lems. Furthermore, Fan and Li [12] presented results for analyticity and expo-
nential stability of semigroups for the elastic systems with structural damping
in Banach spaces.

Also, we refer to classical literature Hille and Phillips [15], and Yosida [30],
for the semigroup theory and expesially for the Bochner integration. For the
notions of mild, weak or generalized, strong and classical solution which may
be local or global in time we refer to Engel and Nagel [11] and Pazy in [23].
Particularly in [11] included many applications of differential evolution equa-
tions to physical problems. We also refer to Yoshizawa’s classic book [29] on
stability theory and periodic solutions, to Daleckii and Krein [10] as well as to
Pazy [23] and Arendt, Batty, Hieber, and Neubrander [2], for classical existence
and regularity results in Banach spaces.
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Section 2 includes the basic concepts and symbolisms we need, as well as
the preliminary results for the solution spaces we introduce in the case of almost
periodicity that follow.

In section 3 we present our results about the initial value problem (1) when
f in the linear evolution equation (3) is a uniform bounded continuous func-
tion as well as when it is almost periodic (Bohl-Bohr or Stepanov) function.
Specifically we find solution spaces that are uniformly closed subsets of the
space of continuous and bounded functions (for X a metric space a subset of the
space C(E,X) of continuous maps from E to X is uniformly closed if it con-
tains the limit of every uniformly convergent sequence in it), are Baire spaces
in the strong topology (i.e. have the property that the intersection of a countable
family of open and dense sets is dense) and are uniformly complete and the so-
lutions obtained are strong and global. Moreover by continuous pertubation of
the linear part of (3) we obtain strong global solution of (1) in the completion of
the above solution spaces. An asymptotic stability property is also established
for the solutions of the nonlinear initial value problem.

As an application of the abstract results in section 4 we consider a Navier-
Stokes-Maxwell system. We refer to the works of Giga and Yoshida [13], [14]
for classical presentation and results. Further, refer to the article by Arsénio and
Gallagher in [3] for results on solutions of Navier-Stokes-Maxwell systems in
large energy spaces. For the Navier-Stokes-Ohm type equations of one fluid we
refer in our previous works [4] and [5] and references therein.

2. Notations and Preliminary Results

Let (R,B(R),A!) be the classical Borel-Lebesgue measure on R and the clas-
sical space L' (R, B(R),A") consists of all functions f : R — R for which there
exists the Lebesgue integral [, |f(x)|dA!(x), equipped with the norm || f]|, :=
fe LF(6) A1 (o).

As usual we denote by Cp(R™,B) the Banach space of bounded continuous
functions @ : R* — B endowed with supremum norm

o :==sup{llo(t)llg:r €RT},

and let C(R*,B) be the Fréchet space of continuous functions with domain R™
and range B.

Also, L (R*,B) denotes the space of Lipschitz functions ¢ : R™ — B, i.e.
there exists a constant / > 0 such that ||¢ (t) — ¢ (s)||g <[ |t —s|, foreveryz,s €
R*, while the infimum of such constants [ is called the Lipschitz constant of ¢
and it is denoted by £(¢). Then, the set of all bounded Lipschitz maps from R*
into B is provided with the norm [[¢|];,) := max {£(¢),|¢|}.
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By M!(R*,B) it is denoted the Banach space of Bochner measurable func-
tions g : R™ — B such that f;H lg(s)||gdA (s) < +oo for all + € RT under the

T e sup{ ([ lellpan')) ireme.

Following Levitan and Zhikov [20] for classic concepts and results of almost
periodic functions we give the next definitions and important properties.

Definition 2.1. An element u € Cy(R™,B) is said to be Bohl-Bohr almost pe-
riodic if, for every € > 0, there is a positive real number ¢ := ¢(¢€) such that
any interval of R™ of length ¢ contains at least one point 7 (called an €-almost
period of u) for which

luz —u| = sup {|Ju(t+7) —u(t)||g:t eRT} <e.

The sum of two almost periodic functions is an almost periodic function,
as well as their product. Also, if a sequence of almost periodic functions is
uniformly convergent then the limit function is also almost periodic function.
Further, it is noted that in classical theory almost periodic functions have the im-
portant properties of being bounded, uniformly continuous and the mean value
M {f} exists. For the proofs of the above, we refer, for example, to the standard
book [20].

Bochner’s criterion asserts that u € C,(R™,B) is almost periodic if the set
of all translates of u, i.e. T (u) :={u;: 7€ R}, where uc(r) ;= u(t + 1), is
relatively compact in Cyp(R™*,B).

Let Ag(R™,B) denotes the closed subspace of C,(R™,B) of all almost pe-
riodic functions in C,(R™,B).

Definition 2.2. An element v € M!(R*,B) is said to be Stepanov almost peri-
odic, if for every € > 0 there exists ¢ := (&) > 0 such that any interval of R of
length ¢ contains at least one point 7 := 7, satisfying

1+1
[ve — V| = sup {/ [v(s+1T) —v(s)||[gdA (s) : 1 € R+} <E.
t

Then we define the sets in which we will achieve solutions to the initial
value problem we study when the linear part is an almost periodic function.

Definition 2.3. (i) Let A(R™*,B) denotes the set of all elements y € C,(R™,B)
such that for all € > 0 there exists £ := ¢(€) > 0, for every (§,& +¢) CR™ there
exists T7:= T € (&,& + /) satisfying IETOO lw(t+7)—y()|g < €.

(ii) Let B(R*,B) denotes the set of all g € M!(R*,B) such that for every
€ > 0 there exists £ := {(€) > 0, for every (§,& +¢) CR™ there exists 7:= 1. €
(&,& +0) satisfying tETJM lg(s+ 1) —g(s)|[gdA!(s) < e.
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The next Lemma is a well-known result in differential topology (cf. Theo-
rem 4.2; p. 59 in Hirsch [16]), which we will need to apply.

Lemma 2.4. If E is a paracompact space and X is a complete metric space,
then every uniformly closed subset K of the space C(E,X) of continuous maps
from E to X is a Baire space in the strong topology.

Recall that a paracompact space is a topological space in which every open
cover has an open refinement that is locally finite. Moreover, every compact
space is paracompact, while every paracompact Hausdorff space is normal, and
a Hausdorff space is paracompact if and only if it admits partitions of unity
subordinate to any open cover.

Then, in the next proposition we show the properties of A(R™,B) that we
need.

Proposition 2.5. A(R*,B) is uniformly closed subset of C,(R*,B), Baire spa-
ce in the strong topology and uniformly complete.

Proof. Let (y,),.y be a sequence in A(RT,B) and y, — y. Then, y, €
Cp(R™,B) such that for every € > 0 there exists £ := £(g) > 0, forall (§,£+¢) C
R there exists 7° := 1} € (&, & +¢) satisfying IEIJPM lWa(t47%) = wu(t)|lg < 5.

Also, for every € > 0 there exists ng := no(€) € N such that for all n € N
with n > ng holds ||y, (1) — y(1)||g < §, forall r € R*.

Then, considering the norm of the y/(r + 7*) — y(¢) difference, adding and
subtracting the y, (¢ 4+ 7%) and y,(¢) terms, and using the triangle inequality we
have:

Iyt +7") —w()ls
<Nw(t+7) =yt + )llp +[I=w (@) + vu()llp + [[Wat + ) = ¥ (1) I

€ € .
S S+ T) = Y0 .

Thus,

<

- o e e € _
Jdim [+ —y)lp < S+5+5 =,

Hence v € A(RT,B), i.e. A(R",B) is uniformly closed subset of Cy,(R™*,B).

Since R is paracompact, B is complete, A(R™*,B) is uniformly closed and
A(RT,B) C Cp(R",B) C C(R",B) combining the last result and the Lemma
2.4 it follows that A(R™,B) is a Baire space in the strong topology.

Now let (W,)nen be a uniform Cauchy sequence in A(RT,B) (cf. [21]).
Thus for all € > 0 exists ng = ng(€) € N such that ||y, (1) — W, (1) g < &, for
all n,m > np and t € R*. Since Cp(R™,B) 2 A(R™,B), the sequence (W,)uen
is also a uniform Cauchy sequence in Cp(R™,B) and hence it must converge in
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an element y € C,(R*,B), i.e. w, — w. Then, as above we conclude that
v € A(RT,B), i.e. A(RT,B) is uniformly complete. O

With similar arguments it is shown that set B(R™,B) also has the same
properties.

In the following we also denote by A(R™,B) the completion of A(R*,B)
(i.e. A(R",B) is a complete metric space which contains A(R*,B) as a dense
subspace) and by B(R™,B) the completion of B(R™,B).

3. Main Results

3.1. Strong global continuous bounded solutions of the evolution
equations

In the following Proposition we show the existence of a strong solution for the
linear initial value problem (3).

Recall that a function ¢ : RT™ — B is a strong solution on R™ of the initial
value problem (3), if it is strongly differentiable for A'-almost every t € R¥,
satisfies the differential equation for A!-almost every + € R*, and verifies the
initial value as well.

Proposition 3.1. Ler f € Cy(R",B) and satisfies a Lipschitz condition. Then
for any @y € B there is at least one strong solution @ of the linear initial value
problem (3) in C,(R™,B) with ¢(0) = @. Specifically y:R™ — B, with y(t) :=
Joe 5 f(t — s)dA!(s) belongs in Co(RT,B) and @(t) := e Sy +y(t) is the
solution of the initial value problem (3).

Proof. Consider the function y : R™ — B, and observe that

y(t) = /Otessf(t —5)dA(s) = /Z e IS F(5)dA (s).

0

Estimating the norm of y(¢) and using inequality (2) we have:

t +oo
@)l <c [ e =s)lpdd ) clfl [ e dn (9 < Sl

ie.y € Cp(RT,B).

Then, for & > 0, applying the above formula for y, adding and subtracting
the terms th ~(t+h=5)S £(5)dA ' (s) and f”h f(t)dA'(s), and using standard
properties of the Bochner integral we have:
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O — ()
h/ —(t+h— l(s)—}ll/ote(’s)sf(s)dll(s)

:h(/o e ne 99 £(5)dA (s) — /Ote—(t—s)Sf(s)dll(s)
s [T gant ) [ et ant )
+hf(r) / Fe)dA'( )

:}ll</0 ~(Hh=9S £(5)ap +/ SIS f(s)dA (s)
— [ rant +/ =S (1) g ()
_/tt+h ~(+h=9)S (1) aA () + hf (1) / F(H)dA'( >

a5~ [ i)

fe
( / ”he-@*h-ﬂsf(s)dxl ©-[ t+he‘(”h‘s)sf(t)d/11(S)>

I
g / 5 £ (1)g / F(6)dA (s) +hf (@ ))
:;l/ot (ef(tJrh*S)S e (t—s)S )f( )dl ( )
L s () — ey s)

hy
+;[/tt+h (e_(H—h_s)S*I) f(t)dll(s) Jrf(t)
Therefore,
L OU+R) —y(0) =5 (75 =1) [ p)arl ()
o / =S (£(s) — f(1)) A (s)
+ /h et ”—I) FOdA () + f(1). @)
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At this point we claim that if a Lipschitz function f € C,(R*,B), then for
Al-almost every t € R* holds:
(i) lim j "m0 (f(s) — f())dA' (s) = 0, and

h—o+ 17t

(i) lim L [T (e=+h=5)S 1) f(r)dA! (s) = 0

hJt
h—0*
Indeed, applying classical results about Bochner integral in Hille and Phil-

lips [15] for (i) we have:

tim 1 [ e 3 (15— g0 ant )

h—0+

t+h
= Jim ¢S5 [ e I ((5) = (1) dA ' 9)
= eOGl (l‘) =0,

with Gy (s) := e (=98 (f(s)—=f(2)),
and for (ii):

t+h
lim % /t (e =95 1) f(1)aa ' s)

h—0t

) 1 t+h (s 1 [tth
= lim <he hS/t e )Sf(t)dll(s)—ﬁ/t If(t)dll(s)>

.1
=1Gs(t) —hlirgl+ EIf(t)(tJrh—t) =0,

with Gy (s) := e =95 £(1).
Passing to the limit for 4 — 0" in (4) and applying the above claims (i) and
(ii) yields
Y1) +Sy(t) = f(2).
Now we define the function ¢ by the formula () := e "Sg + y(t).
Then, @(0) = e %@y +y(0) = ¢y, while
(1) = —=Se o +¥(r) = =S (e Pgn+y(1) + 1 (1),

ie. ¢(t)+So(r) = f(t). Further, since e~ < 1 forz > 0 and a > 0, we have:

lo()llg < ce“[lgollg + ||f||e <cllgollg + *Hfllze(f)

Hence, the function ¢ is a strong bounded continuous solution of the initial
value problem. O

Let ® be the corresponding composition Nemytskii operator of the nonlin-
ear function F in equation (1) defined by ®y(r) := F(z,y(t)),r € RT.



ON THE INITIAL VALUE PROBLEM WITH ALMOST PERIODIC LINEAR PART 257

Proposition 3.2. If ®y € C,(R™,B) for every Lipschitz function y € C,(R™,B)
and there exists a constant 1 > 0 such that ||y, — Py>|lg < N |ly1 —y2llg, for
every Lipschitz functions y1,y, € Co(R*,B), and % < 1, then for each xy € B
the nonlinear initial value problem (1) has at least one strong solution ¢ €
Cp (R+,B), with ¢(0) = Xp.

Proof. We consider the operator Z : C,(R™,B) — Cy(R™*,B), which to any Lip-

schitz function y € C,(R",B) maps according to Proposition 3.1 a strong so-

lution Zy(t) in Cp(R*,B) of the linear initial value problem 4x(t) + Sx(t) =

®y(1), x(0) = xo, such that Zy(t) := e Sxo + [ e SPy(t —5)dA'(s), t € RT.
If y1,y2 € Cp(R™,B) are also Lipschitz functions and r € R™, then

12100~ 252(0ll < [ [l [[@31(6=5) = @yt =)}y dA 15

!
<en [ e (=) =yalt =)y a2 ()

~+oo
<en( [T eario) -l

cn
=—|y1—|.
a

Hence, operator Z is contraction and its fixed point ¢ is a solution of the
nonlinear problem in Cy(R™,B) with ¢(0) = xo. O

Concluding this section we note that the Banach space reflectance hypoth-
esis and the further normality hypothesis for f to be Lipschitz can be omitted
in the case of bounded generators. To this end, we refer to our previous work
[18] and [19] where we studied evolution equations in four-dimensional space-
time continuum (Minkowski space) with results of existence and uniqueness of
strong and classical solutions respectively. Also, in these works we combine the
order structure in a way compatible with the topology of the underlying space.

3.2. Solutions in a Baire space of the evolution equations

We show that if the linear part of the evolution equation (3) is almost periodic,
then the solution of the initial value problem is in a Baire space in the strong
topology as set out in section 2.

Proposition 3.3. Let f € Ag(R',B) and yo € B. Then equation (3) has at least
one strong solution y in A(R*,B) with y(0) = y.

Proof. By Proposition 3.1 the function y: Rt — B : ¢ — y(t) := e Syg +0(¢),
with v : RT = B:t — v(t) := [je )5 f(s)dA' (s) is a strong solution of the
problem.
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Estimating the norm of the difference (7 + 1) — y(¢) we have:

e+ = win) g = e PSy0-+ v(r+7) = e *Sy0 v (1)

<[l —e S|+ o+ D 00l )

For the first term on the right-hand side of inequality (5), making use of the
triangle inequality and of condition (2), we have:

] 5
< (He—(t+r)S ‘ + He—tSH> Ivollg

(cefa(tJrr) _i_cefat) HyOHB

=ce” ™ (7" +1) |lyollg - (6)

IN

For the second term on the right-hand side of inequality (5), writing the
integral with ends from O to ¢ + 7 as the sum of two successive integrals from 0
to t and from 7 to ¢ + 7, using the triangle inequality and condition (2), we have:

o(t+7)—v(1)lg

-/ T TS f(s)an s) — A IS (5)dnl (s)
0

0

-1/ TS T s)dA N s) - / S f - 5)dA o)
0 0

B

B

= /Otessf(t+’r—s)dkl(s)+/t+ressf(H—T—s)dkl(s)

- " S £t — 5)dA (s)

0

B

< H [ et t-9a2'6) - [ san')

B

/tﬂ —s8 B 1
+ e Pft+t—s)dA (s)

B

< [l stz -9 - fle-s)lyar' (o)

[ e 9llgdd )
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<c [ e fltt—s) = flt—5)lad2's)
0
14T
te [ et T=s)lpdr o)
<clfe—11 [ ewan(s) +elfi] / T asqn ()
= Z|fe—fl+ = |fele™. )

Therefore, due to inequalities (6) and (7), inequality (5) gives:

1
(40— w0l < e (1) bl + 4 1)+ S L1l ®)

For ¢ — oo the right side converges to ¢ |f; — f| < £%¢e = ¢, applying with %¢
in the definition for f to be almost periodic. Hence y € A(R™,B). O

Proposition 3.4. Let f € Ag(R*,B) and yo € B. Then the linear initial value
problem (3) has at least one strong solution y in B(R™,B) with y(0) = yo.

Proof. Applying similar arguments as in the previous Proposition 3.3 the func-
tion y: Rt = B:t — y(t) :==e Syg+v(t), with v : R* = B:t = v(t) :=
Joe U5 f(s5)dA ! (s) is a strong solution of the problem. Also, by inequality

(8) yields: [[w(s+1) —w(s)[lg <ce ™ (™" + 1) yollg + % | f2l) + £ £z = f1.
Thus,

t+1
| Iws+0) =5 lpdn' ()
t+1
< [T (e () ol 5 1) + s 1) a1
t+1 +1
—c(lee e ol + 1) [ eeari o+ Sl gl [ arie)

c c

1
= - <(ear—{—1) HyOHB+5 |ff‘) (e*a_ l)e*at_{_; fe— fl.

For t — oo the right side converges to £ |f; — f| < £%¢e = ¢, applying with
4g in the definition for f to be almost periodic. Hence y € B(R™,B). O

Corollary 3.5. If the solution of the problem (3) is classical (and thus unique)
in A(R™,B) orin B(R",B), and there exists ® € R" such that f(t + o) = (1)
forallt € R, then IEIJP ly(t+o)—y(t)]=0.
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Proof. With the further assumptions we make about the solution Yy (resulting
from Proposition 3.3 or 3.4 respectively), and the function f, then we have:

lw(t+ o) —w(®)lp

0y [+ 0 9)dd 5) — e o
_ / S f (i — 5)dA (s)
0

" t+o
e (Ho)Sy / S f(t+ o —s)dA (s) + / e B ft+o—s)dA(s)
0

t

B

_etSyO_/OtesSf(t_S)d;Ll(s) )

1+
ey —eTSyg 4 [ eSS (e - )l ()
t

B

1+
< [le 5 ol + e olls+ [ eI = 5)llpd2" s
o0
< e Iyolly + e yollg+ [ e £t =9)llp ()

—+oo
< ce™ U ||yo[lg +ce [lyollg +cf] / e CdA ! (s)
t
C
= clhuolly (@ +1) e + £ If]e —0,
ast — oo, ]

Proposition 3.6. Let @y € A(R',B) for every y € A(RT,B) and there ex-
ists a constant 1 > 0 such that || ®y; — Pyz||g < N |ly1 —y2llg, for all y1,y2 €
A(R",B) and <L < 1. Then for each xy € B the nonlinear initial value problem
(1) has at least one strong solution ¢ € A(RT B), with ¢(0) = xo.

Proof. We consider the operator £ : A(R",B) — A(R",B), which to any el-
ement y € A(R",B) maps a strong solution Zy(z) in A(R" B) of the linear
initial value problem 4 x(t) 4 Sx(t) = ®y(t), x(0) = xo, such that

!
Ty(1) = e g+ / e SDy(t —5)dA (s), 1 € R*.
0

If y1,y, € A(R",B) and t € R* then as in the proof of Proposition 3.2 we
conclude ||Ey; (1) — Ey(t) |5 < <F|y1 — y2|- Thus operator Z is contraction and
its fixed point ¢ is a solution of the nonlinear problem in A(R™, B) with ¢ (0) =
X0 OJ

_ Also, the corresponding result is applied by replacing spaces A(R* B) and
A(R™,B) with B(R™,B) and B(R™,B) respectively.



ON THE INITIAL VALUE PROBLEM WITH ALMOST PERIODIC LINEAR PART 261

3.3. Asymptotic stability property for the solutions of the nonlinear
initial value problem

At this point we recall the concepts of stability and asymptotic stability. Specif-
ically, a solution {(¢) of the initial value problem (1) is Lyapunov stable if
for every € > 0 and 1) € R" there exists & := §(€,19) > 0 such that if y()
is a solution of the initial value problem (1) and ||y(f9) — ¥(to)||g < & then
|lw(z) —W(r)||g <€, forall t > ty. Moreover, a solution {(z) of the initial value
problem (1) is asymptotically stable if it is Lyapunov stable and if for every
fo € RY there exists 8 := &(f9) > 0 such that if y/(z) is a solution of the initial
value problem (1) and [[y(to) — (1)l < & then im_[[y(z) — §(r) = 0.

An asymptotic stability property for the solutions of the nonlinear initial
value problem (1) is established in the following proposition.

Proposition 3.7. Under the same assumptions as in the Propositions 3.2 and

3.6 respectively, the corresponding solution y(t) of the nonlinear initial value

problem (1) satisfy the asymptotic stability property tlir+n lw(t)—y(r)]lg =0.
—> o0

Proof. Let Z and E be the operators defined in the proofs of Propositions 3.2 and
3.6 respectively. We then set A = Z or A = & and observe that the corresponding
solutions are fixed points of these operators. Also, if ® is the corresponding
Nemytskii operator of the nonlinear function F appearing in equation (1), then
dy(t—s)=F(t—s,y(t—s)) holds.

Then, making use of the triangle inequality and (2), we have:

1) = W(0) g = AW () — ATl
i)+ [ € —s it —3)dA ()

)~ [ SF s 90— 5)dA ()
0
< |le™ (wlto) — (1)) ||
‘/Ote_“'s (F(t—s,y(t—s))—F(t—s,W(t —S)))d)u] (s)
< ce ||y (t0) = ¥(to)I
o [ e B =5y (=) = Flt—s. 9 =)l 42 ()
< e ylio) = Plt)lg < [ e “nly(r =) =t =9)lp A’ (5

= cllwlio) = W) e+ [ ene ) y(s) — s) g a2 5.

B

+

B
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Applying Gronwall inequality in the last expression we have:
Iy () = w()ls
< clly (o) — (o)l e
4 't —a(t—r
+ [ ellwtto) = Wlto)llgesene b ene gy )
0

at

at

= cl|w(to) — W(to) g e
4 —at (t jar
+c2 || w(to) — Wlto) | g e /0 e I emdr gy 1 ()
at

= ¢l wlto) — ¥(to) e
¢ ! cn —a(t—s
e[ wo) ~ i) lge e? [ e P anls)

Then, with a change of variable @ = —%e*“(t =) in the integral, and using
the inequality e¢* < 14 xe*, for every x € R from calculus, we have:

lw(0) = w()ls

at <1

<clly(to) — Wlto)llge ™ +c*n |lw(to) — W(t)||ge e

Q=

<clly(to) — Wlto)llge ™ +c*n |lw(to) — W(to) g e “e

a1
ar,n 1
a

< c|lw(to) — ¥(to)|[pe
a1 /” 1 + we®

2 17 —at , b~
+cn HW(IO) W(IO)HBe € a)_crea |CO‘

dw

at

=c ”l[/(l()) - ITf(ltO)HBe_

2n . s 1
R ) - sl [, (5 e?)do

an ,—at
a A g-a

at

= ¢ [ylo) ~ W)y e
2 cn ,—at
T [ ylio) ~ )y e (ar+e ¥ —e 3

C
a

= clly (i) —¥(w)llge”

at

t

2
a - —ar € - —ai
— e |[ylio) = Wlto) s re ™ — = [[ylto) = W) [ e

2
cC°N o _an,-a . _
ceve o lyln) —wn)llpe “—0,

_.|_

as t — oo, and the result is complete. O
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4. Application

The evolution of a highly ionized gas, which is a mixture of two fluids (electrons
and ions), is considered, i.e. the interaction of two fluids with the electromag-
netic field. In this case the evolution of the plasma can be described by the
system of equations:
{ nml%vl = V1AV — mln(vl . V)Ul — en(E + V1 X B) —R— Vpl (9)
nmz%’l)z = WALV — mzl’l(’l)z . V)Uz + ezn(E —+ 1y X B) +R—Vps,

with div(v;) =div(v) =0, B = —curl(E), div(B) = div(E) =0, and £ &E =
curl(tty ' B) — ne(zvr — vy). Here, for j = 1,2 respectively: v; is the macro-
scopic fluid velocity, p; is the thermal pressure, B is the magnetic flux density,
E is the electric field, m; is the mass of a particle, v; is the kinematic viscos-
ity, n is the number density, e is the elementary charge, z is the charge num-
ber, & is the vacuum dielectric constant, Ly is the vacuum permeability and
R = —{ (v, — vy), with constant { > 0, represents the momentum transfer be-
tween the two components of the plasma under consideration.

Following Giga and Yoshida [13] and [14], the above system (9) (Navier-
Stokes-Maxwell system) can be written in the evolution equation form.

Let Q be a smoothly bounded domain in R?® with boundary conditions v; =
0V, =0, E xn=0on dQ, where n is the normal vector to dQ.

Applying projection operator P : L?>(Q) — Hy to both sides the above equa-
tions gives, in dimensionless analysis form, the next evolution equations

d

170 = —AV; = P(v;-V)v; + (—=1)/ (P(E+v; x B)+R),

for almost every t > 0, j = 1,2.

Consider the space Hy:= {v € L*(Q) : div(v) =00nQ,v-n=00n9dQ},
where L?(Q) is the Hilbert space of square integrable functions on  equipped
with the usual inner product <, > and norm || - ||.

Also, consider the space H := Hy x Hy x L*(Q) x L*(Q) equipped with
the usual inner product < v,7 >:= [,v-vdx, where v = (v1,02,B,E), Vv =
(D1, Do, B,E) are elements of H, and vy, v, € Hy, B,E € L*(Q) and ||u]| is the
normof u € H.

As usual A := —PA is Stokes operator, which is positive and selfadjoint on
Hp, with domain D(A) := {v € W2(Q)NHy:v=00n0dQ}, where W?(Q) is
the corresponding Sobolev space and A is the Laplacian.

The problem (9) can also be written in the following form of the differential
evolution equation

1t =—Lu+ Nu+ Ru,
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where —Nu := (P(v; - V)v1,P(02-V)12,0,0) + (P(v; X B),—P(v; X B),0,0),
Ru:= (—R,—R,0,0) and Lu := (L, + Lp)v.

Here D(L) = D(L;)ND(L,), where D(L;) = D(A) x D(A) x L?(Q) x L*(Q)
and D(L,) = {(v1,v2,B,E) : 01,0 € Hy,curl(E),curl(B) € L*(Q),E x n =
0 on 89}. Also, Lju := (Av,A1,,0,0) with v = (v, 02,B,E), and Lyu :=
(PE,—PE,curl(E),—curl(E) 4+ vy — vy).

Considering the initial value u(0) = up € D(L), with ug = (v1 0, 02,0, Bo, Eo),
then we have the corresponding Cauchy problem of the type (1).

Assuming the conditions of exponential stability and small constant in the
Lipschitz condition, we can then apply the previous results and propose new
generalized solutions for the magnetohydrodynamic system.

REFERENCES

[1] W. Arendt and C. J. K. Batty, Almost Periodic Solutions of First- and Second-
Order Cauchy Problems, J. Differ. Equations 137 (1997), 363-383.

[2] W. Arendt, C. J. K. Batty, M. Hieber and F. Neubrander, Vector-valued Laplace
transforms and Cauchy problems, Monographs in Mathematics Vol.96 (second
edition), Birkhduser 2011.

[3] D. Arsénio and 1. Gallagher, Solutions of Navier-Stokes-Maxwell systems in large
energy spaces, Trans. Amer. Math. Soc. 373 (2020), 3853—-3884.

[4] E. S. Athanasiadou, V. F. Dionysatos, P. N. Koumantos and P. K. Pavlakos, A
semigroup approach to functional differential evolution equations Math. Methods
Appl. Sci. 37(2) (2014), 217-222.

[5] E.S. Athanasiadou, V. F. Dionysatos, P. N. Koumantos and P. K. Pavlakos, Almost
periodic solutions of Navier-Stokes-Ohm type equations in Magnetohydrodynam-
ics, In: Daras, Nicholas J. (Ed.) Applications of Mathematics and Informatics
to Science and Engineering. Springer Optimization and Its Applications Vol. 91,
pp-43-57 Springer 2014.

[6] C.]J. K. Batty, W. Hutter and F. Rébiger, Almost Periodicity of Mild Solutions of
Inhomogeneous Periodic Cauchy Problems, J. Differ. Equations 156 (1999), 309—
327.

[7] R.Benkhalti, B. Es-Sebbar, K. Ezzinbi, On a Bohr-Neugebauer Property for some
Almost Automorphic Abstract Delay Equations, J. Integral Equations Appl. 30 (3)
(2018), 313-345.

[8] M. Bokalo and A. Lorenzi, Linear First-Order Evolution Problems Without Initial
Conditions, Milan J. Math. 77 (2009), 437-494.

[9] V. V. Chepyzhov and M. 1. Vishik, Non-autonomous evolution equations with al-
most periodic symbols, Rend. Semin. Mat. Fis. Milano 62 (1992), 185-213.



ON THE INITIAL VALUE PROBLEM WITH ALMOST PERIODIC LINEAR PART 265

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Ju. L. Daleckii and M. G. Krein, Stability of Solutions of Differential Equations
in Banach Spaces. Translations of Mathematical Monographs Vol. 43, American
Mathematical Society, Providence, Rhode Island 1974.

K. -J. Engel and R. Nagel, One-parameter semigroups for linear evolution equa-
tions. Springer-Verlag, New York, Inc. 2000.

H. Fan and Y. Li, Analyticity and exponential stability of semigroups for the elas-
tic systems with structural damping in Banach spaces, J. Math. Anal. Appl. 410
(2014), 316-322.

Y. Giga and Z. Yoshida, On the Ohm-Navier-Stokes system in MHD, J. Math.
Phys. 24(12) (1983), 2860-2864.

Y. Giga and Z. Yoshida, On the equations of the two-component theory in magne-
tohydrodynamics Commun. Partial Differ. Equations 9 (1984), 503-522.

E. Hille and R. S. Phillips, Functional Analysis and Semi-Groups. American
Mathematical Society, Colloquium Publications, Volume 31, AMS 1957.

M. W. Hirsch, Differential Topology, Corrected fifth printing. Springer-Verlag,
New York 1994.

M. Al Horani, A. Favini and H. Tanabe, Parabolic First and Second Order Differ-
ential Equations, Milan J. Math. 84 (2016), 299-315.

P. N. Koumantos, Nonlinear evolution equations in Minkowski space-time, Rep.
Math. Phys. 84 (2) (2019), 187-199.

P. N. Koumantos, Order topology in Minkowski space and applications, Rep.
Math. Phys. 87 (2) (2021), 209-223.

B. M. Levitan and V. V. Zhikov, Almost Periodic Functions and Differential Equa-
tions. Cambridge Univ. Press, Cambridge 1982.

W. A. J Luxemburg and A. C. Zaanen, Riesz Spaces Vol. I. North-Holland Pub-
lishing Company, Amsterdam, London 1971.

A. Pankov, Almost periodic functions, Bohr compactification, and differential
equations, Rend. Semin. Mat. Fis. Milano 66 (1998), 149—158.

A. Pazy, Semigroups of Linear Operators and Applications to Partial Differential
Equations. Springer-Verlag New York, Berlin, Heidelberg, Tokyo 1983.

J. Priiss, On semilinear evolution equations in Banach spaces, J. Reine Angew.
Math. 0303_0304 (1978), 144—158.

J. Priiss, Periodic solutions of semilinear evolution equations, Nonlinear Anal.
Theory Methods Appl. 3 (5) (1979), 601-612.

V. Q. Phéng, On Stability of Cy-semigroups, Proc. Am. Math. Soc. 129 (10)
(2001), 2871-2879.

W. M. Ruess and V. Q. Phéng, Asymptotically Almost Periodic Solutions of Evo-
lution Equations in Banach Spaces, J. Differ. Equations 122 (1995), 282-301.

E. Schechter, Handbook of Analysis and Its Foundations. Academic Press, San
Diego, London, Boston, New York, Sydney, Tokyo, Toronto 1997.

T. Yoshizawa, Stability Theory and the Existence of Periodic Solutions and Almost



266 P. KOUMANTOS

Periodic Solutions. Springer-Verlag, New York Heidelberg Berlin 1975.

[30] K. Yosida, Functional Analysis, Sixth Edition, Springer, Berlin, Heidelberg, New
York 1980.

P. KOUMANTOS

Institute of Applied and Computational Mathematics
Foundation of Technology and Research (IACM-FORTH)
70013 Heraklion, Crete, Greece

e-mail: pnkoumantos@gmail . com

e-mail: pkoumantos@iacm.forth.gr



