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ON THE EXISTENCE OF BESICOVITCH ALMOST PERIODIC SOLUTIONS
FOR A CLASS OF NEUTRAL DELAY DIFFERENTIAL EQUATIONS

Moez Ayachi and Dhaou Lassoued

Abstract. We study the existence of a Besicovitch almost periodic solution for a class of
second order neutral delay differential equations

u”(t—r)+ DiF(u(t —r),u(t —2r),t —r) + DoF(u(t), u(t —r),t) = 0,

in a Hilbert space, under some hyptoheses on the function F(-, -, ). Here, F : HXHXR — R
denotes a differentiable function, D;, j = 1,2, denotes the partial differential with respect
to the jth vector variable and r € (0, o) is a fixed real number. The approach we use is
based on a variational method applied on a Hilbert space of Besicovitch almost periodic
functions.

1. Introduction

The variational method with retarded argument is a subject tracing its origins
in the early papers of Elsgolc and Sabbagh. Later on, some new improvements
have been established by Hughes and Sabbagh. For further details, we refer the
reader to [16, 17, 23].

Using variational methods, Shu and Xu [24] and Yung Li [20] study the periodic
solutions of the second order neutral differential equations.

Moreover, a new variational formalism has been established later by ]. Blot
(See [9], [10], [11]) in order to study the almost periodic solutions of Lagrangian
system. This formalism, also called calculus of variations in mean, can be extended
in the frame of the retarded functional differential equations, [3, 4, 5, 6]. More
recently, inspired by the works of Blot, Parasyuk and Rustamova [22] have used a
variational approach to study the almost periodic solutions of Lagragian system in
the framework of Riemannian manifolds.

In this article, we aim to study the weak almost periodic solutions of a class of
second order neutral delay differential equations having the following form:
(1.1) u”(t=r)+ D1F(u(t —r), u(t — 2r), t — r) + DoF(u(t), u(t — r),t) = 0.
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Here, F : Hx H X R — R denotes a differentiable function, D;, j = 1,2, denotes
the partial differential with respect to the jth vector variable and r € (0, o) is a fixed
real number. H stands for a Hilbert space.

By a weak almost periodic solution of 1.1 we mean a function u : R — H which
is a.p. in the sense of Besicovitch [8, 21] and which possesses a first-order and a
second-order generalized derivative and such that the equality in 1.1 is equivalent
to the fact that the difference between the two members has a quadratic mean value
equal to zero.

In order to study the almost periodic solutions of 1.1, we use, here, a variational
formalism which we apply on a Hilbert space of almost periodic functions via the
following functional:

12 = lim Tththt t))dt
(12) I = fim = [ (GIVAO; = Feuc),ute =), 0)

where Vu is a generalized derivative of u.

The present paper is organized as follows. In Section 2, we review some known
results on almost periodic functions, we provide our notations and we give our
fundamental hypotheses which will be the main ingredients to prove the main
result. In Section 3, we state our main theorem. In Section 4, we prove a list of basic
lemmas which will be used. The main result will be proved in the last section.

2. Definitions, Notations and Hypotheses

Throughout this paper, H stands for a Hilbert space endowed with a norm || - || :=

(¢, -)}{/2 associated toits inner product (-, -)4. The set of nonnegative integer numbers
is denoted by IN*, that is IN* := IN'\ {0}.

Our first assumption is that we can find a nonempty subset S in H such that:

(2.1) S is convex, closed, and bounded.

For R := sup{ll(xl,xz)IIHxH; (x1,x2) € S X S}, we suppose that the following
hypothesis holds true:

2.2) { There exists R € (R, ) s.t. YVt € R, V(x1,x2) € S X S

Y(y1,¥2) € Buxu(0,R) \ (S X S), F(x1,x2,t) > F(y1, y2, 1).
Here, we recall that for a fixed nonnegative number p > 0,

Buxnu(0, p) := {(x1,x2) € H X H; [|(x1, x2)l|lHxn < p}

and
B(0, p) := {(x € H; [|(x1, x2)llz < p}.
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The idea is to find critical points of the functional | defined as 1.2. Indeed, we
shall obtain the existence of a minimizer on a subset of almost periodic functions
taking their values into S and using the hypothesis 2.2 we show that this minimizer
isa critical point of the functional ] on a space of functions with values into the whole
space H. We conclude finally that the minimizer that we found is a Besicovitch
almost periodic solution to the equation 1.1.

Now, let us recall some useful results about almost periodic functions.

Definition 2.1. A continuous function u : R — H (respectively u : R — R) is said to
be a Bohr-almost periodic function if for any € > 0, there is a constant I, > 0 such that any
interval of length I, contains at least a number T satisfying

sup [lu(t + ) - u(t)lly < €
teR

(respectively sup |u(t + t) — u(t)| < e).
teR

APY(H) (respectively AP°(R)) denotes the space of the Bohr almost periodic
functions from R into H (respectively R). When equipped with the norm |[ul|e :=

sup |[u(t)|ly (respectively |[ullo := sup |u(t)|), AP°(H) (respectively AP°(R)) is a Ba-
teR telR
nach space.

Definition 2.2. When u € AP°(H) (respectively AP°(R)), its mean value
1 (T
Miud = M) = lim oo |ty

-T

exists in H (respectively R).

For more details about these notions, we refer the reader to [8, 13].

Definition 2.3. For a given integer k € IN*, CK(IR, H) denotes the space of the k-times
continuously differentiable functions from R into H and

APK(H) := {u € C"(R,H): Vj=0,--- ,k,u? € AP°(H)}

where u(t) := % ifj>1and u® = u.
Endowed with the norm ||ul|c: := ||[u]le + |[]|cc, APY(H) is a Banach space [14,
Corollary 2.12].

If A is a subset of H, we denote by AP°(A) := {u € AP°(H) : u(R) c A} and by
APX(A) := APK(H) N APY(A).
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Definition 2.4. [12, page 45] Let Xand Y be two Banach spaces, a function f : XXR — Y
belongs to APU(X X R, Y) when f is continuous and it satisfies the following condition:
forall € > 0, for all compact subset K in X, there exists { = £(e, K) such that, forall « € R,
there exists T € [a, a + (] satisfying ||f(x,t + T) — f(x,D)lly < € forall t € R and for all
x € K.

Definition 2.5. When p = 1,2, BP(H) denotes the closure of AP°(H) into the Lebesgue
space Lfo (R, H) for the semi-norm

1 1 (7 PP
MilalP = (Jim oo [ o)
— 00 T

and BP(H) is the quotient space B (H)/ ~, where u ~, v means M(|lu — ||’} = 0.

Endowed with the inner product (u | v)g := Mi{(u(t), o(t))u}, B*(H) is a Hilbert
space; its norm is denoted by |lullg := ((u | u)p:)'/2. Endowed with the norm
llullgr := M{|jull}, B{(H) is a Banach space. The (classes of) functions of B%(H) and
B!(H) are Besicovitch almost periodic functions, [8], [21, pages 11-13]. Thanks to
the Cauchy-Schwarz-Buniakovski inequality [8, page 69] we have: B>(H) c B'(H)
and [[ullg: < ||ul|p: for all u € B>(H).

Definition 2.6. BY?(H) is the space of the u € B*(H) such that
1
Vu := 1715)% ;(u(~ +17) —u)
exists in B2(H).

Equipped with the inner product (u | v)gi2 := (u | V) + (Vu | Vo), BY*(H)
becomes an Hilbert space, (See [10]). In [3], [4], [5], [9], [10], [11], this latter space
was used in the study of the weak almost periodic solutions of various classes of
differential equations.

Similarly to the above notations, giving a subset A of H, B*(A) stands for the
closure of AP°(A) into B?(H), and B'?(A) denotes the closure of AP'(A) into BY*(H).

Now, we assume the following assumptions

(2.3) F e APU((H x H) x R, R).

For all (x1,x3,t) e HXHXRand k=1,2,
(2.4) the partial differentials DyF(x1, xo, t) exist

and DiF € APU((H x H) x R, £(H, R)).
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There exists a € (0, +00) s.t. VX, Y € HX H,Vt € R,

(2.5)
[F(X, t) = F(Y, 1) < allX = Ylgx.
There exists b € (0, +c0)s.t. VX, Y €e HX H,Vt € R,
(2.6)
IDxF(X, t) — DxF(Y, Il grixrr) < 01X = Yllaxn,
where Dxis the partial differential with respectto X € H X H.

(2.7) F is bounded on S X S X R.

(2.8) Forallt € R, F(;,-,t)is concave on S X S.

The above assumptions are fundamental to use the variational formalism on
the functional J.

Now, we state our main result.

Theorem 2.7. Assume that 2.1- 2.8 hold true. Then, the equation 1.1 possesses a weak
almost periodic solution, i.e. there exists u € BV*(S) satisfying

V2u(t —r) + DiF(u(t — r), u(t — 2r),t — ) + DoF(u(t), u(t — r),t) = 0

The above equality holds in B2

3. Proof of the Main result

In this section, we assume that all the assumptions 2.1-2.8 are satisfied. We begin
by establishing the following elementary lemmas which will be used in the proof
of our main result.

Lemma 3.1. The function | : BY?(H) — R defined by

T := M| SV, ~ Fu(o) utt = ), )}

is continuously differentiable on BY*(H) and its differential is given,for all u, h € B%*(H),
by

DJ(u).h =

MV, Vi(E)) 11 — [D1F(u(H), ut = ), £) + DaF(u(t + ), ut), t + r)Lh().
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Proof. Let us consider the functional J; : B¥*(H) — R defined by
1 2
Jtw) = M {51}

Since the derivation operator V : B?(H) — B?(H) is linear continuous, it is of
class C'. Besides, the mapping L : B%(H) — B%(H) x B*(H) defined by L(u) := (u, u)
is also of class C' as a linear continuous one.

By virtue of the Cauchy-Schwarz-Buniakovski inequality (See [8, page 69]), the
inner product (|-)g: : B>(H) x B>(H) — R defined as (u[v): := M; {{u(t), v(t))n} is a
bilinear continuous function and so it is of class C.

Taking into account the following formula J; = %(~|-) poLoV,wededuce that [; is
a continuously differentiable function on B*(H) as a composition of C'-mappings.
Furthermore, using the chain rule and the formulas of the differentials of linear
and bilinear mappings, we obtain for all u, h € B1*(H)

DJi(u).h = M {{Vu(t), Vh(t))ut -
On the other hand, let us define the functional J, : B?(H) - R by
Jo(u) == My AF(u(t), u(t — ), 1)} .

Note that the canonical injection in : B"*(H) — B*(H) defined as in(u) := u is of
class C! since it is a linear continuous mapping.

As the mean value is invariant under translation transform, the linear mapping
T : BX(H) — B?>(H)xB*(H) = B?>(HxH) defined forallt € Rby T(u)(t) := (u(t), u(t—r))
is clearly a continuous mapping and consequently of class C' on B*(H).

Now, let us suppose that the above conditions 2.3,2.4 and 2.6 are fulfilled.
By using [4, Lemma 4.2], these conditions imply that the well-defined Nemytskii
operator Nr : B*(H x H) — B!(R), built on the function F, and given, for all
t € R by Np(U)(t) :== F(U(t),t) is continuously differentiable and we have for each
U € B3(H x H), DNe(U) = Npyr(U).

Since the mean value M : B}(R) — R is a linear continuous mapping, it follows
immediately that it is of class C!. Hence, by noticing that [, = Mo Nro T oin, the
functional J, being a composition of C'-mappings, is continuously differentiable.
Moreover, thanks to the chain rule formula and the invariance of the mean value
under translation transform, we get, for all u, h € B 12(H),

DJo(u).h = M{D1F(u(t), u(t —r), t).h(t) + DoF(u(t), u(t —r), t).h(t — )}
= MU{[D1F(u(t), u(t = r),t) + DoF(u(t + 1), u(t), t + r)].h(t)}.

Finally, we have proven that our function | := J; — ], is of class C}(B?(H), R)
and we have DJ(u).h = DJ1(u).h — D]2(u).h = M{(Vu(t), Vh(t)yy — [D1F(u(t), u(t —
1), t) + DaF(u(t + 1), u(t), t + r)].h(t)} for all u, h € BY*(H). O
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Lemma 3.2. The following assertions hold.

(1) BY2(S) is a convex set which is closed into B>(H).
(2) | is convex on BY2(S).

(3) ] is weakly lower semi-continuous on B*(S).

Proof. (1) This statement has been shown in [11, Lemma 4.1].
(2) We write | := J1 — J», where the functions J; and |, are those introduced in the
previous lemma.

It is obvious that ||.|[z: is a convex mapping on B%(H) and that the differential
operator V : BY2(H) — B*(H) is linear. Then, since J; = 3|l o V, it follows
immediately that J; is a convex functional on B(S).

Let u, v € BY*(S) and A € (0,1). Then there exist two sequences (i), and
(y)m in APY(S) such that nl}_l)rgo [lu = tyllgi = 0 and nl}_r)x:g lo = vmllg2 = 0, so that, by
using the fact that B1? is continuously embedded into B?, we have nlgr(}o [t =t g2 =
lim ||[v — v,|lgz = 0. Therefore, due to the invariance of the mean value under
?rzg)slation transform, we obtain that li_r)n [|T,u — Totty|lg2 = li_r)n 7,0 — T, 0mllg2 = 0
where t,u := u(- + r) denotes the opera’:jco{r>o of translation by rn.1 b

Since the function F(:, -, t) is concave on the convex set S X S 2.8, we have for all

teR
F((1 = ANuy () + Aoy (8), (1 — Dy (t = 1) + Aoy (= 7), 1)
> (1= MFum(t), um(t — 1), 1) + AF (0 (t), vm(t = 1), 1)

or equivalently

(31) NF((l - /\)(um/ Trum) + A(Um/ Trvm)) > (1 - /\)NF(um/ Trum) + ANF(UM/ Trvm)

On the other hand, using [4, Lemma 4.1], one has Nr € C°(B*(H x H), B*(R)). Then,
taking the limit when m — oo in the inequality 3.1, we get

Ne((1 = AD)(u, t,u) + A(v, 1,0) = (1 — M)NEe(u, t,u) + ANE(v, T,0).

This implies that Ng o T is concave on B*(S).

By linearity of the mean value, we deduce that the function [, = Mo NroToin
is concave on B%(S) or, similarly, (—],) is convex.

As a consequence, observing that | = || — J», we infer that the function | is
convex as the sum of two convex functionals.

(3) Since | is a convex function on BY%(S), for each a € R, the level set

[] < al:= fu € B*(S); J(u) < o)
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is a convex. But, by continuity of ], the set [] < a] is closed for the strong topology.
Then, the fact that the level set [] < a] is convex and closed allows us to deduce by
arbitrariness of a, that [J < a] is weakly closed, and consequently, the function | is
weakly lower semi-continuous. [

Lemma 3.3. There exists u € BY*(S) such that J(u) = inf {](u); ue Bl'z(S)}.

Proof. Since the function F is bounded on S x S xR 2.7, we set the finite real number
M :=sup {F(xl,xz, 1); (x1,x2,t) € SX S X ]R}.

Then, we have for all u € APY(S),
1 1
J(u) > M; {EHM'”%; — F(u(t), u(t — ), t)} 2 EHu’HBZ -M2=-M> —co.

Therefore, the function | is bounded on AP'(S). By the continuity of | on BY?(H)
and the density of AP'(S) in B(S), we deduce that J(1) > —M for all the functions

u € B'%(S) and inf {J(u); u € B'A(S)} = inf{Ju); u € AP\(S)}.
Now, by definition of the infimum, let consider (u); a minimizing sequence of
J on APY(S) such that J(uy) < inf {](u); ue Blfz(S)} + ¢ for all k € N*. So, we get

SR, < MIFGut), uelt = ), ) + inf {J); u € B(S)) +

1=

< M +inf{J(u); u € BA(S)} + %
<M +inf { J(u); u € B1'2(S)} +1

We deduce then that the (1) is a bounded sequence in B?(H) and due to the fact
that ux(R) € S  B(0, R) we have also [[ux(t)||lz < R for each t € R, and so ||ugllzz < R

forall k € IN. As a consequence, we have shown that the sequence (1) is bounded
on B“2(H).
As the space B'2(H) is a Hilbert space and consequently a reflexive one, we can

extract a sub-sequence (uy) of (1) which converges weakly to u € B1?(H) and by
convexity and closedness of B%(S), we have necessarily u € B1%(S).

Finally, since the function | is weakly lower semi-continuous, we deduce that
(ur) is a minimizing sequence and consequently that

J(w) = inf{J(u); u € B'(S)}.
O
Lemma 3.4. The following statement holds true.

inf {J(u); u € AP(S)} = inf {J(u); u € AP'(B(0, R))}.
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Proof. ® As APY(S) ¢ B¥*(S) c BY(B(0, R)), we have certainly that
inf {J(u); u € AP'(S)} = inf {J(u); u € BY*(B(0, R))}.
But, inf {J(u); u € B'*(B(0, R)} = inf{J(u); u € AP'(B(0, R))}. So we get

inf {J(u); u € APY(S)} > inf { J(u); u € APY(B(O, R))}.

e Let us, now, prove that inf {](u); uce APl(S)} <inf {](u); u € AP(B(0, R))}.

Consider u € APY(B(0,R)) and define the projection operator on the convex
closed set S, P : H — S. We set, then, the function defined for all real ¢ by
o(t) := P(u(t)). As known, the projection operator is 1-Lipschitzean function [2,
page 16] and consequently continuous. This implies that v € APY(S), [12, Lemma
3.2]. Besides, the function u’ € AP°(H) since u € AP'(H). Then, u’ is a bounded
function on R. As a consequence, the function u is a Lipschitzean one on R. We
deduce then that the function v is Lipschitizean on IR as it is a composition of
Lipschitzean mappings. Therefore, the function v is locally absolutely continuous
on R which infers that v is Lebesgue-almost everywhere differentiable on IR, [7]
(Corollaire A.2 page 145).

Let t € R be a point where v is differentiable and consider 6 € R \ {0}. One has
then

5@t +8) = o)l = I (PGute + ) = Pt

= %Hp(u(t +0)) — P(u(®)llu

1
< Hllu(t +0) — u(®)ll-

Taking the limit when 6 tends to 0, we obtain

(3.2) 0" Ol < 1’ Dl ae. t € R

Now, we consider the functions of Bochner-Féjer defined as
Kiu(t) := Z?:_m(l—%)e_i‘st and @,(t) == [T}, K(m!)z(%) forallm € N*and forallt € R,
where (f;); is a Z-basis of the set of the Fourier-Bohr exponents of v. According to
[13, pages 86-88] and [15, page 115], we have that K, (t) > 0, M{K,} =1, ¢, 2 0
and M{p,} =1, forallm e N*and t € R.
LetussetforallmeIN*and all t € R,

Ou(t) 1= Melpu(s):0(s + 1),

Using [15, page 116], and changing R by H if necessary, we obtain that 5, € AP'(H)
and
lim |lo, — vllg2 = 0.
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By continuity of the functional J, on B*(H), we have lim J2(o,,) = J2(0).
m—00

Thanks to the condition 2.2, we have F(v(t), v(t — r),t) = F(u(t), u(t — r),t), for all
t € R. Then, [>(v) > J»(1) and consequently, by definition of the limit,

(3.3) Ve > 0,dm. € N, Vm > mg, J2(0m) = J2(u) — €.

On the other hand, using the theorem of Mazur [19, page 88],[1, Corollaire 5.62 page
194], we can write that co(v(R)) = Np,aenlp = a] where IT:= {(p, @) € L(H,R) X R :
Yy € o(R),{p, y)u = a} and [p > a] := p~([a, »)). But since ¢,, > 0, we get for all
te Randall (p,a) €11,
(P, ou(thHu = MS{<pr (pm(S).U(S +1))u)
= Ms{(Pm(SXP, o(s + t))u}
> Mil@(s)-a) = Melpu(s)).a = a.

This shows that ¢,,(t) € co(v(R)) C S and thus, ¢, € APY(S) for all m € IN*
Using [11, Lemma 4.3 iii.], we have for allm € N* and all € R,

o (Bl = IMsl@um(s)0’ (£ + )} I
< Msl@um(S)IIV/ (¢ + 9)lI}
= Ml(@u() > (@um(s) V210" (t + )|}

And according to the Cauchy-Schwarz-Buniakovski equality and 3.2, we de-
duce that

1/2

10l < (Milgue)) (Mgl ¢ + )2
< Mil@u ()l (¢ + )12,

Then,
Mdllon, O} < MAM{@umS)u’ (¢ + s)IIZ}-

By using [11, Lemma 4.3 i.], we obtain that
MAM@u(S)l’ (¢ + 9)IF) = Mi@u) Milu'|P).
Therefore, we get for each m € IN*,

(3.4) Millor,(B)lIEE < Millu'IP).

Let us fix arbitrarily € > 0 and consider m. € IN* defined as (3.3).
Using (3.2) and (3.4) we can write

J(om) = 3 MIGHIP) = Folom) < 3 MIIRIP) = ofw) + € = ) + .
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This last inequality implies that inf {](u); ue APl(S)} < J(u) + €. By passing to the
limit when € — 0, we obtain inf { J(u); u e APl(S)} < J(u). Hence, we have shown

that inf{J(u); AP'(S)} < inf{J(u); u € AP'(B(0,R))| which completes the proof of
the statement. O

Lemma 3.5. The following assertion holds true.

inf {J(u); u € B'*(S)} = inf { J(); u € B(B(O, R)}.

Proof. From the fact that AP(S) c BY%(S), it follows immediately that
(3.5) inf {J(u); u € B'A(S)} < inf{J(u); u € B'X(S)}

Let u € BY2(S). Then, we can find a sequence (uy)n € (APYS))N such that
lim ||u — t,,]|;2 = 0. But since ] € CY(B"*(H), R), we have inf {](u); ue APl(S)} <
lim J(u,) = J(u). Hence,

(3.6) inf { J(u); u € Apl(S)} < inf { Ju); u € BLZ(S)}.

Taking into account the two inequalities 3.5 and 3.6, we get
inf {J(u); u € APY(S)} = inf {J(u); u € B(S)},

We reason similarly to obtain that inf { J(w); u € APY(B(0, R))} = inf {](u); u e
B'2(B(0, R))}.

Finally, thanks to Lemma 3.4, we deduce the desired result. [

Now, we shall prove the main result stated in the Theorem 2.7.

By virtue of Lemma 3.3, there exists u € B?(S) which satisfies that
Jw) = inf{J(); u € B(S)}.

Let (), be a sequence in APY(S) such that lim |, — ul|g2 = 0.

Consider an element i € AP'(H) with 1 # 0 and define the scalar

AasA:= ﬁ{hfi € (0, 00). For each m € IN and each t € R, we have for any 0 € (A, A),

() + OOl < Nt Dl + 1OLIRE] < R+ (R - R) = R.

Then, it follows that u,, + 8.h € APY(B(0,R)). But taking into account that the
sequence (i, + 0.h),, converges in B2 to u + 6.h, we obtain that u + 6.h € B2(B(0, R))
forall 6 € (—A, A).
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Lemma 3.3 and Lemma 3.5 imply that
Jw) < J(u+ 6.h),

forall 6 € (—A, A).

On the other hand, | is of class C', by virtue of Lemma 3.1. Therefore, the
mapping 0 — J(u + Oh) is differentiable. We infer that
DJ(w.h = 45, J(u+6.h) = 0, or equivalently DJ(u).h = 0, for all h € AP'(H).
The linearity of DJ(1) and its continuity gives, by density of AP'(H) into B'*(H),
that DJ(u).h = 0 holds true for each function h € B'?(H).

Besides, using the Lemma 3.1, we have that

DJ()h = Myl(Vu(t), Vh(t)) -
[DAFGu(t), ut = 1), 1) + DaF(u(t + 1), u(t),  + 1) (o)
=0.

Thanks to [10, proposition 10], we deduce that the function u belongs to B>*(H)
and that V2u(t — r) + D1F(u(t), u(t — 1), t) + DaF(u(t — 7),u(t — 2r),t —r) = 0. Our
principal result has, finally, been proved.
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