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Abstract: An existence result of a solution for a class of nonlinear parabolic systems
is established. The source term is less regular (bounded Radon measure) and no coer-
civity is made in the non-divergentiel lower order term div(c(z,t)|u(z,t)|" " 2u(z, t)).
The main contribution of our work is to prove the existence of a renormalized solu-
tion without the coercivity condition on the nonlinearities, so we used the Gagliardo-
Nirenberg theorem to prove it.

Keywords: Dirichlet problem; parabolic systems; Gagliardo-Nirenberg inequality;
renormalized solutions.

Mathematics Subject Classification (2010): Primary 35K41; Secondary 35K55,
35K65.

1 Introduction

Given a bounded-connected open set 2 of RN (N > 2), with Lipschitz boundary 99,
Qr = Q x (0,T) is the generic cylinder of an arbitrary finite hight, ' < co. We prove
the existence of a renormalized solution for the nonlinear parabolic systems

i) _ div(al(a, t,ui, Vi) — di(x,t,u;) — Fi) = fi(z,u,uz) in Qr,
wi(z,t) =0 on 90 x (0,T), (1)
bi(x7ui(xa O)) = bi(x7u0,i(x)) in Q,

* Corresponding author: mailto:aberqi_ahmed@yahoo.fr
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where i = 1,2. Here the vector field a : Q x (0,7) x R x RV — R¥ is a Carathéodory

function such that A(u;) = —div (a(m,t,ui, Vui)) is a Leray-Lions operator defined on

L?(0,T; Wol’p(u)), ¢i(x,t,u;) is a Carathéodory function (see assumptions 7),
and b; : Q@ xR — R is a Carathéodory function such that for every = € Q, b;(x,.)
is a strictly increasing C'-function, the data wp; is in L'(Q) such that b;(.,ug;) in
L'(Q). The data f; : @ x R x R — R is a Carathéodory function (see assumptions
H4) and F; € (L? (v))N. When problem is investigated, there is a difficulty due to
the fact that the data by (x,uj(z)) and by(x,ud(z)) only belong to L' and the functions
(a(m,t,ui,Vui)), ¢i(z,t,u;) and fi(x,u1,uz) do not belong to (L, .(Qr))Y in general,
so that proving existence of weak solution seems to be an arduous task, and we cannot
use the Stocks formula in the a priori estimates of the nonlinearity ¢;(z,t,u;). In order
to overcome this difficulty, we work with the framework of renormalized solutions (see
Definition 3.1). The notion of renormalized solutions was introduced by R.-J. DiPerna
and P.-L. Lions [§] for the study of the Boltzmann equation. It was adapted to the
study of some nonlinear elliptic or parabolic problems in fluid mechanics, see [6]. In
the case where b(z,u) = u, the existence of renormalized solutions for has been
established by R.-Di Nardo [5|. In the case where ¢(z;t;u) = 0 and f € LY(Q7),
the existence of renormalized solutions has been established by H. Redwane [13] in the
classical Sobolev space, the existence results are already proved by the authors in the
case where f;(z, uy, us) is replaced by f —div(g), where f € L' (Qr)and g € (L (Qr))Y.
For the elliptic version of (1)) we refer to [10].
One of the models of applications of these operators is the system of Boussinesq:

% + (W) — 2div(p(6)e(u) + Vp = F(6) in Qr,
827(5) +u.Vb(0) — A0 =2u(0)|e(u)* in Qr,

u(t =0) =up, b(8)(t =0) =b(fy) on Q,
u=0 6=0 on 00 x(0,7).

The first equation is the motion conservation equation, the unknowns are the fields of
displacement u : Q7 — R and temperature 6 : Qp — R. The field e(u) = 3(Vu+(Vu)")
is the strain rate tensor.

It is our purpose, in this paper to generalize the result of [2,/5,/13] and we prove the
existence of a renormalized solution of system .

The plan of the paper is as follows: In Section 2 we give basic assumptions. In Section
3 we give the definition of a renormalized solution of ([J), and we establish (Theorem 3.1)
the existence of such a solution.

2 Preliminaries and Auxiliary Results

We recall here some standard notations, properties and results which will be used
throughout the paper.

Let Q be a bounded open set of RY and Q7 = Q x (0,7), T is a positive real number.
Let v(x) be a nonnegative function on Q such that v(z) € L™ (), r > 1, v(z) "t € LY(Q),
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p > 14 1/t. We denote by LP(§2,v), or simply L?(v) if there is no confusion, p > 1, the
space of measurable functions u on €2 such that

1

llullzr ) = (/ |u|pu(x)dx)p < +o00, (2)
)
and by WP (v) the completion of the space C''(Q2) with respect to the norm
[ullwrrwy = lullLe@) + [IVullLew)- (3)

Moreover, we denote by W,"*(v) the closure of CA(Q) in W'?(v), provided with the
induced topology defined by the induced norm, and by W’l’p'(ylfp'), p = p’%l, its dual
space. WP (v) and WP (v) are reflexive Banach spaces if 1 < p < oo, (see [11]).
Denote V = Wy*(v), H = L2(v) and V* = W(;l’p/(l/l’pl), with p > 2. The dual
space of X = LP(0,T;Wy*(v)) denoted X* is identified with L?'(0,T;V*). Define
W3 (0,T,V,H) ={v e X :v" € X*}. Endowed with the norm

lullw, = llullx + u'llx-,

Wp1 (0,T,V, H) is a Banach space. Here u’ stands for the generalized time derivative of
u, that is,

T T
/ u' (t)p(t)dt = 7/ u(t)g' (t)dt for all € CF°(0,T).
0 0

Lemma 2.1 [14]

1. The evolution triple V.— H < V™ is verified.

2. The imbedding WZ} (0, T,V,H) < C(0,T,H) is continuous.

3. The imbedding W;(O,T, V,H) — LP(Qr,v) is compact.

Lemma 2.2 [ Let {v,} be a bounded sequence in LP(0,T;V) such that

vy,

W =ap + ﬁn m DI(QT)

with {a,} and {B,} being two bounded sequences respectively in X* and in L*(Qr). Then
vp, — v in LY (Qr,v). Furthermore, v, — v strongly in L' (Qr).

From now on, we assume that the following assumptions hold true

1
; 1+ - <p<N(1+-), (4)

P ()

An important tool that we will use here, is the following weighted version of the
Sobolev inequality (see Theorem 3.1 and Corollary 3.5 in [11]).
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Proposition 2.1 [11] Assume that and hold true. Let p denote the number

associated with p defined by

220

1_,(1(1+1) 1)
o \pn T TN

Then the imbedding of Wy (v) into LP(v) is continuous. moreover, there exists a con-
stant Cy > 0 depending on N,p,v,t, such that
lull sy < ColllVull Loy, Yu € Wo'™ (). (6)

Using this proposition, we can prove the following interpolation result

Proposition 2.2 Assume that [4)) and (B]) hold true. Let v be a function in Wy (v)
L5(Q) with2 < p < N and s > r'. Then there exists a positive constant C, depending on

N, p, v, t and q, such that

[vllzo@w) <

for every 8 and o satisfying
Nt

)1 1) <
-— =, r .
p N/’ pt— N

+
| =

1
0<0<1,1<0< +oo, 7:9+r'(170)((1
(o

1 1-6
Proof. For every 1 < o < p, we can write — = § + —— for some 0 < § < 1. then
o

by the Holder inequality and @, one has

lollzey < ColllVollliny 100250, < ColllVolllzad, V117 Le ()

Ls’ Q)HU|

which gives the desired result.
As an immediate consequence of the previous result, we get

Corollary 2.1 Letwv € LP((0,T), WO1 P(v))NL>((0,T), L5(2)), with2 < p < N and

s>1r'. Then v € L°(v) with o = % Moreover,

/ V(x)fu|"dxdt§0v||Lfo(07T’LS(Q))/Q v(z)|VolPdzdt.
T T

Proof. By virtue of Proposition we can write

(1-0)o (2o

[ v@lerde < clvdifd)

Integrating between 0 and T', we get
(1-0)o

// \v|“dzdt<C/ 190l

L?(9)), we have

Since v € LP((0,T), Wy (v)) N L>=((0,T),
(1 G)O'dt

T
/ [ @l et < Cloli iy [ 90O
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Now we choose 6 such that (1 —0)o = p and o = p . This choice yields

0— p—Dp _pp+p—0p
— T < <~ O=———.
pp+p—p D

Then, becomes

T
/ | vl drdt < 1o 1 Z g raay [ V0O

3 Assumptions on Data

Let Q be a bounded open set of RY (N > 2), T be a positive real number, and Q7 =
Q% (0,7).

3.1 Assumptions

Throughout this paper, we assume that the following assumptions hold true:
Assumptions (H1)

b : 2 xR —= R is a Carathéodory function such that for every x € Q, (8)

bi(z,.) is a strictly increasing C!(R)-function with b;(z,0) = 0, for any k > 0, there exist
a constant \; > 0 and functions A% € L*>(2) and Bi € LP(2) such that: for almost
every x in )

Obi(x,s)

A <
- Os

<) and [vo(PON) gy vi<k @

Assumptions (H2) Let a: Qr x R x RY — RY be a Carathéodory function such
that, for any k > 0, there exist v and a function hy € LP (v) with

lale, 5,6 < v(@) (hila,t) + IEP7) VI8 <, (10)
a(z,t,8,€)E > av(x)|EP with a > 0, (11)
(a(z,t,8,8) —a(z,t,s,m) (€ —n) >0 with £ #n. (12)

Assumptions (H3) Let ¢, : Qr x R = RY be a Carathéodory function such that
‘¢i($,t,8)| < Ci(l',t)|8|’yl/($)7 (13)

p(3p — p) _2(p—1)(pp+p—p)
-DG-» p(3p —p)
for almost every (x,t) € Qr, for every s € R and every &, n € RV,
Assumptions (H4) We suppose for that for i=1,2 f; : @ xR xR — Ris a
Carathéodory function with fy(z,0,s) = fo(z,5,0) =0 ae z € Q,
Vs € R. And for almost every x € €, for every s1,s2 € R

ci(z,t) € L™ (v) with 7=

(14)

signe(s;) fi(z, s1,82) > 0. (15)
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The growth assumptions on f; are as follows: for each k > 0 there exist o > 0 and a
function Fy in L'(Q) such that

|f1(z,81,82)| < Fi + ok|ba(x, 82)]. ae x€QV|s1| <k, VsyeR. (16)
for each k > 0 there exist pu; > 0 and a function G}, in L*(£2) such that
|f2(x, 81, 82)] < Gi(x) + pr|br(z,51)]. ae x€Q Vs <k, Vs €R. (17)

up; is a measurable function such that b;(z,ug ;) € L'(Q) for i = 1,2.

4 Main Results

In this section, we study the existence of renormalized solutions to systems .

Definition 4.1 A couple of measurable functions (u1,us) defined on Qr is called a
renormalized solution of if for i=1,2. the function u; satisfies

bi(x, u;) € L(0,T; LY(R)), (18)
Ti(us) € LP(0,T; W, P(v)) for any k > 0, (19)
lim 1 a(z,t,u;, Vu; )Vu; de dt = 0, (20)

M=He0 M L (w,6)eQr: |us(,t)|<m}

and if for every function S in W2°°(R) which is piecewise C! and such that S’ has a
compact support

831,5(1‘, ul)

ot — div (a(m?t’ui’vui)sl(ui)) +S” (ui)a(m7t7ui7vui)vui (21)

+ div (qSi(x,t,ui)S'(ui)) — 5" (uy) s (x, t,u;) Vg

= fix,uy, u2)S" (u;) — div(S' (u;) Fy) + 8" (w;) F;Vu; in D' (Qr),

and
Bi,s(a:,ui)(t = 0) = Bi,s(x,uw) mn Q, (22)

where B; g(z, z) :/ MS/(S)CZS.
0 Os

Equation is formally obtained through pointwise multiplication of equation
by S’(u). However meanwhile a(z,t,u;, Vu;) and ¢;(z,t,u;) do not in general make
sense in . Recall that for a renormalized solution, due to , each term in has
a meaning in L' (Qr) + LP (0, T; W=1¢ (11-7")) (see e.g. [6]).We have

831‘,‘5;3’(;7’”*") belongs to L¥ (0,T; W~ (1'7)) + LY(Qr). (23)
Bi.s(x,u;) belongs to LP(0, T; W, P (v)). (24)

Then and imply that B; s(x,u;) belongs to C°([0,T7]; L*(£2)) (for the proof of
this trace result see [12],) so that the initial condition makes sense.
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Theorem 4.1 Let b(x,ug) € L'(Q), assume that (H1)-(H4) hold true, then there
exists at least a renormalized solution (u1,usz) of problem in the sense of Definition

(D).

Proof. Step 1. Let us introduce the following regularization of the data: for i=1,2.
For each n >0

bin(z,r) = bz, Tp(r)) + % VreR, (25)
an(z,t,5,6) = a(z,t,T,(s),&) ae. (z,t) €Qr, VseR, VEERY, (26)
Gin(z, t,1) = ¢i(x, 8, Ty (r)) ae. (z,t) € Qpr, VreR. (27)

Let fin(x,s1,52) = fi(z,Tn(s1),Th(s2)) a.e x € , Vsq,s2 € R.
and  fa,(z,s1,82) = fa(x, Th(s1), Tn(s2)) a.ex € Q,Vsy,s2 €R. (28)
Let u; 0, € C3°(2) such that
bi n(, wi0n) = bi(x, u;0) strongly in L' (Q). (29)

In view of , for i=1,2 b, ,, is a Carathéodory function and satisfies @[), there exists
A; > 0 such that:

0b; n(z, 3)

s
+ Os

< and |b;,(z,8)| < max|g<,|bi(z,s)| ae xe€Q, VseR.

1
n
Let us now consider the regularized problem
Pintin) — i (ap (2, b, i m, Viiin) = Gin (2,1, Uin) — Fi) = fim(@,ur,u2) in Qr,

Uin(z,t) =0 on 00N x (0,T),

bi,n(‘T, Uzyn)(t = 0) = bivn(:z:,uwn) ZTL Q

(30)

In view of —, there exist Fy , € L'(Q) and Fy,, € LY(Q) and o, > 0,1, > 0

such that :

|f1,n(z,51,82)] < F1n(z) +0p Hllgx bi(z,8)]. ae x€, Vsi,s2€R.
<n

|s

| fon(z,81,52) < Fopnl(x)+ tin |H‘13X |bi(z,s)]. ae z€Q, Vsi,so€R.
S n

As a consequence, proving the existence of weak solution w;,, € LP(0, T’ VVO1 P(v)) of

is an easy task (see e.g. [7,)9]).

Step 2: The estimates derived in this step rely on standard techniques for problems
of type (30). So we just sketch the proof of them (the reader is referred to [4] ) for the
elliptic version. Let 7 € (0,T") and ¢ be fixed in (0, 7). For i=1,2, using Tk (u;,n)X(0,+) a8
a test function in , we integrate between (0,71), and by the condition we have

/B;fk(%ui,n(t))dx—i—/ an (T, t, Wi m, VUi n)VTE(0in) deds (31)
Q t

S/ c(x, t)|win|"v(x) | VTi(uipn)| dz ds + fim(z,ul, uy) Tk (usn) de ds
t Q¢
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+ / By (w,ullg)dx + / FiVT(u?)dxzds,
Q

t

where Bl',(z,7) = / Tk (s )%@s)ds Due to definition of B}, we have:
; 0 s :

0< / By (2, uion)dz < K / bin (s w00l = KlJbi(z, wion) sy Wk > 0. (32)
Q Q

Using , and we obtain:

/sz(x,ui’n(t))dx—i—a/ v(x)|VTi(uip)|? dz ds g/ c(z, )i n| v (x) VT (u e)| ds dz
Q t

t

k(||bi (2, wi 0n)

)+/ F;VT(u;pn)dzds. (33)
Qt

Let M; = (supn||fi7n||L1(QT) + ||bi (z, Uiy()n)”Ll(Q)). Noting that

n 8 abm xr,o )\ + )\i
Biptens) = [ Tl 20T by > 2T o) > T
0 g

we deduce from and that

3 [ 1Bwin) Pzt a [ v@) 9Tl dods (34)
Q

t

< Mk + / s, ) s 0(2) [V T (i) d ds + | FyVTh(ug ) da ds.
¢ Q¢

By Gagliardo-Nirenberg and Young inequalities we have:

/ s, ) g n| () |V T (i) d s

t

7 —p) /
< Cim———"—llci(z, V)|l (0. sup T ( uzn dzx
S0,y ()P

te(0,71)
2pp+ (2 —)(p —p)
2(pp+p—p)

+C; ||Ci(m7 t)”L"(Qnﬂ/)

2(pp+H—p)

(%erp p— P)2m> 2—v)(P—p
( / V@)V T (s )P dads) 77 IO (35)
Q

T1

Since v = W and by using and , we obtain

g
?/ |Tk(ui,n)|2 dx + a/ v(x) VT (uin)P drds < M;k+
Q t
71)/

(6 —p)
Corsi 7@ M@ s [ Tt o+ N E

(0,71)
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‘e 2pp + (? *j)(ﬁ —p)
2(pp+p—p)

|\ci(x,t)||LT(QTl,y)/ v(2)|VTx(u; )|P dz ds

T1

+2 / V(@) V Tk (w5 0)|P de ds
? Jo,

which is equivalent to

by v —p) / 2
(2 12(pp+p—p)|| (@ llzr@n ) te(0,m1) Q| ()l

—|—a/ v(x)|VTi(ui )P deds

T1

7( 2pp+(2—7)(P —p)

o
— ci(z, )|~ V+—)/ v(z)| VT (uin)|P deds < M;k.
A+ B DD e, Dl + 2) [ o))

T1

If we choose 71 such that

Ai V(P —p)
— —Ci——F—||ci(z,t T u)>0a 36
(2 20 p_p)l\ (@, )L (@ry ) (36)

« 2pp + (2 =7)(p — p)
Y _c Z cilz,)lero.. »)) >0, 37
(p’ 2(pp+p —p) lesl@ Ollar @ )) o
and then denote by C; the minimum between the constants ( e ) and
YB=p)llei (@27 (Qr)

( 2a(pp+p—p)
p'2pp+(2—)(p—p)]llci(z, )L (@r,)

), we obtain
sup / Ty (i) |? do —l—/ v(x) VT (us )P de dt < C; Mk. (38)
te(ole) Q er

Then, by and Lemma 3.1( [?,[2]), we conclude that Tj(u;,) is bounded in
L*(0,T, VVO1 P(v)) independently of n and for any k > 0, so there exists a subsequence
still denoted by w; ,, such that

Tr(uin) — Hip weakly in  LP(0, T, WyP(v)). (39)

Lemma 4.1 (see [2])
Uim = U; a.e. Qr, bi(z,u;) € L(0,T; Ll(Q))7 (40)

where u; is a measurable function defined on Qr for i=1,2.

1
lim limsup — al(x, t, Ui n, VUi n) Vi, dedt = 0. (41)

M=o ntoo M S|, ,|<m}

Step 4: In this step we prove that the weak limit X, of a(z,t, Tk (win)VTk(win))
can be identified with a(x,t, Tk (u;), VTk(u;)), for i=1,2. In order to prove this result we
recall the following lemma.
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Lemma 4.2 For i=1,2, the subsequence of u;  satisfies for any k > 0:

t t
limsup/ / a(z,s,um,VTk(uiyn))VTk(ui,n)dsdxdt§/ / X xVTi(u;) dzds dt,
T T

n—-+oo

(42)

Jim_ /Q ) /0 (ale . Tews ). VTi(ai0)) — (a1, Ty (s ), ()
(VT,c Uin) VTk(ui)) —0, (43)
Xik =a(x, t,Tp(u;), VI (u;))  a.e. in Qr, (44)

and as n tends to +o0o
a(x,t, T (wim), VI (Uin)) VI (Uin) = a(x, t, T(u;), VI (1)) VT (u;) (45)
weakly in LY (Qr).

For i=1,2. We introduce a time regularization of the T} (u;) for £ > 0 in order to
perform the monotonicity method.

Lemma 4.3 (sece H. Redwane [15]) Let k > 0 be fized. Let S be an increasing
C*(R)—function such that S(r) = r for |r| <k, and suppS’ is compact. Then

T it _ _
liminf lim / / < W,S’(uim)(ﬂﬂ(uim) — (T (wi)) ) >> 0,
0

H—>+00 n——+00 0

where < .,. > denotes the duality pairing between L' () + W1 (b1=P") and L=(Q) N
Wy (v).

Let S, be a sequence of increasing C*°-function such that:
3
Sp(r) = for |r| <m, supp(S,,) C [-2m,2m] and ||S, || @) < — for any m > 1.
m

For i=1,2. We use the sequence (T (u;)), of approximation of Tj(u;), and plug the test
function S, (w,n)(Tk(win) — (Th(w;))u) for m > 0 and p > 0. For fixed k > 0, let
Wi = Ti(uin) — (T (ui)) . We obtain upon integration over (0,¢) and then over (0,T) :

T t
abi,n(gjvui,n) / n
A /0 < 5 s S (i)W, > dsdt

t
+/ /an(ams,ui’n,Vui’n)S;l(uiﬁn)VW[[dsdtdx
T JO
t
—|—/ /an(x,s,uim,Vui7n)S;'T(ui7n)Vui,nVWﬁdsdtdw (46)
7 Jo
t
—/ / Gin(x, 8, Ui.0) Sy, (Wi n) VW ds dt dz
Qr J0

t t
- / / S (i) Pin (T, 85 Ui ) Vg o VW, dis dt dx = / / fin Sy (win)W,! da ds dt
T J0 QT 0
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¢ t
—|—/ / F; S, (win) VW] ds dt do + / / Fi Sy (win) Vg o VW ds dt da.
T 0 T 0

We pass to the limit in as n — +oo, p — +oo and then m — +oo for k being a
fixed real number. We use Lemma (4.3) and proceed as in ( [4,[13]), then it possible to
conclude that

T t
b ,
liminf lim / / < Pinl@Uin) o o o> 0 foranym>k  (47)
p—r+00 n—+o0 [ 0 ot H

t
lim limsup limsup/ / an(x,t,ui’n,Vui’n)S;(uiﬁn)Vui’nVWﬁ dsdtdxr =0,
T JO

m—=>+00 3400 n—+oo

(48)
t
pngnng/TA fim S (win)W  dsdtdr =0, (49)
t
“EIEOO/T/O FiS;n(ui,n)VW: dsdtdx =0, (50)
t
lim / / Fi Sy, (win)Vug oW dsdt dz = 0. (51)
p——+00 rJ0
t
. . ) ) / ) n _
HEIEWnEIEW/T/O Gin (2, t, win) Sy, (wi ) VW ds dt dx = 0, (52)
t
. . 1 . . . n =
Mgrfwngrfw /QT/O S (Un)Gin (0, t, 15 0) Vs o VW ds dt dz = 0. (53)

For the proof of and the reader is referred to ( [2]),(44) and hold true. Note
that, taking the limit as n tends to +o0 in and using (45)) show that u satisfies (20)).
Now we want to prove that u satisfies the equation .

Let S be a function in W2°°(R) such that suppS’ C [k, k] where k is a real positive
number. Pointwise multiplication of the approximate equation by S’ (u,) leads to

3Bz?fs(9:, Uin)
ot

+ div (¢i,n(xat7ui,n)sl(ui,n)) — 5" (Ui ) i (T3t Ui ) VUi = finS (W)
_dlv(FZS/(u%n)) + Sll(ui,n)Fivui,n in DI(QT))
" 0b; p(x,8) o
0 Js
tends to 400 in each term of (54)). Since the fact that u;, converges to u; a.e. in Qr
implies that By (7, ui,,) converges to B; s(x,u;) a.e. in Qr and L*>(Qr) is weak-*, we
8325 (z, ui,n) aBi7s($, u;)

—div (an(a:, t, Ui s Vui,n)S’(um)) +8" (wip)a(z, t,u; py Vi n) Vi, (54)

where Bj'g(z,r) = (s)ds. In what follows we pass to the limit as n

have that in D'(Qr). We observe that the term
an (T, t, Ui m, VUi n)S (U ) can be identified with a(z,t, Ty (uin), VIk(win))S (u; ) for
n > k, so using the pointwise convergence of u;,, to u; in @7 and the weak convergence
of Ty (win)to Ty (u;)in LP(0,T; Wy P (v)), we get

an (T, t, Uim, VUi n)S (Ui n) —  alx,t, Tp(uwin), VIE(w;))S (u;) in L”/(Vl_pl), and
S (Wi ) an (@, T, Uin, VUi ) Vs o = S (wi)a(z, t, T (win), VI(w;) VIk(u;)

converges to
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in L'(Qr). Furthermore, ¢;,(z,t,u;n)S (Uin) = Gin(x,t,Th(uin))S (uin) ae. in
Qr. By we obtain [¢; n(x,t, T (Ui n))S (uin)| < v(x)lci(z,t)|k”, it follows that
Gin (@, t, T (win))S" (Uin) = Gin(z,t, Te(u;))S (u;) strongly in Lp/(vl_pl).

In a similar way

S" (i) i (5t i) Vi = 8" (Th (i n)) i (@, 8, Tho (i) )V Tk (win)  ace. in Q.

Using the weak convergence of T} (u;,,) in LP(0,T; W, () it is possible to prove that
S" (i) (m, t,ui ) Vi — S"(wi)gi(z,t,u;)Vu; in LY(Qr), and S”(uin)F;Vu,,
converges to S”(u;)F;Vu; in L*(Qr). Since |S"(u; )| < C, it follows that F;S” (u;.)
converges to F3S”(u;) strongly in LP (v). Finally by we deduce that f,5 (uin)
converges to fiS'(u;) in L'(Qr). It remains to prove that B;gs(z,u;) satisfies the
initial condition B; s(x,u;)(t = 0) = B;g(z,u;0) in Q. To this end, firstly note
that B'g(x,u;y) is bounded in LP(0, T} WyP(v)). Secondly, the above considerations

of the behavior of the terms of this equation show that W is bounded in

LY(Qr) + )i (0, T W’“’/(Vl*p/)). As a consequence, B{fs(ui,n)(t =0) = Bz?fs(x, U;,0n)
converges to B; g(z,u;)(t = 0) strongly in L'(Q) (for the proof of this trace result
see [12]). On the other hand, the smoothness of S implies that B; g(z,u;)(t = 0) =
B s(x,ui0) in Q. The proof of Theorem 3.1 is complete.
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Abstract: This work is devoted to the study of the existence of positive periodic
solutions of the second order nonlinear neutral differential equation

2 2

& 3a(0)+ (1) Sa(0) + a(t)x(t) = 3 Qe a(t () + 1 (2(1)) g (ot — 7(2)).

The method used here is one of the most efficient techniques for studying this type of
equations since it combines some useful properties of Green’s function together with
Krasnoselskii’s fixed point theorem.

Keywords: positive periodic solutions; nonlinear neutral differential equations; fixed
point theorem.
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1 Introduction

In this work we are essentially interested in the study of the existence of positive peri-
odic solutions for certain classes of second order nonlinear neutral differential equations
which are ubiquitous in different scientific disciplines and arise specially in beam theory,
viscoelastic and inelastic flows and electric circuits.

There is a sizeable literature related to this topic, for instance in the middle of the pre-
vious century, the existence of solutions of differential equations was extensively studied
by many investigators, see, for example, the papers and books [1]- [9], [11], [12]. During
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the last two decades, there has been an increasing activity in the study of periodic prob-
lems of second-order nonlinear neutral differential equations (see [1]- [3], [9], [11], [12]
and references therein).

Some mathematicians used transformation in order to reduce the equation into more
simple equation or system of equations or used synthetic division, others gave the solution
in a series form which converges to the exact solution and some of them dealt with second-
order nonlinear neutral differential equations by using some numerical techniques such
as Ritz method, finite difference method, finite element method, cubic spline method
and multiderivative method. In this paper, these usual methods may seem inefficient to
establish the existence of positive periodic solutions of the second-order nonlinear neutral
differential equations

d? d d?

@) +p(t) o) +a(t)2(t) = 5 Q@ 2t —7()))+ f(t, h (2(t)), g (2(t = 7(2)))), (1)

where p, q are positive continuous real-valued functions. The functions @ : R x R — R,
h,g:R— Rand f: R xR xR — R are continuous with respect to their arguments.
Our ideas are inspired by the ones given in the recent papers [1}[3L[9[11}/12], we will
convert the nonlinear neutral differential equation into an integral equation before using
the Krasnoselskii’s fixed point theorem.

This paper is organized as follows. In the next section, we start by providing some
background definitions, lemmas and some preliminary results, then we give Green’s func-
tion of a second order differential equation and some of their useful properties. We in-
troduce Green’s functions of a second order differential equation and we show that the
solution of a given equation can be explicitly expressed in terms of Green’s function of
the corresponding homogeneous equation. Next, we present the inversion of and we
assert without proof the well-known Krasnoselskii’s fixed point theorem which will be
useful in what follows.

Finally, in the last section, we study the neutral functional differential equation
and present an existence result for positive periodic solutions for this equation by combin-
ing some properties of Green’s function together with Krasnoselskii fixed point theorem.

2 Preliminaries

For T > 0, let Pr be the set of all continuous scalar functions z, periodic in ¢ of period
T. Then (Pr,|.||) is a Banach space with the supremum norm

||| = sup |z (¢)] = sup [z (t)].
teR t€[0,T]

Since we are searching for the existence of periodic solutions for equation , it is natural
to assume that

pt+T)=p(t), ¢t+T)=q(t), T(t+T)=7(1), (2)

with 7 being scalar function, continuous, and 7 (¢t) > 7* > 0. Also, we assume

/OTp(s)als>07 /OTq(s)dS>0. (3)

We also assume that the functions @ (¢, z) and f (¢, z,y) are periodic in ¢t with period T,
that is,
QU+T,2)=Q ), f(t+T,z,y)=[(tzy). (4)
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Lemma 2.1 ( [9]) Suppose that (3) and (3) hold and

o oo (7 (o)) — 1]

>1, 5
T o (5)
where
2
t+T d T
Ry = max / U p ) ol 0= (14 exp / p(uydu| R
0TI exp (fo du) -1 0
Then there are continuous T-periodic functions a and b such that b (t) > 0, fo u)du >

0 and

AW +b() =p(t), dib(t)m(t)b(t):q(t), fort €R.

t

Lemma 2.2 ( [11]) Suppose the conditions of Lemma hold and ¢ € Pr. Then

the equation
2

%m(t) () %x (t)+q()z(t) =6 (1)

has a T-periodic solution. Moreover, the periodic solution can be expressed by
t+T
D= Gltsos
t

S exp [ b @) dv+ [Ta@) o] dut [ exp [0 ) dv+ [T a(v)dv] du

[exp (fo du) — 1] [exp (fo du) - 1]
Corollary 2.1 ( [11]) Green’s function G satisfies the following properties
Gtt+T)=G(t,t), Gt+T,s+1T) —G(t s),
v)d
2609 =a()G 1,5 - —SRULOD)
s exp (fo dv) -1

0 exp (J, a(v) dv)
—G(t,8) = —b(t)G(t,s) + ,
ot exp <f0 dv) -1

0? , exp ([ b (v) dv))
~5G(t,s) = (a (s) + az(s)) G(t,s) —p(t) ¢ .
ds exp (fOT b(v) dv)) -1

The following lemma is fundamental to our results.

Lemma 2.3 Suppose (@- and (@ hold. If x € Pr, then x is a solution of equation
if and only if

t+T
z(t)=Qtx(t—7(t)) —/t p(s)E(t,5)Q (s, 2 (s —7(s)))ds

where

G (t,5) =

t+T
+/t G (t,s) [f (s5,h(x(s)),9(x (s=7 () +(a'(s)+a*(5)) Q (s, (s—7 (s)))] ds,
(6)
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where

exp ([, b(v) dv)

Bl = exp (fOTb(v)dv) 1

Proof. Let x € Pr be a solution of . From Lemma we have

t+T 2
s = [ 60 | J5Q a6+ sk (o) gl =7 ()] s 6)

Using the integration by parts, we have

2

t+T o
/t G(t,s)@Q(s,x(s—T(s)))ds

= {G(t, s)%@(s, x(s— 7-(3)))] o

t

__ /tHT (ia(t,s)) ((,i@(s,m(s - T(s)))> ds.

But

So

[t st - romas=- [ (2a.) (Zatsts o) as

A second integration by parts gives

t+7T 82

G(t,s)57Q(s,2(s — 7(s)))ds

' 0s?

~ [t - 7o) (iG(m))]?T

t+T
+/t Q(s,m(s—r(s)))%G(t,s)d&
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_exp (b (v) dv) )] -
exp (fOT b(v) dv) -1
exp (fttJrT b(v) dv) )
exp (fOT b (v) dv) -1

= —QUt+T,x(t+T —7(t+T1))) (a(t L TGt +T) —

exp (f: b(v) dv) )

exp (fOT b(v) dv) -1

exp (fOT b (v) dv) )

exp (fOT b(v) dv) -1

+Q(t x(t —7(1))) (a(t)G(t t) -

= —Q(t,z(t = (1)) (a(t)G(tvt) -

1
+Q(tz(t —7(1)) | at)G(t,1) —
( exp (fOTb(v) dv) - 1)

= Q(tv x(t - T(t)))a

and
t+T 2
/t (;LQG(L s)) Q(s,z(s — 7(s)))ds
t+T
= /t {(d'(s) + a*(5)) Q(s,z(s — 7(s)))G(t, s) — p(s) E (t,5) Q(s,x(s — 7(s))) } ds,

we obtain

t+T o2
/t G(t,s)@Q(&x(s —7(8)))ds
=Q(t,z(t —7(t)))
T
+ /t {(a'(s) + a2(s)) Q(s,z(s —7(5)))G(t,s) —p(s) E(t,s) Q(s, z(s — T(s)))} ds,
9)

where F is given by . Then substituting @[) in completes the proof.
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then we have

min{/OTa(u)du,/oTb(u)du} >

max{/OTa(u)du,/o b(u)du} < % (A—|— \/A2_4B) :

(A _JaAz_ 43) :

N =
I
-~

=m.
Corollary 2.2 ( [11]) Functions G and E satisfy
T
Tex u) du m
T p f p(u)
S <G(ts) < (s : ),E<t,s>g —.
(e — 1) (e —1) =1

Lastly in this section, we state Krasnoselskii’s fixed point theorem which enables us
to prove the existence of positive periodic solutions to . For its proof we refer the
reader to [10].

Theorem 2.1 (Krasnoselskii) Let D be a closed conver nonempty subset of a Ba-
nach space (B, ||.||) . Suppose that A and B map D into B such that

(1) z,y € D, implies Az + By € D,

(73) A is compact and continuous,

(#i1) B is a contraction mapping.
Then there exists z € D with z = Az 4+ Bz.

3 Existence of Positive Periodic Solutions

To apply Theorem we need to define a Banach space B, a closed convex subset D of
B and construct two mappings, one is a contraction and the other is compact. So, we
let (B, ||.I) = (Pr,||.]]) and D = {p € B: K < p < L}, where K is non-negative constant
and L is positive constant. We express equation @ as

@ (t) = (Byp) () + (Ap) (t) := (Hep) (1) ,
where A4, B: D — B are defined by

(Agp) (1)
t+T
= /t G (t,5) [f (5,0 (¢ (5)), 9 (0 (s =7 (5)))) + (d'(s) +a*(5)) Q (s, (s = 7 (s)))] ds,
(11)
and

t+T
(13’@)(15):Q(lﬁ,so(t—T(t)))—/lt p(s)E(t,s)Q (s, (s —7(s)))ds.  (12)

To simplify notations, we introduce the following constants

T exp (fOTp(u) du) om T
o = . 2 ) ﬂ = 1 _ 1’ Y= m 27
(¢! =1) € (em—1)
0= o, {o()}, n= uin {fp®)}, A= e, {fp®)}. (13)



236 A. BOUAKKAZ, A. ARDJOUNI AND A. DJOUDI

In this section we obtain the existence of a positive periodic solution of (1) by considering
the two cases: @ (t,z) > 0and Q (¢t,2) <0 for allt € R, z € D. We assume that function
Q (t,x) is locally Lipschitz continuous in z. That is, there exists a positive constant k
such that

Q(t,x) = Q(t,y)| < kllz —y|, forallt € [0,T], z € D. (14)

In the case Q (t,z) > 0, we assume that there exist a non-negative constant k; and
positive constants ko, o such that

E(t,s) > o, for all (¢,s) €[0,T] x[0,T7], (15)
kiz <Q(t,x) < komw, for allt € [0,T], z €D, (16)
ko < 1, (17)

and for all s € [0,T], z,y € D

(1—k1) K+ABkoTL
T

(1—]€2) L+/,LUI€1TK
ol '

< f(s,h(x),9(y)+(d (5)+a%(s)) Q(s,y) <
(18)

Lemma 3.1 Suppose that the conditions (@—(@, (@) and @—@ hold. Then
A:D — B is compact.

Proof. Let A be defined by (11). Obviously, Ay is continuous and it is easy to show
that (Ap) (t+T) = (Ag) (t). For ¢t € [0,T] and for ¢ € D, we have

t+T
I(Aw)(t)lé/t G(t,8)[f (57 (0(5)),9(p(s =7(s))) —a(s)Q(s,0(s —7(s)))]ds

1-— k‘Q) L+ MO’leK
ol
Thus from the estimation of |(Ay) (t)| we have

|Ag|l < (1 = ko) L + pok TK.

SO&T( :(l—kQ)L—i—/LO’leK

This shows that A (D) is uniformly bounded.

Let us that A4 (D) is equicontinuous. Let ¢,, € D, where n is a positive integer. Next
we calculate % (Ap,) (t) and show that it is uniformly bounded. By making use of ,
and we obtain by taking the derivative in that

exp ([, a(v) dv)
exp (fOT a(v) dv) -1
X [f (8,7 (on (8)),9 (n (s = 7(5)))) —a(s) Q(s,on (s — 7 (s)))] ds.
Consequently, by invoking and , we obtain

(1 — kg) L+ /LO’leK < D’
aoT -

t+T
GUe) 0= [ |06+

G Uen) (0] <T (00 +5)

for some positive constant D. Hence the sequence (Ap,,) is equicontinuous. The Ascoli-
Arzela theorem implies that a subsequence (Ayy,,) of (Ap,) converges uniformly to
a continuous T-periodic function. Thus A is continuous and A (D) is contained in a
compact subset of B.
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Lemma 3.2 Suppose that holds. If B is given by (@ with
E(1+A5T) < 1, (19)
then B : D — B is a contraction.

Proof. Let B be defined by . Obviously, By is continuous and it is easy to show
that (By) (t +T) = (By) (t). So, for any ¢, € D, we have

[(Be) (t) — (BY) (1)]
<lQEet—7() — QY (E—7(1))
t+T
[ P EEIQ e (5= 7 ()~ Qs (s = 7 ()] s
<Ek@+ABT) |l =]
Then ||By — By|| < k(14 ABT) ||¢ — ¢||. Thus B:D — B is a contraction by (L9).
Theorem 3.1 Suppose @—@, (@) and —(@ hold. Then equation has a

positive T-periodic solution x in the subset .

Proof. By Lemma the operator A : D — B is compact and continuous. Also,
from Lemma [3.2] the operator B : D — B is a contraction. Moreover, if ¢, € D, we see
that

(B) (1) + (Ag) (1
t+T

=@<t,w<t—r<t>>>—/ p(s) E(t,5)Q (5,0 (s — 7 (5))) ds

t+T '
+ / G (t,5) [ (5,1 (2(5)), 9 (2 (5 — 7 () + (a/(5) + 6%(5)) Q (5, (5 — 7 (5)))] ds
' t+T
Sk‘2L—M0/ Q (5,9 (s — 7 (5))) ds

t+T '
ta / [F (5,1 (2(5)) 9. (0 (5 — 7 (5))) + (a'(5) + 02(5)) Q (5,0 (5 — 7 (5)))] ds

(1 — k’g)L+MG’k1TK s
oT -

< koL — pok TK + oT

and

(BY) () + (Ap) (t)
t+T
=Q(t7¢(t—7(t)))—/t p(s) E(t,s)Q(s,9 (s —7(s))) ds

t+T
+/t G (t,5) [f (5,7 (9 ()) 9 (¢ (5 — 7 (5)))) — a.(5) Q (5,0 (5 — 7 (5)))] ds
t+T
zm«—w/t Q (5,0 (s — 7 (5))) ds

t+T
+ v/t [F (5,0 (0 (), 9 (0 (s =7(5))) —a(s)Q (s, (s —7(s)))]ds

(1— k1) K4+ \gkoTL %
T B

> k‘lK — )\ﬁkQTL + ’)/T
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Clearly, all the hypotheses of the Krasnoselskii theorem are satisfied. Thus there exists
a fixed point z € D such that © = Az + Bz. By Lemma [2.3] this fixed point is a solution
of and the proof is complete.

In the case @ (t,z) < 0, we substitute conditions — with the following condi-
tions respectively. We assume that there exist a negative constant ks and a non-positive
constant k4 such that

ksx < Q(t,x) < kyx, for all t € [0,T], z €D, (20)
— kAT < 1, (21)
and for all s € [0,T], z,y € D

K (14+kapoT)—

L (14+ksABT)— ks K
T '

L < s h@), g )+ (0 (5) +0%(9) Qs.9) < -

(22)

Theorem 3.2 Suppose (@—(@, (@, , and @—@ hold. Then equation

has a positive T-periodic solution x in the subset .
The proof follows along the lines of Theorem [3.2] and hence we omit it.
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Abstract: We are concerned with the non-autonomous evolutionary problem
py[ @) +Au(t) = ft), te[0,m],
(P) _
u(0) = wo.

Each operator A(t) is associated with a symmetric sesquilinear form a(¢;.,.) on a
Hilbert separable space (H, ||-||). We show that the approximation method considered
in [13] to redemonstrate the maximal regularity in H, is still valid to prove this
property if the sesquilinear form is symmetric and time bounded variation. This
result was already established in [5].
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regularity.
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1 Introduction

Let (H,| -|) and (V,| - |[v) be Hilbert separable spaces such that V is continuously
and densely embedded in H, V 7> H. Let V' be the anti-dual of V' and denote by

(.].) the scalar product of H and by (.;.) the duality pairing V'’ x V. By the standard
identification of H with H’ we obtain the continuous and dense embedding

Ve H~H V.
d d
Moreover, it is shown in [4] that there exists a constant cgy such that

llu]| < emllully  forall uweV
and || fllv: < cul/f|| forall fe H.
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Note that a result on existence, uniqueness and asymptotic behaviour was established
in [11] for the problem (P) on a Banach space and with ¢ € [0, co].

Let a(.;u,v) : [0,1] — C be a measurable function for all w,v € V. For each ¢t € [0, 7]
the operator A(t) is associated with a sesquilinear form a(¢;.,.) : V x V. — C which
satisfies:

[H1] D(a(t;.,.)) =V.

[H2] There exists M > 0 such that for all ¢t € [0,7] and u,v € V, we have |a(t;u,v)| <
M |ullv|jv]v, (V-boundedness).

[H3] There exist @ > 0,0 € R such that for all ¢ € [0,7] and all u,v € V we have
allul|?, < Rea(t;u,u) + 6||ul|%, (quasi-coerciveness).

Let t € [0,n]. For each fixed u € V, the operator a(t,u;.) defines a continuous
anti-linear functional on V, then it induces a linear operator A(t) € £(V, V') such that
a(t; u,v) = (A(t)u,v) for all u,v € V. In this case, —A(t) generates a strongly continuous
holomorphic semigroup (e~*4®)) 5o on V’. When the problem (P) is considered in the
spaces V and H, the form a(t,-;-) is associated with A(¢) which is a part of A(¢) in H.
Therefore the operator A(t) : D(A(t)) C V — H is defined as

D(A(t)) ={ueV, Alt)u € H}, A(t)u = A(t)u.

Moreover, —A(t) generates a strongly continuous holomorphic semigroup (e=*4() 5,
with (e=A®) 1= (e=4"), ;7. Note that all the above results can be found in [18, Chapter
2] or in [15].

Recall that, if the problem (P) is considered in V'’ we have the following powerful
result.

Theorem 1.1 (Lions’ theorem) For cach (f,ug) € L*(0,m;V') x H there is a
unique solution u € MR(V, V') := L*(0,n; V)N H(0,1; V') of the Cauchy problem

u(t) + At)u(t) = f(t), te€(0,n), u(0)=uo. (1)

We refer to |17, p. 112], |6, XVIII Chapter 3, p. 513] for the proof of this result. It is
noteworthy to state that although Lions’ theorem proves well-posedness of the Cauchy
problem (P) with maximal regularity in V', the result remains unsatisfying in concrete
applications to elliptic boundary value problems for which one needs solutions taking
values in H. For this type of problems, only the part A(t) of A(t) in H does really satisfy
the boundary conditions. Hence, the central problem is whether maximal regularity in
H is valid in the following sense:

Problem 1.1 For (f,ug) € L?(0,n; H) x V, does the solution u of (P) belong to
MR(V,H) := L*(0,m; V) N H*(0,1; H) ?

We will treat this question in three steps.

Step 1: t — A(t) := A for all t € [0,n]. For this autonomous case, Problem has
been treated intensively, and has a positive answer.

Step 2: t —> A(t) is a step function. This case was studied in [13] in a more general
context and the authors have obtained a positive answer.

Step 3: The general case. The measurability condition assumed in Lions’ theorem is not
sufficient to establish the H-maximal regularity [5]. Extra conditions should be imposed
on the regularity of (a(t;.,.))o<t<n With respect to ¢, or (and) on the space containing
up. It is proved in [12] that ug has to be in a specified interpolation space. In the
literature there are various conditions that ensure the H-maximal regularity. In the
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works of Lions we distinguish two cases. For ug = 0, he assumed that a is symmetric
and a(.,u,v) € C1[0,7n] for all u,v € V [14, page 65]. For ug € D(A(0)) he obtained a
positive answer if a(.,u,v) € C?[0,1] [14, page 95], or if the forms are symmetric and
a(.,u,v) € C'0,n] (a combination of |14, Theorem 1.1, p. 129] and [14, Theorem 5.1,
p. 138]). However, Bardos assumed that the domains of both A(#)!/? and A(t)*!/2
coincide with V' as spaces and topologically with constants independent of ¢, and that
A(.)Y/? is continuously differentiable with values in £(V,V’) [3]. The results of Bardos
were extended in Arendt et al. [2] by assuming the piecewise continuity of a instead of
continuous differentiability. As Bardos in [3], Arendt et al. [2] assumed the same square
property of the domains of A(.)2 and A(.)*2. Dier [5] improved the result of Arendt et al.
by considering symmetric and bounded variation form: for all u,v € V and ¢, s € [0, 7]
the form satisfies a(t; u,v) = a(t; v, u) and

la(t;u,v) — a(s;u,0)[ < |g(t) = g(s)[lullv[[v]lv, (2)

where g : [0,7] — RT is a nondecreasing function. Ouhabaz and Spina followed another
way in [16] when u(0) = 0 and a is a-Holder continuous for some « > % This result was
improved in |10] where the authors imposed that a satisfies some Dini-type condition,
which is a generalisation of the Holder continuity. Laasri and Sani in [13] gave another
approach by approximating the problem (P) and using the frozen coefficient method
developed in [7,[8]. The authors gave explicitly an approximate solution uy € MR(V, H)
which converges to the solution w of the problem (P) in MR(V,H) if the form a is
symmetric and time Lipschitz continuous. In this work we develop the last approach
to re-demonstrate the result of [5]. In fact, Theorem shows that the approximate
solution converges weakly in M R(V, H) to the solution u of (P).

2 Main Results

Let us recall some known results for the autonomous case that we use in the proof. In the
following the constant ¢ > 0 varies but does not depend on the variable to be estimated.
Let [a,b] be an arbitrary subinterval of [0,7] and let (f,uo) € L?(a,b; V') x H. Lions
theorem ensures the existence of a unique solution u € M R(a,b; V,V') := L?(a,b; V)N
H'(a,b; V") of the autonomous problem

u(t) + Au(t) = f(t), t. ae. on (a,b) C[0,n], wula)=up. (P)
It is shown in [17, Chapter III, Proposition 1.2] and in |18, Lemma 5.5.1] that if u €
MR(a,b; V, V'), then ||u(.)||? is absolutely continuous on [a, b] and

()2 = 2Redis u). 3)

For (f,ug) € L?(a,b; H) x V the solution u of (Py) belongs to the maximal regularity
space M R(a,b; D(A), H) := L?(a,b; D(A))NH*(a,b; H) which is continuously embedded
into C([a,b],V), see |6, Example 1, page 577]. In addition, if the form a is symmetric,
W. Arendt and R. Chill proved in [1] the following results.

Proposition 2.1 Let a be a continuous symmetric sesquilinear form satisfying hy-
potheses [H1] — [H3]. Let (f,ug) € L*(a,b;H) x V and u € MR(a,b; D(A), H). Then
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the following results hold:
i) The function a(u(.)) € Wht(a,b). Moreover, the following product formula holds

%a(u(t)) = 2(Au(t)|a)  for a.e. t € [a,b)]. (4)

In this case we infer the following estimate

d

Salu®) < IF@IF  for ae. te ], (5)

i1) If the function u satisfies (Py), then there exists a constant ¢(M, o, d,1m) > 0 inde-
pendent of f, ug and [a,b] C [0,7n] for which

sup, lu(s)Ii} < e [Ilu(a)HQV Iz 0, | - (6)
s€|a,

The method considered in [13] consists in the approximation of a and A by step
function. Let A = (0 = Ag < A1 < ... < Apy1 = 7) be a subdivision of [0, 7]. Let

ag:VxV —-C fork=0,1,...n

be a finite family of continuous and H-elliptic forms. The associated operators are
denoted by Ay € L(V,V’). The function a is approximated by ap : [0,7] x V x V = C
for each k =0,1,...,n and A\ <t < Agp1

1 Ak41
ap(tu,v) ==ag(u,v) = m/\ a(r;w,v)dr,
k

aa(m;u,v) :==a, (u,v).
Thus, the approximate Ay : [0,7] = L(V; V') of A is given by

1 Ak41
Ap(t) i=A, = 7/ A(ryudr  for A\ <t < Agg1, k=0,1,..,n,
Akt — Ak Ja,

Ax(n) :=A,.
For ug € H and f € L?(0,T;V’) there exists a unique uy € MR(V,V’) such that
Ua(t) + Aa(t)ua(t) = f(t), for a.et € [0,n],
(Pa)
up(0) = up.

Note that on each interval [Ax, A41] the solution ua coincides with the solution of the
autonomous Cauchy problem

(7)

(Py) ’llk(t) + Akuk(t) = f(t) t—a.e. on ()\k, Aet1),
* up(Ak) = up—1 (M) €V,

which belongs to M R(Ai, Ap+1; D(Ak), H).
The problem (P) is invariant under shifting the operator by a scalar multiplication.
Then, for the sake of simplicity, we may assume without loss of generality that § = 0.
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Proposition 2.2 [15, Theorem 3.2]. Let (f,uo) € L2(a,b; V') x H. Let u and us
be the solutions of (P) and (Py) respectively. Then
i) There exists a constant ¢ > 0 witch is independent of {f,ug, A} such that

/O lua(s)[[3ds < c [/O 1£ ()3 ds + luoll* |~ for a.e. t € [0,m], (8)

ii) The solution uy converges weakly to u in MR(V,V') as |A] = 0.

If the conditions (f,u) € L*(0,n; H) x V are fulfilled, then the solution u of (Py)
belongs to the maximal regularity space M R(V, H) which is continuously embedded into
C([0,7], V). In this case, the same estimate as in[g]is provided with the following theorem.

Theorem 2.1 Let g : [0,5] — RT be a nondecreasing function. Let (f,ug) €
L?(0,n; H) x V. Let a be a symmetric sesquilinear form satisfying [H1] — [H3] and

Ja(t; 4, ) — als;w,0)| < (9(8) — g@Dllulvllelly (&5 € [051], 5 < 0)
If up is the solution of (Pp), then there exists a constant c(a, ¢y, M,n,g) such that
lua @)1 < e [l + 1/ 2] ¥t € [0, (9)
Proof. Let t € [0,7], then there exists k € {0,1,2,...,n} such that t € [Ag, \gy1[C

[0,7n]. Since the solution ua coincides with the solution uy of the autonomous problem
(Py;) on each interval [Ag, Ag4+1[, then the coercivity property and (b)) yield

allua®F < ax(ua(t))

= [ag (ur(t)) — ag(ur(Ag))] + a; (ui(Aix1)) — a;(ui(N))
i=0

i=k
+ Z a;(ui(Ni)) — ai—1(ui(N;)) + ag(uo(Xo))

t i=k—1

d i1l
= [ geeetuonas+ 3 [ fatutonas
i=k
+ Z a;(ui(Ni)) — ai—1(ui(Ni)) + ao(uo(Xo))

t i=k
</O 1f(s)[Ids + M||uo|[3, +Zai(ui()\i)) —ai—1(ui(A))-

First, we give for each k = 0,1,2,..,n — 2 an estimate of

|ag (ua (A1) — Gpgr (ua (A1) -

Obviously, the function g is of bounded variation. And since ||ua(.)||? is continuous on

[0,7], it is Riemann-Stieltjes integrable with respect to g.
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For each k = 0,1,2,..,n and for each arbitrary t; € [Ag, Aps1] there exists, by
the inequality @, a constant ¢ > 0 depending only on M, J, «,cy, and n such that

uAl[tkv*k-pﬂ S MR(tk, )\k+1; D(Ak), H) and
hua ) I < e [l + 17132 ity - (10)
By the mean value theorem, the ¢ is chosen such that
2 At 2
(9(Ak41) = g(Ae) [lua ()]l )=/A [[ua(®)]7d(g(t)). (11)
k

Thus, the estimates , and yield
lag (ua (A1) — ap1 (ua (A1)
< (9(+1) = g [lua 1) |12

< elgOes1) = 90) [Jua )]l + 1130 |

N

Ak41
C/A lua(@®)F-d(g(s)) + ¢ ((9Nk+1) = 9D 1F 20,y (12)

k

Thus,

i=k
Z o (wi(Ai)) — a1 (ui(Ni))]

i=k i i=k
<ZC/A_ lua (®)[I5-d(g(s)) + ZC((Q(M) = 9= 1172 0,m:0)
<6/0 lua(@®)1Fd(g(s)) + ¢ ((g(n) = g(O)) 1 Z2 (0.1 (13)

Consequently,

t
allua®I} < e {1 o) + luollE] +e / Jua(s)|F d(g(s).
By Gronwall’s inequality, see |9, Theorem 5.1, page 498], we obtain that

lua ()1 < (113 2(0.050m) + o] (14)

(I
The following theorem shows that the solution us converges weakly in M R(V, H) to
the solution u of (P) which belongs to the maximal regularity space M R(V, H).

Theorem 2.2 Let (f,ug) € L?(a,b; V/) x H.  We suppose that the forms
(a(t;.,.))ot<n satisfy the standing hypotheses [H1]-[H3] and the regularity condition

la(t;u,v) —als;u, )| < (9(8) = g(s)lullv vy (0<s <t <n), (15)

where g : [0,n] — [0,00) is a non-decreasing function. Then the solution up of (Pa)
converges weakly in MR(V, H) as |A| — 0 to the solution u of (P). Moreover

lullaerevm < e [luolly + 171320, |

the constant ¢ depends only on «, cg, M, n and g.
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Proof. Let (f,uo) € L?(0,n; H) x V. Let un € MR(V, H) be the solution of (Py).
Taking into account the weak convergence of the function u to u in the space M R(V, V'),
it is enough to show that up is bounded in M R(V, H). Theorem assures the bound-

edness of up in L?(0,7;V), so it remains to prove this property for the derivative in
L*(0,m; H).

/ " Jaato)]2dt
0

/ " Re(— Anun (8) i (1)) dt + / " Re(f(t)sin () ndt

0
n—1 Xpp d1 n )
_ _kg/A %§ak(u/\(t))dt+/0 Rel(f(#)]ia (1)) dt
n—1 n
= =Y awlunOwrn) — aulun (W) + [ Re(r0lin (o)
k=0 0
= =Y ) (e + [ Re(SOlin (1)
k=0 0
[—an—1(ua(An)) + ao(ua(0))]. (16)

For the first term on the right-hand side of the equality the inequality yields

n—2

| > (ar(uaNer) = argr (wa(Aesn))] < #e /017 lua (1% d(g(t)) + clg(n) — 9O FI1Z2(0,0:mr)
k=0

< (1132 0im) + ol ] -

By the Cauchy-Schwarz and the Young inequalities

/ lin@l2dt < e [0 mim) + uoll?] + / NUOINO
0

0

1 [ 1/ .
< [ + ll¥] + 5 [ IR+ 5 [ sl

Thus, by the inequality (@, there exists a constant ¢ > 0 depending on
(cr, M, a, g(n),9(0)) such that

n 7
/0 la (81 dt + /0 lua (®)dt < ¢ [1£1132 0 sty + ol ]
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1 Introduction

In the study of integral equations by fixed point methods of the Schauder type (see [11}, pp.
25-34], for example) there commonly occurs an integral of the form

/0 C(t,s)g(s,x(s))ds. (1.1)

A main part of the investigation involves using that integral to map a set of bounded
continuous functions into an equicontinuous set. Our objective here is to establish a
necessary and sufficient condition on C' and ¢ to ensure that this will happen. The
conditions needed are (1.2), (1.4), and sometimes (1.3).

The function C : (0,00) x (0,00) — (0,00) is measurable and for any finite interval
J C [0,00) the integral [, C(t,s)ds exists for each ¢t € J with

t
sup/ C(t, s)ds < 0. (1.2)
tet Jo

The function g : [0,00) x ® — R is continuous and bounded when z is bounded, while

x>0 = g(t,z) > 0. (1.3)

The function C' is of fading memory type by which we mean that

O<s<ty<t; = C(tQ,S)ZC(tl,S). (14)

There is a more elementary formulation in place of (1.2) which is worth noting.
Instead of asking (1.2) and deriving a subsequent (2.2), in all the statements of Theorem
2.2 and Corollary 2.1 replace (1.2) with: Let C : (0,00) x (0,00) — (0, 00) be continuous
for 0 < s <t and suppose that for each ¢ > 0 there is a § > 0 such that

t1
0<ty <ty, t1—t2<5 — / C(tl,s)d8<6.
2

Remark 1. These conditions are the only ones needed to prove the necessary and
sufficient condition. In fact, stopping at the end of that proof makes a complete note
which can stand alone. But it turns out that this result can be used in Schaefer’s fixed
point theorem to give a very simple solution to the classical problem of finding a positive
solution of the integral equation

£(t) = p(t) - / C(t8)g(s,2(s))ds, (1.5)

where p : [0,00) — (0,00) is continuous. By using our theorem, it turns out that all we
need prove is a certain a priori bound on solutions of a related equation. This work offers
a way of attacking Riemann-Liouville fractional equations after suitable transformations
given in [4]. Using a transformation introduced in [5] that bound will be automatic if
we use two results which have been well studied in the theory of integral equations. We
need to know that the resolvent, R(t,s), for C(t, s) is non-negative and that

p(t) — /0 R(t, s)p(s)ds > 0. (1.6)
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In the appendix we summarize the literature giving affirmative answers to both proper-
ties.

It is convenient to first deal with the requirement that when M is a set of bounded
continuous functions then the mapping ) defined by ¢ € M implies that

(Q)(t) = / C(t, 5)6(s)ds (1.7)

maps M into an equicontinuous subset of the Banach space (8, ||-||) of bounded continuous
functions ¢ : [0,00) — R with the supremum norm.

Problem. Let M be a collection of bounded sets M of continuous functions. Find
necessary and sufficient conditions on C to ensure that QM is equicontinuous for each
M in M.

All scalar fractional differential equations of both Caputo and Riemann-Liouville type,
as well as many problems from applied mathematics, typically including heat transfer
problems, have kernels C(t,s) = (t — 5)?71, 0 < ¢ < 1, which satisfy (1.2) and (1.4).

A short section is added to show that the basic idea also works for g(t, s, z(s)).

2 Equicontinuity

In our work on equicontinuity we always discuss properties on the entire interval [0, 00).
But we see in Theorem 6.1 that we are working on an arbitrary interval [0, E]. The reason
for this is that compactness of the map is then a consequence of the equicontinuity alone.
If uniqueness holds then solutions on such finite intervals can be parlayed into solutions
on [0, c0) without usual difficulties with compactness of such mappings. The results here
can be restricted to finite intervals and the theorems will hold without further change.
Uniqueness results are also given.
We begin with (1.7)

(Q)(t) = / C(t, 5)d(s)ds

for which we have the following result. Theorems 2.1 and 2.2 will be put together in
Corollary 2.1 to yield the promised necessary and sufficient condition for equicontinuity.

Theorem 2.1 The mapping Q defined in (1.7) with condition (1.2) holding will map
every bounded set M in (B, | - ||) into an equicontinuous set only if

t
/ C(t, s)ds is uniformly continuous (2.1)
0

on any finite interval J C [0, 00).

The result is obvious since we could choose M as a set of constant functions. The
same result is true with ¢(s) replaced by g(¢(s)) if there is a constant ¢ with g(¢) # 0
since we could again take M to be a set of functions containing c¢. Notice that the idea
fails when we replace g(¢(s)) by g(s, #(s)) unless there is a constant ¢ with g(s, ¢) being
a nonzero constant.
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The convolution case is especially simple and it is the case most often encountered in
applied mathematics. We then have

/Ot C(t—s)ds = /Ot C(s)ds

which we require to be uniformly continuous on any finite interval of [0,00) when C
is locally integrable on (0,00), which is the case for the very large class of functions
A(t) discussed in Section 8 in which (A1) holds. That integral will always be uniformly
continuous on any closed bounded interval. Moreover, one of the primary applications
has C(t) = t971 where 0 < ¢ < 1 so we always have uniform continuity on [0,00). All
of this brings in an important property of the integral of C; that is, the integral as a
measure is absolutely continuous with respect to the Lebesgue measure. In fact, for a
given € > 0 and t;,t5 > 0, we can certainly find a § > 0 so that

t1 t1—t2
/ C(t; — s)ds / C(u)du
t 0

2
if [t; — t2| < & because C is in L*(0,1). In general, the § depends on #;. If (1.2) holds
with ¢; fixed, then [t; — t5] < § implies

< €,

t1

C(t1,8)ds| < e. (2.2)

2

The reader may wish to refer also to Section 8 in which we discuss (A1)-(A3) and,
in particular, (A1) which requires the kernel A € L'(0,1) giving us exactly that same
property.

The following result shows that the uniform continuity is also sufficient for equicon-
tinuity. The combined form for a necessary and sufficient condition will be given in
Corollary 2.1.

Theorem 2.2 Let M be a bounded subset of (B,]|| -1|). Suppose that fot C(t,s) is
uniformly continuous on any finite interval J C [0,00). If Q is defined by (1.7) with
condition (1.2) holding then QM is an equicontinuous set.

Proof. Let f be a typical element of M, let ¢ > 0 be given, and let ¢ > 0 be
fixed. Let J be a finite interval of [0, 00) with ¢; € J. Because of the assumed uniform
continuity there is a § > 0 such that |t; — o] < § with 5 € J implies that

to t1
/ C(tQ,S)dS*/ C(t1,s)ds
0 0

Since M is bounded, we find K > 0 so that || f|| < K for all f € M. Because of (1.2), it
follows from (2.2) that a 0 can be chosen so that 0 < ¢; — ¢ < ¢ implies

< € SO < €.

/O ’ [C(ts, s)—C(t1, 8)|ds— / th(tl, 5)ds

to

' C(t1,s)f(s)ds

to

ty
C(tq1,s)ds

ta

<K < €.
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We now have

/2 |C(t2,s)—C(t1,s)|ds:/Q[C(tg,s)—(](tl,s)]ds
0 0

t1
C(tq1,s)ds

to

+ < 2e. (2.3)

0

t2 tl
< ‘/ C(ta, s)ds — C(t1,s)ds
0

Now from @, checking equicontinuity we have

‘ / * Cltar ) (s)ds — / ) F(s)ds

_‘/OtQ C’(tg,s)f(s)ds—/oh O(tl,s)f(s)ds—/tl C(tr, s)f(s)ds

12

ty
#fl| [ et
to

ta
<wﬂ£am@—cmﬁws

swﬂé W@wwwwhﬂm+%snﬂ%

The same inequality holds if 0 <ty —t; < 4.0

We will be illustrating the results by invoking Schaefer’s fixed point theorem which
requires a compact mapping of a collection of sets. It is this which motivates our collection
M, below.

The last two results will now be combined into a necessary and sufficient condition.
Let M be the class of all sets M for which there are positive constants Lj; with the
property that if ¢ € M then ¢ : [0,00) — R is continuous and ||¢|| < Lps. For M € M
let W be the mapping defined by ¢ € M which implies that

mww=£cmm@wmw (2.4)

The next results need to be stated in the two parts because of the “only if” statement.
We would need to ask that there is a constant ¢ so that g(t,¢) is a nonzero constant
function.

Corollary 2.1 Let (1.2) and (1.4) hold.

(i) Let g be continuous and independent of t and suppose there is a constant ¢ with
g(c) # 0. The mapping W defined in (2.4) will map every set M € M into an equicon-
tinuous subset of (B, | -1|) i and only if (2.1) holds.

(i) If (2.1) holds and if g(t,x) is continuous and bounded for x bounded then the
mapping W defined in (2.4) will map every set M € M into an equicontinuous subset of

(B |- 1D)-

Proof. For a given set M € M with the constant function ¢ € M construct a new set
M* defined by ¢* € M* which implies that ¢*(t) = g(¢(t)) for ¢ € M . The new set M*
is also in M. If ¢ is the constant ¢ then ¢* is a nonzero constant and (W¢)(t) = (Q¢*)(t)
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will reside in an equicontinuous set only if (2.1) holds, where @ is defined in (1.7). On
the other hand, if (2.1) holds, by Theorem 2.2 we see that QM™* is an equicontinuous
set. By the definition of M™*, we have WM = QM™* so that WM is an equicontinuous
set. This proves (i).

To prove (ii), proceed as in the proof of (i) with g(¢,x) and construct M* again for
a given set M so that W will map M into an equicontinuous set exactly as in part (i)
above. O

3 Dependence on t

Frequently the mapping takes the form

wwmzﬂcwmw@wmm (3.1)

where v : [0,00) X [0,00) x ® — R is continuous and for each L > 0 there exists D > 0
so that for 0 < s <'t,
|z <L = Ju(t,s,z)| < D. (3.2)

A treatment of this mapping may allow us to reduce (1.4) by asking for a 3 : [0, 00) —
(0, 00) with the property that

C*(t,s) =: C(t,s)/B(t) (3.3)
satisfies (1.4). Then
W@@=ACWMWW@% (3.4)

will have the form of (3.1). While we would expect 3(¢) to tend to infinity, this will be
no problem in our theorem below so long as we work on finite intervals [0, E].

Theorem 3.1 Let (1.2), (1.4), (2.1), and (3.2) hold for (3.1). For M as in Theorem
2.2 and M € M then (3.1) maps M into an equicontinuous set on [0, E].

Proof. Notice first that for each ' > 0 there is a K > 0 such that 0 < ¢ < E implies
that

¢
/ C(t,s)ds < K.
0

For a given M € M, ¢; > 0, and t; € [0, E], we seek § > 0 so that $ € M and 0 < t5 < 3
and t; — to < 0 implies that

((H)(t2) — (H)(t)| < €1 (3.5)
Let L be the bound for this M and D be defined in (3.2). We have

(Ho)(t2) — (Ho)(t1)
_ / CClta, s)o(ta, 5, 6(s))ds — / "t s)o(te, 5, 6(s))ds
0 0

:/02[C(t27s)v(t2757¢(5))7C(t235)v(t1757¢(5))]d‘9
+ / “[Clta $)o(tr, 5, 6(5)) — Cltr, s)o(tr, 5, 6(s))|ds
0

—/IC’(tl,s)v(tl,s,qﬁ(s))ds.

ta
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Now, v is uniformly continuous on M for 0 < ¢t < FE so for a given € > 0 there is a
0 > 0 such that ¢ € M, [t; — t2| < 0 implies that |v(¢1, s, ¢(s)) — v(ta, s, P(s))] < €. At
the same time, let 6 be so small that for this € then (2.3) holds. Thus

() (t2) — (H)(11)]
< / Cta, s)eds + / (Cts, 5) — Clt, 8)]|o(ta, 5, 6(5))ds

+/1 Cltr, )[v(tr, s, ¢(s))|ds

to

to
SE/ Otg, dS+D/ t27 (tl, )dS+D/ tl, )d
0

to
<e C(ta, s)ds +2eD + De
0

<eK +2De+ De< ¢ if e <e1/(K+3D).

Similarly, we can show that (3.5) holds if 0 < #; <ty and t2 —t;1< 4. O

4 Schauder’s Theorem and Measures of Noncompactness

Study of the literature shows that investigators using fixed point theory frequently pursue
either a contraction, a Schauder type fixed point theorem based on compactness of the
mapping, or Darbo’s fixed point theorem based on measures of noncompactness. If a
contraction is present, it is usually the most elementary, but if it is not available then a
compactness type result is usually far more elementary than Darbo’s theorem . Theorem
2.2 can be a definite asset in determining if the compactness path is feasible. Darbo’s
path can require far less structure in the kernel. See, for example the lengthy expository
paper of Appell |3 p. 195] for discussions of measures of non-compactness related to the
present discussion.

The point of the second half of this paper is to show that in the choice of theorems
in that compactness path, Schaefer’s theorem can be so very natural, simple, and direct.
To see this we start with Schauder’s theorem [11, p. 25] and then in the next section
compare it with Schaefer’s for this class of problems.

Theorem 4.1 (Schauder) Let M be a non-empty convex subset of a normed space
(B,|-1I). Let P be a continuous mapping of M into a compact set K C M. Then P has
a fixed point.

To apply the theorem we see that:
1. We must find a self-mapping set as described.
2. The natural mapping defined by (1.5) needs to be continuous and into a compact set.
The next section will show that Schaefer’s theorem can get us past both of these in
a very smooth way.

5 Schaefer’s Fixed Point Theorem

In this and the following sections we work our way up to application of Schaefer’s theorem.
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The object of this sectlon is to pomt out two requirements for a positive solution. We
need R(t,s) > 0 and p(t fo s)ds > 0. There is large literature detailed in the
appendix giving suﬂi(nent condltlons for them to hold.

We now show how Schaefer’s fixed point theorem [11, p. 29] gets us past the Items
1 and 2 discussed in the previous section. We place this discussion in the context of the
search for a positive solution of (6.1). Much has been written about such existence, as
may be seen, for example, in the books ( [1], [2]). In many problems, such as population
studies, only a positive solution has any meaning.

Theorem 5.1 (Schaefer) Let (B,| - ||) be a normed space, P be a continuous map-
ping of B into B which is compact on each bounded subset X of B. Then either

(i) the equation © = APx has a solution for A =1, or
(i) the set of all such solutions x, for 0 < XA < 1, is unbounded.

Notice the difference between this and Schauder’s theorem in the search for a positive
solution of (1.5).

1. The most challenging part of application of Schauder’s theorem is locating a self
mapping set. Schaefer’s theorem does not require it.

2. We will restrict our mapping to an arbitrary interval [0, E] which will later be
extended to [0,00). The mapping P will be the natural mapping defined by (1.5). Our
Theorem 2.2 will take care of the requirements that P : B — B and that the equicontin-
uous mapping is compact on bounded sets.

3. Because we are working on a bounded interval, pointwise continuity of g(¢, z) will
take care of continuity of the map.

4. We only have to show that there is an a priori bound on all possible solutions of
our (1.5) when we insert a parameter. This is a two step process.

a. With p(¢) > 0 and g(¢,z) > 0 for > 0 it is clear from (1.5) that a solution begins
positive and is bounded above by p(t) so long as it remains positive. Thus, we need to
provide a non-negative lower bound for the solution.

b. To obtain a lower bound, in Section 6 we transform (1.5) (with a parameter \)
into an equation, later designated as (6.10)

x(t):)\{p(t)—/otR(t,s ds] /Rts[ _ 9l j( D gs.

Here, we repeat some classical theory of integral equations [10, pp. 189-193, 207-213]
with detail in Section 6. The function R is a resolvent satisfying

R(t,s) = AJC(t,s) — /t AJC(t, u)R(u, s)du (5.1)

for 0 < s <t < oo with ,
/ R(t,s)p(s)ds (5.2)
0

continuous for any continuous function ¢ : [0, 00) — .

We observe that the resolvent R is also a function of A. For brevity in notation, we
will suppress the A in the expression of R here. But this will cause us no trouble in
Theorem 6.1 below since we ask that (5.2)-(5.4) hold for each A, 0< A < 1.
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Now, in order to ensure that z(¢) remains positive we require three things. The first
two are

R(t,s) >0 (5.3)
and

p(t) — /0 R(t,s)p(s)ds >0, t>0 (5.4)

for each A\, 0< A < 1. These two properties have been studied for decades in the standard
integral equation theory and several sufficient conditions are offered in the appendix
which cover major areas in applied mathematics and fractional differential equations. A
prominent example satisfying (5.3), (5.4), and Theorem 2.2 is C(t,s) = (t — s)971,0 <
g < 1 and p(t) non-decreasing. For such problems, all conditions of Schaefer’s theorem
will immediately hold except for the a priori bound. And the third requirement is treated
next and can be absolutely elementary.

¢) Main note. We used the negative integral in (1.5) to get an upper bound on
all possible solutions. When (5.3) and (5.4) hold and when we can find a J > 0 with
0 < g(t,z)/(Jx) < 1 when 0 < z < p(t) and 0 < t < E, then a transformation will
change (6.1) into an equivalent equation with positive right-hand side, thereby making
x = 0 a lower bound. This will satisfy Schaefer’s theorem and we will have a positive
solution on an arbitrary interval [0, E]. This is the content of Theorem 6.1 and we notice
that the inequality 0 < g(t,z)/(Jx) < 1 must fail for such functions as g(t,z) = z/3,
but Theorem 6.2 will pick up just such cases.

6 The Resolvent and a Transformation

In the previous section we gave an outline indicating that the conditions fot C(t,s)ds is
continuous, R(t,s) > 0, p(t) — fot R(t,s)p(s)ds > 0, and 0 < g(t,2)/(Jx) < 1 “locally”
imply the existence of a positive solution on any interval [0, E]. These offer a major con-
trast to conditions required in Schauder’s theorem. Here are the details of the promised
transformation.

Schaefer’s fixed point theorem requires the introduction of a parameter A € (0, 1] into
the integral equation. We return to (1.2), (1.3), and (1.6) which we restate here with the
parameter for reference as

x(t) = )\[p(t) —/0 C(t,s)g(s,x(s))ds|, (6.1)

where 0 < A <1,
C': (0,00) x (0,00) = (0, 00) (6.2)
satisfies (1.2), g and p are continuous where

g:[0,00) xRN, 2>0 = g(t,x) >0 (6.3)

and
p:[0,00) = (0,00). (6.4)
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Let J be an arbitrary positive constant and write (6.1) as

x(t) = / C(t, s)[=AJz(s) + ANJxz(s) — Ag(s,z(s))]ds
/\J/Cts ds—i—/\J/C’ts{() g(s’ij(f’))ds. (6.5)
Define
D(t,s) = AJC(t,s) (6.6)

and write the linear part as

z(t) = Ap(t) —/U D(t, s)z(s)ds (6.7)

with resolvent equation
R(t,s) = D(t, s) / D(t,u)R(u, s)du (6.8)

so that by the linear variation of parameters formula

2(t) = Mp(t) — /0 "R(t $)Ap(s)ds. (6.9)

We have again suppressed the A in the expressions of R and D for brevity here.
The nonlinear variation of parameters formula |10, pp. 190-193] yields

/ R(t,s [ 9(s, j( D] gs. (6.10)

Main note. We emphasize that this equation is used in Theorems 6.1 and 6.2 only
for establishing a lower bound on the solution. It is never the mapping equation. It is
used in Theorem 7.1 to show uniqueness.

The reader will note that (iii) in Theorem 6.1 below requires a near Lipschitz condition
centered on the t—axis. This eliminates such functions as g(t,z) = /3. But those
functions can be included with a simple translation device which we show in Theorem
6.2.

There is so much to be gained by working on an arbitrary finite interval [0, E]. In that
case an equicontinuous map becomes a compact map. Moreover, if p(t) is unbounded,
then we obtain a solution which may be unbounded, but the unboundedness of p then
causes us no trouble with the compactness arguments. When we examine proofs of
continuity of the mapping, if we were working directly on the whole interval [0, 00) we
would be needing some severe uniform continuity conditions on g(¢, z). The introduction
of A(t) in (3.3) can completely save a problem for this program. Since B(t)¢(s) in (3.4)
could be unbounded if 8(t) — oo as t — oo the finite interval avoids any problem with
that property.

When we argue that by uniqueness we can continue a solution to all of (0, 00), notice
that we are only using uniform convergence on compact sets to obtain that solution.
By contrast, if we examine the end of Miller’s proof |10, pp. 210-212] of Theorem 6.1
we will see that he does not have uniqueness and obtains a solution on a finite interval,
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stating then in the last line of the proof that the solution can be extended by continuation
methods. However, that requires another significant argument. As noted in [9, p. 42],
this type of argument is not elementary and relies on Zorn’s lemma.

Finally, there is another significant advantage of work on [0, E] and it is something
of a surprise. In Theorem 2.2 if we had asked for uniform continuity of fg C(t,s)ds
on [0,00), we would have restricted the growth rate of g(¢,x) in = to essentially linear
growth. But when we work on [0, E] we need only ask for continuity, leaving growth rate
completely unrestricted.

Theorem 6.1 Suppose that:
(i) Conditions (1.2), (1.8), and (1.4) hold.

(i) fot C(t, s)ds is continuous on any interval [0, E].

(i4) For each E > 0 there are K <1, J >0, and L = supg<,;<p p(t) with 0 < % <K
f0<zx<Land0<t<FE.

(iv) The unique solution R(t,s) of (6.8) is non-negative for 0< s <t < oo and (5.4)
holds.

Then for X =1 (6.1) has a positive solution on [0, E] for any E > 0. If solutions are
uniquely determined by the initial condition then the solution exists on [0, 00).

Proof. While B is defined for functions on [0, c0), in this theorem all of the functions
are restricted to the interval [0, E] until we come to (iv) when we then develop the solution
on [0,00). Define a mapping P from (6.1) so that for ¢ € B

(P&)(t) = p(t) - / C(t, 5)g(s, B(s))ds (6.11)

and item (i) of Schaefer’s theorem will be

x(t) = )\[p(t) —/0 C(t,s)g(s,z(s))ds|. (6.12)

L. First notice that in (6.12) if there is a solution, then z(0) = Ap(0) > 0 and, so long
as z(t) > 0, the integrand in (6.12) is positive. Therefore

0 < z(t) < Ap(t) < L. (6.13)

Notice also that the upper bound on z(¢) is independent of A. If we can show that x(t)
remains positive then (6.13) will represent an a priori bound on all possible solutions of
(6.12) and (ii) in Schaefer’s theorem will be excluded.

IT. We now show that P : B — B. First, p is uniformly continuous on [0, E]. Next, if ¢
is in B then g(t, ¢(¢)) is continuous and bounded on [0, E] so by Theorem 2.2 g(t, ¢(t)) will
be mapped by (6.11) into an equicontinuous set, from which we conclude that P¢ € B.

ITI. Continuity of the mapping P follows from that of g¢(¢,z) and the fact that
fot C(t, s)ds is uniformly continuous. Details are very similar to those in [6].

IV. Now we must show that zero is a lower bound on all possible solutions of (6.12).
For this we go to the equivalent transformed equation (6.10). That transformation is
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reversible so a bound on solutions of (6.10) means a bound on the solutions of (6.12). It
is easy to see that if 0 is a lower bound of solutions of (6.10), then it is independent of
the A, just as in the case of the upper bound. Notice that (iii) implies that if a solution
is positive on an interval [0, 1), then the integrand in (6.10) is positive. This means that
the solution can not vanish at ¢; because z(¢) > 0. Hence, if a solution exists on [0, E]
then it is positive. We have established that any solution satisfies (6.13) on [0, EJ.

V. Concerning the compact map, note that while we have two forms for our equation,
it is only (6.11) which is the mapping equation. Equation (6.10) is only used to establish
the lower bound on solutions, although in the next section it is also used for uniqueness.
In order to show that P is a compact map, we only need to show that P maps bounded
sets into equicontinuous sets since we are working on [0, E]. We noted in II that p is
uniformly continuous. Let M be any bounded set in B on [0, E] and determine H > 0 so
that ¢ € M implies ||¢|| < H. This means that g(¢, ) is bounded for || < H,0 <t < E.
By Corollary 2.1 the set M will be mapped by P in (6.11) into an equicontinuous set.
Adding in the uniformly continuous function p shows that P maps the given bounded
set into an equicontinuous set.

The conditions of Schaefer’s theorem are satisfied and P has a fixed point satisfying
(6.12) for A = 1.

In the event that solutions are unique then a solution, x,(t), is uniquely determined
on any interval [0,n] for n an arbitrary positive integer. Notice that the x,,; agrees
with z,, on [0,n]. Extend each x,(t) to a function y,(¢) which is continuous on [0, c0)
and agreeing with x,, on [0,n]. The sequence y,,(t) converges uniformly on compact sets
to a single function x(t) on [0, c0) which does satisfy (6.1) with A = 1 at every point on
[0,00). O

We now outline the changes needed in order to accommodate functions like g(t,z) =
x'/3. All of the conditions of Theorem 6.1 will be retained except (iii). The fact is
that, unlike the classical result of Miller [10, p. 210] in which he obtains a non-negative
solution which is not necessarily unique, our result will be a strictly positive solution
on any interval [0, E]. Because the solution is positive, for each F and A € (0, 1] if we
can find Dy > 0 and construct a line x = AD, > 0 above which the solution lies, then
condition (iii) holds, again above the line, so long as we are working on the fixed interval
[0, E]. In that region functions like 2'/3 will allow the dominance displayed in (iii).

The big change here from Theorem 6.1 is that the region in (6.16) depends on each
fixed \, but we always keep the solution in the region 0 < ADy < z(t) < L, 0 <t < E,
yielding the a priori bound of L for every \. When we invoke Schaefer’s theorem then
we obtain a solution in that region for A = 1. Non-uniqueness problems for g(t,z) = z'/3
will vanish since any pair of solutions must reside in that region, and that is the topic of
the next section.

Now consider the region 0 < AD) < z(t) < L. Notice that it gets closer to the
z—axis as A — 0 if Dy is bounded. For g(t,2) = 2'/? the region in (iii) of Theorem
6.1 of 0 < < L can not possibly yield the inequality 0 < g(¢,z)/(Jz) < K < 1. For
each A we must go back to our transformation discussed in (6.5)-(6.10) and pick a larger
value of J. This is no cause for concern because the transformation is reversible and the
solution of (6.10) with each such J will correspond to the solution of (6.12).

Up to this point we have been suppressing the A in the expression of R(¢, s) for brevity.
We now reinsert the A in the notation, say Ry(t,s), to emphasize that Ry(t,s) is the
unique solution of (5.1) for the fixed A. Unlike the case in Theorem 6.1 where J is an
arbitrary positive constant, in Theorem 6.2 we choose J as a function of A so we write
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J = Jx. We now restate (5.1) here with the new parameters as
t
R (t,s) = A\C(t,s) —/ AINC (¢, u) Ry (u, 8)du (6.14)

for 0 < s <t and XA € (0,1]. Here J) is to be determined.
In Theorem 6.2 below we ask that (5.4) hold and for a given v > 1, define

t
Dy = i, [n0) = [ Rt ome)is| (6.15)
foreach \, 0 < A < 1.

In particular, the solution obtained by Schaefer’s theorem satisfies x(t) > D with
D = D;. And this D will be critical in proving the uniqueness result in the next section,
enabling us to continue our solution on an arbitrarily large interval [0, E] to a positive
solution on [0, c0).

Theorem 6.2 Let the conditions of Theorem 6.1 hold except for (iii). Let 0 < K <
1, E >0 be given and let L = supg<;< p(t) > 0. Suppose that for each X € (0,1], there
exists Jy > 0 so that

g(t, )
J,\.r

ADy<z<L, te[0,E] = 0< <K. (6.16)

Then for X =1 (6.12) has a positive solution on [0, E] and any solution of (6.12) for
A € (0,1] satisfies 0 < ADy < x(t) < L.

Proof. In the second to last sentence of the theorem recall that (6.10) and (6.12)
share solutions. We explain the second sentence of Theorem 6.2 as follows. Recall from
(6.9) that

0 =Apo- | CRa, Sren (6.17)

From this and (6.15) it follows that z(¢) > ADy on [0, E]. All of the work on continuity
and compactness needed for Schaefer’s theorem was given in the proof of Theorem 6.1.

The only thing left to be proved here is the a priori bound. The upper bound of
L still holds. We need only to show a lower bound. Suppose a solution z(t) exists on
[0, E] and, since Ap(0) > ADy > 0, we can assume z(t) > ADy on an interval [0,¢1). It
follows from (6.16) that the integrand in (6.10) is positive on [0, #1]. We now investigate
the possibility that x(¢1) = ADx. Note that on [0,¢;) we have

(t) = 2(t) + /O " Ratt 9)2(s) {1 - W} ds

and this integral is positive on [0,¢1] and x(t) > AD) on [0,t1). Because the integral
is positive we have z(t) > z(t) at t;. However, at t; we have x(t1) > z(t1) > ADa,
a contradiction to our assumption that (1) = AD,. We conclude that the solution
remains above AD) on [0, E]. O

In Example 6.1 below, we will outline some basic steps that can be taken for deter-
mining the number Jy. To this end, we examine (5.4) and (6.15). First we see that, in
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(6.14), if C(t,s) = A(t — s), and if A satisfies conditions (A1)-(A3) in Section 8, then for
each A € (0,1], Ra(t,s) = Ra(t — s), Rx(t) > 0, and

/ Ra(t)dt = N\A*(1 + AT A" 7Y (6.18)
0

if A* = [;% A(s)ds < oo (see Section 8 and Miller [10, pp. 212-213]). If the function A is
defined on [0, E] we can easily extend its domain to [0, 00) with A satisfying (A1)-(A3)
on [0,00) and A € L[0,0).

Next, we observe that if p(t) is non-decreasing, Ry(t,s) > 0, and fot Ry(t,s)ds < 1
for t € [0, E], then

- /O t Rx(t,s)p(s)ds > p(t) {1— /0 t R,\(t,s)dé‘] > 0. (6.19)

This implies that (5.4) holds. The lower bound of (1 - fot R,\(t,s)ds> for t € [0,E] is

essential for determining .Jy. For the convolution case, we have from (6.18) that

1 —/ Ra(t — 8)ds = (1 + AJyA*)~ / R (u (6.20)
For the non-covolution case, in Example 6.1 we ask that the resolvent Ry(t,s) in (6.14)
satisfy
t
_ / Ra(t,s)ds > (1+ AN ! (6.21)
0

for all t € [0, E] and a fixed positive number N. Condition (6.21) holds for a general class
of convex kernels. We will not go into the details here and refer the readers to Section 8
for reference.

We now consider the equation

z(t) = p(t) — /O tC(t,s)xl/s(s)ds for t € [0, E). (6.22)

Example 6.1 Let E > 0 be given, let p(t) be continuous, positive, and non-decreasing
fort € [0, £, and let L = supg<,< p(t). Suppose that

(i) Conditions (1.2), (1.4), (5.2), and (5.3) hold.
(ii) fo (t,s)ds is continuous on any interval [0, E|.

If (6.21) holds, then (6.22) has a positive solution on [0, F].

Proof. Let g(t,x) = x'/3 and 0 < K < 1 be given. We first observe that (6.21)
implies (5.4). Thus, to apply Theorem 6.2 we only need to verify that (6.16) holds. For
each A\ € (0,1], to determine J in (6.16) we need to find a lower bound of D) in terms
of Jy. To this end, we apply (6.21) and we proceed as follows.

D)\:OISntlSnE[ /O R)\ d8:|/7

t
-1
> > .
021<11Ep [ /ORA (t sds] v>po(1+ALN) /v, (6.23)
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where pg = p(0). We now define

GA:maX{g(t’$)7 0<t<E, )\ngng}

x
= max ﬁO<t<E ADy <z <L S (6.24)
= z == AT > _(AD)\)Q/?’. .

Thus, to show that (6.16) holds, it suffices to solve the inequality

g(t,l‘) GA
< ¥—F—+-< =<K 6.25
< I T I T ( )

on ADy <z < H, t €0, E] for a positive Jy. It follows from (6.23) and (6.24) that

S 1 _ARARNPE 2
I INADNE T N8 [ (14 AN Ly IOw)?? T

(6.26)

It is easy to see that (6.26) has a positive solution Jy (infinitely many). Thus, (6.16) is
satified and (6.22) has a positive solution on [0, E] by Theorem 6.2. O

7 Uniqueness

We will begin with an example in which Theorem 6.2 already shows that there is a positive
solution and for positive z we will write g(¢,z) = x'/2 which is very instructive for several
reasons. First, early in our study of differential equations we find that 2/ = —z'/2 for
x > 0 can generate non-uniqueness so we are immediately on guard. It is especially
effective here in that there are no inequalities; everything is absolutely exact and we can
see at each step exactly what is promoting uniqueness and where uniqueness is likely to
fail.

Example 7.1 Let g(t,z) = z'/? for x > 0. If the other conditions of Theorem 6.2
hold, then there is a unique positive solution of (6.1) on [0,00) for A = 1.

Proof. According to the proof of Theorem 6.2 for any F > 0 any solution of (6.1)
for A =1 on [0, E] satisfies 0 < D < z(t) < L for a pair of fixed numbers D and L with
D = D;. Then z(t) satisfies (6.10) for any positive number J. By way of contradiction to
uniqueness, if z; and x5 are two solutions on some interval [0, E] then we will rationalize
the subsequent numerator and have

2 T
- /Ot R(t, s) [xl(S) —a5(s) - U xép(ﬂdls

J
- /Ot R(t,s) [961(3) —@2(s) — J(g/lg;j):_mjgfg()s))} !

1
ds.
J(x1%(s) + xé%»}

x1(t) — 22(t) = /Ot R(t,s) {xl(s) - @ —xa(s) + :vé/z(s)} ds

_ /0 "R(t5)(1(s) _@(s))[1 _ (7.1)
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We proceed to estimate the right-hand side of (7.1) by choosing a sufficiently large J

1
in (6.10) so that 3 := 57L1/2 < 57D/ < 1. It follows from (7.1) that

1

[21(t) — 22 (1) < / R<t7s>|x1<s>—w2<s>l[l—w ds

= /0 R(t, s)|z1(s) — xa(s)|ds (1 — B).

Thus, taking the supremum of both sides

t
lx1 — x2]] < (1 —B) sup / R(t,s)ds ||x1 — x2||, (7.2)
te[0,E] Jo
we now show that .
/ R(t,s)ds <1 for te]l0,E]. (7.3)
0

In fact, since R(t,s) > 0 and C(t, s) is non-increasing in ¢, we have for ¢t > s

/R(uu)dug/ R(t,u)C(u, s)du/C(t,s)

= [C(t,s) — R(t,s)]/C(t,s) =1— R(t,s)/C(t,s) < 1.

Thus, (7.3) holds and (7.2) would yield a contradiction. O

Notice that the denominator in the last term of (7.1) is a type of average value of
the derivative of g(x) = z'/2. We will see this in the general case with a very explicit
application of the mean value theorem for derivatives.

Theorem 7.1 Let the conditions of Theorem 6.2 hold, let E > 0 be given so that
D and L are known with D = Dy, and let g(t,z) = g(x) with (d/dx)g(xz) > 0 and
continuous for D < x < L. If C(t, s) is non-increasing in t for t > s, then the positive
solution of Theorem 6.2 is unique.

Proof. By way of contradiction, assume that 27 and zo are two positive solutions on
[0, E] so that by Theorem 6.2 they must both satisfy D < z < L. Pick J > (d/dx)g(z)
for D<z<L.

By the mean value theorem for derivatives, for each s € [0, E] either z1(s) = x2(s) or
there is an £ between x; and x5 with

g(x1) — g(x2) =

Thus, we have

nlt)— st = | R(9) 21(5) — () - LD 22D g,

_ /Ot Rt.s) {(xl(S) — 2a(s)) — {dg(fés))[ﬁL(;) - xz(S)]Hds

= [ R ate) a1 - 2
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Now let o = inf {d%—(;) :D<z< L}. Then « > 0. Note that o < J. Therefore,

t
1 — 2l < a1 — 22ll(1 — a/T) sup / R(t, 5)ds < [lz1 — 2],
te[0,E] J0

is a contradiction.

8 Appendix: Survey of Non-negative Resolvents

Note carefully that we always ask that C(¢,s) > 0 and then notice in (5.1) that if there
is a (t,s) at which the integral in (5.1) is negative, then R(t, s) is positive at that (¢, s).
This is extremely important; the resolvent can never be a negative function for all (¢, s).
Everything we do here will depend on the resolvent being always non-negative. Thus we
survey some of the main conditions known to ensure that property.

The convolution case

The first, and certainly the main, result is given by Miller [10, p. 209] and it concerns
the case of

C(t,s) = A(t —s) (8.1)

with the resolvent equation now reducing to

- /ot A(t — u)R(u)du. (8.2)

The conditions on A are:

(A1) A is continuous on (0,00) and is in L(0,1).

(A2) A(t) is positive and non-increasing for ¢ > 0.

(A3) For each T' > 0 the function A(¢)/A(t +T') is non-increasing in ¢ for 0 < t < oo.

The classical example is A(t) = t971,0 < ¢ < 1 and that is the kernel in all fractional
differential equations of both Caputo and Riemann-Liouville type, many problems in
heat transfer, and in a virtually endless list of other prominent problems from applied
mathematics.

When A satisfies those conditions then Miller [10, pp. 212-213] establishes that

a) R(t) is continuous on (0, 00).

b)O<R()<A(t) for all ¢ > 0.
c) If [;¥ A(s)ds = oo then [;° R(s)ds = 1.
d) If [7° A(s)ds = A* < oo then fo (s)ds = A* (1+ A*)~*

e) It is also true that if A(¢) is completely monotone on (0,00) with A(t) # 0, so is
R(t) with R(t) > 0 for all £ > 0 |10, p. 224], and A(t) satisfies (A1) - (A3) [10, p. 221].

Gripenberg |7, p.381] improves b) obtaining

H)O<R(t) < A@®)/(1+ fo (s)ds).

This is a result giving us the non-negativity of R(t—s). We will now give two extreme
examples for the companion result that

z(t) = p(t)f/o At — s)z(s)ds = p(t)f/o R(t — s)p(s)ds > 0.
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The point of this theorem is that fot R(s)ds<1. Thus, 1 —fR(s)ds > 0, a property which
is critical. ’

Proposition 8.1 Let A(t) satisfy (A1) — (A3), and let p(t) be continuous, positive,
and non-decreasing for t > 0. Then R(t) > 0 for allt > 0, fR(s)ds < 1 for each finite
T >0, and z(t) > 0 for allt > 0. ’

Proof. The assertion that R(t) > 0 is from Item f), above. It is clear from c¢) and d)

that fOT R(s)ds < 1 for each finite T' > 0 since R(t) > 0 for all ¢ > 0. The last assertion
now follows from

2(t) = p(t) — /Ot R(t — s)p(s)ds > p(t) {1 - /Ot R(S)dS} >0 (8.3)

since p(t) is positive and non-decreasing. This completes the proof.

Until we get to Item e), above, we know little about the behavior of R(t). But with
e) things change radically. A(t) is monotone decreasing and so is R(t). Moreover, it is
true that R(t) > 0 if A(t) £ 0 so that the assertions of Proposition 8.1 will follow from
Ttem e).

Proposition 8.2 Let A(t) be completely monotone on (0,00), and let p(t) be contin-
uous, positive, and non-decreasing for t > 0. If A(t) Z 0, then R(t) > 0 for all t > 0,

fOT R(s)ds < 1 for each finite T > 0, and z(t) > 0 for all t > 0.

The non-convolution case

The first step toward the non-convolution case is found in Miller |10, p. 217] where
it is shown that if A(t) satisfies (Al) - (A3) and if B(s) is bounded, non-negative,
and continuous with § = sup{B(s): 0 < s < oo}, then the resolvent function R(t,s)
associated with the equation

R(t,s) = A(t — s)B(s) — / A(t — u)B(u)R(u, s)du (8.4)

exists, is measurable in (¢, s) and satisfies
0 < R(t,s) < BA(t — s). (8.5)

We want to establish a result that is parallel to that of Proposition 8.1. This requires a
repetition of Proposition 8.1 and further analysis on R(t, s).

Proposition 8.3 Let A(t) satisfy (A1) — (A3), let B(t) be bounded, continuous, and
non-negative for t > 0, and let p(t) be continuous, positive, and non-decreasing fort > 0.
Then

(i) R(t,s) >0 fort>s>0,

(i) f(f R(t,s)ds <1 fort>0,
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(iii) p(t) — [y R(t,s)p(s)ds >0 fort > 0.

Proof. Note that (i) follows from (8.5) and the proof of (iii) is exactly the same as
that for (8.3) with R(¢,s) in the place of R(t — s) if (ii) holds. To prove (ii), we set
C(t,s) = A(t — s)B(s) and observe that

Ct,u) < Clvyu) if u<v<t (8.6)

since A is positive and non-increasing for ¢ > 0 by (A2). It then follows from Theorem
8.7 of Gripenberg et al. [8, p. 263, lines 11-13 from the bottom| with f(¢) = 1 that the
solution Z(t) of

Z2()=1- /O C(t, 5)Z(s)ds

is positive yielding

t
Z(t)=1 —/ R(t,s)ds > 0.
0
Thus, (ii) holds. The proof is complete. O
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1 Introduction

Chaos is a dynamical regime in which a system becomes extremely sensitive to initial
conditions and reveals an unpredictable and random-like behavior, even though the
underlying model of a system exhibiting chaos can be deterministic and very simple.
Small differences in initial conditions yield widely diverging outcomes for chaotic
systems, rendering long term prediction impossible in general. Chaotic behavior can
be observed in many natural phenomenon such as weather etc. Pecora and Carroll
introduced a paper entitled Synchronization in Chaotic Systems in 1990. By that time,
if there was a system challenging the capability of synchronizing that was a chaotic
one. They demonstrated that chaotic synchronization could be achieved by driving or
replacing one of the variables of a chaotic system with a variable of another similar
chaotic device. Chaotic synchronization did not attract much attention until Pecora
and Carroll [8] introduced a method to synchronize two identical chaotic systems
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with different initial conditions. From then on, enormous studies have been done by
researchers on the synchronization of dynamical systems [5H7,26]. In the last two decades
considerable research has been done in non-linear dynamical systems and their various
properties. One of the most important properties is synchronization. Synchronization
techniques have been improved in recent years and many different methods are applied
theoretically as well as experimentally to synchronize the chaotic-systems including
adaptive control [9-11], back stepping design [12H14], active control [15H17], nonlinear
control |18,|19] and observer based control method [20]. Using these methods, numerous
synchronization problem of well-known chaotic systems such as Lorenz, Chen, Lii and
Rossler system have been worked on by many researchers.

Also, several types of chaos synchronization are well known, which include com-
plete synchronization (CS), antisynchronization (AS), phase synchronization, general-
ized synchronization (GS), projective synchronization (PS), and modified projective
synchronization (MPS). Among all type of synchronization, Projective synchronization
(PS) [21}|24]|25] has been extensively considered because it can obtain faster communi-
cation. The drive and response system could be synchronized up to a scaling factor in
projective synchronization. In this continuation of study, in order to increase the degree
of secrecy for secure communications, in hybrid projective synchronization same scaling
factor can be replaced by vector function factor. In this paper, we have constructed a
new hyper chaotic system and verified the chaotic behavior of this system by time series
analysis and drawing chaotic attractors via mathematica. Hyperchaotic behavior of this
system is discovered within some system parameter range, which has not yet been re-
ported previously. Since hyperchaotic systems have the characteristics of high capacity,
high security and high efficiency, it has been studied with increasing interest in recent
years [23,24] in the fields of non-linear circuits, secure communications, lasers, control,
synchronization, and so on. So we have studied Hybrid Projective Synchronization be-
havior for this new hyper chaotic systems, which is ofcourse more effective and useful
in secure communication as HPS is more useful in secure communication as compare to
others because of its unpredictability. Here we have used tracking control scheme for
HPS. Numerical simulations have been done by using Mathematica.

2 Preliminaries
In this section, we mention some definitions and scheme of the main work.

Definition 2.1 Hybrid Projective Synchronization(HPS) between two chaotic sys-
tem achieved if there exist an nxn matrix A such that tlim lle@®)| = tlim |Ay — z|| = 0,
— 00 — 00

where || - || is the Euclidean norm.

2.1 Methodology for HPS

In this section, we put a glimpse of methodology and problem formulation for hybrid pro-
jective synchronization for identical hyperchaotic systems via tracking control. Consider
the following n-dimensional hyperchaotic system as drive (master) system

% = f(x), (2.1)
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where z € R", f : R® — R" is a differentiable function. Now construct the following
identical response system

W = g(y) + V(y, ), (2.2)

where y € R® and ¢g : R* — R"™ is a differentiable function and ¥(y,xz) is vector
controller to be designed via tracking control method.

In order to achieve the hybrid projective synchronization between two hyperchaotic
systems, we choose the system (2.1) as a drive system and construct a response system
as follows:

W= AV [f(Ay) + (y,2)], (2.3)

where A~! is the inverse matrix of the invertible matrix A and y € R™ are state vector
of the response system(2.2) and ¥(y, x) is controller which will be designed. Now define
the HPS errors between two given systems (2.1)and (2.3) as

e(t) = Ay — z,
aix a2 ...ain
where e=(e1, e3...e,)T, and A = a21. R
An1  ap2 lpn
So,
ei=( 2o aiy; ) —xi, (6,5 =1,2,..n). (2.4)
Let
f(Ay) = f(z) = F(x,e). (2.5)
Now, we assume that the error vectors e can be divided into ey=(e1,es...ex)? and
ehir1=(€kt1,eh12.-€n) T such that F(z,e) has the following form
Bkﬁ+ hl(%a, €k+1)
F(z,e) = _ _ , 2.6
(@ ¢) ( By y1€551 + ha1(z, €k, €y1) + hoo (2, €, €531) (2:6)

where hi(z,e,€a1) € R, hai(z,er,@51) € R™F, hy(e, e, &i1) € R'F and
jmo hoi(z, ek, €x51) = 0, respectively and By € RF** B, 1 € R*F*"=F are real con-
e —r

stant matrix. Now, following theorem is based on the Lyapunov stability theory, which
gives the final destination of the problem formulation.

Theorem 2.1 If controller ¥(y,x) in response system (2.3) is
e (z,y) Awer — ha(z, e, eei1)
Uy, z) = = _ , (27
Vit1(2,y) Ak 18551 — hoa(2, €, €5y1)

where Ay € RF¥F and Ay € R*F*"=k gre suitable chosen constant matrices. If all
eigenvalues of By, + Ay and Bri1 + Ak+1 have negative real parts, then hybrid projective
synchronization between drive and response systems can be achieved.
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3 System Description

3.1 Hyper chaotic Rabinovich-Fabrikant system

The Rabinovich-Fabrikant chaotic system is a set of three coupled ordinary differential
equations exhibiting chaotic behavior for certain values of parameters. They are named
after Mikhail Rabinovich and Anatoly Fabrikant, who described them in 1979 [22]. The
equations of system are :

21 = xp(23 — 1+ 23)+ya,

1:2 = £171(31’3 +1-— I%)‘F’YIQ, (31)

1:3 = 72173(.%11‘24’0&),

where a and v are constant parameters that control the evolution of the system. For
some values of a and «, the system is chaotic but for other it tends to a stable periodic
orbit. Now, we construct a new hyper chaotic system by introducing one more differential
equation with a new parameter ¢ in the above system as follow:

21 =axo(xs — 1+ x%)Jrfyxl,

Ty = x1(3w3 + 1 — 23)+ya,
(3.2)
93.3 = 72I3(I11‘2+OZ),

Qf4 = 73I3(I21’4 + 5) + .Ti

This new system shows hyper chaotic behavior with some values of parameters and tend
to stable periodic orbits with other values of parameters. We have investigated system’s
behavior for different values of §. Figures are given below:

4 Results and Discussions

In this section, we perform hybrid projective synchronization for hyper chaotic Rabi-
novich Fabrikant system. If we take this system as a drive system, then according to
methodology, response system is

W — ATV[f(Ay) + W (y, o)), (4.1)

which leads to response system as follows

dyr dys dys dys\©
<dtl’dt2’dtg’dt = A7 [f(Ay) + U(z,y)], (4.2)
yields
dy1
di
dya
i
A s =

dt

dys

dt
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10

Figure 1: Chaotic behavior of the system (3.2) with @ = 0.14,7 = 1.1 and —0.01 < ¢ < 7650
tending to stable periodic orbits.

Figure 2: Time series analysis of x1[t] with a = 0.14,y = 1.1 and —0.01 < § < 7650.
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Figure 3: Time series analysis of x2[t] with « = 0.14,y7 = 1.1 and —0.01 < § < 7650.
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Figure 4: Time series analysis of x3[t] with & = 0.14,y = 1.1 and —0.01 < ¢ < 7650.
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Figure 5: Time series analysis of x4[t] with a = 0.14,y = 1.1 and —0.01 < § < 7650.
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Figure 6: Chaotic Behavior of the system (3.2) with o = 0.87,7 = 1.1 and ¢ = 1890.
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Figure 7: Time series analysis of x1[t] with o = 0.87,y = 1.1 and ¢ = 1890.
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Figure 8: Time series analysis of x2[t] with a = 0.87,y = 1.1 and § = 1890.
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Figure 9: Time series analysis of x3[t] with & = 0.87,y = 1.1 and ¢ = 1890.
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Figure 10: Time series analysis of x4[t] with o = 0.87,y = 1.1 and ¢§ = 1890.
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Figure 11: Chaotic Behavior of the system (3.2) with a = 0.87,y = 1.1 and 6 = —0.2.
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Figure 12: Time series analysis of x1[t] with & = 0.87,y = 1.1 and § = —0.2.
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Figure 13: Time series analysis of x2[t] with & = 0.87,y = 1.1 and § = —0.2.
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Figure 14: Time series analysis of x3[t] with o = 0.87,y = 1.1 and 6 = —0.2.
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Figure 15: Time series analysis of x4[t] with « = 0.87,y = 1.1 and § = —0.2.



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 17 (3) (2017) 275

4 4 4 4 4 2 2 4

D1 25Y5 DG A35Y5 — D G235 D5 Q25Y5 Do g G155 Y Do G13Ys
4 4 4 4 4

33y Q1Y Doy @Yy Dy Q1Y — Dy G155 Y Dy A25Y;
4 4 4 4

=235 as5Y5 D5 Q25Y5 D o A35Ys — 200 5 asjy;

4 4 4 4 4 2 2

=3 521 a33Y5 D1 A23Y5 Doy Ga3Y; — 3035 asjy; + D05 aa;y;

+ U(z,y). (4.3)

Now, according to definition of HPS error dynamics we have,

de _  dy dx _ _
i Aa a f(Ay) — fz) + ¥(z,y). (4.4)
Let
f(Ay) = f(x) = F(z,e). (4.5)
From equation (4.4) and (4.5), we have following
de
& Flae) + ¥ y). (4.6)

Our goal is to find F(x,e) and to design controller ¥(x,y) to achieve the HPS.
Equation (4.5) gives F(x,e) =

4 4 4 4 4 4
D im1 G25Y5 Doy 35Y5 — Dy G25Y5 + D1 G235 D iy at;y; + Y= M5Yj
4 4 4 4 4
33 o1 Yy Doy asyyy Do a1y — D adyyi oy 2 a2y
4 4 4 4
=21 G355 D O25Y Do O3Y; — 2005 355

4 4 4 4 4
=330 o1 A3jYy D 25y D GagY; — B0 D5y asjy; + D0 ag;y;

ToXs3 — To + xgx% + yr1

3x123 + 11 — ;vi’ + yao

—2x12903 — 2003

—3z9x314 — 3613 + 22

which yields, F(z,e)

eze3 + eae? + eaxs + e3x2 — ez + e2x? + 2e1e271 + T2e? + 2e171T2 + Yer
e] — e? + 3e1esz + 3xze; + 3xi1e3 — 33?%61 — 3116% + vea
—2x1x3€60 — 2X2T3€61 — 2T3€169 — 2T1X0€3 — 2X1€9€3 — 2€1€3T2 — 2e1e0e3 — 2e3(
—3x4x3es — 3rar3es — 3xzeseys — 3xroxges — 3raeqes — 3eceszxry — 3ezezes — 3e3d + 6421 + 2e4x4

So, after putting all above values, we have

Byer + hi(z,e1,62)

F = _ o o
2 Bses + hoi(x,€1,€2) + hoo(z, €1, €2)
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Obviously, lim,, 0 ho1(z,€1,e2) = 0. Now, according to theorem (2.1), we define feed-
back controller ¥(x,y) as,

U, (z, AT — h(2,e0,8
\Il(y,a;):( 1(z,y) >:< 181 — hi(z,e1,€2) > 48)

Uy(z,y) Aoeg — hoo(z,€3,€3)

So from equations (4.7) and (4.8) error dynamical system (4.6) can be rewritten as,

ddi? = (B1+ Ay)er, }

@ o - (4.9)
Tf = (32 —+ A2)62 + h21((17761,€2)-

So we choose now suitable B; + A; € R! and By 4+ Ay € R3*3, for which eigen values
are negative. As Eq.(4.9) is asymptotically stable with equilibrium point e; = 0 and
e = 0. Obviously lims, [le1|| = 0 and lim,, 0 ho1(x,€7,€3) = 0, then the hybrid
projective synchronization between response system and master system can be achieved.

5 Numerical Simulations

030+ \
025+
020
015
010

005

L L L L
2 4 6 8 10

Figure 16: Convergence of error ey, t € [0, 10].
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004f f
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. . 1 1
2 4 6 8 10

Figure 17: Convergence error of es, t € [0, 10].

Parameters of the system are —0.01 < § < 7650 with « = 0.14, v = 1.1 and
—0.2 < § < 1890 with @ = 0.87,4 = 1.1 for which the systems are chaotic. In (4.9),
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Figure 18: Convergence of error es, t € [0, 10].

Figure 19: Convergence of error eq, t € [0,10].

-2 0 0
we have chosen A; = (—2) and Ay = 0 -1 0 , which leads to stability condi-
0 3 -1

tions as eigenvalues of B; +A; and B+ A5 are negative. The initial conditions for master
and slave systems [21(0), 22(0), 23(0),4(0)] = [8,3,1,4] and [y(0),%2(0), y3(0),y4(0)] =

-1 0 -1 0
. 0 -1 -2 0

[0.1,0.41,0.31,0.51], respectively, and A = 11 o0 o | Then for
1 2 3 1

[e1(0),e2(0),e5(0),e4(0)] = [—8.41,—4.03,—0.51, —2.15] diagrams of convergence of er-

rors are the witness of achieving hybrid projective synchronization between master and
slave system.

6 Conclusion

In this paper, we have investigated hybrid projective synchronization behavior of a new
hyper chaotic Rabinovich-Fabrikant system. The results are validated by numerical simu-
lations using mathematica. It has more advantage over other synchronization to enhance
security of communication as hybrid projective synchronization is more unpredictable
and moreover it is performed for hyperchaotic system, which makes it more useful.
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1 Introduction

A chaotic dynamical system is defined as the system which satisfies the properties of
boundedness, infinite recurrence and sensitive dependence on initial conditions [2]. Chaos
theory investigates the unstable behavior in deterministic nonlinear dynamical systems
which cause 'chaos’. Sometimes chaotic behavior of a dynamical system is found useful
like in secure communications [21,37]. First time in 1963, Lorenz discovered a three
dimensional chaotic system while studying weather model for atmospheric convection.
After a decade, Rossler discovered a three dimensional chaotic system, which was con-
structed during the study of a chemical reaction. Synchronization is an important and
famous phenomenon which can be understood within the unifying framework of the non-
linear sciences. Due to its potential applications in the field of nonlinear dynamics it has
been hot topic of research. Since the pioneer work of Pecora and Carroll [26] it has been
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an active area for researchers in applied sciences. Synchronization in the language of the
nonlinear dynamics is defined as an adjustment of rhythms of oscillating objects due to
their weak interaction. So many types of synchronization have been achieved: generalized
synchronization [3], phase synchronization and anti-phase synchronization [4,9,34], lag
synchronization [5], Q-S synchronization [24], etc. So many techniques have been devel-
oped for synchronization like adaptive control [14], feedback control [22], fuzzy control [7],
nonlinear control [25], active backstepping [23], adaptive sliding mode control [38] etc.
Chaos synchronization has so many applications in different fields like power systems [18],
physics [39], chemistry [19], medicine [20], diffusion [12] etc.

Recently, fractional differential equations have been used to study different dynamical
systems and chaos have been analyzed in different fractional order systems. So many
numerical methods have been developed for the solution of fractional differential equation
[29-31]. Also, fractional calculus is a 300 years old subject which can be traced back to
Leibniz, Riemann, Grunwald and Letnikov. So many systems have been found in real
life which can be represented more accurately by fractional order systems. But for the
last few decades fractional calculus with chaos has been an attractive field and so many
works have been done on synchronization and control of chaos in fractional order systems
like Lorenz system [10], Rossler system [17], Volta System [28], Chua system [11], Chen
system [16] etc. Recently so many new chaotic and hyperchaotic systems [8,27,32,33,35]
have also been developed and analyzed by the researchers.

Synchronization has so many applications in which secure communication is very im-
portant. Synchronization between integer order and fractional order system via tracking
control [13] and sliding mode control [6], synchronization of fractional order systems with
different dimensions [36] and hybrid projective synchronization [15] of fractional order
chaotic systems between order (1,2) have also been obtained in recent years. The aim
of this paper is to achieve different synchronizations between different fractional order
systems which is important for secure communication. Amongst different types of chaos
synchronization, projective synchronization has been found to be more secure because of
its unpredictable scaling factor and this is why it has received so much attention in the
last few years.

In this paper we achieve three types of synchronization between two chaotic systems,
fractional order Lotka Volterra system (master system) and fractional order Lu system
(slave system) via active control. The achieved synchronizations are complete synchro-
nization, anti-synchronization and projective synchronization. For numerical simulations
Matlab software has been used and to solve fractional differential equation Grunwald Let-
nikov method has been used.

2 Fractional Order Derivatives [29]

Fractional calculus generalizes differentiation and integration to non integer order fun-
damental operator ,Df where a and t are the limits of the operator and « is the non
integer order. This operator is defined as

e

) ca>0

[&
oDf" =
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The most known three definitions for fractional integro differential operator are Riemann-
Liouville definition, Grunwald-Letnikov definition and Caputo’s definition.
The Riemann-Liouville definition is given as

1 ar

oDy f(t) = T(n—a)din /(t -7l ()d(r), n—-1<a<n.

a

The Caputo’s fractional derivative is defined as

LY L ()
Do = o
o I'n—a) /a (t — ryatin 7 n <a<n,

where I'(.) is the Gamma function, and the Grunwald Letnikov definition is

[E52)]

DEF0) = Jim e S 07 () ste )
j=0

where [.] denotes the greatest integer part.

3 Stability of Fractional Order System [13]

Theorem: We consider the following linear fractional order system
D% = Az, z(0) = zo. (1)

Here, A € R, and a = (a1,9,.,04),(0 < oy < 1). System (1) is asymptotically
stable if and only if | arg(\;) |> an/2 is satisfied for all eigenvalues \; of the matriz
A. Furthermore, this system is stable if and only if |arg(\;)| > am/2 is satisfied for all
eigenvalues \; of the matrix A and those critical eigenvalues that satisfy the condition
larg(A\;)| = am/2 and have geometric multiplicity one. The geometric multiplicity of an
etgenvalue is defined as the dimension of the associated eigenspace, i.e., the number of
linearly independent eigenvectors with that eigenvalue.

Master and Slave systems. The fractional order Lotka-Volterra system [1] is
considered as master system

d(hxl 9 9
P briy1 + ex] — szixq,
d(l2y1

— _ 2
Ji dx1y1 — cy1, (2)
d%zl B 9
Jpa = A%~ pAL

This system exhibits chaotic behavior for parameter valuesa =b=c=d=1,e=2,p=
3,5 = 2.7 and order ¢; = g2 = g3 = 0.95 for these values behavior of the system (2)
is shown in Figure 1. Consider the following fractional order Lu chaotic system [29] as
slave system

d’hx2 _
ditn a(yz — z2),
d‘Z2y2
dta =YY — T222, (3)
d?Bz
2 — T2Yy2 — ﬁZQ,

dtas



282 A. KHAN, M. BUDHRAJA, A. IBRAHEEM

b TR R ERTPEP TR PR PP

..; el s

Figure 1: (a) Chaotic attractor of Lotka Volterra system in x — y — z space for order
a=0.95. (b) y — 2z view of the Lotka-Volterra system for order o = 0.95.

which exhibits chaotic behavior for parameters @ = 36,5 = 3,~v = 20, and order ¢; =
g2 = q3 = 0.95, as shown in Figure 2.

4 Synchronization Methodology and Numerical Simulations

To achieve different synchronizations between the considered two chaotic systems via
active control method the error is defined as e = y — xyx. For complete synchronization
we take y = 1, for anti-synchronization y = —1, for projective synchronization arbitrary
value of x may be chosen. In this paper we took y = 2. Our aim is to design an effective
controller u(t) so that error e converges to zero. The master system is described by

d‘hl-l 9 9

dtar =axry — bxr1ys + ex] — szi27,

dfhyl

T driyr — ¢y, (4)
de:le B 9

dis §z21x7 — pz1.

The slave system with controllers is described by

d(hx2

g = oz — @) Hua(t),

d92

dt‘1y22 = Y2 — Taza + ua(t), (5)
d43Z2

T = L2z Bz + us(t),



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 17 (3) (2017) 279-290 283

40
. . . 35
oLy
30
250
~n 20 b
10 15}
0. 10
50 N
40
0 B 2 s
=0
o %0
y 0 -40 X
(a) (b)

Figure 2: (a) Chaotic attractor of Lu system in & — y — z space for « = 0.95. (b) y — z
view of the Lu system for order a = 0.95.

where u (), us(t), us(t) are three control functions. For complete synchronization, the
error dynamical system is

d*e

dtqll = aez —e1) — (v + a)z1 + ayy + brryr — eat + sz1af + wa (b),

dQ262

dtaz =vex —dr1y1 + (v + e)y1 — x222 + ua(t), (6)
d®e

dt%g = —fe3 + Tays — SZW% + (p— B)z1 + us(t).

Define the active control functions uq (), us(t), us(t) as
ui(t) = (@ +a)ry — ayy — briy; + ext — szt + vy (t),
us(t) = dxryr — (v + c)y1 + xo20 + va(t), (7)
us(t) = —xoys + sz1ay — (p— B)z1 + vs(t).

With these controllers the error dynamical system becomes

d‘hel

T = alea —e) (),

dQ2e2

P + o (1), (8)
dCI3e3

dtes —Bes + v3(t).

Define the suitable control inputs vy (t),v2(t), v3(t) to obtain the stable error dynamical
system. Choosing vy (t), v2(t), vs3(t) as

(% (t) €1
V2 (t) = C () s (9)
V3 (t) €3
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Figure 3: (a) Complete synchronization between state variables x1,x2. (b) Complete
synchronization between state variables y1,y2. (¢) Complete synchronization between
state variables z1, z2. (d) Complete synchronization errors eq, es, 3 converging to zero.

where C is a 3 X 3 constant matrix, we choose C as

(a—1) —a 0
0 —(y+1) 0
0 0 1

Then the error dynamical system is

dlhel _
dter — Y
dQ262
1 = —€g, (10)
das3
s = —263.

dtas
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Eigenvalues for this error dynamical system are —1, —1, —2 which satisfies stability con-
dition. Figures 3(a),(b),(c) show complete synchronization between state variables of
master system and slave system, and 3(d) shows errors of complete synchronization con-
verging to zero at the initial conditions (—0.8, —0.9,—0.7). For anti-synchronization, we

choose x = —1, and the error dynamical system for the same master and slave systems
becomes

d’“el 2 2

dtn alez —e1) + (a+a)zy — ayr — briyr + exy — sz127 + ua(t),

d92 €s

e = e +dziyr — (v + e)y1 — waze + ua(t), (11)

d¥e

dt433 = —fez + x2ys + szlx% - (p - 5)21 + U3(t)~

The active control functions uq (), us2(t), us(t) are defined as

e
=
—~
~
~

I

—(a+ a)ry + oy + briyy — ex?d + szt +vi(t),
up(t) = —daiyr + (v + )y + w222 + 0a(8), (12)
uz(t) = —woys — sz1x] + (p — B)z1 + v3(t),

the error dynamical system becomes

d el

T = alea —e)) +ui(t),

d(I262

prrralai + o (1), (13)
dq3€3

dts = _563 + US(t)'

Now we have to choose suitable control inputs vy (t), ve(t), v3(t) so that the stable error
dynamical system could be obtained. Choosing v (t), v2(t),vs(t) as

U1 (t) €1 (t)
va(t) | =C | ext) |, (14)
v3(t) es(t)

where C is a constant matrix and C is

(a—1) —a 0
0 —(y+1) 0
0 0 (B-1)

Then the error dynamical system becomes

d el
dta
d?2 €a
dtaz
d3 es
dtds
Eigenvalues for this error dynamical system are —1, —1, —1 which satisfies stability con-
dition and initial conditions are (1.2,1.9,1.3).

— e, (15)

= —€s3.
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Figure 4: (a) Anti-synchronization between state variables z1,z2.  (b) Anti-

synchronization between state variables yi1,y2. (¢) Anti-synchronization between state
variables 21, z3. (d) Anti-synchronization errors ey, es, e3 converging to zero.

Figure 4(a),(b) shows anti-synchronization between state variables x1,z2 and y1,y2, and
Figure 4(c),(d) exhibits anti-synchronization between state variables z1,ze and anti-
synchronization errors tending to zero.

For projective synchronization the choice of the scalar y is arbitrary, but we choose
x = 2 and the error dynamical system with the same master and slave system becomes

d?e

dtcnl =aley —e1) — 2(a + a)x; + 2ay; + 2bx1yy — 2ex? + 252127 + uy (1),

dQ2€2

qraz €2 2dx1y1 + 2(y + ¢)y1 — w220 + ua(t), (16)
dQ3€3

T —Bes + xoys — 252123 + us(t).

The active control functions uq (t), uz2(t), us(t) are defined as
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Figure 5: (a) Projective synchronization for state variables z1,z2. (b) Projective syn-
chronization for state variables y1,ya. (¢) Projective synchronization for state variables
21, 22. (d) Projective synchronization errors ey, s, e3 converging to zero.

uy (t)

1 2(a+ a)xy — 2ay; — 2bx1y1 + QGI% - 232133% + vy (t),
uz(t) = 2dz1yr — 2(y + ¢)y1 + w222 + v2(t),

uz(t) = —ways + 252127 + v3(t).

Then the error dynamical system becomes

d e1
dta
d?2 es
dtaz
d3 es
dtds

= afes —e1) + v1(t),
= €2 +02(t)a

= —fe3 + v3(t).

(17)

Now we have to choose suitable control inputs vy (t), v2(t), v3(t) so that the stable error
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dynamical system could be obtained. We choose vy (t), va(t), v3(t) as follows

v1(t) e1
V2 (t) =C (D) , (19)
U3(t) €3

where C is a 3 x 3 constant matrix

(a—1) —a 0
0 —(y+2) 0
0 0 2

Then the error dynamical system becomes

d e1
= —e 5
dta 1
d4262
dtq2 - _2627 (20)
dBeg .
dias

Eigenvalues for this error dynamical system are —1, —2, —1 which satisfies stability condi-
tion and initial conditions for this error dynamical system are (—1.8, —2.3, —1.7). Figure
5 (a),(b),(c) shows projective synchronization between state variables of master system
and slave system and Figure 5(d) exhibits projective synchronization errors converging
to zero .

5 Conclusion

Different types of synchronizations have been achieved between two different fractional or-
der chaotic systems Lotka-Volterra system and Lu system by using active control method.
The method is easy to apply. The results are validated by numerical simulations using
Matlab. Numerical simulations are a witness to achievement of desired goal between these
two systems. The analytical and computational results are in an excellent agreement.
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1 Introduction

For the practical applications in the areas such as biology, medicine, physics, finance,
electrical engineering, telecommunication networks, and so on, the theory of stochastic
evolution equations has attracted research’s great interest. For more details, one can see
Da Prato and Zabczyk [5], and Ren and Sun |14] and the references therein. In many
areas of science, there has been an increasing interest in the investigation of the systems
incorporating memory or aftereffect, i.e., there is the effect of delay on state equations.
Therefore, there is a real need to discuss stochastic evolution systems with delay. In
many mathematical models the claims often display long-range memories, possibly due
to extreme weather, natural disasters, in some cases, many stochastic dynamical systems
depend not only on present and past states, but also contain the derivatives with delays.
Neutral functional differential equations are often used to describe such systems.
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Moreover, control theory is an area of application-oriented mathematics which deals
with basic principles underlying the analysis and design of control systems. Roughly
speaking, controllability generally means that it is possible to steer a dynamical control
system from an arbitrary initial state to an arbitrary final state using the set of
admissible controls. Controllability plays a crucial role in a lot of control problems, such
as the case of stabilization of unstable systems by feedback or optimal control [8}[9].
Conceived by Kalman, the controllability concept has been studied extensively in the
fields of finite-dimensional systems, infinite-dimensional systems, hybrid systems, and
behavioral systems. If a system cannot be controlled completely then different types of
controllability can be defined such as approximate, null, local null and local approximate
null controllability. For more details the reader may refer to [16-19] and the references
therein. In this paper, we study the controllability of neutral functional stochastic
differential equations of the form

dlz(t) — g(t,x,)] = [Ax(t) + f(t,z¢) + Bu(t)|dt + o(t)dBH (t), t € [0,T),

(1)
z(t) = ¢(t) € L*(Q,By), for a.e.t € (—0,0].

Here, A is the infinitesimal generator of an analytic semigroup of bounded linear opera-
tors, (S(t))i>0, in a Hilbert space X; B is a fractional Brownian motion with H > 1
on a real and separable Hilbert space Y; and the control function u(-) takes values in
L?([0,T],U), the Hilbert space of admissible control functions for a separable Hilbert
space U; and B is a bounded linear operator from U into X.

The history z; : (—00,0] = X, 2(0) = z(t + 0), belongs to an abstract phase space
B}, defined axiomatically, and f,g : [0,T] x By, — X are appropriated functions, and
o :[0,T] — L£Y(Y, X), are appropriate functions, where £3(Y, X) denotes the space of all
Q@-Hilbert-Schmidt operators from Y into X (see section 2 below).

A general theory for the infinite-dimensional stochastic differential equations driven
by a fractional Brownian motion (fBm) has begun to receive attention by various re-
searchers, see e.g. [15]. For example, Dung studied the existence and uniqueness of
impulsive stochastic Volterra integro-differential equation driven by fBm in [6]. Using
the Riemann-Stieltjes integral, Boufoussi et al. [1] proved the existence and uniqueness
of a mild solution to a related problem and studied the dependence of the solution on
the initial condition in infinite dimensional space. Very recently, Caraballo and Diop [3],
Caraballo et al. [4], and Boufoussi and Hajji |2] have discussed the existence, uniqueness
and exponential asymptotic behavior of mild solutions by using the Wiener integral.

To the best of the author’s knowledge, an investigation concerning the controllability
for neutral stochastic differential equations with infinite delay of the form driven
by a fractional Brownian motion has not yet been conducted. Thus, we will make the
first attempt to study such problem in this paper. Our results are motivated by those
in [10L11] where the controllability of mild solutions to neutral stochastic functional
integro-differential equations driven by fractional Brownian motion with finite delays is
studied.

The outline of this paper is as follows: In Section 2 we introduce some notations,
concepts, and basic results about fractional Brownian motion, the Wiener integral defined
in general Hilbert spaces, phase spaces and properties of analytic semigroups and the
fractional powers associated to its generator. In Section 3, we derive the controllability
of neutral stochastic differential systems driven by a fractional Brownian motion.
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2 Preliminaries

Let (92, F,P) be a complete probability space. A standard fractional Brownian motion
(fBm) {8 (t),t € R} with Hurst parameter H € (0,1) is a zero mean Gaussian process
with continuous sample paths such that

Ry(t,s) = E[gH ()51 ()] = %(RH ) s,t R (2.1)

Remark 2.1 In the case H > %, it follows from [12]that the second partial derivative
of the covariance function 5
Ry 2H-2
4 t—
gras ~ nlt =l

where ag = H(2H — 2), is integrable, and we can write

)

t s
Ry(t,s) = aH/ / lu — v|* 2 dudv. (2.2)
o Jo

The following result is fundamental to prove our result, it can be proved by similar
arguments as those used to prove Lemma 2 in [4].

Lemma 2.1 If¢ :[0,7] — L3(Y, X) satisfies fOT ||¢(8)Higd8 < 00, we have

t t
E| / B(s)dBH ()[? < 2B 211 / o(s)|12 ds.

Next, we introduce some notations and basic facts about the theory of semigroups
and fractional power operators. Let A : D(A) — X be the infinitesimal generator of an
analytic semigroup, (S(¢)):>0, of bounded linear operators on X. The theory of strongly
continuous is thoroughly discussed in [13] and [7]. It is well-known that there exist M > 1
and A € R such that ||S(¢)|| < Me* for every t > 0. If (S(t));>0 is a uniformly bounded,
analytic semigroup such that 0 € p(A), where p(A) is the resolvent set of A, then it is
possible to define the fractional power (—A)% for 0 < o < 1, as a closed linear operator
on its domain D(—A)%*. Furthermore, the subspace D(—A)® is dense in X, and the
expression

1l = I(=A)"Al]

defines a norm in D(—A)“. If X, represents the space D(—A)* endowed with the norm
I-llas then the following properties hold (see |13], p. 74).

Lemma 2.2 Suppose that A, X, and (—A)% are as described above.
(i) For 0 < a <1, X, is a Banach space.
(i) If 0 < B < a, then the injection Xo — Xg is continuous.
(iti) For every 0 < a < 1, there exists M, > 0 such that

[(—A)*S(t)|| < Magt™e™ ™, >0, A>0.
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3 Controllability Result

In this section we derive controllability conditions for a class of neutral stochastic func-
tional differential equations with infinite delays driven by a fractional Brownian motion in
a real separable Hilbert space. Before starting, we introduce the concepts of a mild solu-
tion of the problem and the meaning of controllability of neutral stochastic functional
differential equation.

Definition 3.1 An X -valued process {z(t) : t € (—o0, T} is a mild solution of (1)) if

1. x(t) is continuous on [0,T] almost surely and for each s € [0,t) the function AS(t—
$)g(s,xs) is integrable,

2. for arbitrary t € [0,T], we have

a(t) = S(t)(»(0) — g(0,9)) + g(t, z:)
+ [ AS(t — 8)g(s,x5)ds + [y S(t — s)f(s,x5)ds (3.1)
+ [ S(t — 5)Bu(s)ds + [; S(t — s)a(s)dBH(s), P —a.s.
3. a(t) = @(t) on (—o00,0] satisfying [l¢|F, < oo.

Definition 3.2 The neutral stochastic functional differential equation is said to
be controllable on the interval (—oco,T] if for every initial stochastic process ¢ defined
on (—o0, 0], there exists a stochastic control u € L?([0, T], U) such that the mild solution
x(-) of satisfies 2(T) = x1, where 21 and T are the preassigned terminal state and
time, respectively.

Our main result in this paper is based on the following fixed point theorem.

Theorem 3.1 (Karasnoselskii’s fized point theorem) Let V' be a bounded closed and
conver subset of a Banach space X and let I1y, 1y be two operators of V into X satisfying:

1. i (x) + Ha(z) € V whenever x € V,
2. Iy is a contraction mapping, and
3. Iy is completely continuous.
Then, there exists a z € V such that z = II;(z) + Ia2(z2).

In order to establish the controllability of , we impose the following conditions on
the data of the problem:

(H.1) The analytic semigroup, (S(t)):>0, generated by A is compact for ¢ > 0, and there
exist constants M, M;_g such that

M
IS < M and [[(=4)'PS@)] < =2 for all ¢ € [0,7]

(see Lemma [2.2)).
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(H.2) The map f :[0,7T] x By, — X satisfies the following conditions:

(i) The function t — f(¢, ) is measurable for each z € By, the function z —
f(t,z) is continuous for almost all ¢ € [0, 7],

(ii) for every positive integer k there exists py € L1([0,T],R™T), such that
Ilf(t,z)||* < pr(t), for all ||x||%h < k almost surely and for a.e. ¢ € [0,T],
and
1 [T
lim inf 7/ pr(T)dT =7 < 0.
k—+o0 0

(H.3) The function g : [0, T]x B, — X is continuous and there exist constants 0 < 8 < 1,
Mg > 0 and v > 0 such that the function g is Xg-valued and satisfies

i) [(=A4)Pg(t,x) — (—A)Pg(t,y)||? < My|z — yH%h, almost surely, for a.e. t €
[0,T], and for all z,y € B, with

B2

_ 2011(_ A\—B|2 (leﬁT)

v =AM (I + ) < L
i) 1 = [[(=A4)~7|| and My = sup,cpor) [(—4)~7g(t,0)]*.

(H.4) The function o : [0,00) — L9(Y, X) satisfies
T
/ Ha(s)||2£8ds < oo, VT > 0.

0

(H.5) The linear operator W from U into X defined by
T
Wu = / S(T — s)Bu(s)ds
0

has an inverse operator W~ that takes values in L%([0,T],U) \ kerW, where
kerW = {z € L*([0,T),U) : Wz = 0}

(see [8]), and there exists finite positive constants Mj, M,, such that || B||*> < M,
and |[W1||2 < M,

The main result of this chapter is the following.

Theorem 3.2 Suppose that (H.1) — (H.5) hold. Then, the system is controllable
on (—oo, T provided that

(M, _gT")?

612 (1 + 6 M My M, T*){8(c3 + 251

)M, +8MT~} < 1. (3.2)

Proof. Transform the problem into a fixed-point problem. To do this, using the
hypothesis (H.5) for an arbitrary function z(-), define the control by
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u(t) = W=z = S(T)(e(0) — g(0,20)) — 9(T', 1))
- fOT AS(T — s)g(s,xs)ds — fOT S(T — s)f(s,xs)ds

- J s Jo(s)dB™ (s)}(t).

To formulate the controllablhty problem in the form suitable for application of the
fixed point theorem, put the control u(.) into the stochastic control system (3.1]) and
obtain a non linear operator II on By given by

o(t), if te (—o0,0],
S(t)(¢(0) —g(0,0)) + g(t, 1)

+ f(f AS(t — 8)g(s,xs)ds + fot S(t—s)f(s,zs)ds

+f0 (t — s)Bu(s)ds + fot S(t — s)a(s)dBH (s), if t€[0,T).

Then it is clear that to prove the existence of mild solutions to equation is equiv-
alent to find a fixed point for the operator II. Clearly, IIz(T) = 1, which means that
the control u steers the system from the initial state ¢ to x; in time T, provided we can
obtain a fixed point of the operator IT which implies that the system in controllable.

Let y : (—00,T] — X be the function defined by

- (t), if ¢t e (—o00,0],
y(t) = { ﬁ(t)¢(0), if t€[0,7],

then, y9 = ¢. For each function z € By, set

z(t) = z(¢t) + y(¢).

It is obvious that x satisfies the stochastic control system (3.1]) if and only if z satisfies
zo =0 and

2t) = gtz +y) — St)g(0,0) + [y AS(t— 5)g(s, 25 + ys)ds
+ fo (t—8)f(s,2s +ys)ds + fot S(t — 8)Buyy(s)ds (3.3)

+f0 (t —s)o(s)dBH(s),

where
Usiy(t) =W Ha1 = S(T)(p(0) = g(0, 20 +v0)) — 9(T', 2 + yr))
7f0TAS(T73)g(5aZs+y9 fO S ,2s T Ys )d
~Jo S )o(s)dB™ (s)}(t).
Set

By ={z€Br:2 =0}
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for any z € B, we have

1 1
Izllsg. = llz0lls, + sup (E[z(6)[*)Z = sup (E=(£)]*)=.
t€[0,T) t€[0,T7]

Then, (B, ||.|[s9) is a Banach space. Define the operator Il: BY — BY by
0, if t € (—o0,0],
9(t, 2+ ) = S()9(0,0)) + Jy AS(t = 5)g(5, 2 +ys)ds

(Ilz)(t) = t ) (3.4)
+ Jo St =) f(s, 25 + ys)ds + [ S(t — 5)Bu.1y(s)ds

+ [0 S(t - s)a(s)dBH(s), i te[0,T].

Set
By ={z¢€B}: ||z||Bo <k}, for some k > 0,

then B C B% is a bounded closed convex set, and for z € By, we have
lze +wellB, < 2(l2llE, + llvell,)

I

A1 supg<o<; Bl 2(5)1” + 12013,

[

+1% supg< o<1 Blly(s)[1* + [lvoll, )

< 42(k + ME[o(0)]1?) + 4llyllE, = d"-

From our assumptions, using the fact that (3., a;)> <n) . | a? for any positive real
numbers a;, ¢ = 1,2, ...,n, we have

Ellusyyl? < 6Myf{[l21]? + ME[(0)[|? + 2M3[M,||yl|3, + M)
_ B2 _— T
+2(c2 + YT Mg + M) + MT [ py(s)ds (3.5)

+oMT2H~- 1f0 llo(s || Ods} =g.
It is clear that the operator II has a fixed point if and only if ﬁ/\has one, so it turns to

prove that II has a fixed point. To this end, we decompose II as II = II; 4 Iy, where II;
and Il are defined on BY, respectively by

0, if ¢t € (—o0,0],
(T 2)(t) = 9tz +ye) = S(0)9(0,0)) + Jy AS(t = 8)g(s, 2 +y,)ds (3.6)
+ [1S(t— s)a(s)dBH(s), if te0,T],
and
0, if ¢ € (—o00,0],
(I2)(t) = fo (t—s)f(s,2s +ys)ds (3.7)

—|—f0 (t — 8)Bu,yy(s)ds, if ¢t €[0,T].
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In order to apply the Karasnoselskii fixed point theorem for the operator ﬁ, we prove
the following assertions:

1. I (x) + Ha(x) € By, whenever x € B,

2. II; is a contraction;

3. Il is continuous and compact map.

For the sake of convenience, the proof will be given in several steps.
Step 1. We claim that there exists a positive number k, such that Iy (z) 4+ IIz(x) € By,
whenever z € By. If it is not true, then for each positive number k, there is a function
2F(.) € By, but Iy (2F) + Ha(2%) ¢ By, that is E||IT;(2%)(¢) + H2(2%)(¢)||?> > k for some
t € [0,T]. However, on the other hand, we have

ko <E|IL(2%)(t) + Mo (%) (1)
2 2 Vi 2.0 T (M, _5T?)? Vi
< 6{2M01(Mg||y||5h +Mg) +2(ciq + My) + 2W[ng + M)
—|—MMbT2g+MTfO py (8)ds + 2MT?1~ 1f0 llo(s H%gds}
J— M,y TB 2 J—
< 6(1+ 6M MM, T?){2M e} (M, |lyllz, + Mg) +2(ct + %)[ng/ + Mg))
+MTfO Py (s)ds + 2MT?H -1 fo lo(s)]1% ods}

+6M My M, T (|21 + ME[0(0)[|?)

<K +6(1 + 6 MMM, T?){z(cﬁ%)ng +2MT [ py(s)ds},

where

. R BN2
K = 6(1+6MM,M,T*){2Mc (Mllyl3, + M) +2(c3 + 2T )M,)

+2MT* 1 [T lo(s)l|2gds} + 6M My M T ([lz1])* + ME[(0)])}-

Noting that K is independent of k. Dividing both sides by k and taking the lower limit
as k — 0o, we obtain

q' =41 (k + ME[|¢(0)[*) + 4llylls, — 0o as k — oo,

T T
’ d / d !
liming Jo P ()95 o Po(8)ds o
k—s o0 k k—>o00 q/ k
Thus, we have

(M, _gTP)?
26 -1

This contradicts (3.2]). Hence for some positive k,

60 (1 + 6M My M, T*){8(c] + )M, +8MT~} > 1.

(I + TL2)(By) C By.
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Step 2. II; is a contraction. Let ¢ € [0,7] and 2!, 2% € B%
E||(Ih21)(t) — (22) (0> < 2E|lg(t, 2 +ye) — (¢, 22 +yo)|1?
+2E| fy AS(t — )(g(s, 2} +ys) = g(s, 22 + yo))ds|?
< 2M[|(=A) 7P |Pllz; — 2211,

oT [* M g Mozl — 2212 d
+ fO (t—s)2(1=5) g”zs Zs”B;L $

_ My _5T?)?
< 20, {II(=4) )12 + Y b (212 supy<cr

Ellz'(s) — 22(s)II> + 2(ll 5113, + 123113,
< vsupgc,<r Ell2'(s) — 2%(s)[|?)  (since z5 = 2§ =0)
Taking supremum over t,
I(T22t)(t) = (M) ()l sy, < vilz" = 22l
where

(My_pT")?

v =AM P() (- A) P 4+ S

)< 1.

Thus II; is a contraction on BY..
Step 3. Il is completely continuous BS..
Claim 1. Il is continuous on B%.
Let 2" be a sequence such that 2™ —» z in B%. Then, there exists a number k£ > 0 such
that |[z"(¢)|| < k, for all n and a.e. t € [0,T], so 2" € By, and z € By. By hypothesis
(H.2), we have f(t, 2" +vy¢) — f(t, 2 +y¢) for each t € [0,T]. Since
I f(t 20 + ) — f(tze + w)||? < 2py(t). From (H.3), Holder inequality and the
dominated convergence theorem, we have
n t
E|[T2z"(t) — (M22)(0)]1* < 2E[| fy S(t — 8)Bluzniy — uziy]ds]|®
H2E|| fo S(t = 9)[f (5,22 +ys) = f(s, 2 + ys)lds|?
< 6M, MyMT [ {E|lg(T, # +yr) — 9(T. 27 + yr)|I
+T [T EAS(T = s)g(s, 27 + ys) — AS(T — s)g(s, zs +ys)||2ds
T n
+MT [ B[ f(s, 20 +ys) = f(s,25 +ys)l[*ds}(n)dn
F2MT [ EI|f (522 +ys) = (s, +3.)|ds

—> 0 asn — oo.

Thus, II5 is continuous.
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Claim 2. II; maps By into equicontinuous family.
Let z € By and 71, 72 € [0,T], we have

E[[(M22)(2) — (Ma2) (1) [ < 4E| fg' (S(72 — 8) = S(11 — 5)) f(5, 25 + ys)ds||®
+4E|| fOTl(S(TQ —5) — S(r1 — s))Bu(s)ds||?
HAE|| [T S(2 — 5)f (5, 25 + ys)ds|?

+4E|| f:lz S(m9 — 8))Bu(s)ds|*.
From (3.5)), Holder inequality, it follows that
E||(M22)(r2) — (Ma2)(ro)|> < AT|| J7" [1S(72 = ) = S(11 = 5)|*pyr (5)ds

+ATM,G [ |1S(m2 — s) — S(1 — s)||%ds
HAT [72[1S(2 — 5)[*py (s)ds

+4TMbg f_:? ||S(T2 - S)||2d8

The right-hand side is independent of z € By, and tends to zero as 79 — 7, — 0, since the
compactness of S(t) for ¢ > 0 implies the continuity in the uniform operator topology.
Thus, IT; maps By into an equicontinuous family of functions. The equicontinuities for
the cases 1 < 75 < 0 and 74 < 0 < 79 are obvious.

Claim 3. (II3B)(¢) is precompact set in X.

Let 0 <t <T be fixed, 0 < € < t, for z € By, we define

(Ta.c2)(8) = S(e) /O St s — &) f(5, 2 + y2)ds + S(e) /0 " S(t— 5 — &) Bu(s)ds.

Using the estimation (3.5 as above and by the compactness of S(¢) (¢ > 0), we obtain
Ve(t) = {(Tlg,e2)(t) : z € By} is relative compact in X for every €, 0 < € < t. Moreover,
for every z € By, we have

E[y2)(t) — Mo c2)(1)]2 < 2T [ |S(t = 8)|El| (s, 25 +ys)||*ds
+2TMG [ ||IS(t — 5)|ds

<2TM [ py(s)ds+ 2T MyGMe.

Therefore,
E|[Ty2)(t) — Hae2)()]? — 0 as e — 0T,

and there are precompact sets arbitrarily close to the set V(t) = {(Il22)(¢) : z € By},
hence the set V(t) is also precompact in X.

Thus, by Arzela-Ascoli theorem IIs is a compact operator. These arguments enable
us to conclude that Ilz is completely continuous, and by the fixed point theorem of
Karasnoselskii there exists a fixed point z(.) for IT on By. If we define x(t) = z(t) + y(¢),
—00 < t < T, it is easy to see that x(.) is a mild solution of satisfying o9 = ¢,
x(T) = x1. Then the proof is complete.
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4 Conclusion

Our paper contains some controllability results for neutral stochastic functional differen-
tial equations with infinite delay driven by fractional Brownian motion in a real separable
Hilbert space. The result proves that the fixed-point theorem can effectively be used in
control problems to obtain sufficient conditions. We can extend the controllability result
for neutral impulsive stochastic systems with different types of delays in our subsequent
papers.

References

(1]
2]
8]

[12]
[13]
[14]

[15]

Boufoussi, B., Hajji, S. and Lakhel, E. Functional differential equations in Hilbert spaces
driven by a fractional Brownian motion. Afrika Matematika 23 (2) (2012) 173-194.

Boufoussi, B. and Hajji, S. Neutral stochastic functional differential equation driven by a
fractional Brownian motion in a Hilbert space. Statist. Probab. Lett. 82 (2012) 1549-1558.

Caraballo, T. and Diop, M.A. Neutral stochastic delay partial functional integro-differential
equations driven by a fractional Brownian motion. Frontiers of Mathematics in China 8
(4) (2013) 745-760.

Caraballo, T., Garrido-Atienza, M.J. and Taniguchi, T. The existence and exponential
behavior of solutions to stochastic delay evolution equations with a fractional Brownian
motion. Nonlinear Analysis 74 (2011) 3671-3684.

G. Da Prato and Zabczyk, J. Stochastic Equations in Infinite Dimension. Cambridge Uni-
versity Press, Cambridge. 1992.

Dung, N.T. Stochstic Volterra integro-differential equations driven by by fractional Brow-
nian motion in Hilbert space. Stochastics 87 (1) (2015) 142-159.

Goldstein, G. and Jerome, A. Semigroups of Linear Operators and Applications. Oxford
Mathematical Monographs, The Clarendon Press, Oxford University Press, New York,
1985.

Klamka, J. Stochastic controllability of linear systems with delay in control. Bull. Pol.
Acad. Sci. Tech. Sci. 55 (2007) 23-29.

Klamka, J. Controllability of dynamical systems. A survey. Bull. Pol. Acad. Sci. Tech. Sci.
61 (2013) 221-229.

Lakhel, E. Controllability Of Neutral Stochastic Functional Integro-Differential Equations
Driven By Fractional Brownian Motion. Stochastic Analysis and Applications 34 (3) (2016)
427-440.

Lakhel, E. and McKibben, M.A. Controllability of Impulsive Neutral Stochastic Functional
Integro-Differential Equations Driven by Fractional Brownian Motion. Chapter 8 In: Brow-
nian Motion: Elements, Dynamics and Applications. Eds: M. A. McKibben & M. Webster.
Nova Science Publishers, New York, 2015 131-148.

Nualart, D. The Malliavin Calculus and Related Topics, second edition. Springer-Verlag,
Berlin, 2006.

Pazy, A.. Semigroups of Linear Operators and Applications to Partial Differential Equa-
tions. Applied Mathematical Sciences, 44. Springer-Verlag, New York, 1983.

Ren, Y. and Sun, D. Second-order neutral impulsive stochastic differential equations with
delay. J. Math. Phys. 50 (2009) 702-7009.

Ren, Y., Cheng, X. and Sakthivel, R. On time-dependent stochastic evolution equations
driven by fractional Brownian motion in Hilbert space with finite delay. Mathematical
methods in the Applied Sciences 37 (2013) 2177-2184.



302 E. LAKHEL

[16] Ren, Y., Hu, L. and Sakthivel, R. Controllability of impulsive neutral stochastic functional
differential inclusions with infinite delay. J. Comput. Appl. Math. 235 (8) (2011) 2603-2614.

[17] Sanjukta Das, Pandey, D.N. and Sukavanam, N. Approximate Controllability of a Func-
tional Differential Equation with Deviated Argument. Nonlinear Dynamics and Systems
Theory 14 (3) (2014) 266—278.

[18] Shukla, A., Sukavanam, N. and Pandey, D.N. Approximate controllability of semilinear
stochastic sontrol system with nonlocal conditions. Nonlinear Dynamics and Systems The-
ory 15 (3) (2015) 321-333.

[19] Surendra Kumar. Approximate Controllability of Nonlocal Impulsive Fractional Order
Semilinear Time Varying Delay Systems. Nonlinear Dynamics and Systems Theory 16
(4) (2016) 420-430.



Nonlinear Dynamics and Systems Theory, 17 (3) (2017) [303H314

R
ATH
Publishing
Group

ror T
2

Approximation of the Optimal Control Problem on an
Interval with a Family of Optimization Problems on
Time Scales

O. Lavrova*!, V. Mogylova 2, O. Stanzhytskyi,! and O. Misiats®

L Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
2 National Technical University of Ukraine ”Kyiv Polytechnic Institute”, Kyiv, Ukraine
3 Courant Institute of Mathematical Sciences, New York

Received: December 15, 2016;  Revised: July 12, 2017

Abstract: In this paper we consider a family of optimization problems defined on
variable time scales T, which depend on the parameter A We prove that the family
of value functions Vi (to,z) of the optimal control problem on [tg,¢1]r, converges
locally uniformly in R? to the value function V(to, x) of the optimal control problem
on [to,t1], provided SUD e(rg b1 ]r, ux(t) — 0 as A — 0, where ux(¢) is the graininess
function of T.

Keywords: time scale; value function; right-scattered point; right-dense point; grain-
iness function.
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1 Introduction

This work is devoted to the study of the limiting behavior of the optimal control problem
for dynamic equations, defined on a family of time scales T, in the regime when the
graininess function py converges to zero as A — 0. At the same time the segment of
the time scale [to,t1]t, = [to,t1] N Tx approaches [to,¢1] e.g. in the Hausdorff metric.
The natural question that arises is how the optimal control problem on the time scale is
related to the corresponding control problem on the interval [tg, ¢1].

The answer to the above question is well understood for Eulerian time scales (accord-
ing to classification [6]) that is, if Ty = AZ4+, A > 0, and the equation on time scales
becomes a difference equation.
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The results listed above are based on Euler polygonal method, which guarantees that
the corresponding solutions of differential and difference equations on finite time intervals
are close to each other, provided the steps are small. This method works really well if the
right-hand sides of differential equations are continuous. In this case, both solutions are
smooth, which makes it relatively easy to estimate the difference between them. However,
the right-hand sides of the optimal control problem, considered in this paper, depend on
the control parameter function u(t). Generally speaking, u(t) is only measurable. This
makes the solution of the differential equation only absolutely continuous. In turn, this
significantly complicates the estimates for the difference between corresponding solutions.
Estimates of this type were obtained with convex analysis techniques in the works 9] —
[11]. Using these estimates, the authors showed that the value function for the difference
equation approximation converges to the corresponding value function for continuous
differential equation as the approximation step goes to zero.

Our work extends the result [9] — [11] on the limiting behavior of the value function to
the case of general time scales. However, we use different methods since the topological
structure of the time scale we are considering may be complex. The main difficulty in
our work is to establish the uniform convergence of solutions of the Cauchy problem on
[to, t1]NT, to the solution of the corresponding Cauchy problem on [tg,¢1]. This makes
our analysis significantly different from |12, where only special pointwise convergence
was obtained. More sophisticated approach is necessary because, in contrast with [12],
the right-sides of our equations are not piecewise continuous, as well as we are dealing
with much more general time scales (as opposed to the Eulerian time scale in [9] — [11]).

This paper is organized as follows. In Section [2] we provide some definitions and
preliminary results on time scales calculus, and state the main result. The main result
on the convergence of the family of the value functions to the value function of the limit
problem is proved in Section

2 Preliminaries and Main Result

2.1 Basic notions of time scales theory

The time scales theory was introduced by S. Hilger in his PhD thesis [13] (1988) as a
unified theory for both discrete and continuous analysis. This theory was further devel-
oped by a number of authors, see [4] and references therein. For reader’s convenience,
we present several notions from this theory, which are used in this paper.

Time scale T is a non-empty closed subset of R; Ap:= ANTfor ACR; 0:T — T,
o(t) :=inf{s € T : s > t} is the forward jump operator; p: T — T, p(t) =sup{s € T: s <
t} is the backward jump operator (here inf @) := sup T and sup () := inf T); p : T — [0, 00),
w(t) = o(t) — t is called the graininess function. A point t € T is called left-dense
(LD) (left-scattered (LS), right-dense (RD) or right-scattered (RS)) if p(t) =t (p(t) < t,
o(t) =tora(t) >t); TF := T\ {M} if T has a left-scattered maximum M, T* := T
otherwise.

A function f: T — R? is called A-differentiable at t € T* if the limit

fA(t> = lim f(O'(t)) — f(s)

sot  o(t)—s

exists in R?. The properties of the Lebesgue A — measure and the Lebesgue A —
integrability are described, e.g. in [3].



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 17 (3) (2017) 305

2.2 Control theory on time scales
Let T be a time scale, such that sup T = +o0, tg,t; € T, and U C R™ is a compact set.
> An optimal control problem on the time scale T is the problem of the type
xA = f(t7x7u)7
Z’(fo) = Zo, (21)
J(u) = f[to,tl)w L(s,z(s),u(s))As + U(x(t1)) — inf,u € U(ty),
where f : [to,t1]r X RT x U — R?, L : [to,t1]r x R x U — R! and ¥ : R — R!.

> U(t) := L= ([t,t1]1,U), i.e. the set of bounded, A—measurable functions |5, Chap-
ter 5.7] defined on [t, 1)1 and taking values in U for each ¢ € [tg, ¢1)T, is called the
set of admissible controls.

> The Bellman function (or the value function) is

V(t = inf  J(¢ . 2.2
(to, o) u(-)lenu(tg) (to,wo,u) (2.2)

2.3 Main result

Let A C R, such that 0 is a limit point of A, be the set of indices. Consider the
family of time scales Ty, A € A, such that supTy = co. For any tg,t; € Ty, denote
[to, t1]Ty, = [to,t1]) N'Ty and py = SUDye1g, 1], p(t). Assume

ux(t) > 0as A — 0. (2.3)

In this case Ty converges (e.g. in the Hausdorfl metric) to a continuous time scale Tg
(here we use the classification from [6]), and hence [to,t1]T, becomes [tg,t1] in the limit
A — 0. For every T consider the optimal control problem on the time scale [to, 1], :

2 = f(t,z,u),
x(to) = x, (2.4)
Ja(u) = f[to,tl)m L(t,z(t), u(t)) At — inf,u € U(ty).

Along with (2.4)), consider the corresponding continuous optimal control problem on
the interval [to, ¢1]:

d;fi(tt) = f(twf(t)vu(t)),
x(tg) = x, (2.5)
J(w) = [ L(t,x(t), u(t))dt — inf, u € U to).

Denote V) (tg, z) and V (tg, ) to be the corresponding Bellman functions for these prob-
lems, given by (2.2). Our main result is the following theorem.

Theorem 2.1 Let Ty be such that holds. In addition, assume that
1) The functions f, f, and L are continuous on [tg,t1] x R x U;
2) f and L are globally Lipschitz in x, with Lipschitz constant K > 0.

Then
Va(to,-) = V(to,-) in Cloe(R?), X — 0. (2.6)
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3 Proof of Theorem 2.1l

Without loss of generality, we assume that ¢y = 0 and t; = 1. Consider an arbitrary time
scale T and an arbitrary admissible control uy(t) on it. Let x)(¢) be a corresponding
admissible trajectory. Denote @y (t) to be the extension of uy(t) to the entire interval

[0, 1]:
i — ux(t),t € [0,1]r,,
M) {UA(T),t € [r,o(r)), r € RS. (3.1)

This control is admissible for the problem ([2.5). The proof of the main result will heavily
rely on the following two lemmas.

Lemma 3.1 Let z(t) be a solution of
% = f(tax,ﬁ)\(t))v
z(0) = xo.

Then
—0,A—0. (3.2)

/ L(t,x,\(t)7u)\(t))At—/ L(t, (1), i (1) )dt
[0,1)r, 0

Proof. Fix € > 0. Our goal is to show that the expression in (3.2)) can be made less
than e for all sufficiently small A\. Using Gronwall inequality and its analogue for time
scales [4], one can show that for any r > 0 there is C'(r) > 0 such that

lza()] < C(r), t € [0,1]r,, |z(&)] < C(F), t € [0,1], |zo| < 7. (3.3)

The estimates (3.3]) are uniform for all admissible controls, since U is compact. Therefore,
there is a constant Cy(r) > 0 such that

[L(t, zA(t), ux(t)] < Ci(r), [f(t, za(t), ua(t))] < Ci(r),
|fo(t, 2x (), ux(t))| < Cy(r), ¥t € [0,1]1, and \ € A.

Then we have
/ L(t,z\(t), ux(t))dt :/ L(t,z\(t), ux(t))dt
[0,1) [0,1)r\RS
+ 37 Liraa(r), us(r)u().

reRS
In view of ,
D Llraa(r),ua(r)u(r) < Cr Y pa(r)

reRS reRS

which holds true regardless the sums are finite or infinite. Then

N
D Llryaa(r),un(r)p(r) =Y Lrk, (i), ua(ry)) u(ry)
reRS k=1 (3.6)

+ Z (7, X (rr), un (T2) ) (k)
E>N+1
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where N = N(X) > 1 is chosen so that

S um) <2 (3.7)

2
E=N(\)+1

We now remove the right-scattered points, which appear in the sum , from the
time scale. By construction, their total A-measure does not exceed 4. Denote A =
Uk:N(A)+1[Tk’U(Tk))' Clearly, |A| < &, where |A| stands for Lebesgue measure of A.
Denote B := [0, 1]\ A.

Next, in the same way as it was done in , we may define a piecewise-constant
extension of x(t) to the entire interval [0,1]. This extension is denoted with Z,(¢).
Similarly, the function L(t,x,u), which is defined only for ¢t € T, may be extended
to Z(t,x,u), defined for ¢ € [0,1]. Clearly, this extension satisfies the same bound
|L(t, ,u)| < C. Therefore, using the results from |7, Theorem 2.9.],

/ L(t,x,\(t),u,\(t))At:/ L(t, 2 (1), fix (1)) .
[0,1], 0

Consequently,

‘/ L(t,xA(t),uA(t))At—/ Lt (1), iy (1)) dt
[0,1)r, 0

< Cro+ [ |(Etan0.00(0) - Lta i) de. (35)

Let us estimate the last integral in . The set B consists of a finite number
of right-scattered points (r1,...,7n) and possibly intervals between them, consisting
of limit points. In view of and the compactness of U, the functions f(t,x,u)
and L(t, z,u), without loss of generality, are defined on a compact set, hence they are
uniformly continuous. Therefore, there exists €; = €1(g) > 0 such that

|L(t,z,u) — L(s,x,u)| <e, |f(t,z,u) — f(s,z,u)] <e, if |t —s| < e;. (3.9)

In view of (2.3), we can choose A small enough so that py < e;. Denoting B; =
N
B\ Ui:ﬂri’ o(r;)), we have

o(r;

~ N )
/BL(t,i')\(t),ﬂA(t))dt_/Bl L(t,l’)\(t),uA(t))dt+;/r L(ri,@(t),ﬂ,\(t))dt.

Hence,

7

/ Lt 2 (1), in(8)) — L(t o(t), i (1)) |dt < K/ oAt —e()ldt+2,  (3.10)
B B

where we used and the Lipschitz property of L. Now, we estimate the difference
|ZA(t) —x(t)]. Without loss of generality, assume that the time scale T has the following
structure (Figure 1).

Here

1) the solid line indicates the line segments, which consist of limit points;
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Figure 1: The structure of time scale.

2) the dashed line indicates the line segments [r;,o(r;)), i.e. r; are the remaining
right-scattered points;

3) the boldface solid line indicates the set of points which were removed, i.e. the set
A.

The argument is similar for other structures of time scales.
1) For t € [0,71] we have uyx(t) = (), therefore Z)(t) = x(t).
2) For t € [r1,0(r1)), clearly Za(t) = za(r1) = x(r1) and x(t) = ur(ry). It follows
from the integral representation of the solution

£(t) = 2(r) + / F(5,2(5), ux(r1))ds

that € C?[ry,0(r1)). Hence, using Taylor’s expansion with the remainder in the
Lagrange form, we obtain

z(t) = x(r1) + f(ri,z(r), ux(r))(t —r1)

(t — 7’1)2

+ fa(s1,2(s1), un(rr)) - f(s1,2(s1), ua(r1)) (3.11)

2 b
for some s1 € [r1,0(r1)]. Here f. is the Jacobian matrix. It follows from ([3.4]) that
1208 2(0), 0 () (0, 0(0) r(0)] < €. (3.12)
0,01

Thus, when ¢ € [r1,0(r1)), we obtain

o(r1)
|z(t) — ()] < / £ (&, (1), ux(r1))| dt < Crpa(ry). (3.13)
But when ¢t = o(r1) we have

Ex(o(r1)) = zx(r1) + f(ri,za(r), ua(r))p(r) = z(r) + f(ro, z(r), ua () p(re).
Thus, from and we get

() ~ a(o(r))] < CPAL. n

3) For t € [o(r1),r2], it follows from (3.14) and Gronwall inequality

2
|Z2(t) — z(t)] < wcfef((“—““”. (3.15)
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4) For t € [rq,0(r2)) we may argue the same way as for ¢t € [r1,0(r1)) to get

A ui(m) 2 K(ro—o(r1))
|z(t) — ZA(1)] < —5 Cie + pa(re)Ch. (3.16)

oo r2)) = ()] < B2+ K (ra))er o) 1),
5) On the line segment ¢ € [o(rs), 7, ] we have
|Z(rn,) — Z(0(r2))] < Ci(rn, —12) = Cipa, |x(ry,) — x(o(r2))| < Crpa,
#ar) = 2(r)| < 210 + (1 4+ Kpa(ra)) P cerraatrn L 15002) o

(3.17)

Continuing this procedure to the remaining intervals of Figure 1 for t € [rp,, 5], we have
the following estimate

Zx(t) = 2(t)] < (14 Kpa(rng)) (1 + Kpa(rs))2C1m

RO 4 2 (14 K (1)) X =709 2 (1) O

1
=D (14 Ky (1)) (14 Kpuar3)) + 5(1+ Kpa (1)
—Oo\T r3g—ol(r 1
xR mT 0D 2 () OF R =7 (14 Kpaa (rs)) + 5 (1 + K pa(rny )
) 1 X
*eK((m—o(vs))Mi(rg)ClQ _|_201’u2(1 +KM>\(Th2)) + 5 g\(rh2)012)eK(75_0'(7'h2)). (3.18)

Denote
Il:i= (14 Kpa(r)) (1 + Kpa(r2)) (1 + Kpa(rs)) (1 + Kpa(rn,)) - .- (1+ Kpa(ry)),
where the product is taken over all right-scattered points of Figure 1. Then
InTI < K (pa(r1) + pa(re) + pa(rs)...) < K.

Note also that the sum of all powers of e that appear in (3.18]) does not exceed K,
since those arguments involve the lengths of disjoint subintervals of [0, 1]. Consequently,
for t ¢ [r,o(rr)) we have

1
Ex(t) — z(t)] < px (MeBCy + =TIC%eX ) -0, A — 0. 3.19
4
For t € [ri,o(ry)), arguing as in (3.19)), we get
- C?
[Zx(t) — x(t)] < px ( <01 + 41) +3Cl> : (3.20)

Therefore, |2 (t) — ()| — 0, A — 0, uniformly for ¢ € [0, 1]. Combining (3.8) and (3.10)
for any time scale T and admissible control uy () for (2.4)), there is an adm1551ble control

ax(t) for (2.5)), such that
|J)\(U)\)—J('I.~L)\)| —)0, A — 0. (321)
This completes the proof of Lemma O
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Lemma 3.2 For any admissible control u(-) for the proble and for every time

scale Ty there is an admissible control u)\(+) for the problem (2.4)) such that
|J(u) — Jx(u,)| — 0, A = 0. (3.22)

Proof. Let u,(+) be an arbitrary admissible control for the problem (2.4) and 27, (-)
be the corresponding trajectory. Similarly, let z(-) be an admissible trajectory of the
problem ([2.5)) which corresponds to the admissible control u(-). Then

/ L(t, 2 (1), ul (£) At = / L(t, 2, (1), u (1) At
[0,1)r

[0,1)r\RS

+ Z T, xts UtS(T)),U,(T).

reRS

(3.23)

For |zo| < R and t € [0,1]r, the estimates (3.4) hold for any fixed R > 0. Hence

D L(ra) (), u(n)pu(r) < C1 Y palr (3.24)

reRS reRS

uniformly for all u),(-). In particular, the sum in is convergent, similarly to .
Once again, for every A > 0 we choose N(A) > 1 such that >,y u(ry) < 5.
As before, denote A = \J,_y 17k 0(7%)). Its Lebesgue measure is small: [A] < £
Introduce B := [0, 1], \A. In other word, B contains only finitely many right-scattered

points 71, ...,7x. Now, for any admissible u(-) and u}\(-) we write

[ tes@.uoyie— [ Laho.ul @)
0 [0,1)r

(3.25)
<pxt

/ L(t, 2 (t), u(t))dt — / Lty (£), ul (1))
[0,1\A B

Fix ¢ > 0. By Luzin’s theorem, there is function u.(t), which is continuous on [0, 1]
and such that |A.| < e, where A := {t € [0,1] : u(t) # u:(t)}, AM(A:s) < . Denote B, =
[0,1]\ Ac. Since f and L are uniformly continuous on the compact set [0, 1] x B(0,C) x U,
for any 0 < €1 < € there is 0 < g5 = e2(e1) such that if |u — u;| < €9, then

[f(t, z,u) — f(t, x,ur)| + | L(t, z,u) — L(t, xz,u1)| < &1 (3.26)

for any t € [0,1] and |z| < C;. Without loss of generality, assume that e3 < €;. Note
that uc(t) is uniformly continuous on [0,1]. Therefore, one can find 0 < e3 < &2 such
that if |t — s| < e3, then |u.(t) — uc(s)| < e2. Note that, for bufﬁciently small A, uy < e3.

We are now in position to construct a new admissible control u, which would take
into account the structure of Ty. The construction is done separately on each of the
intervals as follows:

> for t € A, i.e. for t € [ry,a(r;)),i > N(\) + 1, set u)(t) := u(r;);
> for t € [o(r),riv1),5=1,...., N(A) — 1, set u}(t) = u(t);

> if t € [ry,0(r;)) and B. N [r;,o(r;)) = 0, define u (t) == u(r;), 1 <i < Nj;
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Figure 2: The construction of control.

> finally, if ¢ € [r;,0(r;)) and B N [ry,0(r;)) # 0, for such 1 < i < N set u)(t) :=
uc(tL), where ¢ is an arbitrary point of the set B. N [r;, o(r;)). Since t! € B, then
ue(t1) = u(tl) € U, therefore the control u)(t) on [r;,o(r;)) is admissible.

Figure 2 visualizes this construction. Here, on the z-axis, the intervals [r;, o (r;)),
0 < i < N, are denoted with dashed lines, the set A is comprised of solid boldface
intervals, and the intervals, on which u(t) is continuous, are denoted with solid thin
lines. In addition, the graph of u(t) is dashed, and the graph of the new control u(t) is
solid.

In what follows, we are going to analyze the time scale, depicted in Figure 2. The
analysis is similar in other cases. Let 2 (t) be an admissible trajectory for . By
construction, u(t) is an extension (in the sense of (3.1))) of some admissible control
u),(t) on the time scale Ty. Then, it follows from (3.21) that

[ Ia(ugy) = J(u)| = 0, A = 0. (3.27)

Let us show that
|J(u) — J(u))| = 0, X — 0. (3.28)

‘We have

1
/O (L(t, (1), u(t)) — L(t,xﬁ(t),Uﬁ(t)))dt‘ <

/A (L(t, x(t), u(t)) — L(t, x?(ﬂﬂ?(t)))dt‘

%,

/(L(tvﬂf(t),U(t))L(t,w?(t),U?(f)))df‘- (3.29)

€

The first term in the right-hand side of (3.29)) can be bounded by C1(R)|A.| < C1(R)e.
We now estimate the second term in the right-hand side of ([3.29)):

/ (L(t, 2(t), u(t)) — L(t, w?(t),U?(f)))dt‘ <K B () — 22 (t)]dt

+/ |L(t, (), u(t)) — L(t, z) (t),up (t)dt| . (3.30)
B.
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Next,
/ LGt 22 (1), u(t)) — Lt 2 (1), w2 ()] dt < Cy (R)ps

+ / LG 2 (8), u(t)) — LGt 22 (1), ud (1)) it (3.31)
B-NA

and

/ Lt 2 (1), u(t)) — Lt 2 (8), ud (1)) de
B.NA
N—1
= L(t, 2 (t), u(t)) — L(t, z) (t), u) (t))|dt
3 /[MWWBJ (2 (), u(t)) — L(t, 2 (1), w2 (1))]

i=1

N
D3 /[ L(t 2 (8), u(t)) — Lt (0, ) () |dt. (3.32)

ri,0(7;))NBe

By construction of u), the first term in the right-hand side of (3.32) is zero, and some
of the terms in the second sum may vanish if there are no points from the set B. in the
interval [r;,o(r;)). Since py < €3, by uniform continuity of u.(t) and (3.26]), we have

N N
Z/{ s |L(t, 22 (), u(t)) — Lt 2 (8), ud ()|dt < e ¥ p(ri) <er. (3.33)

i=1 i=1

Then from (3.30)), (3.31)) and (3.33) we have

/|L(t7m(t),u(t))—L(t,xé‘(t),u;\(t)ﬂdt§K |2 (t) — 2 (t)|dt+C1 (R)pa+er. (3.34)
. B.

It remains to estimate the difference |z(t) — x2(t)| in (3.34). We are going to do this in
the setting of Figure 2, the analysis in the general case is analogous.
1) For t € [0,71], u(t) = u)(t), therefore x(t) = x}(t).

(&

2) For t € (ry,0(r1)], we have

o) - 220 < [ 702 0),0(0) = (82 (0) ()|

[r1,0(r1))NAe

o K|x(s) = 2 (s)|ds + [F(t a2 ue(t)) = £t 22(1), ue(t2))] dt
[r1,0(r1))NB
S/ Klz(s) = 22(s)lds + 2C1(R) [[r1, 0(r1)) 0 Ae| + e1p(r1),

where we used the uniform continuity of f on [0,1] x B(0,C;) x U. Then by
Gronwall inequality, we obtain

() = 22 ()] < (e1p(ry) + 201 (R)[fr1, 0 (1)) N Ae)e 1) = §1eRr) - (3.35)

where 61 = e1p(r1) + 2C1(R)|[r1, 0(r1)) N Agl.
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3) For t € [o(r1),72) we have |z(t) — z)(t)] < §efHr)eKrz=a(r),

Continuing this procedure to the remaining intervals of Figure 2 for ¢ € [rq,0(r5)) we
have the following estimate

() — 22 ()] < (e1p1(r1) +2C1(R) [[r, o(r1)) N Ac|
s LB u(r)+(ra=o (r)+u(ra)+u(ra)+(rny =0 (ra)) +a(rs)+(ra—riy )}

+ (2C1(R) |[r2, o(r2)) N A| 4 e1pu(rg) ) e (lr2)a(ra)+(rny o (ra)) a(rs)+(ra=rny )}

+204 (R)u1€{K((73 Thy ) HR(ra)+(rny —o(rs))+u(rs))} (2C1(R) |[rs,o(r3)) N A|
+ ey p(rs))etE ra)Hrny, —a(ra))+u(ra))t 4 90 (R) [[rs, o(rs)) N A.| ef#(s)
+2C4 (R)ugeK“(’”s) + e pu(rs)efnrs), (3.36)

Once again, the sum of all powers of e in (3.36) does not exceed K, since it is the
sum of lengths of disjoint subintervals of [0, 1]. Altogether, for ¢ € [0, 1] we have

lz(t) — 22 (t)] < (g1 + 2C1(R)e + C1(R)py)eX. (3.37)

From (3.29)-(3.34) we get

/O (L(t, 2 (1), u(t) — L(t, 22 (1), u2 (1)) | dt

< K(e1 4 2C1(R)e + C1(R)px)eX + C1(R)ur + €1 + C1(R)e.  (3.38)

Since € and &1 can be chosen arbitrarily small, we have |J(u) — J(u2)| — 0, A — 0, hence
the proof of Lemma follows from . O

We now return to the proof of Theorem [2.1] In Lemma [3.I] we have shown that for an
arbitrary time scale Ty and an arbitrary admissible control for the problem ux (),
there is an admissible control @, for the problem (2.5)), such that |Jy(uy) — J(@\)| =
©(A) = 0, A = 0. Consequently, J(@ty) < Jx(uyx) + ¢(A). Using the definition of the
value function, we have V(0,2) < Jx(uy) + ¢(A). We may take the infimum over all
admissible controls to get V' (0,z) < V3(0,x) 4+ ¢(X). There exists a uniformly converging
subsequence Vi, (0,z): Vi, (0,2) = V5(0,2), |z| < r, with A,, — 0 as n — oco. Passing
to the limit as A, — 0, we have V(0,z) < V(0, z).

Let us show that inequality V (0, z) < V5(0, x) is impossible. By contradiction, assume
V(0,2) < V5(0,2). Then there are § > 0 and ng > 1 such that for A\, < A,, we have
Wi, (0,2) > V(0,z) + 6. However, for such 6 > 0 we may construct an admissible
control u(t) for the system 7 such that J(u) + § < Vi, (0,2). For such u(t) we now
apply Lemma to construct an admissible control u?s", such that holds. Then
for sufficiently small \,, we have Jy, (up) < Vi, (0,), which leads to a contradiction.
Therefore, V(0,z) = V5(0,z), i.e. any convergent sequence V3 (0,2) has V(0,x) as its
limit. Since the family V) (0,z) is compact, we have V(0,z) — V5(0,2), A — 0, which
proves Theorem O
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Abstract: Impulsive Hopfield-type neural systems on time scale are investigated.
Sufficient conditions for the existence and uniqueness of the equilibrium state are ob-
tained. Based on the generalized Lyapunov function method the sufficient conditions
of global exponential stability are established for the neuron system under investi-
gation. Efficiency of the obtained sufficient conditions is illustrated by a numerical
example.
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1 Introduction

Hopfield neural networks and their generalizations are important models of biological
processes that are widely used now for solution of the applied problems in different areas
of the modern technologies such as the optoelectronics, image reconstruction, speech
synthesis, computer vision |1|— [6], and in the solution of different optimization problems,
see also [7,/8].

Neural networks with impulses, both continuous and discrete ones, are widely used
in the modeling of artificial intelligence, in robotics and electronics, and are intensively
studied lately [9]— [13], with the most results obtained for neural networks with continuous
time. Therefore, it makes sense to consider impulsive neural systems on time scale, which
allows a simultaneous description of the system dynamics both in the discrete and the
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continuous case. In addition, this approach allows us to obtain new results for discrete
neural systems, similar to those already known for the continuous case.

An extensive literature is devoted to the differential systems with impulsive action
on general time scale [14]- [16] while the neural networks with pulses on the time scale
are not well studied [17].

The purpose of this paper is to obtain the sufficient conditions of the global expo-
nential stability of the equilibrium state for the impulsive neural Hopfield network on
time scale. The study was carried out within the framework of the generalized second
Lyapunov method on the basis of the scalar non-autonomous function on time scale.

2 Main Definitions and Necessary Theorems

A time scale T is an arbitrary nonempty closed subset of the set of real numbers R.
Fundamental notions and theorems of mathematical analysis on time scale, as well as the
definitions of the derivative and the integral, the rules of differentiation and integration,
the definitions and properties of rd-contiguous function, regressive function, the jump
operator o(t), the graininess of the time scale u(t) and the exponential function are
explicity given in [18]- [20].

We need the following properties of the A-derivative.

Theorem 2.1 Assume that f,g are A-differentiable at t € T*. Then the following
assertions are true:

(1) the product fg is A-differentiable at t € T* and
(f9)2(t) = FA()g(t) + f(o()g™ () = f(£)g>(t) + 2 (D)g(a(t));

(2) fo(t) = (&) + p(t) f2(1);
(3) if fA(t) >0 then f is non-decreasing on TF.

We denote by e,(¢,t0) an exponential function on time scale. Further the following
properties of an exponential function will be used.

Theorem 2.2 If pc RT, A >0, then for all t,to € T and t >ty
(1) ep(to,to) =1, ep(t,to) >0;

(2) ep(t,to) = 1/ep(to,t);

(3) ep(t.to) = p(t)ep(t,to);

(4) ep(a(t),to) = (1 + p(t)p(t))ep(t, to);

(5) iy = Con(ti to), where Sp € R*, (6p)(t) = —1rhbm
(6) eoa(t,to) <1, limy o0 ean(t, to) =0 (see [21]);

(8) if T =R, that egx(t,tg) = e At-to);

(9) if T =Z, that ecx(t, tg) = (1 4+ X)~(Eto),
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