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The generalized Khasminskii-type conditions in establishing
existence, uniqueness and moment estimates of solution to neutral
stochastic functional differential equations
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Abstract. The main objective of this paper involving neutral stochastic functional differential equations
(NSFDEs), with finite or infinite history dependence, is to prove the existence and uniqueness of their global
solutions by imposing conditions that hold for highly non-linear NSFDEs’ coefficients. For that purpose,
Yamada-Watanabe condition or the local Lipschitz condition for the drift and diffusion coefficients are
imposed, together with contractivity condition for the neutral term. Also, instead of the linear growth
condition for the drift and diffusion coefficients of the equations, generalized Khasminskii-type conditions
are applied. The proof of the existence and uniqueness of the solution also leads us to estimates of the
moments to the solution. Consequently, we discuss some asymptotic properties of the solution in terms
of the generalized Lyapunov exponent. Additionally, we consider a class of neutral stochastic differential
equations with state-dependent delay, as a special case of NSFDEs. The theoretical results are illustrated
with two examples.

1. Introduction and Preliminary Results

The functional differential equations are introduced decades ago, in order to solve a modeling problems
in many areas of science and engineering (see [16]). Adding the noise to these deterministic models makes
these problems more realistic, so the development of stochastic functional differential equations is very
significant (see [20]). The importance of neutral stochastic functional differential equations (NSFDEs), as a
generalization of stochastic functional differential equations, is recognized and they are studied by many
authors. Kolmanovskii and Nosov first introduced the term NSFDE in [17], studying the behavior of
reactors in a chemical plant and mutual interaction between the forces that occur when an elastic body
moves through a fluid and proved the existence and uniqueness of the solution (see [18]). Other authors
also investigated the existence and uniqueness problem: in [9, 20] under the global Lipschitz and linear
growth condition for drift and diffusion coefficients, while in [4, 7, 20] the global Lipschitz condition is
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replaced with the local one. Furthermore, uniform (see [15, 22, 28]) and local (see [22]) Yamada-Watanabe
conditions are proposed. In [10] the drift and diffusion coefficients satisfy the local Lipschitz condition
with the time-varying Lipschitz coefficient. Linear growth condition is left out, which allows drift and
diffusion to be nonlinear (Lyapunov-Razumikhin technique is applied). On the other hand, in [30, 32]
the linear growth condition is replaced with more general Khasminskii-type conditions. Also, the authors
in [10, 20, 30, 32] consider NSDFEs with coefficients which depend on finite history of the state process,
while in [4, 7, 9, 15, 22, 28] history is infinite. Motivated by the papers previously mentioned, in which
neutral term satisfies the contractivity condition, and by the fact that many NSFDEs’ coefficients are growing
superlinearly, we propose Khasminskii-type conditions in order to show that NSFDEs have unique solutions
with initial conditions defined on finite or infinite interval. These conditions should prevent the explosion of
the solution in finite time. In order to assure the existence of the unique maximal local solution to NSFDE,
with previously cited papers in mind, we impose Yamada-Watanabe condition and the local Lipschitz
condition separately, depending on the boundedness of the initial condition of the equation. The question
of the moment estimates of the solutions arises throughout the proof of the existence and uniqueness of the
solution, which is used to obtain the generalized Lyapunov exponent.

Beside the idea to impose more general conditions then the linear growth condition, our work was
remarkably influenced by trying to prove the existence and uniqueness problem for special type of NSFDE
- neutral stochastic differential equations with delay that is both time and state dependent. Stochastic
differential equations with this type of delay were investigated by only few authors ([3, 14, 26]) in oppose
to numerous papers dealing with constant or time dependent delay (e. g. [11, 21, 23, 24]).

Let us consider a complete probability space (Q, ¥, P) with a filtration {;};»0 satisfying the usual
conditions and define m-dimensional Brownian motion B(t) = (B1(#), ..., Bu(t))T, t > 0, on the given complete
probability space. We denote by | - | the Euclidean norm in R? and by Q” the transpose of a vector or a
matrix Q.

For the intervals I = (—o0,0] or I = [-«, 0], where x € (0, ), let us introduce notation of the following
families of continuous functions:

e CY(I;RY) - functions p:1— R?, where I = (—0,0], such that £ is uniformly continuous on I and

P
Sup,; % < oo, where ¢ : I — [1, o) is a continuous, non-increasing function with {(6) — oo, as

0 — —oo and ¢(0) = 1, with the norm ||¢p|| = sup,,; li‘;g—g;l;
e BC(I;RY) - bounded functions p1:1— R?, where I = (=0, 0], with the norm lp1ll = supyg; lp1(0)];
e C(LRY) = {p2|p2 : I > R, where I =[x, 0], with the norm ||p2|| = supy; l@2(0)];
o C([0,0);RY) = fa]a : [0, 00) — R7);
* C([0,00); [0, 00)) = {a1 |ay : [0, 00) — [0, 0)};
e C(IU[0,00);[0,00)) = {az|az : IU[0, o0) — [0, 00)};
o C(R X R%;[0,00)) = faz|az : R X R! — [0, c0)};

e C'2(1U[0,00) X R4 [0,00)) = {V|V : 1U[0,0) x RY — [0, )}, where V = V(t, x) are continuously once
differentiable in t and twice in x.

Also, MP(I; RY) is the family of Fo-measurable, R-valued processes £(H)=&(t w), t € I, with E fI [E@)Pdt <
00, C% (I; R%) is the family of Fy-measurable C¥(I; R)-valued random variables from M?(I; R?) and BCg, (I; RY)

is the family of Fy-measurable BC(I; R%)-valued random variables from MP(I; R).
In this section, let W represent one of the spaces C¥(I; R?), BC(I; RY) or C(I; R?) and according to this, W,

will denote Ci,o (I; R, BC#, (I; RY) or Cg (I; RY). Considering Borel-measurable functionals u : [0, ) X W —
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RY, f:[0,00) x RT*x W — R¥ and g : [0,00) X R x W — R™", we observe the d-dimensional neutral
stochastic functional differential equation

dlx(t) —u(t, xp)] = f(t, x(t), x¢) dt + g(t, x(t), x)dB(t), t>0, (1)
with initial condition

Xo=¢@ =1{p0):0cl} € Wg, (2)
where x; = {x(t + 0) : O € I} is W-valued stochastic process.

For V € C?(I U [0, o) X R%; [0, o)), we define an operator LV : [0, 00) X R? x W — R by

LV(t,x,y) = Vilt,x —u(t,y)) + Vo(t, x —u(t,y) f(t, x, y) + %trace[gT(t, X, )Vt x —ult, y)gt, x, ). (3)

Necessary assumptions for proving the existence and uniqueness of the solution of Eq. (1), that will be
introduced in the sequel, and the form of the equation itself require the application of the following lemma.
It should be emphasized that it represents a useful generalization of the Bellman-Gronwall inequality (see
[25]).

Lemma 1.1. (Dhongade-Deo) Let functions I(t), m(t) : (0,00) — (0, 0), function n(t) : (0,00) — (0,00) is
monotonic non-decreasing, p(t) : (0, 00) — [1, 00) and all functions are continuous on (0, o). If

I(t) < n(t) + p(t)f(; m(s)l(s)ds, t>0, 4)

then
I(t) < n(t)p(t) exp (f m(s)p(s)ds), t>0.
0

The paper is organized as follows. In Section 2 the main assumptions are imposed for the existence and
uniqueness of the solution of NSFDEs to be proven and moment estimates of the solutions are established,
considering coefficients from different phase spaces. Also, the upper bound of the generalized Lyapunov
exponent is determined. In Section 3, an insight into the neutral stochastic differential equations with state
dependent delay is provided. In Section 4 two examples that illustrate the theory are given.

2. The Existence, Uniqueness and Moment Estimates of the Solution of NSFDEs

The starting point for our proof of the existence and uniqueness of the global solution to Eq. (1) is the
existence of the unique maximal local solution. Knowing that it exists, we can show that the explosion time
is not finite almost surely, which can be assured by proposing Khasminskii-type conditions.

Definition 2.1. A continuous F-adapted R4-valued process x(t), t € I U [0, o), with a stopping time o, is a local
solution of Eq. (1) with initial condition (2), if for every t > 0,

aj At It
x(o; A t) = @(0) + u(o; A t, xgne) — u(0, @) + f(s,x(s), x5) ds + f g(s, x(s), xs) dB(s)
0 0

holds for any | > 1, where {0}}151 is a non-decreasing sequence of finite stopping times, such that o; T 0. a.s. asl — oo.
Moreover, if limsup, . [x(t)| = oo a.s. whenever o, < oo, then x(t), t € I U0, o), is a maximal local solution and
o, is called the explosion time. A maximal local solution is unique if for every other maximal local solution y(t),
telU|0,0E), 0, = o a.s. and x(t) = y(t) for every t € [U [0, o) a.s.
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Let us introduce the following assumptions.

P1. (Yamada-Watanabe condition) For any integer n > 1, there exists a function K, : [0, c0) — [0, o),
such that, for all x1,x, € RY, y1, y2 € C¥(I; R?) (or y1,y2 € C(I; R?)), with |x1] V [xa| V [ly1]l V [ly2ll < 7 and all
t>0,

[f(t, x1, 1) = F(t, %2, y2)I V 1g(t, x1, 1) — g(t, X2, y2)I* < K1 = x2* + llya = vall?). (5)

Functions K,, are continuous, non-decreasing, concave, K,(0) = 0 and foio #fs) = 0. Also, for every t > 0,
there exists a constant K > 0, such that

£(t,0,0) v Ig(£,0,0) < K. (6)

P1’. (Local Lipschitz condition) For any integer n > 1, there exists a positive constant En, such that, for
all x1,x, € R4, y1,Y¥2 € BC(L; R%) (or v1,v2 € C(L; R%), with |x1] V [x2] V lyall Vlly2ll € nand all £ > 0,
[F(t,x1, 1) = f(E %2, y2)P* V Ig(t, x1, 1) — gt 22, y2)P < Ka(lv1 — 2 + [ly1 — val?).

P2. (Khasminskii-type conditions) There exist a function V € C1(IU[0, 00) X R¥; [0, 00)), positive constant
C1, nonnegative constant c; and functions C, and h in C([0, o0); [0, o0)), such that, for every (¢, x) € [0, c0) X R?
andp >0,

CilxlP < V(t, x) < coh(t) + Co(t)|xlP (7)
and there exists the function D € C([0, o); [0, o)), such that

LV(t,x,y) < D(t)(l + sup V(s, x)), (8)
selU[0,t]

for every (t,x,y) € [0,00) X R x W.
P3. (Contractivity condition) There exists a constant & € (0, 1), such that, forallx,y € Wand t > 0,

lu(t, x) — u(t, y)| < allx - yll.
Let us denote u(t,0) = r(t), for every t > 0, where r € C([0, ); RY). Then, from the last inequality we have

that |u(t, y)| < allyll + ()|, for every (t, y) € [0, 00) X W.

Remark 2.2. Obuviously, the condition (5) is weaker than the local Lipschitz condition. If K, (x) = K,x, forx >0
and positive constants K,,, P1 is satisfied. However, since the functions from C¥(I; R?) are not necessarily bounded,
condition (6) is required. If we consider BC(I; R?) instead of C¥(I; R?), (6) is no longer needed. This is the reason we
propose both P1 and P1’, where only one of them is required, according to the equation coefficients and their domain,
for the existence of the unique maximal local solution.

Also, the condition (7) is weaker than the condition

CilxlP < V(t,x) < ColxPP, Cq,Cz € (0,00), )

which is used in [30, 32]. This allows us to expand the family of the coefficients of Eq. (1) for which there are a unique
global solutions, by enlarging the number of choices for a function V for which the estimate (8) can be obtained.

Theorem 2.3. If one of the assumptions P1 and P1" hold, together with P2, P3 and the condition

IVilt, x = u(t, y)g(t, x, y)| < D(t)(1 + sup ]V(s, v)), (10)
selU[0,t

then, for any initial condition (2), there exists a unique global solution x(t), t € I U [0, o), of Eq. (1). Moreover, for
every t > 0

E sup V(z,x(z)) < A(t)B(t)eP", (11)
z€lU[0,t]
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where
A(t) =2+ 2E sup V(6, p(0)) + 2¢; sup h(z) + 2 sup Cz(z)(d1 (P)ElllP + da(p) sup Ir@)lP + ——— 3(;9) ,
z€[0,t] z€[0,t] z€[0,t] G (12)
B(t) = 3(}9) sup Ca(z) sup D(z)(16 sup Cy(s) sup D(z) + G ) V1,
1 z€[0,t] z€[0,t] z€[0,¢] z€[0,¢] d ( )
for V= EV(0,9(0) — u(0, p)) and
p 1 1
1?—}), pE(O,l], m/ PE(OrH/ 1—&”’ pe(oll]/
dhip) =17 5" 0= (Va-ay BE =10 yayr
T—a PE€ (1,00), %, p € (1,00), %, p € (1,0).
(13)

In particular, if sup,., h(t) = H and sup,,, Co(t) = C, in condition P2, as well as sup,, [r(t)| = R in condition
P3, then

E sup V(zx(z) < AP®, t3>0, (14)
zelU[0,t]

where

7

A=2+2E sup V(0, p(0)) + 2c,H + 2C2(d1(p)E||(p||p + da(p)RP +
Oel

3(P))
C
(15)

= d(p) ( G )
B(t) = D(z){16C D
®= Cl ze[OIi] & zzse%l?] ( d3(p)

Proof. The existence of the unique maximal local solution x(t), t € I U [0, o.), of Eq. (1) is assured under the
assumptions P1 and P3 if W = C¥(I; RY) or W = C(I; R¥) (see [22], Corollary 3.1), or the assumptions P1” and
P3 if W = BC(I; R?) or W = C(I; R¥) (see [31], Theorem 3.1), for any given initial condition ¢ € W, where
o, is the explosion time.

Since @ € Wy, there exists sufficiently large Iy > 0, such that ||g|| < l. For each integer I > Iy, define the
increasing sequence of the stopping times {o;};>;,, with

o; = inf{t € [0, 0,) : |x(8)| = I}
where inf() = co. Let 0 = lim;,« 07. Obviously, 0. < 0, a.s.
For arbitrary € > 0 and p > 1, using inequality
1 y\p-1 b

o+ bl < (1+e71) (Ial” + %) a,beR, (16)

(see [20], Lemma 4.1) and the assumption P3, we get
p-1 1 1 \p-1
(@ AP < (1+ &7 ) Ix(r A 6) = u(or At xga)lP + & (1477 (o1 At X )V (17)

1 4\p-1 1\2(p-1)
< (1 + er’il )p [x(o1 At) —u(oy A t, Xg )l + 8_1(1 + evll) : (e‘lapllxm,\tllp + sup |r(z)|”).
z€[0,t]

As, in case of W = CY¥(I;R?), for ¢ € CY(I; R?), llpll = sup,,, ‘igg;' < supg lp(0)], we find that
-1 2(p-1
sup |x(o; A 2)PP < (1 + 61;—1)” sup |x(o; A z) —u(o; Az, Xg02)F + efzap(l + sv%l) (p )(llgallp + sup |x(o; A z)|”)
z€[0,¢] z€[0,t] z€[0,t]

1\2(p-1)
+ 5‘1(1 + enll) " sup Ir@)P,
z€[0,t]
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which yields

2(p-1
(1 & a"’(l + e%) @ )) sup |x(o; A )P
z€[0,t]
1 \p-1 _1\2(p-1) 1
(1 +ev 1) sup |x(o; A z) —u(o; Az, Xgaz)P + €7 (1 +&v 1) (e a’llpllP + sup |r(z)|”). (18)
z€[0,t] z€[0,t]

p-1
Choosing ¢ = ( ) ,wehave 1 — 5‘2a7”(1 + e%) R =1-a >0, and (18) becomes

Va
1-Va
(1= Va)'? a (Va -

1

)P
sup |x(o; A 2)PP < ——a sup |x(o; A z) — u(o; Az, Xgp2)lP + 1 llpllP + sup [r@)lP. (19)
ze[0,4] IS ()| —a - ze[0,]

For p € (0, 1], by applying inequality
la+ 0l < lal” + 1bF°,
instead of (17), we obtain

sup [x(o; A 2)lP < sup |x(0) A z) — u(o; A 2, X ) + a’”(ll(p”p + sup |x(a; A z)I”) + sup |r@)P,
z€[0,t] z€[0,t] z€[0,¢] z€[0,t]

which gives us

sup |x(o; A Z)lP < ( sup |x(0; A z) —u(o1 A 2, Xg,02)F + & ll@llP + sup Ir(z)l”). (20)
2€[0,] — a7 e0,4] 2€[0,4]

From (19), (20), (7) and (13), we see that, for p > 0,

sup V(o1 A z,x(01 A 2)) < ¢z sup h(z) + sup Ca(z) sup |x(o1 A 2)IP
z€[0,t] z€[0,t] z€[0,t] z€[0,t]

< ¢z sup h(z) + sup Co@)(dPlplP + da(p) sup )

z€[0,t] z€[0,t] z€[0,t]

+ds(p) sup Ca(2) sup x(01 A 2) = (01 A Z, Xy
z€[0,t] z€[0,t]

< ca sup h(z) + sup Co(@)(d(p)ligll + da(p) sup )
z€[0,t] z€[0,t] z€[0,t]

Gl sup Ca(z) sup V(al Az, x(o; Az)—u(o; Az, xJ,AZ)). (21)

+
Ci z€[0,] z€[0,t]

If we denote V = V(0, p(0) — u(0, ¢)), by applying the generalized It6 formula (see [20], Theorem 6.4) and
(8), we obtain

V(t, x(t) — u(t, x)) < Vo + f D)1+ sup V(z,x(2)))ds + M),

z€lU[0,s]

where

t
Mt = f Vs, x(5) — (s, %)) g5, x(5), x:) dB(s)
0
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is a local martingale and M(0) = 0. Consequently, (21) yields

sup V(o; Az, x(0; A z))
z€lU[0,t]

Vod
< sup V(6, p(0)) + ¢ sup h(z) + sup Cz(z)(dl(p)H(pHp +dy(p) sup Ir@)F + %(m
Oel z€[0,] z€[0,£] z€[0,t] 1

d
3(;7) sup Cz(z)f D(s 1 + sup V(o; Az x(or A z))) ds + 3(p) sup Ca(z) sup M(o; A z). (22)
Cl z€[0,t] z€lU[0,5] G z€[0,t] z€[0,t]

By the Burkholder-Davis-Gundy inequality (see [20], Theorem 7.3), (10) and elementary inequality 2ab <
ea? + 7182, for € > 0, we derive

sup Ca(z)E sup M(o; A z)
z€[0,4] 2€[0,¢]

(NIE

t
< V32 sup G(2) E [f ( sup D(z))2(1 + sup V(oy Az x(o; A Z)))zds
0

z€[0,¢] z€[0,s] z€lU[0,s]

< V32 sup G(2) E

(1 + sup V(o; Az x(o; A z))) ft( sup D(z))z(l + sup V(o; Az x(o; A z))) ds]2
z€[0,¢] 0

z€lU[0,t] z€[0,s] z€lU[0,s]

V/
N ™

1 2 !
E(l + sup V(o Az x(o; A z))) + ?6( sup Ca(z) sup D(s)) Ef (1 + sup V(o; Az x(o; A z))) ds
zelU[0,t] z€[0,t] s€[0,t] 0 z€lU[0,s]

Substituting the previous relation into (22), where expectation is taken on both sides, for V=E Vo, we have
that

1+E sup V(o Azx(0;AZz))
zelU[0,f]

<1+ Esup V(6,9(0)) + cp sup h(z) + 23(p)E (1 + sup V(o; Az x(o; A z)))
Oel z€[0,¢] C z€lU[0,t]

3(P)
Cq

+ sup Cz(Z)(dl(P)EH(pII” +dy(p) sup [r(z)f + ——

z€[0,t] z€[0,t]

+

d t
3(p) sup Cx(z) sup D(z)(l + 16 sup Ca(z) sup D(z))f (1 +E sup V(ojAzx(o; A z))) ds. (23)
C1 e z€[0,4] € zefo,f] z€[0,4] 0 2€lU[0s]

Consequently, we obtain

Sds(P))
1- 1+ E sup V(o; Az x(0; A2z))
( 2¢ ( zeIU[P(j,t] : : )

<1+ Esup V(0,9(0)) + cp sup h(z) + sup Cz(z)(dl(p)Ell(pllp +d(plr@)lf + ———
Bel z€[0,¢] z€[0,t]

S(P)
C1

d t
+ 3(p) sup Ca(z) sup D(z)(l + 16 sup Ca(z) sup D(z))f (1 +E sup V(oj Az x(o; A z)))ds
G z€[0,4] z€[0,] € 2e0,4] 2€[0,4] 0 2€IU[0,5]

Choosing ¢ = ——, we have

d()

t
1+E sup V(o Az x(o; Az)) < A(t) + B(t) (1 +E sup V(ojAzx(o; A z))) ds, (24)
z€lU[0,t] z€elU[0,s]
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where the functions A(t) and B(t) are given by (12). By Lemma 1.1, we conclude that

E sup V(o; Az x(o; A2) < ABBHEY, t>0. (25)
zelU[0,t]

Obviously, for t = 0, from (24) we conclude that

Esup V(0,9(0)) < A(0) -1 < A(0)B(0). (26)
Oel
Specially, if sup,., h(t) = H, sup,,, Ca(t) = C; and sup,, I(t)| = R, then (24) becomes

t
1+E sup V(oiAzx(o1Az)) <A+ B(t)f (1 +E sup V(oj Az x(o; A z)))ds,
0

zelU[0,f] z€lU[0,s]
where A and E(t) have the form (15). By the Gronwall type inequality (Bellman, [5]) one sees that

sup EV(o; Az x(0; Az)) < AP >0, (27)
z€lU[0,t]

From (25) and (7), for any ¢ > 0, we obtain

A(t)BH)ePD > E sup V(o1 Az x(01 A2)) = EV(o) A t,x(0; A t)) > C1E|x(0; A B)P > CLE(01)PLig,<t)
z€lU[0,t]

> CllpEI{Ulgt} > C1IPP{o; < t}
and then

A(H)B(t)eBO!
< 8T
Plo; < t} o

Analogously, in the special case

Zeg(t)t
Plo; <t} < .
{or < t} oG

Since t > 0 is arbitrary, by letting I — oo, in the last inequality we have P{o,, = oo} = 1, i.e. there exists
unique global solution of Eq. (1). Then, from (25) and (26) the required assertion (11) follows.
In the case where sup,., h(t) = H, sup,,, Ca(t) = C; and sup,, [r(t)| = R, similar way we conclude that

(14) holds with Aand E(t) defined by (15). O

Remark 2.4. If the conditions of Theorem 2.3 are satisfied and r(t) = 0, t > 0, under the assumption P3, for p > 1,
(17) has the form

1

p-1 _
(o AP <(1+ 7)) (1x(01 A1) = (o) A, Xgne)lP + 7 g mill).

-1
Choosing ¢ = (%)p , instead of (19) we get

1 o
sup |x(0; A 2)P < —— sup |x(01 A z) —u(o1 Az, Xg02)FF +
ze[0,4] (1-a)y ze[0,] : 1-a

llpll”.

Moreover, for p € (0,1], we have

lx(o1 AP < |x(a1 A t) —ulor A, X ne)lP + P llxg el
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which gives us

sup [x(0; A 2 < T——( sup (o1 A 2) = (01 Az, x0 )l +llplP)
z€[0,1] — P 0,4

So, the estimate (11) holds, with

7

A(t) =2+ 2Esup V(0, 9(0)) + 2c;, sup h(z) + 2 sup Cz(z)(dl PEllpllf + ———
Oel z€[0,1] z€[0,t]

2d3(p) (
2

4(P)
C

B(t) =

sup Cy(z) sup D(s)
1 z€[0,f] z€[0,t]

16 sup Cy(s) sup D(s) + ) V1,
2€[0,1] 2€[0,1] da(p)

where dy(p) is defined in (13) and

_ 4 p € (011]/
dp) =" 7" 28)
m, p € (]_,OO)

In the special case, (14) holds with

~ Vdy(p)
A =2+4+2Esup V(0,x(0)) + 2c,H + 2C; dl(p)E||<p||F’ + C— ,
Oel 1

(p)

1 [0 t]

B()—

Cq
D 16C D
16 sup D69 + 7725,

Furthermore, (7) leads us to pth moment estimate of the solution.

Corollary 2.5. Let the conditions of Theorem 2.3 be satisfied. Then, we have that

E sup |x()l < CiA(t)B(t)eB“)t, t>0, (29)
zelU[0,4] 1

where A(t) and B(t) are given by (12). If sup, h(t) = H and sup,,,Cao(t) = C; in condition P2, as well as
sup,, [r(t)| = R in condition P3, then

A —_
E sup |x(z)l < C—eB(”‘)t, t>0, (30)
z€lU[0,t] 1

where A and E(t) are of the form (15).

By applying Corollary 2.5 we can determine the upper bound of the generalized Lyapunov exponent,
which is defined as follows.

Definition 2.6. ([8]) Let x(t) be the solution of Eq. (1) and, for sufficiently large T > 0, let u : [T, 0] — [0, o) be
increasing function, with p(t) — oo, when t — co. The number

. In |x(t)|
limsu

T Inp(t)

is the generalized Lyapunov exponent of x(t) with respect to p(t).
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Theorem 2.7. Assume that the conditions of Theorem 2.3 are satisfied. Let T > 0 be sufficiently large, such that
t—1 > T and, for every € > 0O, there exists

. InA(t+1)+InB(t+1)+Bt+1)+e)(t+1)
lim sup =
t—o0 plny(t - 1)

v, (81)

with A(t) and B(t) defined in (12). Then v is the upper bound of the generalized Lyapunov exponent with respect
to u(t). In particular, if the conditions of Theorem 2.3 are satisfied with sup,,,h(t) = H, sup,,,Ca(t) = C; and
sup,, [r(t)| = R, as well as, for every € > 0,

=,

, Bt +1)+e)(t+1)
i S T - 1)

with B(f) defined in (15), then v is the upper bound of the generalized Lyapunov exponent with respect to pi(t).

Proof. For each t witht —1 > T there exists a positive integer 7, such that n — 1 <t < n. From (29) we get

E sup [x()P < CLA(n)B(n)eB(”)”.
1

te[n—1,n)

For arbitrary ¢ > 0, Markov inequality gives us

1
P{ sup |x(t)lP > A(n)B(n)e<B<">+f>”} <=
te[n—1,n) Cre

Applying the Borel-Cantelli lemma, we have that, for almost every w € O, there exists positive integer ny,
such that, for every n > ny,
sup [x(H)FF < A(n)B(n)eBm+en,
te[n—1,n)

so the assumption of the theorem yields

In |x(t)| InA(n) + InB(n) + (B(n) + )n

limsu < limsu
Do e S TP PIFYICES)
< limsup InA(E+1) +InB(E+1)+ (BEE+ T +e)(t+1) -
t—o0 pln lu(t — 1)

Similarly, for sup,, h(t) = H, sup,, C2(t) = C2 and sup,., [r(H)] = R, using (30) we get

, Inlx(t) .. Bm)+en . Bt+1)+e)(t+1)
lim su < up —————— < limsu
ol plnp(n—1) et plnpE- 1)

oo P T () -

which completes the proof. [

3. Neutral Stochastic Differential Equations with the State-dependent Delay

The topic that has actively been developed during the last decades is describing physical systems by
differential equations with delay that is not only time dependent, but also depends on current state of the
system (see [13, 19, 29]). Namely, it turned out that many phenomena, that can be modeled by differential
delay equations, in the domain of population dynamics ([1, 2, 6]), physics ([27]), human physiology ([12]),
etc., depend on some characteristic that is directly related to the state of the system itself. This fact indicates
that it is natural for delay to be both time and state dependent, in general case. As these phenomena are
subject to the random influences, the models based on stochastic differential equations are more realistic
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than those based on differential equations. There are a few papers about stochastic differential equations
with state-dependent delay, for example [3, 14, 26]. Starting from [3], the existence and uniqueness of
the global solution are proven for autonomous d-dimensional stochastic differential equation with state-
dependent delay under the global Lipschitz condition for the drift and diffusion coefficients, with the delay
function which is assumed to be Lipschitz continuous and bounded. On the other hand, our results for
NSFDEs are proved under the local Yamada-Watanabe condition or the local Lipschitz condition as well as
Khasminskii-type conditions, without imposing any additional assumptions on delay function. It should
be emphasized that in this paper the delayed argument could be unbounded from below, which is not case
in [23, 24].

As a special case of Eq. (1), we consider the d-dimensional neutral stochastic differential equation with
state-dependent delay

dlx(t) — u(t, x(t — 6(t, x(t)))] = f(t, x(t), x(t — O(t, x(1)))) dt + g(¢, x(¢), x(t — O(t, x(t)))) dB(t), t >0, (32)

where the equation coefficients are defined same way as in Eq. (1), but with W = RY, satisfying initial
condition

xo=@ ={p0):0el} € Wg. 39)
Here, Wy, is the family of Fy-measurable R¢-valued random variables from M (I; R¢) and

o [ =(—00,0lif sup (O(t,x)—t) = o0;
(t,x)€[0,00)x R4

o [=[-x,0]if sup (5(tx)—1t) =x.
(t,x)€[0,00)xXR?

State-dependent delay function 6 is non-negative, Borel measurable, defined on the set [0, %) X R and it
can be bounded or unbounded.

For Eq. (32), assertions of Theorem 2.3 and Theorem 2.7 hold, so it has unique global solution and
generalized Lyapunov exponent can be found. Also, by Corollary 2.5, the estimate of Esup, . 4 [X(2)l
is obtained. Besides, replacing (8) with new condition can contribute to achieving different pth moment
estimate of the solution, so we propose following assumption.

P2’. There exist a function V € C*2(1U [0, 00) x R%; [0, 00)), positive constant C;, non-negative constant c,
and functions C; and % in C([0, 00); [0, 00)), such that, for every (t,x) € [0,00) X R? and p > 0, (7) holds and
there exists a function D € C([0, 00); [0, 0)), such that

LV(t,x,y) < D)1+ V(t,2) + V(E = 6(t,), 1)), (34)

for every (t,x,y) € [0,00) X R? x R".

Theorem 3.1. If, for W = RY, one of the assumptions P1 and P1’ hold, together with P2" and P3, then, for any
initial condition (33), there exists a unique global solution x(t), t € I U [0, 00), of Eq. (32). Moreover, for every t > 0

sup EV(z,x(2)) < 1a(t)b(t)eb“)f, (35)

z€lU[0,t] 2
where
Vids(p)
a(t) =1+ 2sup EV(6, (0)) + 2¢c, sup h(z) + 2 sup Co(2)|d1(p)EllpllP + d2(p) sup Ir@lP + ——— ),
Oel z€[0,¢] ze[0,£] z€[0,] C (36)
d _

b(t) = 3(p) sup Ca(z) sup D(z) V 1,

1 zg[0,4] z€[0,¢]
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for V = EV(0,(0) - u(0, p(~5(0, p(0))))) and dy(p), da(p), da(p) given by (13).
Specially, if sup,. h(t) = H and sup,,, C2(t) = Cy in condition P2’, as well as sup,. |r(t)] = R in condition P3,

then

a

sup EV(z,x(z)) < Toor >0, (37)
z€lU[0,t] 2
where
_ Vd —  2Cyd —
7= 1+2sup EV(0, 9(0))+2c,H+2C,| dy () EllpllP +da(p)RP + g(p ) . b(t) = == 3() sup D(z).  (38)
Oel 1 L zefof]

Proof. 1f we define the sequence of stopping times {0;};5;, same way as in Theorem 2.3, similarly to (19) we
can prove that, forp > 1,

(1= V@)
sup Elx(o; A z)P < ——=———— sup E|x(0; A z) — u(o; A z,x(01 Az = 0(01 A z,x(01 A 2)))IP
z€[0,] 1- z€[0,¢]
a (Va-a'
+ T Ellpll + 5 sup [)I (39)
-—a - ze[0,]

and for p € (0, 1], instead of (20), we obtain

sup Elx(o; A 2)IP
z€[0,t]

( sup Elx(o; A z) —u(o; A z,x(01 Az — 8(0; A z,x(01 A 2)))F + aPEll@|lP + sup Ir(z)lp). (40)
1-a’ oy ze[0,1]

<

The generalized It6 formula, (3) and (34) give us

dv(t,x(t) - u(t, x(t - 5(t, x(1)))) = LV(t, x(8), x(t = 5(t, (1)) )dt + AM(t)
< D()(1+ V(E, (1) + V(= (¢, x(8), x(t = 5(t, x(D)))) dt + dMa (), (41)

where
t
Mi(t)= fo Vi(s, x(s) — u(s, x(s — 6(s, x(5))))) g(s, x(s), x(s — (s, x(s)))) dB(s)

is a local martingale and M;(0) = 0. For any ! > [y, integrating and taking the expectation of both sides of
(41), we obtain that, for every t > 0,

EV(ol At,x(o; At) —u(o; At,x(o; At —0(a; A t,x(0; A t))))) -V

t
< f sup D(z)(1+EV(ol As,x(01 As))+ EV(ar As—06(0; As,x(01 As)), x(o1 As—0(a1 As,x(or A s))))) ds
0

z€[0,s]
t
< sup D(z) (1 +2 sup EV(o; Az x(o; A z))) ds. (42)
z€[0,t] 0 z€lU[0,s]

Hence, for p > 0, using (7), we get

sup EV(o; Az, x(01 A z)) < sup EV(0, ¢(0)) + c2 sup h(z) + sup Ca(z) sup Elx(o; A 2))F,
z€lU[0,t] Oel z€[0,t] z€[0,t] z€[0,t]
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so, from (39), (40) and (42), we derive

sup EV(o; Az, x(01 A 2))
z€lU[0,t]

<sup EV(0,p(0)) + ¢z sup h(z) + sup Ca(2)(ds(p)EligllP + da(p) sup Ir(2)IF)
Oel z€[0,t] z€[0,t] z€[0,t]

+ sup Ca(z)ds(p) sup Elx(o; A z) —u(o; A z,x(0; Az — 0(01 A z,x(01 A 2))))IP
z€[0,t] z€[0f]

< sup EV(0, ¢(0)) + c2 sup h(z) + sup Cz(z)(dl(p)Ell(pH” + da(p) sup |r(z)f + ——
Oel z€[0,t] z€[0,t] z€[0,t]

S(P)
G

d t
+ 3() sup Ca(z) sup D(z)f (1 +2 sup EV(o; Az x(o; A z))) ds,
G z€[0,t] z€[0,t] 0 z€lU[0,5]

where d;(p), d2(p) and d3(p) are defined in (13). Then, we have that
1+2 sup EV(o; Az x(0; Az) <a(t) + b(t)f 1 +2 sup EV(o; Az x(o; A z))) (43)
z€lU[0,t] z€lU[0,s]
where a(t) and b(t) are given in (36). Since (43) has the form (4), by applying Lemma 1.1, we conclude that
1
sup EV(0; Az,x(01 A 2)) < Za()b(t)e!®, t> 0. (44)
z€lU[0,t] 2
For t = 0, from (43) we conclude that

a(0) -1 < a(0)b(0)

sup EV(6, p(0)) < <5

Ocl 2

Specially, if sup,., h(t) = H, sup,,, C2(t) = C; and sup,, ()| = R, then (43) becomes

_ ¢
1+2 sup EV(o;Azx(o;jAz) <a+ b(t)f (1 +2 sup EV(o; Az x(o; A z))) ds
0

z€lU[0,t] z€lU[0,s]
where 7 and E(t) have the form (38). By the Gronwall type inequality (Bellman, [5]) one derives
sup EV(o; Az x(0; A2)) < Eez(t)t, t=0.
zelu[0,1] 2
From (44) and (7), for any ¢ > 0, we obtain

1
Ea(t)b(t)eb“)’-‘ > sup EV(0; Az x(0;Az) > EV(o; At,x(0; A b)) = CiElx(o1 A D) = CLE(01)P i<
z€lU[0,t]

> CllPEI{glgt} = Cllpp{al < t}
and then

a(t)b(t)e!®t
SHS —/=7—

Plo; <t} 20,1
Analogously, in the special case
Teb(bt

S S o=
Plo; <t} 20,7

Analogously to the proof of Theorem 2.3, we conclude that (35) and (37) hold. O
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Remark 3.2. Analogously to Remark 2.4, if the conditions of Theorem 3.1 are satisfied and r(t) = 0, t > 0, in the
assumption P3, the assertion (35) holds with

at) =1+ 2SUP EV(0,¢(0)) + 2¢; sup h(z) + 2 sup Cz(Z)(dl(p)EH(p”P + Vdy(p) )/
Oel z€[0,t] 2€[0,4]
2d4(p) (45)
b(t) = sup Ca(z) sup D(z) V 1,
Cl z€[0,4] z€[0,¢]

where d1(p) is defined in (13) and du(p) in (28). Also, in the special case, (37) holds with

4(P)) b(t) = —2C2d4(p) sup D(2). A

7 b(t) -
Ci z€[0,t]

a=1+2supEV(6,9(0)) + 2c;H + 2C2(d1(p)E||g0||” +
Ocl

Corollary 3.3. If the conditions of Theorem 3.1 are satisfied, then

sup Elx@)lP < La(t)b(t)eb“ﬂ, t>0,
zelU[0,t] 2¢y

where a(t) and b(t) are defined by (36). If sup,,,h(t) = H and sup,,,Ca(t) = Cy in condition P2’, as well as
sup,., [7(H)] = R in condition P3, then

a
sup Elx(z)l < =—= N}
zelU[0,4] 2Gy

where a and E(t) are given by (38).

4. Examples

In order to illustrate the previous theory, let us impose two examples for stochastic differential equations
with state-dependent delay. First, we consider the case where the drift and diffusion coefficients are highly
nonlinear and the conditions of Theorem 3.1, i.e. Remark 3.2 are satisfied. In the second example the
coefficients of the equation satisfy the linear growth condition and the assumptions of Theorem 2.3 hold.
Then, by Theorem 2.7, the generalized Lyapunov exponent is obtained.

Example 4.1. Let us consider one-dimensional neutral stochastic differential equation of the form (32), with

f:[0,00) xRXR - R, f(txy = 1/1+t‘+x2+y2—(x+aysini,‘)2k_1,

(x + ay sin )"

([0,00)x RxR - R, g(txy)=t+(x+aysint)® + ,
g ) gt x,y) (x +aysint) it

wherek >2m—1,ke N, m > 1/2,a € (0,1) and
u:[0,0) xR =R, u(t,y)=-aysint,

with the initial condition, given by @(0) = 6 + 1, 0 € [-1,0]. The delay function is defined with

x2

6:10,00) x R = [0,09),  8(t,%) =

+t.

It is clear that the drift and diffusion coefficients satisfy the condition P1’, as well as that

[u(t, y1) —u(t, y2)l = layz sint —ayi sint| < aly1 — 2, t20, vy, €R,
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so with u(t,0) = 0, assumption P3 is satisfied. According to the drift and diffusion coefficients, to show that (34)
holds, suitable choice for the function V is

Vi[-1,0) xR — [0,00), V(t,x)= V1+t+2x2
It is obvious that estimates (9) can not be obtained, but we have that
x| < V(,x) < VIi+t+x|, t20, xeR,

so, from (7), we see thatp =1, C1 =1,c, =1, Cao(t) = Land h(t) = V1 + ¢, for t > 0. Also
1+t

1 X
2VI+t+22 Vitt+a2 \/(1+t+x2)3'

For every t > 0 and x,y € R, by applying some elementary inequalities, we get the next estimate for the operator LV

1 (x+a]/ sin t)(\/m— (x+aysin t)Zk‘l)
+

Vi(t, x) = Vi(t, x) = Vit x) =

LV(t,x,y) =
2 \/1+t+(x+aysint)? V1+t+(x+aysint)?
3 t2m 2
+ 1+ (t+(x+aysint)2+—(xmysln ) )
2+/(1+t+(x+aysint)?)? V1+t

2%
x+aysint 1+£)(1+t+(x+ay sin t)?)?
< 1 +yf1H 2412 — ( / ) +( X (r+aysiniy)
2V1+t V1+t+(x+aysint)?  /(1+t+(x+aysint)?)3
(x+ay sin )"
V(@ +t+(x+aysint)?)?
1 (x+aysin )21 — (x+ay sin t)Zk
< +‘/1+t+x2+y2+(1+t)\/l+t+(x+aysint)2+
2V1+t V1+t+(x+aysint)?
2%k
(x+aysin t)?@"D — (x+aysint
< 1 +(1+\/§(1+t))(V1+t+x2+,/1+t—6(t,x)+y2)+ ( Y )
2V1+t V1+t+(x+aysint)?
1 Kk, m)
< +(1+ V2 +0))(V(E, 0)+ V(= 8(1 %), ) )+ ———,
v ) daer
where K(k, m) = ’%(%) . Hence,

LV(t,x,y) < D®(1 + V(t,x) + V(t - 5(t,x), ),
which means that the assumption P2’ is satisfied, with
D:[0,00) = [0,00), D(f) =1+ V2(1 +1).

According to Theorem 3.1, there is the unique global solution of considered equation and

sup EV(z,x(2)) < 1a(t)b(t)eb“)f, t>0,
z€lU[0,t] 2
where, from (45),

at)=1+2V2+2VI+ 1+ 2”’;—_;@ b(t) = 12:(1+ V2(1+1)).
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Note that the coefficients given in the previous example do not satisfy the assumption (10) of Theorem 2.3.
In the next example, the conditions of that theorem are satisfied.

Example 4.2. Let the coefficients of Eq. (32) have the form:

fi[0,0)xRxR >R, f(f,x,y)=sinx+ V1+t+x2,

x2 )
e + (x +ay)°),

g:[0,0) x RXR - R, g(tx,y)=1In|2- 7

u:[0,0) xR =R, u(ty)=—-t—ay
and the delay function, as well as the initial condition, are given in the previous example. It is clear that
[u(t, y1) —ult, yo)l = layo —ayi| <aly1 —yol, t20, vy, ER,

so with u(t,0) = —t, assumption P3 is satisfied, as well as assumption P1’. Choosing the function V same way as in
Example 4.1, for every t > 0and x,y € R,

(x+t+ay)(sinx+ 1+t+x2)

LV(t,x,y) = ! +
Y 241+t + (x +t+ay)? VI+t+(x+t+ay)?
(1 + t)(ln (2 +t—08(tx) + (x + ay)2))2
’ 23/ +t+ (x+t+ay)?)?
<2 1+t+|sinx|+V(t,x)
2(1+8)(1+t-0(, t 2 t2%
\/_( ! )( ’ (horbrirayy+ \/1+t—6(t x) + (x + ay)?
VA +t+ (x+t+ay)?)?
1 2(1 - t)((l +t+(x+t+ ay)2)% + t3)
<1 Vit, 1 - o(t, 2
< +2m+ (t,x)+ \/(1+t+(x+t+ay)2)3 \/+t (t,x) + (x + ay)
<1+ Vi tx)+2\/_(1+t)(1+\/(1:) \/1+t 6(tx)+(ay)2+|x|)
<1 2\/% tx)+2\/_(1+t+ \/%)(V(t—é(t,x),y)+V(t,x))
<D(t)(1+ sup V(s,x)),
selU[0,t]

which means that (8) is satisfied, with

D : [0, c0) — [0, ), D(t)=1+4\/§(1+t+ \/%)

As
(x +t+ ay)ln(2 +t—08(tx) + (x + ay)2)

|Vx(t/x - M(t, y))g(t/ X, y)l <

VI+t+(x+t+ay)?
<In(2+£=06(t,) + (x +ay)?)

<2In |2+ £ 8(t, ) + (x +ay)?

<21n(1 + \/1 +t—6(t,x)+(x+ay)2),
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we find that

Vit x = u(t, 9)g(t, %, )] < 241+ 1= 8(0, %) + (x + ay)?
<2V2(V(t = 8(t, %), y) + V(t,x))

<D(H)(1+ sup V(s,x)),
selU[0,t]

such that (10) holds. According to Theorem 2.3, there exists the unique global solution of considered equation, and

E sup V(z,x() < A(t)B(t)e’V, t>0,

z€lU[0,t]

where, from (12),

t+a+ 1+ (1-4%)?

A(t)=2 1+ V2+ Vi+t+ T, ,

B(f) = (1_%)2(1 +4\/§(1 i+ \/%))(17—5”64\/5(1 +E+ \/%))

Since the conditions of Theorem 2.3 are satisfied, from Theorem 2.7 the upper bound of the generalized Lyapunov
exponent with respect to u(t) can be determined, where, for sufficiently large T > 0, u : [T, 0o] — [0, 00) is increasing
function, with u(t) — oo, when t — co. As, for € > 0,

InA(t+1)+InB(t+1)+(B(t+1)+e&)(1+t)

T+t+a+ \J1+(1 - £) 14p)?
= In2+In — S +In| 1+ V2+ V2+t+ +ln(1+4\/§(2+t+u))
(1-a) 1-a V2+t

+In (17 —a+64 \/5(2+t+ (i/g ))+ (11j;)2 (1+4 \/5(2+t+ %))(17 —a+64 \/5(2+t+ %))HJ(IH),

suitable choice of function u(t) is made by having in mind (31). It is clear that, for u(t) = e'* and every ¢ > 0

. InA(t+1)+InB(t+1)+ (B(t+1)+e)(t+1) 512
e - 17 -

12
so, the upper bound of the generalized Lyapunov exponent with respect to u(t) = " is (15_—11)2.
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