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1 Authors’ note

Much of the contents of the following paper was written in 2003, and a preprint of the work
has been available online under this title since that date [5]. To the best of the authors’
knowledge in 2003, this work was the first concerning the asymptotic behaviour of stochastic
equations with proportional (or indeed unbounded point) delay. Such stochastic proportional
delay equations are often called stochastic pantograph equations. The paper did not find a
ready home at the time, but subsequently has steadily attracted citations through its online
preprint incarnation. These are included in the bibliography below [3,6,19,23,24,27,33,44,45,
48-52,55,56]. Since a number of other works quote [5], we feel it best that the paper be subject
to formal review, and as the first author’s introduction to the subject came through a paper in
the EJQTDE [38], we felt it fitting, after a long (but not unbounded) delay, to submit a revised
version of it here.

In fact, asymptotic analysis of stochastic equations with unbounded delay of this type have
been the subject of many works, as can be confirmed by investigation of citation databases.
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Results giving general asymptotic rates, rather than the polynomial behaviour recorded here,
have been extended since 2003 to deal with uncertain neural networks, as for example can be
seen in [36].

We are also grateful for the support of American Institute of Mathematics to enable us to
make the appropriate revisions and updates to the work.

2 Introduction

In this paper we shall study the asymptotic behaviour of the stochastic pantograph equation

dX(t) = {aX(t) + bX(qt)} dt + {oX(t) + pX(qt)} dB(t), t>0, (2.1a)
X(0) = Xo. (2.1b)

We assume that a, b, 0, p are real constants and g € (0,1). The process (B(t)):>o is a standard
one dimensional Wiener process, given on a filtered probability space (), F,IP). The filtration
is the natural filtration of B. The initial value X satisfies IE(|Xp|?) < oo and is independent
of B.

We denote a solution of (2.1), starting at 0 and with initial condition Xy by (X(£;0, Xo)):>o0-
By [14] there exists a path-wise unique strong solution (X(t;0, Xp))s>0 of (2.1).

Equation (2.1) is a generalisation of the deterministic pantograph equation

x'(t) = ax(t) +bx(qt), t>0, x(0)=x, ge€(0,1), (2.2)

in which it is conventional to take x’(¢) to denote the right-hand derivative of x.

Since qt < t when t > 0, equations (2.1) and (2.2) are differential equations with time lag.
The quantity 7(t) =t — gt in the delayed argument of x(t — 7(¢)) will be called the (variable)
lag. We note that the argument gt satisfies gt — oo as t — oo but the lag is unbounded, that is
t — gt — oo ast — co. In the literature equations like (2.1) and (2.2) are also termed (stochastic)
delay, retarded or functional differential equations.

Equation (2.2) and its generalisations possess a wide range of applications. Equation (2.2)
arises, for example, in the analysis of the dynamics of an overhead current collection system
for an electric locomotive or in the problem of a one-dimensional wave motion, such as that
due to small vertical displacements of a stretched string under gravity, caused by an applied
force which moves along the string ([20] and [47]). Existence, uniqueness and asymptotic
properties of the solution of (2.2) and its generalisations have been considered in [17, 26,29,
38]. Equation (2.2) can be used as a paradigm for the construction of numerical schemes for
functional differential equations with unbounded lag, cf. [15,25,37] (we do not attempt to give
a complete list of references here).

A wealth of literature now exists on the non-exponential (general) rates of decay to equi-
librium of solutions of differential and functional differential equations, both for determin-
istic and stochastic equations. Three types of equations which exhibit such general (non-
exponential) rates of decay have attracted much attention. These are

(i) non-autonomous perturbations or forcing terms added to linear or near-linear problems
(such as quasi-linear, or semi-linear equations);

(ii) nonlinear equations (which have no linear, or linearisable terms near equilibrium), giv-
ing rise to weak exponential asymptotic stability;
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(iii) certain types of linear equations with unbounded delay.

In the deterministic theory, all three mechanisms have been studied extensively. For stochastic
differential equations, and functional differential equations, several authors have obtained
results in categories (i), (ii), but comparatively few results have been established in category
(iii). We will briefly review the literature on non-exponential stability of solutions of SDEs
and SFDEs in categories (i), (ii), and allude to the relevant theory for deterministic problems
in category (iii).

An important subclass of non-exponential behaviour is the so-called polynomial asymp-
totic stability, where the rate of decay is bounded by a polynomial with negative exponent, in
either a p-th mean or almost sure sense. This type of stability has been studied in Mao [40,41],
Mao and Liu [35], for stochastic differential equations and stochastic functional differential
equations with bounded delay, principally for problems of type (i). More general rates of de-
cay than polynomial are considered in these papers, but in most cases, it is the non-exponential
nature of non-autonomous perturbations, that gives rise to the non-exponential decay rates of
solutions.

The problem (ii) has been investigated for stochastic differential equations in Zhang and
Tsoi [53,54], and Liu [34] with state-dependent noise and in Appleby and Mackey [7] and
Appleby and Patterson [8] for state independent noise. In these papers, it is principally the
nonlinear form of the equation close to equilibrium that gives rise to the slow decay of the
solution to equilibrium, rather than non-autonomous time-dependent terms (for deterministic
functional differential equations, results of this type can be found in Krisztin [30], and Had-
dock and Krisztin [21,22]; general decay rates for deterministic problems of types (i), (ii) are
considered in Caraballo [16]).

The third mechanism (iii) by which SFDEs can approach equilibrium more slowly than
exponentially has been less studied, and motivates the material in this paper. To this end,
we briefly reprise the convergence properties of linear autonomous deterministic functional
differential equations with bounded delay and unbounded delay. Bounded delay equations
of this type must converge to zero exponentially fast, if the equilibrium is uniformly asymp-
totically stable. However, convergence to equilibrium need not be at an exponential rate
for equations with unbounded delay. For example, for a linear convolution Volterra integro-
differential equation, Murakami showed in [46] that the exponential asymptotic stability of
the zero solution requires a type of exponential decay criterion on the kernel, Appleby and
Reynolds [9] have determined exact sub-exponential decay rates on the solutions of Volterra
equations, while Kato and McLeod [29] have shown that solutions of the linear equation (2.2)
can converge to zero at a slower than exponential (polynomial) rate.

In contrast to categories (i), (ii) for SDEs and SFDEs, less is known regarding the non-
exponential asymptotic behaviour of linear stochastic functional differential equations with
unbounded delay, although it has been shown in [2,4,10-12] that solutions of linear convolu-
tion Ito—Volterra equations can converge to equilibrium at a non-exponential rate.

In this paper, we show that, in common with the deterministic pantograph equation stud-
ied in [29], solutions of the stochastic pantograph equation (2.1) can be bounded by polyno-
mials in both a p-th mean and almost sure sense, and, for values of the parameters a, b, , p, g,
we establish polynomial asymptotic stability in these senses. Furthermore, it appears, in com-
mon with the deterministic pantograph equation, that the polynomial asymptotic behaviour is
determined only by the values of the parameters associated with the non-delay terms. We also
observe, when the noise intensities ¢, p are small, that the polynomial asymptotic behaviour of
the stochastic problem can be inferred from that of the corresponding deterministic equation.
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Our analysis involves obtaining estimates on the second mean of the solution of (2.1) using
comparison principle arguments (as in [14]), and then using these estimates to obtain upper
bounds on the solution in an almost sure sense, using an idea of Mao [42].

The article is organised as follows: in Section 3 we give the definitions of the asymptotic
behaviour of solutions that we want to discuss and we state the relevant properties of the
deterministic pantograph equation.

In Section 4 sufficient conditions are given for which the solution process is bounded
asymptotically by polynomials, in a first mean and a mean-square sense, as well as in an
almost sure sense. On a restriction of this parameter set, we show that the equilibrium solution
is asymptotically stable in a p-th mean sense (p = 1,2) or almost surely, with the decay rate
bounded above by a polynomial.

In Section 5 we consider unstable solutions of (2.1) and parameter regions in which the
polynomial boundedness of these solutions has not been established. We prove that all such
solutions are bounded by increasing exponentials in the first mean and in mean square and
almost surely.

In the penultimate section of the paper, we show that the analysis of the scalar stochas-
tic pantograph equation with one proportional delay extends to equations with arbitrarily
many proportional delays, and also to finite dimensional analogues of (2.1). The final section
discusses some related problems; an Appendix contains several technical results.

3 Preliminary results

We state the definitions for the asymptotic behaviour in this section. We follow the definition

given in Mao [39,40].

3.1 Definitions of asymptotic behaviour

First we define the notions of asymptotic growth that we consider in this article. Notice that
X(t0,Xo) = XoX(£0,1), t>0. (3.1)

Therefore, because Xj is independent of B, bounds on the p-th moment of X(¢;0, X) will be
linear in E(|Xp|”). This fact is reflected in the definition below.

Definition 3.1. Let (X(#0,Xo))¢>0 be the unique solution of the SDDE (2.1) and p > 0. We
say that the solution is

(1) globally polynomially bounded in p-th mean, if there exist constants C > 0, a1 € R, such that

E(|X(£0,X0)|P) < CE(|XolP) 1+1)*, t>0; (3.2a)

(2) almost surely globally polynomially bounded, if there exists a constant &, € IR such that

lim sup log |X(t;0, Xo)|
f—00 logt

< ap, almost surely; (3.2b)

(3) globally exponentially bounded in p-th mean, if there exist constants C > 0, a3 € R, such that

E(]X(£;0,X0)|") < CE(|Xo[") €', t>0; (3.2¢)
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(4) almost surely globally exponentially bounded, if there exists a constant a4 € R such that

lim sup log | X(t;0, Xo)|

t—o0 t

< wy, almost surely. (3.2d)

In the case that (1) holds for some a1 > 0, we have that (3) holds for some a3 > 0, and if
(2) holds for some &, > 0, then (4) holds for some a4 > 0. Also, if there is a3 < 0 such that
(3) holds, then there is a7 < 0 such that (1) holds, and the existence of an a4 < 0 such that (4)
holds implies the existence of an ay < 0 such that (2) holds.

We stop to justify and clarify some aspects of our definition.

First, we note that the constants a; for i = 1,...,4 in each of (1)-(4) are independent of Xy
by dint of (3.1).

Second, although we choose to consider bounds in (3.2a) and (3.2¢c) for all t > 0, it is
equivalent to start with a definition on which such bounds hold for t > T, for some T > 0.

To prove this second remark, we concentrate on the polynomial case, noting that the situ-
ation is similar in the exponential one. Clearly, if we take as our starting point in lieu of (3.2a)
a polynomial estimate that holds for all t > T (where T is sufficiently large), we may assume

E[|X(t0,1)[P] <C'(1+¢t)*, t>T,
where C' > 0 and « are independent of X. For t < T we have

E[|X(t;0,1)|"] < sup E(|X(¢;0,1)7).
t€[0,T)

Now define

B , supcpo, 7 E(1X(£0,1)]7)
€ = max (C’ min(1, (1 + T)*)

Again, we see that C is independent of Xy. Then for t < T we have E[|X(t0,Xo)|’] =
E[| Xo|P]E(|X(£0,1)|P) and so

SupteOT]]E(|X(t 0,1)|7)
(1+18)
Supte[OT]]E(|X(t 0,1)[F)
min((1+4T)*,1)

E[|X(£0, Xo)[P] < E[|Xo[P](1+#)* -

< E[[Xo|P](1T+£)" -
< CE[|Xo|P] (1 + )~
On the other hand, for t < T we have
E[|X(t;0,X0)|F] = E[|Xo[PIE(|X(£;0,1)|F) < C"E[|Xo|F](1 +£)* < CE[|Xo|P](1 + )"

Hence the estimate E[| X(£;0, Xo)|?] < CE[|Xo|?](1 4 #)* holds for all t > 0, and this legitimises
our definition in (3.2a).
We are concerned with the following notions of asymptotic stability.

Definition 3.2. The equilibrium solution of the SDDE (2.1) is said to be
1. globally polynomially stable in p-th mean, if (3.2a) holds with a; < 0;

2. almost surely globally polynomially stable, if (3.2b) holds with ay < 0.
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Remark 3.3. If, for every € > 0, the solution of the SDDE (2.1) satisfies

[ X(£0,Xo)|

lim sup farte

t—o00

=0, almost surely, (3.4)

then the solution is almost surely globally polynomially bounded with constant «,, i.e. (3.2b)
holds. Moreover, (3.4) implies (3.2b). The term global in the above refers to the fact that we do
not require a restriction on the initial value.

3.2 Results for the deterministic pantograph equation

First, we provide a comparison result for solutions of pantograph equations. We mention
that stochastic comparison arguments are used in the study of stochastic delay differential
equations with discrete time lag and their Euler-Maruyama approximations [13], and for Ito—
Volterra equations [19].
Recall that, for a continuous real-valued function f of a real variable, the Dini derivative
D f is defined as
D" f(t) = limsup w

510 Y
Lemma 3.4. Let b > 0, g € (0,1). Assume x satisfies
x'(t) = ax(t) + bx(qt), t>0, (3.5)
where x(0) > 0 and suppose t — p(t) is a continuous non-negative function defined on R™ satisfying
D¥p(t) < ap(t) +bp(qt), t=0 (3.6)
with 0 < p(0) < x(0). Then p(t) < x(t) forall t > 0.
Proof. See the Appendix. O

The following result concerning asymptotic properties of the deterministic pantograph
equation has been proved in [29]. The first half of the result (given in [29, Section 4, The-
orem 3]) will be of utility in obtaining polynomial upper bounds on the p'-mean of the
process; and those bounds are in turn used to obtain estimates on the almost sure asymptotic
behaviour of the solution of (2.1). The second part will be employed to establish exponential
upper bounds on the solutions of (2.1); it can be found in [29, Section 5, Theorem 5]. The
case when 2 = 0 is covered in [29, Section 6, Theorem 7]; we have slightly modified notation
for convenience. We recall for the third part that for z € C that the principal value of the
logarithm is defined by

Log(z) := log |z| + iArg(z)

where Arg(z) € (—r, | is the principal value of the argument of z. In particular, for x < 0,
Log(x) = log |x| + im.

Lemma 3.5. Let x be the solution of (2.2).

(i) If a <0, there exists C; > 0 such that

lim sup ‘xt(j)’ = C1|x(0)]

t—o0
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where 7y € R obeys

0=a-+ |blg". (3.7)
Therefore, for some C > 0, we have
|x(t)] < Clx(0)[(1+¢t)?, t>0. (3.8)
(ii) If a > 0, there exists C > 0 such that
[x(8)] < Clx(0)[e™, t>0. (39)

(iii) If a = 0, define ¢’ = Log(1/q) > 0 and set

#(0)i= (Log(0)"exp ( 5 {Log(t) - LogLog(t))*)

e 1 1 1 1
_ s = LA 1 _ = 1A
k= > + = + = Log(bc'), h= -1 o Log(bc").

Then x(t) = O(y(t)) as t — oo, and if x(0) # O, then x(t) is not o((t)) as t — oo.

We can consider x(0) # 0 in Lemma 3.5, because if x(0) = 0, then x(t) = 0 for all t > 0
and all estimates follow trivially.

The constants C and C; in Lemma 3.5 are independent of x(0), and indeed the estimates
(3.7), (3.8) and (3.9) hold for all t > 0, rather than merely for sufficiently large ¢, as might
readily be supposed. This is because the function x;, which is the unique continuous solution
of (2.2) with initial condition x;(0) = 1, can be used to express the solution of (2.2) with
general initial condition x(0) # 0. Indeed, we have that x(t) = x(0)x;(f) for all + > 0.
Therefore, applying part (i) of Lemma 3.5 to x;, we see that there exists a constant C; =
C (ﬁ, Z_J,l]) >0

EXOIS

lim sup o

t—oco
where 7 obeys (3.7). Therefore, there must also exist a constant C = C(,b,q) such that
|x1(t)| < C1(1+t) for t > 0 from which (3.8) immediately follows. An analogous argument
applies to part (ii).
We do not discuss in this paper the situation when @ = 0 which is covered by part (iii). It
can be seen from part (iii) of Lemma 3.5 that
1

1
log [ip(t)[ ~ Emlogz(t), ast — o

so therefore as x = O(y) and x is not o(1) we have

lim su log|x(t)] _1_ 1
row? log2()  2log(1/q)’

Therefore, x enjoys an upper bound which is neither polynomial nor exponential, so we would
not expect such bounds to transfer to the corresponding stochastic equation. For this reason
such problems are beyond the immediate scope of the paper. In the case a = 0, b > 0,
p = 0, however, we can use the methods herein to show that |X(t)| > 0 for all t > 0, and
that m(t) = E[|X(t)|]/E[|Xo| solves the differential equation m'(t) = bm(gt) for t > 0 with
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m(0) = 1. Then the estimate in part (iii) of Lemma 3.5 can be applied to m and thence to
t — E[|X(t)|]. The pure delay stochastic pantograph equation (i.e., with a = ¢ = 0)

dX(t) = bX(qt) dt + pX (qt) dB(¢)

is more likely to inherit the type of asymptotic behaviour in part (iii) of Lemma 3.5, but such
a conjecture is the subject of further investigation.

Now, taking as given that the case 2 = 0 is excluded henceforth from our discussions, we
may combine the results of the previous two lemmas to obtain the following explicit estimates
on the asymptotic behaviour of continuous functions obeying inequality (3.6).

Lemma 3.6. Suppose p(0) > 0 and t — p(t) is a continuous non-negative function defined on R+
satisfying (3.6) where b > 0 and q € (0,1).

(i) If a <0, there exists C > 0 such that
p(t) < CPO)(L+1)7, +20 (3.10)
where 7y obeys (3.7).
(ii) If a > 0, there exists C > 0 such that

p(t) < Cp(0)e™, t>0. (3.11)

Proof. We establish part (i) only; the proof of part (ii) follows similarly. Let ¢ > 0 and x be a
solution of (2.2) with x(0) = (1 +¢)p(0) > p(0). By Lemma 3.4, p(t) < x(t). By Lemma 3.5
(i), there is C' > 0 such that x(t) < C'x(0)t7, for t > 0 where 7 is given by (3.7). But then

p(t) < x(t) < C'x(0)t7 = Cp(0)(1 +t)?

where C = C'(1 +¢). O

4 Polynomial asymptotic behaviour

In this section, we concentrate on giving sufficient conditions under which the asymptotics
of the process satisfying (2.1) are polynomially bounded or stable, in both a p-th mean (p =
1,2) and almost sure sense. The proofs of the p-th mean polynomial asymptotic behaviour
follow essentially by taking expectations across the process |X(f)|?, whose semimartingale
decomposition is known by Itd’s rule. This yields a functional differential inequality whose
solution can be majorised by the solution of a deterministic pantograph equation.

The determination of almost sure polynomial boundedness or stability of the solution of
the stochastic pantograph equation uses the ideas of Theorem 4.3.1 in Mao [42]. There the
idea is to determine a.s. exponential asymptotic stability of solutions of stochastic functional
differential equations with bounded delay, once a decreasing exponential upper bound is
obtained for a p-th moment. These ideas have been modified to obtain results on almost
sure asymptotic stability of Itd—Volterra equations, using the p-th mean integrability of the
solution [1].
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4.1 Polynomial growth bounds in the first and second mean

In Theorem 4.1 we give sufficient conditions on the parameters 4, b, o and p, such that solutions
of (2.1) are polynomially bounded in the first mean and in mean-square. We treat the cases
p = 0 and p # 0 separately, because in the first case we can obtain a larger set of parameter
values for which the p-th moment of the solution is bounded by a polynomial, for p < 1.
Another benefit of a separate analysis for the first mean in the case p = 0, is that we obtain a
larger parameter region for which the process is a.s. polynomial bounded, and a.s. polynomial
stable, than if we initially obtain a bound on the second mean.
We consider polynomial stability of the solutions of (2.1) in Theorem 4.3.

Theorem 4.1. Let (X(t))i>0 be the unique process satisfying (2.1).

(i) Let p = 0, and E[|Xo|%] < 0. If a < 0, there exists a real constant a, and a positive constant C
such that
E([X(8)]) < CE(|Xo|) A+ for t=0,

where « is given by

1 —a
x=——1o <> . 4.1)
logq ®\ o]

(ii) Let p # 0, and E[|Xo|*] < oo. If 2a+ 0? < 0, there exists a real constant a, and a positive
constant C such that

E(IX(H?) < CE(|Xo)(1+1)* for t>0,

where w is given by

2 1
_ 2 _ 2 2) _
x = logqlog <p2 <\/|b+0p| p%(2a + 02) |b-|-crp]>>. (4.2)

Remark 4.2. In Theorem 4.1, Part (i), the exponent a is sharp for b > 0, as

lim EUXOD _ E(|Xo).

t—o0 e

Proof of Remark 4.2. To see this, recall that X(+0, Xy) = X(t,0,1)Xp for t > 0. Define Y(t) =
X(t;0,1) fort > 0. Then b > 0 and p = 0, Y obeys

dY(t) = (aY(t) + bY(qt)) dt + oY (£)dB(t), t>0; Y(0)=1. 4.3)

Then it can be shown, because Y(0) > 0, that Y(¢) > 0 for all > 0 almost surely. This is done
by defining ¢(t) = ela~ */2)t+0B(1) for ¢t > 0. Then ¢ obeys the stochastic differential equation

dp(t) = ap(t)dt+op(t)dB(t), t>0;, ¢(0)=1.

Then, using stochastic integration by parts, we deduce that Q(t) := Y(t)/¢(t) obeys

4Q(t) = d(Y () /(1)) = g,,gt)dw) +Y(Od (p(H)71) = Y ()g(t)

1 1
= bWY(qt) dt = bwwt)Q(qt) dt.
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Hence with u(t) := bg(qt)/¢(t) for t > 0, we see that Q obeys the functional differential
equation

Q'(t) =u(t)Q(qt), t>0; Q(0)=1.

Since ¢(t) > 0 for all + > 0, it follows that u(f) > 0 for all + > 0. Since Q(0) = 1, we
see that Q(t) > 0 for all + > 0, using a standard deterministic argument, it follows that
Y(t) = Q(¢)¢(t) > 0 for all t > 0, as claimed.

Next, by taking expectations across (4.3) leads to

m(t) = E[Y(t)] = m(0) + /Ot(am(s) +bm(gs))ds, t>0.
Since m is continuous, we get
m'(t) = am(t) +bm(qt), t>0; m(0) =1
Since a < 0 and b > 0, it follows from part (i) of Lemma 3.5 that

im ™) _ e,
tlx

t—o0

where « obeys (4.1). Finally, because Y (t) > 0 for all t > 0, and Y and X, are independent we
have

m(t)E[[Xo|] = E[Y(1)]E[|Xo|] = E[|Y(t)[JE[[Xo|] = E[|Y(t)Xo|] = E[|X(£0, Xo)|].
Therefore

i MOELXo)

t—c0 e

i EIX(50,50)]

t—o0 t

= GE[[Xo]],
as claimed. n

Proof of Theorem 4.1. Part (i): Notice by (2.1) that X is a continuous semimartingale and there-
fore there exists a semimartingale local time A for X. By the Tanaka-Meyer formula [28,
Chap. 3, (7.9)] we therefore have

X() = XO)+ [ sn(X(5)(aX(s) +bX(45)) ds
+ /0 "sen(X(s))oX(s) dB(s) + 2A4(0), as. (4.4)

where A;(0) is the local time of X at the origin. In fact by Lemma 8.2 and the remark following
it, we have
At(0) =0 forallt >0, as. 4.5)

Thus, forany t > 0, t+h > 0, (4.4) gives
t+h t+h
X(t+m| =[x = [ (a]X ()] +sgn(X(s)) bX(q9)) ds + [ ol X(s)|dB(s)
t+h t+h
< [ {alXE) + lIX@s) Fds+ [ o1X(5)]dB).
t t
By Lemma 8.4 (ii), we get, with m(t) = E(|X(t)|)

t+h
m(t+h) —m(t) < /t {am(s) + |b|m(gs)} ds.
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By Lemma 8.4 (i), t — m(t) is continuous, so
D m(t) < am(t) + |b| m(qt). (4.6)

Note that m(0) = E(|X(0)]) < (E(]X(0)[?))"/2 < co. Since a defined by (4.1) satisfies a +
|b]g* = 0, Lemma 3.6 implies there exists C > 0 such that

E(|X(£)]) = m(t) < Cm(0)(1+)* = CE(IX(0)]) (1+ )%, >0,

as required.

As for the proof of part (ii), in which p # 0, we observe that if X(t) is governed by (2.1),
then Y(t) = X?(t) is an Itd process, with semimartingale decomposition given by Ito’s rule
applied to X?(t) of:

Y(t) = Y(0) + /Ot{zay(s) +2bX(5)X(gs) + (0 X(s) + pX(gs))*} ds

ot
+ /O (20Y(s) + 20X ()X (qs) } dB(s),
sofort>0,t+h > 0, we have

Y(t+h)-Y(t) = tHh{ZaY(s) +2bX(3)X(gs) + (cX(s) + pX(gs))*} ds

+ tt+h{20Y(s) +20X(s)X(gs)}dB(s). (4.7)
Noting that
(20Y (s) +20X(5)X(gs))* < 2(40>Y2(s) + 40Y (5)Y (g5))
< 80X*(s) +4p*(X*(s) + X*(g9)),
and using the fact (Lemma 8.4 (ii)) that

t
/ E(|X(s)[*) ds < co, forall t>0,
0

we have "
E / (20°Y () + 20X(s) X (gs))? dB(s) = 0. 4.8)
t
Let 17 be any positive constant. Using Young’s inequality in the form 2xy < 5%x? +12y* on
the right hand side of (4.7) yields

Y(t+h) - Y(t) < /t o {(Za +02)Y(s) + p2Y(gs) + |b + op| (UZY(S) + %Y(qs)) } ds

+ [ 207 (5) 4 20X(5)X g5)) BCs).

Let m(t) = E(Y()). Note from Lemma 8.4 (i) that t — #(t) is a continuous and (by construc-
tion) nonnegative function. Taking expectations both sides of the last inequality, and using
(4.8), we therefore get

t+h
e+ ) =it < [ Qato? 2o+ opl) fils) s
t

t+h ’ 1 »
—l—/t <p +172]b—|—(7p]> m(gs) ds.



12 J. A. D. Appleby and E. Buckwar

Using the continuity of m, we now get
_ _ 1 _
DYi(t) < (2a+ 0% +4*b+op|) m(t) + (172|b + op| +p2> iit(qt). (4.9)

Since 2a + 02 < 0, we can choose 77 > 0 such that @ = 2a + 02 + |b + 0p|n? < 0. Now, using
part (i) of Lemma 3.6, there exists C > 0 and @ € R such that

E(|X(t)*) = m(t) < Cm(0) (1+t)* = CE(|X(0)]*) (1+¢#)*, t>0.

Finally we choose 77 > 0 optimally; i.e., in such a way that « = «(7) given by
1
2a+ 0 +n?|b+op| + <p2+172|b+(7p|> =0 (4.10)

is minimised (such a minimum exists, once 2a + ¢ < 0). The optimal choice of 7 gives rise to
the value of a given in (4.2). This value of a gives the sharpest bound on the growth rate of
E(|X(t)]?), in the sense that any other choice of 7 gives rise to a larger a than that quoted in
(4.2). The proof is thus complete. O

The line of reasoning used in Theorem 4.1, taken in conjunction with Lemma 3.6, enables
us to obtain polynomial stability of the equilibrium solution of (2.1) in the first and second
mean in the sense of Definition 3.2 in certain parameter regions.

Theorem 4.3. Let (X(t))¢>0 be the process uniquely defined by (2.1).
(i) Let p = 0, and E[|Xo|?] < 0. Ifa+ |b| < 0, there exists C > 0 and a < 0 such that
E([X(8)]) < CE([Xo|) 1+1)%, t>0,
with a given by (4.1).

(ii) Let p # 0, and E[|Xo|*] < co. If 2a 4 0?4 p* + 2|b+ op| < 0, there exists C > 0, & < 0 such
that
E(|X(t)[*) < CE(|Xo]*) (1+1)% t>0,

with a given by (4.2).
Proof. For part (i), we may use the analysis of Theorem 4.1; we have for some C > 0
E(|X(1)]) < CE(|Xo|)(1+1)",

where « satisfies a + |b|q* = 0. If a 4 |b| < 0, then we must have a < 0, proving the result.
For part (ii), we revisit the method of proof of Theorem 4.1, part (ii). If 2a + 02 + p>+
2|b+op| < 0, there exists # > 0 such that

1
2a+02+172]b+0p!+?\b+0p\—i—p2 <0.

In this case, the optimal choice of #7 which minimises « = a(#) given in (4.10), yields a constant
« < 0 given by (4.2). O

Remark 4.4. In the case p = 0, the solution of (2.1) is asymptotically stable in first mean when
the corresponding deterministic problem is asymptotically stable. When p # 0, observe that
2(a+|b|) + (|o] + |p|)* < 0implies 2a + 2 + p? 4 2|b + op| < 0. Therefore, the solution of (2.1)
is asymptotically stable in mean square whenever the deterministic problem is asymptotically
stable, provided the noise coefficients ¢ and p are not too large.
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4.2 Almost sure polynomial growth bounds

We can use the estimates of the previous section to determine the polynomial asymptotic
behaviour of the solution of (2.1) in an almost sure sense. In Theorem 4.5, we concentrate on
the a.s. polynomial boundedness, while Theorem 4.6 concerns the a.s. polynomial stability of
solutions of (2.1). Again we treat in both propositions the cases p = 0 and p # 0 separately,
obtaining sharper results in the former case.

We note by the Burkholder-Davis-Gundy inequality that there exists a positive, universal,
constant ¢, (universal in the sense that it is independent of the process X and times t, t5) such

that )
sup </ X(u)dB(u)>
t §5§t2 tl

This bound is of great utility in obtaining estimates on the expected value of the suprema of
the process.
We now proceed with the main results of this section.

E

< oE [/tz X2(s) ds] . (4.11)

fq

Theorem 4.5. Let (X(t))¢>0 be the process uniquely defined by (2.1).
(i) Let p =0, E(|Xo|?) < o0. Ifa < 0, then

log |X()] _

lim sup a+1, as.,

f—00 10gt
where « is defined by (4.1).
(ii) Let p # 0, B(|Xo|*) < o0. If2a + 02 < 0, then

lim sup Lg [X()]

1
< = 1 .S.
PP ogr 20T )y as

where « is defined by (4.2).

Proof. In the proof of part (i) of Theorem 4.1, we established the existence of C > 0 and «
(determined by (4.1)), so that for t > 0 we have

E([X(1)]) < CE(|Xo|)(1+1)",

whenever a < 0. Therefore for t > 1 we have with C* = Cmax(1,2*)E(|Xo|)

E(|1X(£)]) < CE(|Xo|) - (1+1/)" < C"¢*. (4.12)
Take ¢ > 0 to be fixed, and define A = — (& 4+ 1 +¢€). Set a, = nt, where T2¢,|0| = 3, and ¢ is
the constant in (4.11), so that
ca(ann —an) o] = 3. @13)
Moreover, we have
/aa"+1 s*ds < 7(tn)* max(1,2%). (4.14)

To see this, note for n > 1 that

1 An+1 S & S &
S E— / — ) ds < max — ] .
Ay+1 — Ay Ja, ay ap<s<any1 \ An
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The right hand side of this expression equals 1 if « < 0, while for « > 0, it is (a,41/a,)".
However, (a,11/a,)* < 2% fora > 0and n > 1.
For every t € R, there exists n € N such that a, < t < a,41. Consider t € [a,,a,,41), SO

X() :X(an)—|—/at{aX(s)—|—bX(qs)}ds—|—/at oX(s) dB(s).

Using the triangle inequality, taking suprema and expectations over [y, 4,+1], and noting that
X(t) is continuous, we arrive at

E ( sup rx<t)|> <E(X(@))+ [ {lal BIX()) + o] E(X(gs)])} s

A <t<apyq

/t oX(s) dB(s)

> . (4.15)

Using (4.11) and (4.13), we can bound the last term on the right hand side of (4.15) for n > 1

by
E ( sup )
ap<t<ayi1
1

a, 3 2
<nE (/ ! o? X% (s) ds) i <o E ((anH —a,)o?  sup Xz(t)>

an ap<t<ayi1

—HE( sup

an<t<ay

/ " oX(5) dB(s)

N —

IE( sup ]X(t)|> (4.16)

ay<t<a,1
Hence, for n sufficiently large, from (4.12), (4.14), (4.15) and (4.16) we obtain

E ( sup |X<t>> <2B(X(@n)) +2 [ {lal BX()) + o] E(1X(05)))} ds

ay<t<a, {1

ay .
<2C* at 42 (|la|C* + |b[C*q"‘)/ " s ds < G e,
an

where C = 2 C*t% + 2 C*t*1(|a| + |b|g*) max(1,2%). Thus, by Markov’s inequality, for every
v > 0, we have

a, <t<a,yq ay<t<a,1

P < sup |X(H)|n 1> ’y) < ,1Y E ( sup | X(1)] n_“_1_£>

Therefore, by the first Borel-Cantelli Lemma, we must have

lim sup |X(t)|n* =0 as. (4.17)

n—re0 a,<t<a,4q

For each t € R, there exists n(t) € IN such that T n(t) <t < t(n(t) + 1). Therefore,

t

li =1. .
e T n(t) 1 (4.18)
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Using (4.17) and (4.18), we have

A
limsup |X ()] +* < limsup sup |X(s)|(T n(t))* - limsup < ! )

t—00 t—oo 1 pu(t)<s<t(n(t)+1) f—ro0

A
=limsup sup |X(s)| n*-limsup <Tnt(t)> =0, as.

n—oo  4,<s<a,iq t—o0
Therefore log |X
t
limsupM <—-A=a+1+4+¢ as.
t—o0 log t

Letting ¢ | 0 through the rationals completes the proof.
The proof of part (ii) is very similar, and the outline only will be sketched here. By
hypothesis, Theorem 4.1 tells us that there exists a satisfying (4.10) such that

E(|X(£)]*) < CE(|Xo|*) (14 ).
Once again, this means for all + > 1 we have
E(|X(t)]?) < C*t~.

Define, for every ¢ > 0, A = —(a +1+¢) and ¢ € (0,1) as before. Define a,, as above. To get a
bound on E(sup, -, , X2(t)), proceed as for equation (4.15) to obtain

Apt1 2
E < sup Xz(t)> < 3{]E(X2(an)) +E </ﬂ laX(s) + bX(gs)| ds>

ay <t<a,i1

+E

sup (/ﬂt(UX(s)—l—pX(qs))dB(s))j } (4.19)

ap<t<a,i1 n
By (4.14), the second term on the right hand side of (4.19) has as a bound (for n > 1):

an 2 ay
E (/ " |[aX(s) + bX(gs)| ds> < (2a*C* +20°C* g") (ap1 — an)/ Vst ds
ay an
< (24*C* +2b°C*g") max(1,2%) - T 1n®,
Using the Burkholder—Davis—Gundy inequality and (4.14), the third term on the right hand
side of (4.19) has as a bound (for n > 1):

E

sup ([ (0X(5) + px(49) dB(s))ZI

0y <t<ay i1
an
<o E [/ h (cX(s) +pX(gs))? ds]
an
Ap41
< ¢y (20°C* + ZpZC*q”‘)(anH —ay) / s* ds
an
< ¢y (20°C* +20°C*g*) max(1,2%) - T 1n",

Inserting these estimates into (4.19), we obtain

E < sup X2(t)> < Cn",

an<t<ayi1

where C is some n-independent constant. The rest of the proof goes through as above. O
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The results on polynomial stability in the first and second mean can be used to establish
almost sure stability of solutions of (2.1) with a polynomial upper bound on the decay rate.

Theorem 4.6. Let (X(t))¢>0 be the process uniquely defined by (2.1).

(i) Let p = 0, E(|Xo[?) < o0. Ifa+ |b|/q < 0, then a, defined by (4.1), satisfies « < —1, and we

have low |X
limsupM <a+1, as,
t—co ]Ogt
so X(t) - 0ast— oo, a.s.
(ii) Let p # 0, B(|Xo|*) < o0. If
2 pz 2 ‘ |
2a4+0°4+"—+ —|b+0p| <O, (4.20)
9 V4 o

then w, defined by (4.2), satisfies x < —1, and we have

t—o0 log t

1
< E(oc +1), as.,

so X(t) - 0ast— o0, as.

Proof. In part (i) of the theorem, we need « defined by (4.1) to satisfy « < —1. Considering
(4.1), we see that a + |b|/q < 0 implies « < —1.
The proof of part (ii) follows along identical lines. Suppose (4.20) holds. If we choose

n* =1/,/q, then
1 1
2a+ %+ 1*|b+ op| + <p2+ ;72\b+0p\> P <0,

and so « defined by (4.2) satisfies & < —1. O

5 Exponential upper bounds

In [43], it is shown that stochastic delay differential equations, or stochastic functional differ-
ential equations with bounded delay, are a.s. bounded by increasing exponential functions,
provided that the coefficients of the equation satisfy global linear bounds. More precisely,
Mao shows that the top Lyapunov exponent is bounded almost surely by a finite constant.
For the stochastic pantograph equation, we similarly show that all solutions have top a.s. and
p-th mean (p = 1,2) Lyapunov exponents which are bounded by finite constants. We consider
only parameter regions in which the polynomial boundedness of the solution of (2.1) has not
been established, as the a.s. exponential upper bound (respectively, the p-th mean exponential
upper bound) is a direct consequence of the a.s. polynomial boundedness (respectively, p-th
mean polynomial boundedness) of the solution.

Therefore, when a > 0 and p = 0, we show that there is an exponential upper bound
on solutions in a first mean and almost sure sense; when 2 < 0 and p = 0, we already
know that there is a polynomial bound in first mean and almost surely. When p # 0, and
2a + 0> > 0, we show that there is an exponential upper bound on solutions in a mean
square and almost sure sense; when 2a + 0?2 < 0and p # 0, we have already established that
there is a polynomial mean square and almost sure bound on solutions. However, because
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these are upper bounds, we cannot say whether the only classes of asymptotic behaviour
are of polynomial or exponentially growing type. Nonetheless, these are the only classes
of behaviour exhibited by deterministic pantograph equations, and, in a later work (where
p = 0), we establish that solutions are either exponentially growing, or cannot grow (or decay)
as fast as any exponential.

In Theorem 5.1 below, we obtain an exponential upper bound on the p-th mean (p =
1,2) using the comparison principle obtained earlier in this paper, and obtain almost sure
exponential upper bounds by using ideas of Theorem 4.3.1 in [42] for stochastic differential
equations, which are developed in Theorem 5.6.2 in [43] for stochastic equations with delay.

Theorem 5.1. Let (X(t))¢>o be the process satisfying (2.1).
(i) Let p =0, E(|Xo|?) < o0. Ifa > 0, then
E(|X(t)]) < CE(|Xo) e",
and

limsupllog|X(t)\ <a as.

oot
(ii) Let p # 0, E[|Xo|?] < o0. If2a+ 0% > 0, then
E(|X(t)]?) < CE(|Xo[?) e,
and

1 1
lim sup : log |X(t)| <a+ EUZ a.s.

t—o0

Proof. The bounds on expectations follow from Lemma 3.6 part (ii). For part (i) (where p = 0)
the proof of equation (4.6) in Theorem 4.1 part (i), together with part (ii) of Lemma 3.6 gives

E(|X(t)]) = m(t) < Cm(0) e = CE(|Xo) e

for some C > 0.
For part (ii) (where p # 0) the proof of (4.9) in Theorem 4.1 part (ii) gives

E(|X(H)[?) =m(t) < Cm(0) e" = CE(IX(0)*) ¢, >0
for some C > 0, where @ = 2a + 02 + |b + op|n?. As 17 can be chosen arbitrarily small, we have
E(IX(1)]?) < C(e) 2 E(1X(0)) (6.1)

for every ¢ > 0. This gives the desired result.
This analysis now enables us to obtain an exponential upper bound on

t—E (sup X2(5)> .

0<s<t

The proof follows the idea of the proof of Theorem 4.3.1 in Mao [42], and related results in
Mao [43]. It also is similar to earlier results in this paper, so we present an outline for part (ii)
only.
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Using the inequality (a + b+ ¢)? < 3(a? + b + %), we get

X2(#) < 3X2(0) + 3 </Ot{aX(s) + bX(qs)}ds>2 43 (/;{UX(S) +pX(qs)}dB(s))2,

so using the Cauchy-Schwarz inequality, taking suprema, and then expectations on both sides
of the inequality, we arrive at

]E(sup x2<t>><3nax2 )+37 [ E(aX(5) + DX (g5) s

0<t<T

+3E

sup ([ {X(s) + pX(45)) dB<s>)2] ,

0<t<T

for any T > 0. The second term on the right-hand side can be bounded using the inequal-
ity (a + b)? < 2(a? 4 b?). The third term can be bounded by the Burkholder-Davis—Gundy
inequality. Therefore, by (4.11), there exists a T-independent constant c; > 0 such that

E ( sup Xz(t)> <3E(X*0)+3T /OT{2a21E|X(s)y2 + 2b°E|X(gs)|*} ds
0<t<T

T
30 / (20%E|X(5) |2 + 20%E| X (qs) |2} ds.
0

Noting that g € (0,1), we now appeal to (5.1) to show for each fixed e > 0 that there exists a
Csz(e) > 0 such that

E ( sup Xz(t)> < C3(e) (T+1) exp ((2la] + 0> +¢)T).

0<t<T

Let A = |a| + 302, so that for each fixed & > 0 we have

2
Sl PR

Using Chebyshev’s inequality and the first Borel-Cantelli Lemma, we see that for every fixed
¢ € (0,1) there is an almost sure event (), such that

limsup |X(t w)| e" MO < M1 for w € Q.
t—o00

Therefore for w € Q)
lim sup - log |X(t,w)| < A+e

t—o0
Let QO = NpenQi1/,. Then P[Q*] = 1 and for all w € OF and all n € IN, we have
1
lim sup flog |X(tw)| < /\+ =
t—o0

Hence
hmsupflog|X(t w)| <A

t—o0

for all w € ()%, as required. O
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6 Generalisations of the scalar stochastic pantograph equation

In this section, we consider some generalisations of the scalar stochastic pantograph equation,
and show, with some restrictions and additional analysis, that our stability and asymptotic
analysis extends to cover these more general problems.

In the first subsection, we consider the scalar stochastic pantograph equation with arbi-
trarily many proportional delays

dX(t) = (aX(t) + Zn:biX(qit)> dt + ((TX(t) + imX(nt)) dB(t). 6.1)

i=1 i=1

where g; € (0,1) fori = 1,...,nand r; € (0,1) for i = 1,...,m are sets of distinct real
numbers, 2,0 € R, b; € Rfori =1,...,n,and 0; € R fori = 1,...,m. We assume (B(f));>0
is a standard one-dimensional Brownian motion. The equation (6.1) is a stochastic version of
the pantograph equation

[ee]

X'(t) = ax(t)+ ) bix(git), t>0 (6.2)
i=1

studied by Liu [37]. The asymptotic behaviour of (6.2) as t — oo bears many similarities to
that of (2.2), and we will use results about the asymptotic behaviour of (6.2) in order to obtain
estimates on the asymptotic behaviour of (6.1).

In the second subsection, we study the finite dimensional stochastic pantograph equation

dX(t) = (AX(t) + BX(qt)) dt + (ZX(t) + ©X(qt)) dB(t), (6.3)

where A, B, X, O € Md,d(]R), the set of all square d x d matrices with real entries. To guarantee
a unique solution, we must specify IE(||Xo||?) < co. Here | x|| denotes the Euclidean norm for
x € R%. We denote by (x,y) the standard inner product on for x,y € R? and, with a slight
abuse of notation, ||C|| for the matrix norm of C € M,;,(R), where the norm is induced
from the standard Euclidean norm. Equation (6.3) is a stochastic complement to the finite
dimensional deterministic pantograph equation studied by Carr and Dyson [18].

6.1 Scalar equation with many delays

We need some preliminary results in order to obtain asymptotic estimates on (6.1).
Consider the equation

X'(t) = ax(t) + ) |bi|x(pit), (6.4)
i=1

where @ < 0 and b; € R. Define the set

and
& = sup{Re(z) : z € E}. (6.6)

Then we obtain the following result.
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Lemma 6.1. Suppose that at least one |b;| # 0 in (6.4). Then, there exists « € ENR such that « = &.
Moreover, x < 0 if and only if

n
ﬁ+2|bi| <0, (6.7)
i=1
and o < —1 if and only if
n
1.~
a+) —Ibi| <0. (6.8)
i=1Pi

Proof. Let f(z) = a+ Y |bi|p?. On R, f is decreasing and continuous, so as lim,, _« f(z) =
0o, and lim,_,« f(z) = a < 0, f has a unique real zero at a. Clearly, « < 0 if and only if (6.7)
holds, and &« < —1 if and only if (6.8) is true.

To show that « is greater than or equal to the real part of any other member of E, consider
z € E with z = z; 4+ iz. Then

Re(f(z)) =a+ ) |bilp;* cos(z2log p;) < f(z1).
i=1
If z; >, then 0 = Re(f(z)) = f(z1) < f(a) =0, a contradiction. Hence & = a. O

The relevance of & defined by (6.6) is explained by Theorem 2.14 in [37]. There, it is shown
that every solution of (6.4) satisfies

x(t) = O(tF), ast— oo (6.9)

for any B > &, where & is defined by (6.6). As a consequence of Lemma 6.1 and (6.9), we
obtain the following result.

Lemma 6.2. Let a be the real member of E defined by (6.5), and x be any solution of (6.4). Then we

have .
x(t
lim sup M <. (6.10)
t—o0 log t
We use these results to obtain asymptotic estimates on a parameterised family of equations

of the form (6.4).

ey =1,...,

positive real numbers, and define the equation

n m n 1
y'(t) = <2ﬂ +o% ) il + ) o] !(TjMf) y(t) +) !bi!?y(ﬂht)
i=1 =1 i=1

m m m
_ 1
+ Zo’lzyl 2. ) yjzy(rjt) +3) |(7||(7j|—)L sy(rit). (6.11)
I=1 j=1 j=1 j

We will write y above as y, -
Lemma 6.3. Suppose that y =y, 5, is a solution of (6.11). Then each of the following is true.

(i) If
20+ 02 <0, (6.12)

there exists (v, A, u) = (v*,A*, u*) and o € R such that

log ’]/V*,A*,y*<t)‘ <

lim sup (6.13)

t—o0 log t
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(ii) If

n m
2042 |bi| + (o] + Y |oj])? <0, (6.14)
i=1 j=1

there exists (v, A, u) = (v*, A*, u*) and o < 0 such that (6.13) holds.
(iii) If

2
- 10 - 1ol
204+2)° q‘+ “TH]._Z“/T]- <0, (6.15)

i=1 Vi
there exists (v, A, u) = (v*,A*, u*) and « < —1 such that (6.13) holds.

Proof. Notice that (6.11) conforms to the form of (6.4). To establish (i), we see by comparing
(6.11) with (6.4) that the conclusion of Lemma 6.2 can be applied to y = y, 5, provided

n m
261+0’2+Z|b1‘|1/1‘2+Zl(THO']‘VL]‘Z < 0. (6.16)
i=1 =1

By choosing the v’s and A’s arbitrarily small, we see that (6.12) suffices to establish (6.16), and
thereby (6.13) for &« € R. To prove (ii), by analogy to (6.5) and (6.6), we introduce for y = y, 1 4
the set

n m n
1
E(v,A,u) = {Z €C:2a+0"+ le |bilv® + Y |ol]oj| A + Z% ’bi’?q{z

m _ m m 1
+ Y P Y i+ Y ool 1t = 0}, 6.17)
=1 =1 =1 Aj

and let
a(v, A, u) =sup{Re(z) : z€ E(v,A, u)}. (6.18)

By Lemma 6.1 and (6.7), we see that a(v, A, v) < 0 if

n 1 m 1 m B m
2a+ 0%+ |bi| (viz + V2> + Y lol|oj] (Af + AZ> +Y w2 Y uf <0, (6.19)
i=1 i =1 j =1 j=1

In particular, if (6.14) is true, we see that by choosing v =1, )t;f =1, y;‘ =,/ \Uj\ that (6.19) is
satisfied, and so by Lemma 6.2, the estimate (6.13) holds with & = a(v*,A*, u*) < 0.

Part (iii) follows similarly: Lemma 6.1 and (6.8) ensure that a(v, A, u) defined by (6.18)
satisfies a(v, A, u) < —1if

n 1 m 1 m _ m 1
2a+0>+Y_ |bj] <vi2+ : 2) + Y |o]oj] ()\j2+2> +Y w2 Y uf— < 0. (6.20)
i—1 qivi =1 riA =1 =1 T

In particular, if (6.15) is true, we see that by choosing

1 |l
;=

TV
the inequality (6.20) is satisfied, and so by Lemma 6.2 the estimate (6.13) stands with a =
a(vs, A%, u*) < —1. O
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The following elementary inequality is also important in our analysis.

Lemma 6.4. Suppose that 0, x € R, and (x;)i=1,. m, (0i)iz1,..m are any two real sequences. If
(Ai)iz1,...ms (Hi)iz1,.,m are two sequences of positive real numbers, then

2
m
<Ux+ Z@'%‘) < 0%+ E |||y <A2x2 + Py ,> + 2(72 2 Zy
i=1 i=1
Proof. Using the inequality 2xx; < A2x2 4+ A 2x?, we get
" 2 2
(ax + Z;Uixi> < o?x* + Z; |o|os] (/\zx2 - pe l) <Z sz1> .
1= 1

Applying the Cauchy-Schwarz inequality to the last term gives

- Ty 2 2.\, 2.2
Yoo | <Y ot ) pixi,
i=1 ‘ '
proving the result. O

With these estimates, we can establish sufficient conditions to ensure the polynomial
asymptotic behaviour of solutions of (6.1).

Theorem 6.5. Let (X(t))>0 be the solution of (6.1) with E(|Xo|*) < co. Then the following holds:
(i) Suppose 2a + 0> < 0. Then there exists C > 0 and a € R such that

log E[|X(t) ]

lim su <u, 6.21
" log IX(1)] _ 1
. og | X(t
1 = <= 1 8. 22
1rtrl)sogp log 2( a+1), as (6.22)
Therefore, the process is polynomially bounded in mean-square and almost surely polynomially
bounded.

(ii) Suppose (6.14) holds. Then there exists « < 0 such that (6.21) holds. Therefore the equilibrium
solution of (6.1) is polynomially stable in mean-square.

(iii) Suppose (6.15) holds. Then there exists & < —1 such that (6.21) and (6.22) hold. Therefore the
equilibrium solution of (6.1) is polynomially stable in mean-square, and a.s. polynomially stable.

Proof. Define Y (t) = X?(t). Itd’s rule gives

X2(t) = X?(0) + /0 tZX(s) <ax(s) —}—ign;biX(qis))ds (6.23)
¢ m 2
+ /0 (ax(s)+§mx(ns)> ds (6.24)

+ /0 "2X(s) <a><(s) + ia,-X(ris))dB(s). (6.25)

i=1
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Let (vi)i=1,..n, (Ai)i=1,..m be sequences of positive real numbers. By using the inequalities
2.2, 1 5 2.2, 1
2bixy < |bi| { vix® + ﬁy , 200y < |o||oi| | Afx® + ﬁy ,
1 1

fori = 1,...,n, i = 1,...,m respectively, in conjunction with the inequality proved in
Lemma 6.4, we see that (6.23) implies, for any ¢,t +h > 0 that

Y(t4+h) =Y(t) < /tt+h {qu(S) +ié\bi\ <vl-2Y(s) + 1/11.2Y<qis)> }ds
+/tt+h {gzy(s) +ii|a!|m! (A?Y(s) + )}2 Y(rz-s)>

i

Pyt Wfs)} as
=1 j=1
t+h i
+/t 2 X(s) (ax(s) +;mX(n5)> dB(s).

As in earlier proofs, by defining m(t) = E(|Y(t)[), and considering the function y = y, 1,
defined by (6.11) with y(0) > m(0), we see that m(t) < y(t) = y,u(t). By making the
appropriate choice of (v, A, i) = (v*,A*, u*) in Lemma 6.3, we see that (6.1) is true for some
a € R if 2a + 02 < 0; for some a < 0 if (6.14) holds; and for some o < —1 if (6.15) holds.

The proof that (6.22) follows from (6.21) differs little from that of the proof of Theorem 4.5,
and for this reason is omitted. O

We see that the polynomial boundedness of solutions of (6.1) are ensured in mean-square
and almost surely if 22 + ¢? < 0, so that the terms which involve the delayed arguments do
not seem to influence the existence of polynomial asymptotic behaviour for solutions of (6.1).
We notice that this mimics the result for solutions of the deterministic pantograph equation
with many delays, (6.2).

6.2 Finite dimensional stochastic pantograph equation

In [18], Carr and Dyson considered the asymptotic behaviour of the finite dimensional func-

tional differential equation
x'(t) = Ax(t) + Bx(qt), (6.26)

as t — oo. In (6.26), A, B are square matrices, and, for the initial value problem, the solution
lies in C(R*;RY), the space of continuous functions from R* to R?. A consequence of a series
of results (Theorems 1-3) in [18] is the following: when all the eigenvalues of A have negative
real parts, there exists « € R such that

|x(t)]] = O(t*), ast — oo.
We show that a similar result holds for the equation (6.3), under the hypothesis
All eigenvalues of A have negative real parts. (6.27)
If the matrix A satisfies (6.27), there exists a positive definite matrix C such that

ATC+CA =], (6.28)
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where AT denotes the transpose of the matrix A, and I is the d x d identity matrix. Further,
let 'y and 32, with 0 < ’yz < %?, be the minimal and maximal eigenvalues of C. Define
V(x) = (x,Cx), for all x € R%. By construction 'y HxHZ < V(x) < 7?||x||?. Using the Cauchy-
Schwarz inequality and the inequality 2uv < n?u® + 51, %v? for u, v € R, we see for any x,
y € R? that

—_

1
|{x,CBy) + (By,Cx)| < |B'C|| (77% 7 (x) + ol
1

712 V(y)> . 629)

Moreover, as
(C(Zx + Oy),Zx + Oy) = (x,ZTCZx) + (y,®TCOY) +2(x, 2T COY),

we can use 2uv < n3u® + 17, %0? for u, v € R, to obtain
1 1
(C(zx + @) Zx + 0y) < |ETCE| V(x) + _; [©7CO) V(y)

+ [|=Tco| (;75 S V(x)+ iz iz V(y)) . (6.30)

*
T o
Finally, we have

C () < 712 V(x). 6.31)

Using It6’s rule and (6.28), we have
VIX(0) = VXO) + [ ~(X(),X() + (X(s), CBX(gs))
+ (BX(gs),CX(s)) + (C(XX(s) + ©®X(gs)), XX (s) + ©X(gs)) ds
n / X(s) + ©X(gs))) + (CX(s), £X(s) + ©X (gs)) dB(s).

Putting m(t) = E[V(X(t))], we proceed as before, using (6.29), (6.30) and (6.31) to show, for
any € > 0, that m(t) < y(t), where we have y(0) = (1 + ¢)m(0) > m(0), and

! _ | _ ||BTC|| ZTCZ ZTC®
y(t) = 72+ 2 i+ || H+ | 143 ) y(t)

HBTCH 1 1 T 1 T 1
+ —+ = [|@°CO|+ = |2 CO| = t).
( 12 17% z2 H H 12 H H ;7% y(q)

Notice moreover that we also have m(0) = E[(X(0),CX(0))] < ||C|IE[|| Xo]|?]. Thus

E[[X(H)IP] < — m(t) < — y(#).

1 1
7? 7

We are now in a position to distill the result of this discussion into the following theorem.

Theorem 6 6. Let (X(t))>0 be the solution of (6.3) with E(|| Xo||*) < oo. Suppose that (6.27) holds.
If v* and 7y Y2, with 0 < 4% < 72, are the maximum and minimum eigenvalues of the positive definite
matrix C which satisfies ATC + CA = —1I, then the following holds.
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(i) Suppose
1,1
7o

Then there exist « € R and C > 0 such that

|I=Tcz|| < o.

E(IX()?) < C E[IX(0)[2] #, 632)
" x|
. log || X (t 1
2~ < - .S. .
hrisololp gt = 2(tx+1), a.s (6.33)

Therefore, the process is globally polynomially bounded in mean-square and is almost surely
globally polynomially bounded.

(ii) Suppose
11
7
Then there exists « < 0 such that (6.32) and (6.33) hold. Therefore the equilibrium solution of

(6.3) is globally polynomially stable in mean-square, and the solution process of (6.3) is almost
surely globally polynomially bounded.

(I="cz + [@Tce| +2||BTC| + 2| col ) <o.

(iii) Suppose

1 1

oTco 2 2
=+ (HZTCZHJrHH |BTC|| + —= IIZTC®H> < 0.
Yo

Vi Vi

Then there exists & < —1 such that (6.32) and (6.33) hold. Therefore the equilibrium solution of
(6.3) is globally polynomially stable in mean-square, and a.s. globally polynomially stable.

We note that we can obtain weaker sufficient conditions under which the conclusions of
Theorem 6.6 hold, which can be more easily interpreted and verified. Instead of (6.29) and
(6.30), we have

|mwwHW£mswwm(ﬁ;vm+gzvm>

and

1
(C(Zx +Oy),Zx +Oy) < — [Z[* [ICl| V(x) + s lel* lIcll v(y)

1
7

1 1 1
+ |z ||IC]l e 2 V) +—= =V .
=] [[C]] || (’72 7 (x) " (y))

Since C is symmetric, |C|| = 7. Using these estimates in the proof of Theorem 6.6 gives the
following result.

Corollary 6.7. Let (X(t))i>0 be the solution of (6.3) with E(||Xo||*) < co. Suppose that (6.27) holds.
If % and 72, with 0 < 7 < 72, are the maximum and minimum eigenvalues of the positive definite
matrix C which satisfies ATC + CA = —1, then the following holds:
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(i) Suppose

Then there exist & € R, C > 0 such that (6.32) and (6.33) hold.

(ii) Suppose
2

24
= > (IZ[l + o))
Y

Then there exists & < 0 such that (6.32) and (6.33) hold.

(iii) Suppose

2 2
2o ]
Yoo 2B+ (nzn iy
VA Va

Then there exists &« < —1 such that (6.32) and (6.33) hold.

Therefore, if the intensities of the noise terms are sufficiently small, the negative spectrum
of A ensures the polynomial asymptotic stability of the noise perturbed system, thereby fol-
lowing the global polynomial asymptotic stability exhibited for (6.26). Note once again that
the polynomial mean square and almost sure bounds on the solution exist, provided the in-
tensity of noise from the non-delay term is sufficiently small and A has a negative spectrum:
as is the case for equation (6.26), the presence of polynomial asymptotic behaviour does not
seem to be determined by the terms with delayed arguments.

7 Concluding remarks

There are a number of related problems which we have not studied in this paper, which
nonetheless can be treated using the analysis presented here. For instance, all the stochastic
evolutions we have considered above are driven by a single Brownian motion, but no new
ideas are required to extend the results to stochastic functional differential equations driven
by finitely many Brownian motions. Another interesting class of equations to study are the
stochastic analogues of the pantograph equations studied in, e.g. [30,38], where the delayed
argument is not necessarily of proportional form, and the rate of decay or growth of solutions
is not necessarily polynomially fast. We hope to consider the asymptotic behaviour of such
stochastic equations elsewhere. We have also omitted to study nonlinear and nonautonomous
versions of the stochastic pantograph equation, for example

dX(t) = (f(t, X(8)) + 81(t, X(qt))) dt + (fa(t, X(t)) + 82(t, X(gt))) dB(t),

where fi, f, are globally linearly bounded and Lipschitz continuous. If however, the function
f1 satisfies

(filt,x),x) < —al[x]?

forall x € R, t > 0 and some a > 0, we can again recover the polynomial asymptotic behaviour
exhibited by the processes studied in this paper for this process. Finite dimensional and
many—-delay analogues of the extensions mentioned here can be treated using the techniques
of the previous section.
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8 Appendix

We will require some further supporting results from stochastic analysis, and elementary
properties of the stochastic pantograph equation.

Before we give the proof of Lemma 3.4, which was earlier deferred, we first recall for a
continuous real-valued function f of a real variable, the Dini derivative D_f is defined as

D_f(t) = 11%an.

To prove Lemma 3.4, we also require the following result, which appears as Lakshmikantham
and Leela [31, Vol. 1, Lemma 1.2.2].

Lemma 8.1. Let v, w be continuous functions and Do(t) < w(t) for t in an interval with a possible
exceptional set of measure zero and D being a fixed Dini derivative. Then D_v(t) < w(t) holds for t
in an interval, with a possible exceptional set of measure zero.

We now turn to the proof of Lemma 3.4.
Proof. With x defined by (3.5) and p defined by (3.6) with 0 < p(0) < x(0), we will show that
plt) < x(t) 5.1)
for all t > 0. Assume that (8.1) is false; then there exists T > 0 such that the set
Z={te€[0,T):p(t) >x(t)}
is nonempty. We set t; = inf Z and as p(0) < x(0), we have that 0 < #; and
p(t) = x(t1) and p(t) <x(t) for t€]0,h).

Then, for all —|t;| < h <0, as p(t1 +h) < x(t1 + h),

TPl +1) = (p(t)} > & {x(tr +B) — (1)),

so letting 1 1 0, we get
D_p(t) = ¥ (t). 8.2)

Next by Lemma 8.1, as p obeys (3.6) and t — ap(t) + bp(qt) is continuous, we have
D_p(t) < ap(t) + bp(qt), t>0.

In particular, this yields

D-p(t) < ap(t1) + bp(qt)- (8.3)
Thus, (8.2), (8.3) and (3.5), together with the facts that p(t1) = x(#1), and p(gt1) < x(qt1),
imply

0< D_p(t) —x'(h)
< ap(t) +bp(gh) — (ax(t) + bx(gt))
=b(p(gtr) — x(qt1))
<0

7

which is a contradiction. The result therefore follows. O
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The following result is due to LeGall [32].
Lemma 8.2. Suppose X is a continuous semi-martingale with decomposition
X(t) = Xo+ V(1) + M(t),

where M is a continuous local martingale and V is the difference of continuous, non-decreasing adapted
processes with Vo = 0, a.s. If k : (0,00) — (0,00) is a Borel function satisfying

|
/0 Wx)dx:oo foralle >0,
and
td(M)(s)
0 k(X(s))

then the semi-martingale local time of X at 0 is identically 0, almost surely.

Lix(s)>0ds < oo forall tas.,

Remark 8.3. For the equation (2.1) with p = 0O i.e.,
dX(t) = (aX(t) + bX(qt))dt + o X (t) dB(t), (8.4)
note that k(x) = x? satisfies the conditions of Lemma 8.2.

In the next Lemma, we extend results on moment bounds for the stochastic pantograph
equation from [14].

Lemma 8.4. If X(t;0, Xo) is a solution of (2.1) with E(X3) < oo, then
(i) t — E(|X(t)|™) is continuous on R* for m = 1,2,
(ii) IEfOt |X(s)|?" ds < oo for all fixed t > 0 and for m = 1,2.

Proof. In [14] it is shown, that E(|X(t) — X(s)|*) < C(T) - (t —s) forany 0 < s < t < T with
t —s < 1. Part (i) for m = 1 now follows from the inequalities:

[E(IX(#)]) = B(X(s))| < B[X(8)] = [X(s)[| < B(|X(¢) = X(s)|)

For Part (i) for m = 2 we have:

[E(X*(t)) —E(X*(s))| = [E(X*(t) — X?
|

Now, t — E(sup,..; |X(s)|?) is bounded on compact sets, [14, Theorem 2.3], so applying
this proves (i) for m = 2.

To establish (ii), note that, for m = 1, it follows immediately from the last statement. Modi-
fying the argument of [14, Theorem 2.3] establishes that the function t — E(supy.,; | X(s)|*)
is bounded, which proves (ii) for m = 2. O
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