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LONG MEMORY IN A LINEAR STOCHASTIC VOLTERRA
DIFFERENTIAL EQUATION

JOHN A. D. APPLEBY AND KATJA KROL

ABSTRACT. In this paper we consider a linear stochastic Volterra equation
which has a stationary solution. We show that when the kernel of the funda-
mental solution is regularly varying at infinity with a log-convex tail integral,
then the autocovariance function of the stationary solution is also regularly
varying at infinity and its exact pointwise rate of decay can be determined.
Moreover, it can be shown that this stationary process has either long memory
in the sense that the autocovariance function is not integrable over the reals or
is subexponential. Under certain conditions upon the kernel, even arbitrarily
slow decay rates of the autocovariance function can be achieved. Analogous
results are obtained for the corresponding discrete equation.

1. INTRODUCTION

In recent years, much attention in quantitative finance has centred on the question
of whether financial markets are efficient, and whether there is a significant impact
of past events on the current state of the system, see e.g. Cont [I3]. A mathemat-
ical way in which this phenomenon can be captured is through the theory of long
range dependence, or long memory. For continuous time processes, this is mea-
sured by the autocovariance function of a stationary process being non—integrable
and polynomially decaying, so it must decay more slowly than exponentially. Pro-
cesses with long memory also arise in other areas of science such as data network
traffic or hydrology see e.g. Doukhan et al. [14].

In this paper, we describe a class of processes, both in discrete and continuous time
which exhibit long range dependence through non—exponential convergence of their
autocovariance functions. In the continuous case, these are solutions of scalar affine
stochastic Volterra equations of the form

(1.1) dX(t) = <aX(t) + /Ot kE(t —s)X(s) ds) dt +odB(t) fort>0,

where B is standard Brownian motion and k is an integrable function. Applica-
tions of such equations stochastic Volterra equations arise in physics and mathe-
matical finance. In physics, for example, the behaviour of viscoelastic materials
under external stochastic loads has been analysed using It6—Volterra equations (cf.,
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e.g. Drozdov and Kolmanovskii [15]). In financial mathematics, the presence of in-
efficiency in real markets can be modelled by using stochastic functional differential
equations. Anh et al. [Tl 2] have posited models for the evolution of asset returns
using stochastic Volterra equations with infinite memory.

For affine stochastic functional differential equations with bounded delay, it has
been shown that stationary solutions always have exponentially fading autocovari-
ance function, see e.g. Gushchin and Kiichler [2I], Riedle [33]. This is a consequence
of the fact that, if an autonomous linear differential equation with finite delay is
stable, then its resolvent converges to zero at an exponentially fast rate, see Hale
and Lunel [22].

In order to obtain polynomial convergence results for linear autonomous Volterra
equations, it is necessary to consider kernels k which decay non-exponentially,
both for deterministic and stochastic equations. While a substantial literature ex-
ists in the deterministic case (see e.g., [35] 19l 25| [7, [5 [6]) only a few results for
non—exponential convergence phenomena of linear stochastic autonomous Volterra
equations exist, and those that do concern the asymptotic stability of point equi-
libria. Examples of such papers include Appleby [3| 4] for pointwise convergence
rates, Appleby and Riedle [9] for convergence rates in weighted LP—spaces, and
Mao and Riedle for mean square convergence rates [29]. In particular, polynomial
convergence rates of the autocovariance function of (LI have not been recorded.

In this paper, we examine the asymptotic behaviour of the autocovariance function
of asymptotically stationary solutions of (II). To do this, our first class of results
concerns the exact rate of convergence to zero of the solution of the differential
resolvent associated with (I.T]), namely

(1.2) r'(t) = ar(t) + /Ot k(t —s)r(s)ds fort>0, r(0)=1.

We consider first equations for which the kernel k is positive and integrable with
infinite first moment. In this case it is only known to date that the resolvent r
converges to zero and is not integrable.

In this paper we first show that if the kernel k£ additionally satisfies a+ fooo k(s)ds =
0 and the tail integral A(t) := [, k(s) ds is a log—convex regularly varying function
with index «, then the solution r is decays at a hyperbolic rate, according to

. I—a __sinarm
(1.3) tliglo r(t)t ~*L(t) = —

where L is a slowly varying function related to k. Corresponding asymptotic re-
sults are established in discrete time. The discrete analogue of equation (L2)) with
positive summable kernel of infinite moment corresponds to the renewal sequence
of a null-recurrent Markov chain [20], and under similar additional assumptions on
the kernel, the hyperbolic decay of the sequence relies upon well-known results by
Garsia and Lamperti [I8] and Isaac [23].

Our second class of results in this paper employ the convergence rate of the resolvent
r to investigate the long memory properties of the solution of the It6—Volterra
differential equation (ILI)) and its discrete analogue. It turns out, that under the
same conditions on the kernel k, the equation (LI possesses an asymptotically
stationary solution for 0 < a < 1/2. There also exists a limiting equation which is
stationary and its autocovariance function ¢ obeys

: 2pyl-20 _ 2L (1 —20)0(a) sin®(ra)
(1.4) tliglo c(t)LA(t)t = Ti—a) 2
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Moreover, because c is non—integrable, the process has long memory. Again, corre-
sponding results hold in discrete time.

If & > 1/2, no stationary solutions exist and the case o = 1/2 turns out to be crit-
ical. In this situation, we give necessary and sufficient conditions for the existence
of a stationary solution and show not only that its autocovariance function has long
memory, but that it can also decay at an arbitrarily slow rate in the class of slowly
varying functions.

In order to give a complete characterization the asymptotic behaviour of the au-
tocovariance function of (L)), we also treat the cases a + [~ k(s)ds < 0 and
a+ [y k(s)ds > 0. While in the latter case no stationary solution exists, we show
in the first case, that under weaker assumptions on the kernel k, the autocovari-
ance function of the stationary solution is integrable. Nevertheless, its decay is very
slow: the rate of convergence to zero is the same as the decay rate of k, that is
hyperbolic.

Although we have mentioned discrete results only briefly in this introduction, there
are many reasons to formulate the models (L2) and (L)) in discrete time. When
modelling dynamic real-world phenomena, it is desirable that properties formu-
lated in discrete or continuous time should be consistent. In this paper, our results
demonstrate that the long or subexponential memory are general properties of the
Volterra model and do not depend on the continuity assumption. Secondly, by ap-
plying for example a constant step size Euler-Maruyama scheme to the continuous
equation (LTJ), we obtain consistent estimates of the decay rate of the autocovari-
ance function. These decay estimates stabilise appropriately to those obtained in
the continuous case in the limit as the step size tends to zero.

2. DISCRETE AND CONTINUOUS STOCHASTIC VOLTERRA—EQUATIONS

2.1. Mathematical Preliminaries. We denote the spaces of real-valued contin-
uous functions by C([0,00);R). Let LP(]0,00);R) (¢P), p > 1, denote the space of
real-valued measurable functions f (sequences (fn)nen) satisfying

/Ooo P <o (3 1fal? < o0).
n=0

We write f ~ g for z = xg € RU {zxoo} if lim, ., f(2)/g(z) = 1.
A function L : [0,00) — (0,00) is slowly varying at infinity if for all z > 0,
L(xt)

@ i Ty

A function f wvaries regularly with index o € R, f € RV (@), if it is of the form
(2.2) ft) =t*L(¢t)

with L slowly varying, see e.g. Feller [17], Ch. VIILS.

The definition of a regularly varying sequence is a counterpart of the continuous
definition [12]: a sequence of positive numbers (¢, )nen is said to be regularly varying
of index p € R (c is slowly varying if p = 0), if

lim )

n—00 Cp

=\, for every A > 0,

where [z] denotes the integer part of x € Ry. A regularly varying sequence is
embeddable as the integer values of a regularly varying function: the function c(-),
defined on [0, 00) by ¢(x) := ¢[y) is regularly varying of index p.
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2.2. Continuous—time Gaussian Volterra equations. We first turn our atten-
tion to the deterministic Volterra equation in R:

(2.3) 2/ (t) = ax(t) Jr/o E(t —s)x(s)ds fort>0, xz(0)=xo.

For any xg € R there is a unique R—valued function = which satisfies ([Z3]) on [0, c0).
The so—called fundamental solution or resolvent of [2.3]) is the real-valued function
r:[0,00) = R, which is the unique solution of the equation (L2J).

Let (Q,F,P) be a probability space equipped with a filtration (F3);>0, and let
B = {B(t) : t > 0} be a one-dimensional Brownian motion on this probability
space. We will consider the stochastic integro—differential equation of the form

dX(t) = (aX(t) + /t kE(t —s)X(s) ds) dt +odB(t) fort>0,
0
X(0) = Xo,

(2.4)

where k is a continuous, integrable real-valued function, and ¢ is a non-zero real
constant. The initial condition Xy is a real-valued, Fy—measurable random vari-
able with E|X(|? < oo which is independent of B. The existence and uniqueness
of a continuous solution X of (Z4) with X (0) = Xy P-a.s. is covered in Berger
and Mizel [10], for instance. Independently, the existence and uniqueness of solu-
tions of stochastic functional equations was established in Ité and Nisio [24] and
Mohammed [31]. In fact, X has the variation of constants representation

(2.5) X(t) = r(t) Xy —|—/tr(t )0 dB(s), t>0.

We first discuss the existence of asymptotically stationary solutions of ([2.4). It
transpires that the critical condition to guarantee stationarity is that the funda-
mental solution r of [23) is in L?([0, 00); R).

Theorem 2.1. Let k € L'([0,00);R) N C([0,00);R). Suppose the fundamental
solution r of [Z3) obeys r € L*([0,00);R). Let 0 € R\ {0}. Let X be the solution
of @4). Then for every t > 0 there exists a real-valued function ¢ such that

§—00

(2.6) c(t) := lim Cov(X(s), X(s+1)) = o? /000 r(s)r(s+1t)ds.

The result follows directly from (23), and the fact that Xy is independent of B.

The following theorem shows that ([24) has a limiting equation which possesses
a stationary, rather than an asymptotically stationary solution. To this end, let
By ={Bi(t) : t > 0} and Bz = {Bs(t) : t > 0} be independent standard Brownian
motions, and consider the process B = {B(t) : t € R} defined by

2.7) B(t){ Blzl((_ti’)’ tt;?

Then B is a standard Brownian motion defined on the whole line.

Theorem 2.2. Let k € L([0,00);R) N C([0,00);R). Suppose the fundamental
solution r of Z3) obeys r € L?([0,00);R). Let 0 € R\ {0}. Let B={B(t):t €
R} be the standard one—dimensional Brownian motion defined by 2.71). Then the
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unique continuous adapted process which obeys

dX(t) = <aX(t) Jr/ooo k(s)X(t —s) ds> dt +odB(t), t>0;

X(t) = / r(t —s)odB(s), t<0,
s given by
(2.9) X(t) = /t r(t —s)odB(s), teR.

Moreover, X is a stationary zero mean Gaussian process with autocovariance func-
tion given by

(2.10) c(t) = Cov(X (s), X (s + 1)) = o° /000 r(s)r(s +t)ds.

It is clear that if r is in L?([0,00); R) that X defined by (Z9) is a stationary zero
mean Gaussian process with autocovariance function given by (2I0). To show that
X satisfies (Z.8) requires more work, and a proof is given in Section

Theorem provides direction for the investigations in this paper. It is readily
seen that r € L(]0, 00); R) implies ¢ € L!([0,00); R). Therefore in order to possess
long memory but still to have stationary solutions, we need to consider conditions
on the kernel k in (23) such that the fundamental solution r of ([23) obeys r €
L?([0,00);R) but r ¢ L*([0,0); R).

Section [ gives an example of how this can be achieved. The crucial hypotheses
on k is that it is regularly varying and its tail integral is log—convex: this enables
us to prove that r is regularly varying and to determine the exact rate of decay of
r. We then show how the asymptotic behaviour of ¢ can be inferred from r when
r is regularly varying in such a way that r € L%([0,00);R) but r & L(]0, 00); R).
The results enable us to determine the exact rate of decay of the autocovariance
function c¢ in terms of the rate of decay of k.

2.3. Discrete—time Volterra equations. Let (2, F,P) be a probability space
equipped with a filtration (F,)nen. We consider the discrete version of (2.4)):

Xn1— Xn=aXn+ Y kiXn j+&ui1, n>0,
(2.11) =

Xo = @,

where k is a positive summable kernel, a := — 3772 kj and § = {§, : n € N} is
a sequence of independent, identically distributed random variables with E(§,) =
0, E(€2) = 0% > 0 for all n € N. zg is an Fo—measurable random variable with
E(z2) < oo which is independent of £. Let r = {r,, : n € N} denote the fundamental
solution of (ZITJ), i.e., the unique solution of

n
(2.12) Tl — Tn = arp + ijrn_j, n>1, ro=1.
j=1

For more information on Volterra difference equations, the reader is referred to the
book of Elaydi [16]. An analogous result to Theorem holds for (2.I1)):
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Theorem 2.3. Suppose that k € (' and the fundamental solution [2I2) obeys
r € £2. Then there is a unique adapted process X which obeys

Xn+1 _Xn :aXn+ijXn—j +€n+1; n > 0;
j=1

(2.13)

n

X, = Z Tn_jfj, n < 0,

j=—o00

where & is extended to n € 7 by taking an independent copy €' of & (defined on the

same probability space) and setting £, = &L, n € N. X is a stationary zero mean

process with autocovariance function given by

(2.14) c(h) = Cov(X,, Xpin) = 0° Z TnTnth, h €N,

n=0

Again, we are able to show that if (k,)nen is a so—called Kaluza—sequence, then
r satisfies r € 2 but r ¢ ¢! with exact rate of decay specified. From (2.I4) we
can deduce the exact asymptotic behaviour of the autocovariance function of the
stationary solution.

3. LONG MEMORY IN THE CONTINUOUS EQUATION

3.1. Asymptotic Behaviour of the Deterministic Resolvent. This section
gives the exact rate of decay of the solution of a scalar linear Volterra differential
equation with a non—integrable solution  which nonetheless obeys r(t) — 0 as
t — oo. Suppose that a + fooo k(s)ds = 0 and let k satisfy the following conditions

(C1) k€ L([0,00);(0,00)) N C([0, 00); (0, 00)),

(C2) t+ log A(t) is a convex function, where
(3.1) A(t) == / k(s) ds,
¢

(C3) A(t) = L(t)t—* with a € (0,1) and a slowly varying at infinity function L.

Remark 3.1. The last two conditions are satisfied, if k is a completely monotone
function such that & € RV, (—1 — «). Condition (C2) is equivalent to

At
(C2%) ﬁ is non-increasing in ¢ for all 7 > 0.

Proofs can be found in Miller [30].

Condition (C1) implies existence of a unique continuous function r which is a so-
lution of the integro—differential equation (LZ). In particular, it follows from (C3)
that £ obeys

(3.2) / sk(s)ds = oo.
0
In this case it is only known that the differential resolvent r satisfies

(3.3) tlggo r(t) =0, r¢ L'((0,00);(0,00)).
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Theorem 3.2. Suppose that k obeys (C1)-(C3). If r is the unique continuous
solution of (LL2), then

(3.4) lim ()L () = SROT

t—o00 s

Hence for o € (0,1/2) we have r € L?([0,00);(0,00)) but r ¢ L([0,00); (0, 0))
due to r € RV (u) for p=a—1¢€ (-1,-1/2).

Proof. We note that A\ € C*((0,00); (0,00)). Evidently ) is positive, non-increasing,
satisfies A(t) — 0 as t — oco. Though, by virtue of (C3) this happens so slowly that
A& LY([0,0);R).

Since r € C'*((0, 00); (0,00)), we can also introduce the function p = —7’.

By differentiation of the function f(t) = r(t) + fo (t — s)r(s)ds, and using (L2),
we see that f/(t) = 0. Since f(0) =r(0) =1, we have

(3.5) r(t) + /Ot At —s)r(s)ds=1, t>0.

Therefore,

p(t) = —r'(t) = c;if ( 1 +/0 A(s)r(t —s) ds)
= / A(s)r'(t — s) ds + N(E)r(0) = \(¢) — / At — s)p(s)ds.
0 0

Hence p is the integral resolvent of A. Now by (C2) and and Theorem 1.2 in [28§],
it follows that

(3.6) 0<p(t) < A\(t) forallt >0, / p(t)dt = 1,
0
particularly implying 0 < r(¢) < 1 for all ¢ > 0. Since A(¢) > 0, we may define a
measure A by A([0,t]) = fot A(s)ds. Then
wa(z) == / e FA(dt) = A(z).
0

By (C3), it follows that A € RV (1 — ), so as 1 — a > 0, we can apply Theorem
XIIL5.1 in [I7] to get

(3.7) A7) = wa(7) ~T(—a+2)A(1/7), asT — 0.

Next, as r(t) > 0 for all ¢ > 0, we may define the measure U by U (][0, t]) fo
Then u(t) :=U'(t) = r(t )obeysu (t) =7'(t) = —p(t) <0 for allt > 0 Furthermore

wy(2) = /OOO e_ZtU(dt)/OOO e~ tr(t) dt = 7(2).

Since A(t) — 0 and 7(t) — 0 as t — oo, A(z) and #(z) exist for R(z) > 0. Therefore,
by 33), we have

N 1
7(z) + A(2)7(z) = = R(z) >0
Therefore, for 7 > 0,
(r) = #(r) = ———
wy (1) =7(1) = —.
v T+ 7A(7)

Now, by [B7)
TANT) ~T'(—a+2)TA(1/7), asT —0.
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Because A € RVoo(—a+1), Ay (1) := 7A(1/7) obeys A1 € RVg(a). Since a € (0,1),
T+ 7M7) ~T(2 = )A (1) = (2 — a)TA(1/7) as 7 — 0. Thus

1 1 1
(3.8) wy (1) = S ~ T2 = a)rA(i/7) = T_aL(l/T>’ as T — 0,

where

1 ro—l

/) =—-

W) =t —a ram’
which is a slowly varying function by virtue of the fact that A € RV (—a + 1).
Then, as U has a monotone derivative u, and (B8] holds, Theorem XIII.5.4 in [17]

implies that
1
u(t) ~ ——t*"1L(t), ast— oo.

I(a)
Since u(t) = r(t), by the definition of L
(t) L joi Loy ! ast —
r ~ . = Q0.
') I'(2—a) At) T(a)T(2 — a) A(t)’

Moreover, we have from Proposition 1.5.8 in [I1], that

A(t) /0 s"*L(s)ds ~ i !

t'=L(t), ast— oo.

-«
Hence,
1—« sin am
lim r(t)t' " L(t) = =
550 r(t) ®) IMNa)T'(2 — ) T
as required. O

For the sake of completeness, we also study the case where A, defined as in (B.1]),
satisfies A € RV (—a) with a > 1. It turns out that in this case r converges to a
positive limit and hence cannot be asymptotically stable.

Corollary 3.3. Suppose that k satisfies (C1) and (C3) with o > 1 and that a +
fooo k(s)ds =0 holds true. Then, fooo sk(s)ds < oo and

-1

(3.9) lim r(t) = (1 —|—/ sk(s) ds)
t— o0 0

Proof. Since X is continuous satisfying A(0) = [, k(s)ds < 0o and A € RV (—av)

with o > 1, we also have A € L([0,0); (0,00)) N C([0, 00); (0,00)). Moreover

/ A(s)ds = / sk(s) ds < 0.
0 0
Then, Theorem 4.2 in [] yields (33)). O

3.2. Asymptotic behaviour of the autocovariance function. In this section
we state our second main result, Theorem B.4] which characterizes completely the
asymptotic rate of convergence of the autocovariance function ¢(t) of the solution
of ([ZB) for the case when a = — [~ k(s)ds. In the case where 0 < o < 1/2,
it turns out that for the kernels k satisfying (C1)—(C3), c(¢) resembles the power
law function ¢~ for large values of ¢t and hence exhibits long memory. The case
where o = 1/2 is more subtle; indeed, for some such k we have r ¢ L?([0,00); R).
If r € L*([0,0); R), it is still possible to determine the rate of decay of ¢, which
continues to exhibit long memory. Perhaps the most interesting aspect of this result
is that arbitrarily slow rates of decay of ¢ in RV (0) can be obtained.
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Theorem 3.4. Suppose that k satisfies (C1)-(C3) with o € (0,1/2). Let r be the
solution of ([[L2). Let 0 € R\ {0} and B = {B(¢) : t € R} be the standard one—
dimensional Brownian motion defined by 271). Then there is a unique stationary
Gaussian process X which obeys (2.8]):

dX(t) = <aX(t) Jr/ooo kE(s)X(t —s) ds> dt +odB(t), t>0;

X(t)/t r(t — s)odB(s), t<0.

The autocovariance function c(-) = Cov(X (s), X (s+)) satisfies
,T(1—2a)T(a) sin’(ra)

. 2\ 1200 _
(3.10) tl;rg) c(t)L=(t)t =0 Ti—a) —
Proof. The proof of the theorem can be found in Section [7 O
Example 3.5. Let o € (0,1/2) and
1
a1 k(t) = —+—, t>0.
(3.11) 0 = g ¢20

Then, A(t) = 1/(a(1 4+ t)%), t > 0, and since L(t) — 1/ as t — oo, we obtain the
following convergence rate of the autocovariance function:
. ct)  osin(am)I'(1 - 2a)
Jim f2a—1 7 T (—a)? .

We now consider the interesting and critical case where a = 1/2. Depending on
the properties of the slowly varying function L, both r ¢ L?([0,00);R) as well as
r € L*([0,00);R) is possible. We first determine the rate of convergence of the
autocovariance function.

Theorem 3.6. Suppose that k satisfies (C1), (C2) and k(t) = L(t)t=3/2, t > 0,
with a slowly varying function L. Then, r € L*([0,00);R) if and only if
< 1
3.12 ——dt .
(3:12) | <

Moreover, if B12) holds true, then

2 [e3)
1
c(t)~0—2/ ds, t— oo.
™ Ji

Proof. Theorem yields that

1
. 1/2 _ 2 _ 1
(3.13) th—H)lo r(t)t/=L(t) = thm r(t)k(t)t” = —

Since r is continuous on [0, 00), 7 € L?([0,00); R) if and only if
o 1 <1
dt = ——dt .
o B
In this case we denote by

o? [ 1
t) = — ——ds, t > 0.
1®) 2 /t stk(s)? 8120

The integrand of f is regularly varying with index —1. Then, by Karamata’s
Theorem (see e.g. [11], Theorem 1.5.11) we obtain

t
EION0)

(3.14) — 0, fort— oo.
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Moreover, with (313]) and (8.I4) it holds that

_ tr(t)Q—imr 2,4 21m;_
(3.15) )3{30 7t _tl_m &)tk (t) tl—>oo tk()2f(t) 0

We write
e(t) o? /t o? /°°
—=—[ r(s)r(t+s)ds+ —= r(s)r(t+s)ds =: 1 (t) + I2(t), t > 0.
0~ 7@ S " 7@ )i " 0+ &2
By (B8], r is positive and non—increasing, hence we obtain the following upper
bound for I (¢):

o [
(3.16) L(t) < —/ r(s)?ds, t>0.

f@t) Je ’
The denominator and the numerator in (316) tend to zero as t tends to infinity,
therefore, we may apply L’Hospital’s rule to obtain

(3.17) tliglo%/too r(s)?ds = ligloﬂ' r(t)*t k()% = 1.
On the other hand,
0_2 oS} _ 0,—2 00 )
(3.18) Ig(t)zm/t rls+1ds = oo /Qt r(s)2ds, >0,
By (BI5) we have
1 o tr(t)?
(3.19) tliglom/t 7(s)? ds < lim Ol

Combining @I16), BI7), BIX) and BI9) we obtain lim; ,o I2(t) = 1. The

term I;(t) vanishes as t tends to infinity: applying Karamata’s theorem to r €
RV (—1/2) and using (BIH), we obtain
t

t d 2 2

im 20 < jiy @/ r(s)ds = Tim 2078 O o O
tooe 0% T t=oo f(t) Jo tooe tr(t)  f(t)  toeo f(F)

This completes the proof. (I

To see that it is possible to obtain arbitrary rates of decay for c in the class of slowly
varying functions which tend to zero, we consider such a function v € RV (0). We
demonstrate this claim, under a mild technical assumption on ~.

Corollary 3.7. Suppose that v is in C1((0,00); (0,00)), y(t) = 0 as t — oo and
that —y' € RV(—1). Then v € RV (0) and there exists L € RV (0) which

satisfies BI2) and

< 1
3.20 ———ds ~(t t — oo.
( ) /t ST205) s~(t), as 00
Proof. For any T >t >0, we have y(T) j; s)ds. Letting T — oo, we
see that ~(t ft —'(s)ds. —v' is mteg‘rable because fy( ) > 0ast — oo. The

fact that f'y € RV (— ) and is integrable forces 7 to be in RV (0). Define the
function L : [1,00) — (0,00) by
—1

(3.21) L3(t) = Ok

Clearly L € RV (0). Moreover for any 7' > 1

/1T sL?l(s) ds = /1T —'(s)ds = (1) =¥(T).
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Since y(T') — 0 as T' — oo, it follows that L obeys (8.12). The asymptotic relation
(B20) is an obvious consequence of the construction of L. (]

Remark 3.8. By applying Theorem B8] it can be seen that if k(t) ~ t=3/2L(t) as
t — oo, where L is given by [B.21)), then c(t) ~ o2/m2y(t) as t — oo. Therefore,
functions k exist such that the rate of convergence of the autocovariance function is
an (essentially) arbitrary function in RV (0). For example, ¢(t) can decay to zero
at a rate asymptotic to (logloglog---logt)~! as t — oo, where there are finitely
but arbitrarily many compositions of logarithms.

4. LONG MEMORY IN THE DISCRETE EQUATION

In this section we study the discrete counterparts to equations (L2) and (24]) for
some summable kernels k with infinite mean.

4.1. Asymptotic Behaviour of the Deterministic Resolvent. Let us first
consider the deterministic equation (2I2) with a +3>272, k; = 0. If 1 +a > 0 and
(kn)n>1 has infinite mean, the classical renewal theorem yields that r, converges
to zero as n tends to infinity. If (k,),>1 has a regularly varying tail (Garsia and
Lamperti [18], Theorem 1.1) and (7, )nen is monotone non—increasing (Isaac [23],
Theorem 3.1), the exact convergence rates are also known.

In this section we prove that if the tail (Zj’;n k:j) is a so—called Kaluza se-

n>1

quence, which is a discrete analogue of log—convexity, then the sequence (7, )nen is
monotone non—increasing and we can apply the above mentioned theorems.

Theorem 4.1. Let (kn)n>1 be a positive sequence such that Zjil k; < 1. More-
over, let A\, := Z;in kj, n > 1, satisfy:
(C2) (An)n>1 is a Kaluza sequence, that is N2 < X\p_1Ant1 for allm > 1,
(C3) A\ =L(n)n~%, where 0 < a < 1 and L(n) is a slowly varying sequence.
Then '
sin am

lim n'~“L(n)r, = )
n—o00 T

Proof. Since (L(n))nen is slowly varying, so is the function x — L([z]). Since
1+ a >0, we can apply Theorem 1.1 in [I8] to obtain the result for 1/2 < a < 1.
For a < 1/2 the claim follows from [23], Theorem 3.1 if the sequence (r,)n>0 is
monotone non—increasing. To show this, we define

n—1
Ay =Ty + E TjAnt1—j, 1 >0,
=1

to obtain
n—1

An+1 — Ap = Tn+l1 — Tn + g ()\n-i-l—j - )\n—j)rj + rn)\l
j=0

n—1
=Tpt1 — Tp — g kpn—jrj +rna
Jj=0

=0.
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Hence, (an)n>0 is a constant sequence and equals ag = 19 = 1. With A, =
—(rp — rn—1) we have
n—1 n—2
O=a, —an_1=—-4, + Z Tj)\n_j - Z Tj)\n—l—j
Jj=0 Jj=0

n—1
= —Dp+ Y Ay —7jm1) + A
=1

n—1

= A, — Z A i A+ A

j=1

Therefore, (A,,),>0 satisfies the recurrence relation

n—1
(4.1) A, =\, — Z A i\
j=1

Since (A )n>0 is a Kaluza sequence, it follows from [34] that A,, is non—negative for
all n > 0. Hence, the sequence (ry,),>0 is non—increasing and the claim follows. 0O

4.2. Asymptotic behaviour of the autocovariance function. Now we are able
to state the discrete analogue of Theorem [3.4

Theorem 4.2. Suppose that k satisfies the assumptions of Theorem [{.1] with @ €
(0,1/2). Let r be the solution of ZI2) and & = {&, : n € Z} be a sequence of
random wvariables defined as in Theorem [2.3. Then there is a unique stationary

process X which obeys [2.13):

Xog1 = Xn = —aXn+ ) kiXoj+ &1, n20;
j=1

n

X, = Z Tn_jfj, n < 0.

j=—0c0

The autocovariance function c(-) = Cov(Xy,, Xpn+.) obeys

. 2 1o2a _ oT(1—2a)T(@) sin®(ma)
(4.2) hhﬂn;o c(h)L*(h)h =0 T o) s

n

Proof. The stationary solution is given by X (n) = Zj:_oo Tn—;&, n € Z, and its
autocovariance function obviously satisfies ([2.14). Since the sequence (L(n))nen is
slowly varying we obtain with Theorem E.T] for all A > 0

i T g L(n)n'~« iy
1im = 1m —— > = uIm ————
n—oo T, n—o00 [)\n]l—aL([)\n]) n—o00 [)\n]l—a
a—1
= lim </\+ An] = An A") =1,
n— 00 n

Hence the positive sequence (7, )nen is regularly varying with index a—1. Therefore,
as mentioned in Section 211 the function 7(z) := r(;], z > 0, is also regularly varying
and we may write

c(h) = o* /000 r(z)r(z +h), heN.

With Theorem [7.]] we obtain N
lim @ = L.
h— o0 hTh
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Following the steps of the proof of Theorem [3.4] we obtain (4.2)). O

5. SUBEXPONENTIAL DECAY OF THE AUTOCOVARIANCE FUNCTION

In this section we study the properties of the autocovariance function of the sta-
tionary solution of the main continuous— and discrete—time equations (LI and
2I0) if the kernel k is again regularly varying with index —1 — o, & > 0 but now
a+ [, k(s)ds <0ora+ 3" kn <0 holds respectively.

Then, k is a subexponential function or sequence in the sense of Appleby et al. [5] [6].
In this case, the fundamental solution in both discrete— (Theorem 3.2 in [6]) and
continuous—time (Theorem 15 in [5]) decays at the same rate as the kernel k. Since k
is regularly varying with parameter —a—1 < —1, r € L*([0,00); R) N L(]0, 00); R).
This implies that the autocovariance function of the stationary solution is inte-
grable. The next results show that nevertheless the autocovariance function decays
very slowly: it converges to zero at same rate as the kernel k, that is polynomially.

Remark 5.1. If a + [ k(s)ds > 0, then the fundamental solution grows expo-
nentially: The characteristic function of r, a function h which satisfies 7(z) =
1/h(z), Rz > 0, is given by h(z) = z —a — k(2), z € C, and satisfies h(0) =
—a — fooo k(s)ds < 0. Since k is positive, we obtain for x > 0

h(:c)xa/oooe”k(s)dSZza/Oook(s)ds,

which is positive if z > a + fooo k(s)ds > 0. Therefore, by the intermediate value
theorem, there exists a positive root of the characteristic function. By the stan-
dard theory of Volterra equations this implies that the fundamental solution grows
exponentially. Hence, the case a+ fooo k(s)ds > 0 is not interesting for our research.

5.1. Continuous—time stochastic equation with subexponentially decay-
ing memory. Suppose k € C([0,00); (0,00)) satisfies

(S1) kK € RV (—1— ) for a > 0,
(S2) a+ [y k(s)ds < 0.

Theorem 15 in [5] yields, that the fundamental solution of (I2]) converges to zero
at the same rate as k:

t) (a+ [~ k(s)ds)2 a

Moreover, r is also subexponential. Since r is also square integrable, the stationary
solution of (28] exists and the exact rate of decay of the autocovariance function
can be determined.

Theorem 5.2. Suppose k satisfies (S1) and (S2). Let r be solution of ([L2). Let
o € R\ {0} and B be the Brownian motion defined by (Z7). Then, the autoco-
variance function c(-) = Cov(X(s),X (s + -)) of the stationary solution of ([Z.J)
satisfies

(5.1) r(? !

im
t—o00

im @ = i
(52) s (t) (—a— [y k(s) ds)3 -0

Proof. The autocovariance function of the stationary solution is again given by
(2I0). Theorem 1.8.3 in [I1] yields, that there exists a decaying function A with
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k(t) ~ A(t) for t — oo. Since r is integrable, we choose for an arbitrary ¢ > 0 a
sufficiently large T > 0, so that 2L, [ |r(s)| ds < e. We now write
(5-3)
oo T [eS)
/ r(t + s)r(s) ds :/ r(t+s) k(t + S)r(s) ds+/ Alt) r(t+s) At + S)r(s) ds.
0 k(1) o k(t+s) k() T KB AE+s) A®)
The second integral is negligible: since A is decreasing and r(t)/A(t) — L. for
t — o0, the integrand is bounded for sufficiently large t by 2L.|r(s)|. Hence

/Tm%ds SQLC/OO|r(s)|ds<e.

T

Let us now consider the first integral in (5.3). With Potter’s bound (cf. [I1], The-
orem 1.5.6) we obtain

lim sup
t—o0

E(t+ s)
5.4 1, t
uniformly in s for all s < T'. Therefore for all sufficiently large ¢
k(t+s) r(t + s)
5.5 2 and su <2L,.
) ionb 2B ke sy | =
Using dominated convergence theorem we obtain
) /Tr(t—I—s)k:(t—i—s /T

lim 7 (

t=oe Jo k(t+s) k() 0
Hence, the left-hand s1de of (5.2)) converges to L fo r(s) ds and the claim follows
from the fact that [ k(s)ds = —1/(a+ [, k(s)ds). O
Example 5.3. Let a > 0 and

1

5.6 k(t) = ———, t>0.
(5.6) 0= g 12

We obtain the following convergence rate of the autocovariance function:
: 1+« 02
tl;rg) ()t = Ca—1/ap

Remark 5.4. Examples and make clear that there is a very different impact
on the rate of convergence of the autocovariance function from the decay rate of the
kernel k according as to whether we are in the long—memory or subexponential case.
In the latter case, the rate of decay of the autocovariance function c is proportional
to the rate of decay of the kernel k, so slow decay in the memory as measured by
the rate of decay of k is reflected exactly in the statistical memory, as measured by
c. On the contrary, in the long—memory case, a faster rate of decay of the kernel k
results in a slower rate of decay of c.

5.2. Discrete—time stochastic equation with subexponentially decaying
memory. Let us now consider the equation [2I1)) with a discrete kernel k = {k,
n > 1} satisfying

(S1’) k is a regularly varying sequence with index —1 — « for o > 0,
(82’) a+ Z;il kj < 0.

Then k satisfies the assumptions of the Theorem 3.2 in [6] and the fundamental
solution of (L2 converges to zero at the same rate as k:

(5.7) fm oY g

e (a + 3005 k/’j)Q
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Again, the stationary solution of (2.IT]) exists and the exact rate of decay of the
autocovariance function can be determined.

Theorem 5.5. Suppose k satisfy (S1°) and (S2°). Let r be solution of [ZI12). Let
& ={& 1 n € Z} be a sequence of random variables defined as in Theorem [2.3.
Then, the autocovariance function c(-) = Cov(X,, X, 1.) of the stationary process

defined in (ZI3) satisfies
c(h) o2

(5.8) lim —— = 5> 0.
h—o0 kh (7(1 . E;X;I k])

Proof. The autocovariance function of the stationary solution is again given by
(2.14). Since (kn)nen is a regularly varying sequence, the function x + k(x) := ki
is a regularly varying function with index —1 — «. Hence, we may choose the
function A as in the proof of Theorem Since r is absolutely summable, we
choose for an arbitrary € > 0 a sufficiently large NV, so that 2L4 ZZO:NH |rn] < e.
Similarly to the continuous case, we split the sum and study each term separately:

Fn = kain K(h) (n+h) An) ™

n=0 n=N+1

The sequence rp, /A(h) converges to Ly as h — 00, so the terms of the second sum
are bounded for sufficiently large h by 2L4|r,|. Therefore,

Z Tn+hTn
k

n=N+1 n

o0
<2L4 Z || <e.
n=N+1

lim sup
h—o0

Let us now consider the first term in (5.9). Applying Potter’s bound to the function
k(x) as in (4] we obtain the discrete version of (&.3]). Thus,

N N
lim nthin Ly T
h— o0 0 kp, 7;0
Similarly, 3°0° rn = —1/(a+ 3272, k;j) and the claim follows. O

6. PROOF OF THEOREM

First we show that the process defined by (2.9]) has a continuous modification.
Applying It6’s lemma, Cauchy-Schwarz inequality and Fubini’s theorem we obtain

E((X(t) = X(v))?) = o /R(T(t = ) azny = (= 8)l{acuy)* ds

2

=o2/R(/tr'(u—s)dU) ds

< o?(t— u)u/]R /ut(r’(v — ) dvds

= o%(t — u) /ut/R(r’(s))stdv

o?(t —u)? /R(T’(s))2 ds.

Now, r is square integrable and with ||k * 7|2 < |k|p1||7||L2, we have 7/ €
L?((0,00); R). Here, (k+r)(-) denotes the convolution of k and r, given by [ k(s)r(-—
s)ds. The Kolmogorov-Chentsov theorem (see e.g [27], Theorem 2.8) yields that
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X has a continuous modification. It remains to show that the process defined by

[239) solves ([2.8). We write
0 t
X(t) - X(0) = / ((r(t — 5) — r(—s)) dB(s) + / r(t — 5) dB(s)

/ / (u—s)dudB(s) + o B(t)

/ /< r(u—s) /_r(usv)k()d)dudB(s)JraB(t)

// ar(u—s) dB(s du+//oo/u r(u—s—v) dB(s) dv du + o B(1)
/0 aX(u)du+/0/0 k()X (1 — v) dv du + o B(t).

Since r and B are continuous, we are able to apply stochastic Fubini’ theorem (e.g.
[32], Ch.IV.6, Thm. 65), if
2

/_too /Otr(u—s)2 duds < oo and /_too /Ot (/Ou_;(u — s —v)k(v) dv) duds < .

The statement follows from classical Fubini’s theorem and the fact that r € L?([0, 00); R)
and ||k x 7| L2 < ||kllz1]7]z2-

7. Poor or THEOREM [B.4]

Suppose that r € C([0, 00); (0, 00)) obeys

(7.1) r € RVeo(p) for some € (—1,-1/2).
Since r € L*(]0, 00); R), there exists ¢ : [0,00) — (0,00) such that
(7.2) c(t) = / r(s)r(s+t)ds, t>0.

0

By assuming (7.I)), we exclude the possibility that r € L'([0,00);R). Our first
result is the following rate of decay of c.

Theorem 7.1. Suppose that r is a positive continuous function which obeys ([T.))
for some p € (—1,—1/2). Then the function c in (L2)) is well-defined and moreover
obeys

=:L>0.

Ce(t) | T(=1—20)T(1 + p)
(7.3) tliglo tr2(t) I'(—p)

Proof. For u € (—1,—1/2) we have fooo x#(x 4+ 1)*dx = L. First we suppose that
r is decreasing. In this case we choose for an arbitrary 0 < e <1 ad =d(e) >0
such that f05 x#(x 4+ 1)*dx < e. The Uniform Convergence Theorem ([11], Theorem
1.5.2) yields that
r(tx)
r(t)
Hence, there exists a g = to(d) such that
r(tx)r(t(z + 1))
r(t)?

— z#, uniformly in z, for all z > .

<2z (x+ 1)*, forallt > tg,x > 0.



LONG MEMORY VOLTERRA DIFFERENTIAL EQUATION 17

The function on the right hand side is integrable, hence, the dominated convergence
theorem yields that

i [ rUa)rt@+ 1), / iy TGt 1) / (a1 1) da.
t=oo /s r(t)? § tooo r(t)? 5
There exists a t; = ¢1(d) > to such that

e o

t
/;O o (2 + 1) da — /;o Ww‘ =

for all ¢ > ¢;. On the other hand, using the monotonicity of r we obtain

/& r(s)r(t +s) ds < /& r(s) d R(t) R(dt)

tr(t)2 -

(7.4) <e+

trt) T r(t)t R(t)

where R(t) = fot r(s)ds € RV (i + 1). It follows from Karamata’s Theorem [11],
Theorem 1.5.11, that

R(t) 1
.

tr(t)  p+1

Choosing ¢ small enough and a t3(5) > t1(6) large enough we obtain
st
t t ot 1
(7.5) / rEIrt+5) 4o <o BOROY o L g o
0 tr(t)? t—oo ()t R(t) w1

for all ¢ > to. Hence, combining (ZH) and (Z4]) we get for all ¢t > to

‘L_/mwdsl < ’L_/mwdsh/&wdsgge_
o tr(t)? se tr(t)? o tr(t)?

Now, for arbitrary r obeying (Z1I), let p(t) := sup{r(t) : t > z}. Then p is a
positive decreasing function, continuous on [0,00) and satisfying p(z) ~ r(z) for
x — oo [II], Theorem 1.5.3. For an arbitrary e > 0 we choose ¢ty = t(€) such that
for all t > ty we have

1 /OO
— ps)pt—i—s)ds—L‘ge.
e ) oo
Since r(t)/p(t) — 1 as t — oo for every € € (0,1) there exists t1 = t1(g) > to such
that 1 —e < 7(t)/p(t) < 1+ ¢ for all ¢ > ¢;. Therefore

) on r(s)r(s+t)ds )
(7.6) (1-¢)?< T plo)p(s 1) ds < (1+¢) .

For € sufficiently small we obtain

ftio r(s)r(s+t)ds 1‘

(7.7)

I p(s)p(s +t)ds

Now, since p is decreasing, we have for t > t;

t1 t1 t1

(7.8) ﬁ/@ r(s)r(s+1t)ds = /o r(s) ;EZ i 2 p(;(;t) ds < (1+¢€) | r(s) ds.

Therefore as ¢ — tp(t) is in RV (u + 1) and g+ 1 > 0, we have tp(t) — oo as
t — 0o, and so there exists a ta = ta(€) > ¢ such that

I

‘m /0 r(s)r(s+t)ds

I
<e and ‘—/ p(s)p(s+t)ds| <e
0

()
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for all £ > t5. Therefore,

'ﬁ /Ooor(s)r(s +1t)ds — L' < '@ /Ooop(s)p(s +1t)ds — L'
+ ‘thl(t) /0 1 r(s)r(s +1t)ds| + ‘ﬁ/{) 1 p(s)p(s+t)ds
+ ‘thl(t) /too r(s)r(s+1t)ds — ﬁ /too p(s)p(s +t)ds
1 o0 jzo r(s)r(s+t)ds
=gt tp*(t) /tl pls)ols +1)ds ftio p(s)p(s +t)ds !

< 3e+3eL = (3+3L)e.
Finally we note that

lim o(t) .
A T s ()2 r(1)7 e p(t)?

O

We now explicitly connect the result of Theorem [ 1] to the autocovariance function
of the stationary solution of (2.8) in the case when a = — fooo k(s) ds to prove our
main result.

Proof of Theorem[3.4)
It follows from Theorem that
.
. 2/, 1-20q _ SIN”am
(7.9) tliglo tr(t) - L=(t)t ==

Since a € (0,1/2) we have that r € L*([0,00); (0,00)) N C([0,0); (0,00)) and
r € RVg(a —1) with pp := a —1 € (=1,—1/2). Therefore by Theorem [Tl and
Theorem [2.2 obtain

lim c(t)L?(t)t'2* = lim ) P2 (LA ()22

{00 t—o0 tr2(t)
_ 2 (1 —2a)l(a) sin?(ra)
I'l—a) 2
as claimed. O
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