TIME REGULARITY FOR STOCHASTIC VOLTERRA
EQUATIONS BY THE DILATION THEOREM

S. PESZAT AND J. ZABCZYK

ABSTRACT. The dilation theorem of Nagy is applied to establish
time regularity of the solutions to a class of stochastic evolutionary
Volterra equations.

1. INTRODUCTION

This note is concerned with the path regularity of solutions to the
following stochastic Volterra equation

(1) X(t)=Xo+ /tv(t — s)AX (s)ds + L(t), t €10,7],

where (A, D(A)) is a closed, densely defined operator on a real sepa-
rable Hilbert space (H, (-, )y), L is a semimartingale with cadlag (or
continuous) trajectories in H and v is a locally integrable real-valued
function. If the operator A is bounded then the existence of a regular
in time solution to (1) can be obtained in a very simple way. Namely
we have the following result. Actually this result is valid for any mea-
surable H-valued function L. The semimartingale property of L is not
used.

Proposition 1. Assume that v is locally integrable, and that A is a
bounded linear operator on H. Then for any Xo € H there is a unique
strong solution X to (1). Moreover, the solution is cadlag (res. con-
tinuous) in t.

Proof. Define Iy(t) = Xo + L(t), t > 0, and

t
I (1) :/ v(t — s)AL,(s)ds, t>0,n=0,1,....
0
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Then each I, is cadlag (resp. continuous) in H. Given w > 0 and
f:00,T] = H,let || fllo := supiepr | f ()| Then forn =0,1,...,

t
e L ()] < IIAIIL(H)/ e ot — s)|e™ [ 1u(s)|  ds,
0

and consequently, we have

t
[l < [[AllL sup / eIt — s)[e” | L (s)|nds
0<t<T Jo

T
< Al / e o(®)|dt | Ll

T
< (Mllon [ e=h0lat) o+ Ll n=0.1....
0

Taking w big enough we obtain

T
HAHL(H)/ e “to(t)|dt < 1.
0

Thus Y 2 o [|1n]lo < oo, and consequently the series > 7 I,(t) con-
verges in H uniformly in ¢ € [0, T], to the unique solution having cadlag
(resp. continuous) trajectories. O

If the operator A is unbounded we should work rather with weak
solutions.

Definition 1. Process X is a weak solution to (1) if for any a* € D(A*),
t

(X(t),a") = (X0+L(t),a*)+/ v(t—s)(X(s), A*a") yds, te[0,7].
0

Note that in the special case when A is the infinitesimal generator
of a strongly continuous semigroup S, and v = 1, then (1) becomes

dX(t) = AX(t)dt + dL(t),  te[0,T],

and the weak solution X is given by the stochastic convolution:
t
(2) X(t) = S(t)Xo ~|—/ S(t — s)dL(s), € [0,T7.
0

If S is a semigroup of generalized contractions (see Definition 3), then
one can prove the existence of a cadlag (resp. continuous) modification
of X, given by (2), using either the Kotelenez submartingale inequality
[12] or, following Hausenblas and Seidler, the so-called dilation theorem
of Nagy. The case of general strongly continuous semigroup is open
with the exception of the case when L is a Wiener process when the
so-called factorization method works (see the original paper [3] or [4, 5,
15]). Path regularity of solutions to linear evolution equations driven
by Lévy process is studied in [1, 13, 15, 16].
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The study of the regularity of solutions to the stochastic Volterra
equation was initiated by Clément and Da Prato 2] and continued by
Karczewska and Zabczyk [11] and Karczewska [8, 9, 10|, mostly for
Wiener perturbation.

In the note we prove the existence of a cadlag version of X for several
classes of functions v and self-adjoint operators A using the dilation
theorem. Our aim is to prove the following result valid for an arbitrary
semimartingale L.

Theorem 1. Let Xg € H. Assume that A is a self-adjoint negative
semi-definite operator on a Hilbert space H and that a locally integrable
function v of at most exponential growth at infinity satisfies one of the
following conditions

(a) v: (0,+00) = R is nonincreasing and positive,

(b) v: [0,400) = R is a function of locally bounded variation v(0) >

0 and the generated measure dv is positive definite.

If L is cadlag (or continuous) semimartingale in H, then the weak
solution to (1) ewists, is unique, and has a cadlag (resp. continuous)
modification.

Example 1. Take v = 1, then X is given by (2) and we recover a well
known result for stochastic convolutions.

Example 2. Let v(t) = t7* for some a € (0,1). Then v is locally
integrable, strictly decreasing, and positive. Therefore it is of the type
(a) from Theorem 1.

Example 3. Let v(t) =t, ¢t > 0. Then v/ = 1 is positive definite, and
thus v is of type (b). In this case the solution is given in the following
explicit form

t
X(t) = cos(vV—At) X, + / cos(V—A(t — s))dL(s),  t>0,
0
see Example 6 and Proposition 5 for more details.

Example 4. Assume that v € C'([0,+00)), v’ is non-negative, non-
increasing and concave. Then, by the Bochner theorem, ¢t — v'(|¢|)
is positive definite as required. In particular, if v(0) > 0, v'(¢) > 0,
v"(t) <0 and v"(t) > 0, then v is of type (b).

Example 5. Let a,b > 0, and let

Then v’ is non-negative, non-increasing and concave. Note that

o(t) = v(0) +at — &t*, te[0,0],
B v(0)+%b, t >0,

is of type (b) provided that v(0) > 0.
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The proof of the theorem is given in Section 3. It is based on the
following three ingredients: a representation formula similar to (2) in
which the semigroup S is replaced by the so-called resolvent family
R of (1); see Definition 2, the dilation theorem (see Theorem 2) for
positive definite families of operators, both presented in Preliminaries.
The third ingredient and the most essential part of the proof, is a
result stating sufficient conditions under which the resolvent is positive
definite.

2. PRELIMINARIES

2.1. Resolvents. In this subsection A is a possibly unbounded densely
defined closed operator on H.

Definition 2. A family R(¢), t > 0, of bounded linear operators on H
is called resolvent to the equation

(3) y(t) = F(t) + / ot — s)Ay(s)ds, >0,

if the following conditions are satisfied

(i) R is strongly continuous on R, = [0, +00) and R(0) equals the
identity operator I,
(ii) R(t)D(A) € D(A) and AR(t)r = R(t)Azx for all ¢ > 0 and
x € D(A),
(iii) for all x € D(A),

(4) R(t)xr =z + /Ot v(t — s)AR(s)xds, t>0.

The following elementary result is crucial for our proofs.

Proposition 2. Assume that the resolvent to (3) exists and is denoted
by R. If L is a semimartingale with cadlag trajectories in H, then the
weak solution to (1) exists and is given by the formula:

(5) X(t) = R(t)Xo + /t R(t—s)dL(s),  te]0,T).

A proof of Proposition 2 is similar to that of Theorem 9.15 of [15].

2.2. Dilation theorem and regularity.

Definition 3. We say that a family R(¢), t € R, of bounded linear
operators on a Hilbert space (H, (-, )y) is positive definite if for any
finite sequences (¢;) in R, and (¢;) in H,

Z<R(tﬂ' —te)Vj, V) > 0.

gk
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We say that the family R is strongly continuous if for any ¢ € H and
t eR,
lim |R(s) — R(0)Y] = 0.

Theorem 2. (Nagy dilation theorem) Assume that R is a strongly
continuous positive definite family of bounded operators on a Hilbert
space H, such that R(0) equals the identity operator I. Then there exist:
a Hilbert space H containing isometrically H and a strongly continuous
unitary group U(t), t € R, on H, such that

R(t)yy = HU(t)¢, t>0,veH
where 11 is the orthogonal projection of H onto H.

For the proof we refer to [14]. The dilation theorem is related to the
regularity problem through the following proposition.

Proposition 3. Assume that for some w the family e “M R(|t]), t € R
is positive definite, t — R(|t|) is strongly continuous, and R(0) = I. If
L is cadlag (or continuous) semimartingale than the process X,

X(t) = R(t)Xo + /t R(t — s)dL(s), t>0,

is cadlag (or continuous) as well.

Proof. We use the Hausenblas and Seidler arguments from [7|. Namely,
by the Nagy dilation theorem (Theorem 2),

X(t) = R(t) Xy + /t e e U=t — s)dL(s)
= R(t)Xo + e /t e “IIU(t — s)dL(s)

= R(t) X, + e'TIU (t) /Ot e “*U(—s)dL(s),

where U is a Cy-unitary group in a Hilbert space H <= H and Il is a
continuous projection of H into H. Therefore the result follows from
the regularity of stochastic integrals. U

3. PROOF OF THEOREM 1

It is enough to show that the resolvent R exists and the operator
valued mapping R > t — e “R(|t|) € L(H) is positive definite. The
properties that R(0) = I and R is strongly continuous are included in
the definition of the resolvent, see Definition 2. For doing this we will
analyze first a close relation between the properties of Eq. (1) and the
following family of scalar Volterra equations

(6) 4w+uA3w—rpumT:L £>0,
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parametrized by elements p of the spectrum o(—A) of the operator
—A.

3.1. Scalar Volterra equation. Assume that s(¢; i), t > 0, solves (6)
and note that if p is an eigenvalue of —A corresponding to the eigen-
vector x, then R(t)xr = s(t;p)z, t > 0, solves the resolvent equation
(4). Therefore heuristically R(t) = s(t; —A), t > 0.

Let us observe that taking in Proposition 1, H =R, B=—u, [ =0
and Xy = 1 we obtain the following.

Proposition 4. Assume that v is locally integrable. Then for any
i € R there is a unique solution s(t;u), t > 0, to (6). Moreover,
s(t; p) s a continuous function of t.

A proof of the following result can be found in Corollary 1.2 and
Theorem 1.1 of [17], see also Theorem 1 from [6].

Proposition 5. Assume that A is self-adjoint negative semi-definite
with the associated spectral measure E(1), T € 0(A). Then the follow-
ing assertions are valid.

(a) Let v: [0,400) — R be a function of bounded variation such that
dv is a positive definite measure. Then for any p > 0 and t > 0,
|s(t; u)| < 1. Moreover, the resolvent R(t), t > 0, to (3) exists, and is
given by the formula

@ RO =sti-A) = [ st mE ()
Finally, R s differentiable and

d
—R(t
Ok

(b) Let v be locally integrable, non-negative and non-increasing. Then
for any p > 0 and t > 0, 0 < s(t;u) < 1. Moreover, the resolvent
R(t), t > 0, to (3) exists, it is given by (7), it is self-adjoint and
satisfies 0 < (R(t)z,x)y < |z|%, * € H.

In some cases the solution s(| - |; ) can be found explicitly.
Example 6. If v = 1 then s(t;u) = e, ¢ > 0. If v(t) = e ", then

st ) = (14 ) [L 4 pe” T4 > 0,
Let v(t) = t, t > 0, be as in Example 3. Then for p > 0, s(t;pu) =

cos(/fit).

Proposition 6. Assume that the resolvent is given by (7) and that

there is an w > 0 such that for each u € o(—A), R 3t — e ls(|t]; u)
1s positive definite. Then

e MR(|t]) = e Ms(|t); —A),  teR,

1s positive definite.

IR®)| ey < 1, < Vara | |Az|,, t>0, a € D(A).




TIME REGULARITY 7

Proof. For a fixed h € H consider the projection Uy = (¢, h) gh. Let
5(t) = e *s(|t|; u). Then the operator valued mapping V' (t) = 5(¢)U,
t € R, is positive definite. In fact
D V(s — )i iy = Y (Ui, ) st — 1)
I

- Zw}“ h>H<¢j> h>H§(ti — tj) > 0.

This can be easily generalized to finite dimensional orthogonal projec-
tions and then to arbitrary projections. The spectral decomposition

formula (7) valid also for R completes the proof. O

3.2. Positive definiteness of e “Ils(|-|; u). Assume that f: [0, +00) —
R is measurable and such that [0, +00) 3 ¢ — e |f(¢)| € R is inte-
grable. Write

I(fiw+1ip) = /O+OO e " (wcos Bt + Bsin Bt) f(t)dt.

Given p € R, let s(t; ), t > 0, be the solution to the scalar Volterra
equation (6). The following lemmas constitute the most essential part
of the proof of the main theorem.

Lemma 1. Let p € R. Assume that the functions [0,400) > t
s(t;n) € R and [0,4+00) 2 t — v(t) € R have at most exponential
growth. Let w > 0 be such that e ™ s(t; u) and e ™v(t) decay exponen-
tially at +o0. If

(8) w4 pl(v;w+ip) >0, V3 >0,
then the function R >t — e “Itls(|t|; u) is positive definite.
Proof. Define 5(t) = e “I"ls(|t|; ), t € R. By the Bochner theorem 5 is

positive definite if and only if its Fourier transform

5(8) = /Reiﬁ’fg(t)dt, B €R,

is a non-negative function. Let

+too
S0 = [ et per
0
Clearly

9)  3(8) = 3.(8) + 51(—B) = 5.(8) + 5 (B) = 2Re 3, (8).
Let A = w4+ if, and let vy (t) equals v(¢) if ¢ > 0 and 0 if ¢ < 0.
From the convolution equation

54(8) + W0 V3L (9) = 3
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where v () is the Fourier transform of v calculated at .
Assume that

(10) 1+ pvy(X) # 0.
Note that as w > 0, then A = w + i # 0. Therefore
- 1
O = Xm0
and hence, by (9) we have
~ 1
5(B) = — + = 2Re =
SRS YCEaTeY) (1 ) AT )
2 —
= — Re A (1+ po (N
AL+ () ( )

Clearly
Re (X(L+ i@+ (V) = Re (@ = i8) (1 + 1 (w — i8)))
=w+ pRe (w —16)v(w —iP).
Next, as vy (t) = 0 for ¢t < 0, we have

(w—iB) 0 (w—iB) = /0+<>0 (w—iB) e~ @By (t)dt

= /+OO e " [(wcos Bt + Bsin Bt) + i (wsin Bt — Bcos Bt)] v(t)dt.
0

Thus
Re (A(1+p0: (V) = w + pl(v;w +i).
To finish the prove note that (8) implies that
w4+ pl(v;w+ip) > 0, VB eR,
and hence in particular it guarantees (10). O
Lemma 2. If f is differentiable and [0, +00) > t — e~ |f'(t)| € R s

integrable, then
+00

I(f;w+1iB) = f(0) + f'(t)e " cos Btdt.

0
Proof. Then since

t .
_ Bsin ft —wcos Bt _,
e “$cos fsds = e " =:g1(t),
/0 v w? + 32 ()

t .

s —wsin gt — fcos Bt _

ws ds = W —: gyt
/0 e “?sin Bsds T e g2(1),
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we have

uﬁw+4m=14“”m¢u>+ﬁ%u»fQMt

= — (g1(0) — B92(0)) £(0) — i f'(t) [aga (t) + Bga(t)] di
oo

= f(0) + f'(t)e™ cos Btdt.
0

n

Lemma 3. If f: [0,+00) — [0, +00) is non-increasing then I(f;w +
i) >0 for allw >0 and 5 > 0.

Proof. Clearly [0,400) 3 t — e " |f(¢)| € R is integrable. Since f
can be represented as a limit of increasing sequence of differentiable
functions with compact supports we can assume that f itself is differ-
entiable and satisfies the assumptions of Lemma 2. Then f’(¢) < 0 and
w > 0, by Lemma 2, we have

“+oo

I(f;w+iB) = f(0) + f'(t)e™" cos Btdt
0
+oo

> f(0) + f(@)dt = f(0) = f(0) + lim f(T) > 0.

0 T—+00
U

Lemma 4. Assume that f is differentiable, f(0) > 0, and the function
t — f'(|t|) is positive definite and bounded from below. Then I(f;w +

i) > 0 for all .

Proof. Since t — f'(|t]) is positive definite it has maximum at 0. Thus
t — f'(|t]) is bounded. Thus in particular [0, +00) 3t — e (| f(¢)|+
|f'(t)]) € R is integrable. By Lemma 2,

+00
I(f;w+1iB) = f(0) + /0 cos Bte ! f'(t)dt

+o0
— 1)+ [ e

Since [ eiftewItl f'(|¢|)dt > 0 as the Fourier transform of the convo-

lution of two positive measures: up to a constant « stable and whose
Fourier transform is ¢ — v'(|¢|), the desired conclusion follows. O

3.3. End of the proof. Taking into account Propositions 2, 5 and 6,
it is enough to show that there is an w > 0 such that for any p > 0, the
function R > ¢ +— 5(t) = s(|t|; ) € R is positive definite. Assume that
v is non-negative and decreasing. Then the desired property follows
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from Lemmas 1 and 3. If v is of type (), then § is positive definite, by
Lemmas 1 and 4.
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