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ALMOST PERIODICALLY UNITARY SOLUTIONS TO
STOCHASTIC DIFFERENTIAL EQUATIONS
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Abstract

In this paper, we consider a class of stochastic differential equations with
almost periodic coefficients. In the one-dimensional case, by using the unitary
group of operators associated to the stationary increments of the Brownian
motion, we show the unitary almost periodicity of the solution. We also
prove that the tightness is a property of almost periodically unitary processes.
Some examples are given.

2020 Mathematics Subject Classification: 34C27, 60H10, 60B11, 60G10,
47D03.

Key words: almost periodically unitary processes, stationary processes,
stochastic differential equations, unitary group of operators.

1 Introduction

Ever since the generalization of the almost periodicity theory to the functions
with values in abstract (Polish or Banach) spaces, given by Bochner [7], several
classes of almost periodic (AP) functions have been introduced, mainly: Stepanov
AP, Weyl AP, Besicovitch AP, etc., see [2] for an overview and the hierarchy of
these notions. This theory has played a role in various branches of mathematics,
most notably in differential equations. For more details concerning this theory and
its application to differential equations, see for instance [1, 17, 23, 11, 9]. We focus
in this paper on the class of random functions (stochastic processes). In this case,
the almost periodicity forks into different types. In [19], T. Morozan and C. Tudor
introduced the almost periodicity in one-dimensional distributions (APOD), in
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[13], H. L. Hurd, A. Russek and D. Surgailis defined the almost periodicity of the
finite dimensional distributions (APFD) and for continuous processes, C. Tudor
introduced the almost periodicity in infinite dimensional distributions (APD),
see [22]. In the case of continuous second-order stochastic processes, the almost
periodicity in quadratic mean (APQM) is given by P. H. Bezandry and T. Diagana
[5]. In [12], E. G. Gladyshev treated the periodic and almost periodic correlated
processes (PC and APC, respectively). On the other hand, the well-known link
between the unitary groups of operators and some processes, such as stationary
processes and PC processes, motivated H. L. Hurd [14] to propose the definition
of almost periodically unitary (APU) processes which is the central concept in
this work. Some relationships between the different types of almost periodicity
are shown by C. Tudor in [22], Bedouhene et al. in [4]. All the above concepts are
applied to study the stochastic differential equations (SDEs) with AP coefficients
except the APU (APC), to our knowledge, until now, no work has broached
this issue and this is due to the fact that the set of APU processes has neither
algebraic nor topological suitable properties (no stability by addition and there
isn’t a complete adapted metric). For instance, the study of the existence of
a quadratic mean almost periodic solution to SDEs has aroused the interest of
several authors, unfortunately in [18] it is shown, by counterexamples, that it is
strong as a property for solutions of SDEs, which means that, generally, there is
no APQM solution. However, for the almost periodicity in distribution (APOD,
APFD and APD), C. Tudor and his collaborators [21, 3, 19, 20] showed the
existence of solutions (of these types) to various SDEs. M. Kamenskii, O. Mellah
and P. Raynaud De Fitte [16] proved, under some conditions, that the unique
bounded mild solution to some semilinear SDE in a Hilbert space is APD. In this
work, we show that the unique bounded solution in one dimensional case is APU.
The study of the infinite dimensional case uses the notion of measure conserving
transformations. This work is in progress.

This paper is organized as follows: In the second section, we recall the defi-
nitions of the different types of almost periodic processes with more details and
properties on the APU processes. In section 3, we prove that an APU process
satisfies the tightness property given in [4, Remark 2.2.]. We also show that the
solutions to SDEs given in [18] as conterexamples to mean square almost periodic-
ity are APU. We finish by the study of existence and uniqueness of APU solutions
to some SDE. In this part, we consider the following affine stochastic differential
equation

dX(t) = —a X(t)dt+ F(t)dt + G(t)dW (t), t € R, (1)

where a is a real positive constant, W := {W;};cr is a standard Brownian motion
(sbm) on R, F: R — R and G : R — R are almost periodic functions. By using
the unitary group of operators connected to the stationary increments of the sbm,
we show that the unique solution to (1) is APU.
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2 Notations and preliminaries

In this section, we recall some important definitions.

2.1 Almost periodic functions

Let (E,||-||) be a Banach space. A continuous function f: R — (E,||-||) is
said to be Bohr-almost periodic if for each ¢ > 0 there exists [(¢) > 0 such that
any interval of length l(€) contains at least a number T (called e—almost period)
for which

sup || f(t +7) = ()] <e.
teR

In this case, we say that the set of e—almost periods is relatively dense in R.

Recall that f : R — (E,|| - ||) is almost periodic if and anly if the set of
its translations (f)ier == (f(- 4 t))icr is relatively compact in Cy,(R,E), where
Cu(R,E) is the space of continuous functions endowed by the topology of uniform
convergence on R (see [7]). And thus the range of f is relatively compact in E.

There is an equivalent definition of almost periodicity, due to Bochner [8],
which is also used in the study of SDEs. However, in this paper, we settle for the
Bohr-almost periodicity.

2.2 Almost periodic processes
Let (€2, F,P) be a probability space and L?(Q2) be the space of all mean square
complex valued random variables defined on §2.

2.2.1 Almost periodicity in quadratic mean

A mean square continuous second order stochastic process X = {Xi}ier s
almost periodic in quadratic mean (APQM for short) if the function

R — L*(Q)
t — Xt

is almost periodic.

2.2.2 Periodically and almost periodically correlated processes

A mean square process X is said to be wide sens (weakly) stationary if for any
t,s € R its covariance function given by

C(ta 3) = E(Xth) - E(Xt)E(YS)

depends only on t— s and its mean function m(t) = E(Xy) is constant with respect
to time t.
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There is a connection between a wide sens stationary process {X;}er and a
unitary group (called also a shift group) of operators U(7), 7 € R, given on the
span of {X;}ier by

U(1)(X¢) = Xiyr, for each t,7 € R.

For each 7 € R, U(7) can be extended to the closure H(X) of the span of
{X¢}ter and thus to L2(Q). The family {U(7), 7 € R} forms a one parameter
shift group on L?(€2). And if the process is square mean continuous, the group is
strongly continuous.

From this definition, we notice that for all T € R, C(t +T,s +T) = C(t, s)
and m(t+71) = m(t) (constant), then Gladyshev [12] naturally gives the following
definition.

A mean square process X is said to be periodically correlated with period T

(PC for short) if
Ct+T,s+T)=C(t,s) and m(t+T) =m(t) for allt,s € R.

In the same way as the stationary process, but for only 7 = nT, n € Z,
H.L. Hurd [14] shows the existence of a one parameter shift group {U(n), n € Z}
such that

U(n)(Xt) = (Xtynr), for each t € Ryn € Z.

D. Gladyshev [12] generalized the definition of the periodically correlated pro-
cesses to the almost periodically correlated processes, as follows:

A process X is said to be almost periodically correlated (APC for short) if its
mean and covariance

m(-):R—C; C(,):RxR—C
are uniformly continuous and the functions
m():R=C;C(,-+7):R—=>C,t = C(t,t +7)

are almost periodic, for every T € R.

2.2.3 Almost periodically unitary processes

The link, given above, between stochastic processes and unitary groups moti-
vates H.L. Hurd [14] to give the following definition, which is the central concept
in this work.

A mean square continuous second order stochastic process (Xi)ier is called
almost periodically unitary (APU for short), if there exists a strongly continuous
unitary group (called also a shift group) W = {U(7) : L*(Q) — L*(Q); 7 € R} such
that, for every e > 0, there exists () > 0 such that any interval of length ()
contains at least a number T for which

ilél{g\\ X(t+7)=U(r) X() |12 <s, (2)
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which means that the set

{rswl Xt +7) - U0 X0 110 <
teR
is relatively dense in R.
In the following, we recall some properties of APU processes and give an
important characterization in terms of the shift group associated to the process
and some almost periodic process in quadratic mean.

Proposition 2.1. ([14, Proposition 1]) A mean square continuous second order
process (X (t))ier is APU with shift group U if and only if there exists an APQM
process Y such that

Xt)=U((t)Y(t),Vt € R. (3)

Proposition 2.2. ([14, 15]) We have the following properties:
1. APU processes are uniformly continuous on R with values in L?(2).

2. The range of an APU process is bounded in L?(Q2), but it is not in general
totally bounded and thus not relatively compact.

3. APQM processes are APU.
4. PC processes are APU.
5. APU processes are APC.

6. Weakly stationary processes are APU.

3 Main results

Instead of the relative compacity, which is not satisfied by the APU processes,
we show in the following subsection a tightness result of APU processes, which
is an important property. In the second subsection of this part, we consider two
examples given in [18] and show that the solutions are APU. These examples
motivate the study of the equation (1) in the third subsection.

3.1 Tightness of APU processes

Before giving the tightness result, let us recall the definition of tightness and
the tightness criterion given in [4] . Let X be a continuous stochastic process and
(X(7))rer := (X (- +7))rer be the family of its translates. The process X is tight

if (X(7))rer is tight in Cx(R, C), which implies the following condition (tightness
criterion):

V]a,b] CR,Ve>0,Vn>0,36>0,VreR,
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P{ sup HX(r—i—t)—X(r—i—s)H>77}<5, (4)
[t—s|<d
t,s€[a,b]

where Ck (R, C) is the space of continuous functions endowed with the topology of
uniform convergence on compact subsets of R.

Proposition 3.1. If the process X is APU with a strongly continuous unitary
group of operators U = {U(7); 7 € R} on L?(f2), then X is tight.

Proof. Assume that X is APU. By Proposition 2.1, there exists an almost peri-
odic function Y : R — L?(f) such that

X(t)=U(t)Y(t),t € R.

Then, for all t,s € R and all r € R

HX(r +1)— X(r+s)

= HU(rth)Y(rth) —U(r+s)Y(r+s)

L? L?

By the group property of {U(7)},;cr and since U(s + r) is a unitary operator
on L?(12), we obtain

[x(+0-x0+9

- HU(T +5) [U(t — )Y (r+t)—Y(r+ 3)}

L2

_ ”U(t_ )Y (r+1)—Y(r+s)

L2

It follows that

- :U(t—s) Y(r—i—t)—Y(r—l—t)] + [Y(rth)—Y(HS)}

HX(T—I—IS)—X(H-S)

L2 L2

= :U(ts)ILQ]Y(r+t)+[Y(T+t)Y(T+8)]

L2

— :U(t—s)—U(O)}Y(r—H)—F[Y(T-Ft)—Y(H'S)}

L2

< -U(t—s)—U(O)} Y (r+t)

—i—HY(r—i—t)—Y(r+3)

L2 L2

By Tchebychev inequality, we obtain that for every interval [a,b] C R and
every r € R

1 2
P{ sup (| X(r+t)—X(r+s) >17}§2 sup (| X(r+t)—X(r+s)
[t—s|<d N |t—s|<é L2
t,s€a,b] t,s€(a,b]

Let € > 0 and 1 > 0. By the almost periodicity of Y : R — L?(2) we have:
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on the one hand, since U = {U(7);7 € R} is a strongly continuous unitary
group, and using the relative compacity of R(Y) = {Y(r),r € R} in L?(Q2), there
exists 01 > 0 such that for all » € R we have:

(5)

sup
‘t78|<51
t,5€a,b)]

gnf,

[U(t —5)— U(O)} Y(r+t)

LQ

on the other hand, from the relative compacity of the family (Y (- +7)),er in
Cu(R, L?(€2)), we deduce that there exists do > 0, such that, for all r € R

sup ||[Y(r+t)=Y(r+s)|]| < nve (6)
[t—s|<d2 L2 2
t,s€[a,b]

Therefore, X satisfies the tightness condition (4).
It remains to check ( see [6, Theorem 7.3,p. 82]) that we have,
Vn>0,3da>0,VreR

PlIZ00 2 of = P{Ix 0N 2 o<

Since Y is tight, Vi > 0, da >0, Vr e R

P{IF0I01 2 af <1
" P{IZ0O12 o} = P{I0ev ol 2 af= Pl = of.
0

3.2 Explicit examples of almost periodically unitary solutions

Example 3.2. (Stationary Ornstein-Uhlenbeck process). We consider a
real-valued standard Brownian motion W. Let a,0 > 0 be two real constants.
The Ornstein-Uhlenbeck process X, see [18, Example 2.1], given by

X(t) = vVZao /_ " a9 gir(s) (7)

is the unique L?—bounded solution to the linear stochastic differential equation
dX(t) = —aX(t)dt +V2aocdW(t). (8)

The stochastic process X is Gaussian with mean 0, and for all ¢t € R and
T > 0, its covariance function is given by

C(t,t+7)=0%e"7,

which means that X is a weakly stationary process, so APU (see Proposition
2.2).
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Example 3.3. Let W be a real-valued standard Brownian motion. Consider the
stochastic process X, defined by:

t
X(t) = e~t+sin(®) / e =5() /T cos(s) dW(s), t € R. ()
The process X is the unique L?—bounded solution to the following stochastic
differential equation
dX(t) = (=14 cos(t)) X(t)dt + /1 —cos(t) dW (t), t € R. (10)
The process X is not weakly stationary. Indeed, we have, for any ¢t € R,
E(X(t)) =0 and
C(t+7,t)=Cov(X(t+7),X(t))
=EX@t)X(t+71))
¢
_ e—t+sin(t)€—t—7+sin(t+7)/ eQ(s—sin(s))(l _ COS(S)) ds
—00
1 . .
_ 5 e—T—i—sm(t-{—T)—sm(t)'
Let us show that X is PC. We have, for any k,t € R,
Clk+T,t+T)=EXk+T)X(t+T))

— o t—k—2T+sin (t+T)+sin (k+T)

. E(( / ':T (S)de(s)> < / ermn mdms))).

—00

For T' = 27, we obtain that
C(k. +2m,t + 27T) _ e—t—k—47r+sin (t)+sin (k)

B ( ( / ) de(s)> ( / : ) \/de(s)> )

—00 —

Making the change of variable o = s — 27, we get

C(k +2m,t+ 271‘) — g t—k—dmtsin (t)+sin (k)
_ E(( / (o 2m=5in(0) /T o5 (o) dTV ( U)X / ¢7+2m=5in(9). /T cos (o) di( J))>7

where W (o) = W (o + 21) — W(27) is a Brownian motion with the same distri-
bution as W (o). It follows that,

k
C(k + 2w, t 4 27) = e~ t-hFsin(OFsin(k) g ( < / e? s @)\ /1 — cos (o) dW(a))

—00

< / t e”Sin(”)de(a)>>.

Therefore, for T' = 27
Ck+T,t+T)=C(k,t),Vk,t €R.
Hence X is PC which implies that X is APU.
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3.3 Existence and uniqueness of APU solution to SDE in one
dimension

We consider the following stochastic differential equation
dX(t) =—aX(t)dt+ F(t)dt + G(t)dW (t), t € R, (11)

where, a > 0 is a real fixed number, W is a real-valued standard Brownian motion
and F,G : R — R are almost periodic functions.

In the following, we will show that the solution X to the above equation is APU:
The strongly continuous unitary group U associated to X is inherited from sta-
tionary processes obtained by increments of the Brownian motion W.

For each s € R, denote by W* = (W{),cp the stationary process obtained by the
increments of the Brownien motion W:

W =W(s+t)—W(t), VteR.

The following lemma gives explicitly the group U.

Lemma 3.4. Let W be a real-valued standard Brownian motion. Then there
exists a strongly continuous unitary group U = {U(7);7 € R} on L%*(Q) such
that: - s

Wts—&—T = U(T)(Wts)a

for all s,7,t € R.
Proof. To prove this lemma we can use for instance [14] and [10]. O

Remark 3.5. In particular, for ¢ = 0, we have:
U(r) [W(s)} =W i=W(s+7)—W(r), (12)

for all s and 7 in R.

Theorem 3.6. The unique L2—bounded solution X of (11), which has the form

X(t) = / t e~ =) F(g) do + / t e =) Q(o) dW (0); Vt € R, (13)

— o0 —00

is APU.
Remark 3.7. For every r,t € R such that r < ¢,

¢ ¢
X(t)=e X (r) + / e~ 179 F(0) do + / e~ =) G(0) dW (0).
Proof of Theorem 3.6
Let us show that the solution X is APU. We consider the strongly continuous
unitary group U = {U(7);7 € R} given by the formula (12).
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Let € > 0 and 7 be a common e—almost period of the two functions F' and G.
For any t € R, we have

IX (¢ +7) = U(r) X (B2

:E<| X(t+7)-U(r) X(t) |2>

= E< / v e~ HT=9) F(5) do — U(7) [ / t e~ =) B (o) da}

—00 —0o0

+ / T emattir—o) G(o)dW (o) — U(7) [ / " mati—o) G(o) dW(o)]

o0 —00

y

Since (a + b)? < 2a? + 2b%, we get

IX (¢ +7) = U(r) X(®)I2

<2 <’ / Tttt F(o)do —U(7) [ / t e~ =) F(o) da]

N )

42 E<‘ /_ t: e~47=9) G0 dW (o) — U(7) [ / " al0) G(o) dW(J)}

—00

\

Making the change of variable s = ¢ — 7, we obtain

IX (¢ +7) = U(r) X(®)IZ

<2<‘/ ts)FerT)ds—U()[/t e_a(t_S)F(s)ds]

—0o0

+2 E<’/OO e~ =) G(s + 1) dW (s) — U(7) U

— 00
= I + Iy,

)

e~ =) G (s) dW(s)]

| )

where W (s) = W (s+7)— W(r) is a Brownian motion with the same distribution
as W (s).

For I;, we have
t t
L =2 '/ e~ =) P(s 4+ 1) ds — U(7) {/ e~ =9 [ (s) ds}

=2 (‘ /_ ; e ) F(s 4 1) ds — /_ ; e::?t—é’) F(s)ds 2
) )] ]

t

2
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Now, using the Cauchy-Schwarz inequality, we obtain

t

I <2 / e—a(t—s)

B t

9 </ o—alt=5)/2 j—a(t—s)/2
. t t

(</ e—a(t—s) dS) (/ e—a(t—s)
_t _t

92 <(/ e—a(t—s) dS) (/ e—a(t—s)

t 2
<2 (/ em(t=9) d8> sup | F(s+7) — F(s) |*.
—00o s€eR

F(s+71)— F(s)|ds

IN

F(s+71)— F(s)

IA
()

F(s+1T1)—F(s)

IN

F(s+71)— F(s)

Since F' is an almost periodic function, we deduce that

t 2
I <2d%¢ </ e~alt=s) ds) = 2¢.

For I, we have

=2(|[ G nais e [ e et awe) )
:2E</_; ~at=5) Gi(s + ) AW (s /tOOU [ a(t=3) (s )dW(s): 2)
=2 E< /; —alt=9) G(s + 1) dW (s /too )[U(T) dW(s): 2).
Using Lemma 3.4, we get
Lh=2 E<‘/ Gls +7) dW (s /; ~alt=5) () d(U () W (s)) 2)
—2E<‘/ Gls +7) di(s) — /OO e=(t=5) Gi(s) dTV (s) 2).

It follows that

)as.

12_213(‘/ =) { S—i-T)—G(S)] AW (s)

Applying It6’s isometry, we get

t
12:2/ E(

e~ (t=9) [G(s +7) — G(s)]
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By the Cauchy-Schwarz inequality, we obtain

t
I < 2/ E<e—2a(t—s)

2 / " 2ats) E<‘G(s + ) —G(s)

—00

G(s+71)—G(s)

2
)ds
2
>ds

t
< 2</ e_2a(t_s)ds> supE | G(s +7) — G(s) |* .

—00 seR

IN

Since G is an almost periodic function, we deduce that

t
I, < 2a5</ e—2a(t=s) d8> =g,

thus X is APU and the associated group is given by the formula (12). []

References

[1] Amerio, L. and Prouse, G., Almost-periodic functions and functional equa-
tions, Van Nostrand Reinhold, New York, 1971.

[2] Andres, J., Bersani, A.M. and Grande, R.F., Hierarchy of almost-periodic
function spaces, Rend. Mat. Appl. VII. Ser. 26 (2006), no. 2, 121-188.

[3] Arnold, L. and Tudor, C., Stationary and almost periodic solutions of almost
periodic affine stochastic differential equations, Stochastics 64 (1998), 177—
193.

[4] Bedouhene, F., Mellah, O. and Fitte, P.R.D., Bochner-almost periodicity for
stochastic processes, Stoch. Anal. Appl. 30 (2012), no. 2, 322-342.

[5] Bezandry, P.H. and Diagana, T., Ezistence of almost periodic solutions to
some stochastic differential equations, Appl. Anal. 86 (2007), no. 7, 819-827.

[6] Billingsley, P., Convergence of probability measures, 2nd Edition, Wiley Series
in Probability and Statistics: Probability and Statistics, John Wiley & Sons
Inc., New York, 1999.

[7] Bochner, S., Abstrakte fastperiodische funktionen, Acta Math. 61 (1933), no.
1, 149-184.

[8] Bochner, S., A new approach to almost periodicity, Proc. Natl. Acad. Sci. 48
(1962), no. 12, 2039-2043.

[9] Corduneanu, C., Almost periodic functions, Interscience Publishers [John Wi-
ley & Sons|, New York-London-Sydney, 1968.



Almost periodically unitary solutions 185

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Doob, J.L., Stochastic processes, Wiley, New York, 1953.

Fink, A.M., Almost periodic differential equations, Lecture Notes in Mathe-
matics, Springer-Verlag, Berlin, 1974.

Gladyshev, E.G., Periodically and almost-periodically correlated random pro-
cesses with a continuous time parameter, Theory Probab. Appl. 8 (1963), no.
2, 173-177.

Hurd, H.L., Russek, A. and Surgailis, D., Note on almost periodic distributed
processes, Unpublished manuscript (1992).

Hurd, H.L., Almost periodically unitary stochastic processes, Stochastic pro-
cesses and their applications, Stochastic Process. Appl. 43 (1992), no. 1,
99-113.

Hurd, H.L. and Miamee, A.G., Periodically correlated random sequences,
Spectral theory and practice, Vol. 355, Wiley-Interscience, 2007.

Kamenskii, M., Mellah, O. and deFitte, P.R., Weak averaging of semilinear
stochastic differential equations with almost periodic coefficients, J. Math.
Anal. Appl. 427 (2015), no. 1, 336-364.

Levitan, B.M. and Zhikov, V.V., Almost periodic functions and differential
equations, CUP Archive, 1982.

Mellah, O. and de Fitte, P.R., Counterexamples to mean square almost peri-
odicity of the solutions of some SDFEs with almost periodic coefficients, Electr.
J. of Differ. Equ. (2013) No. 91, 1-7.

Morozan, T. and Tudor, C., Almost periodic solutions of affine Ité equations,
Stoch. Anal. Appl. 7 (1989), no. 4, 451-474.

Prato, G.D. and Tudor, C., Periodic and almost periodic solutions for semi-
linear stochastic equations, Stoch. Anal. Appl. 13 (1995), no. 1, 13-33.

Tudor, C., Almost perioidic solutions of affine stochastic evolution equations,
Stochastics and Stochastics Reports 38 (1992), no. 4, 251-266.

Tudor, C., Almost periodic stochastic processes, Qualitative Problems for
Differential Equations and Control 43 (1995), no. 1, 289-300.

Zaidman, S., Almost-periodic functions in abstract spaces, Notes in Mathe-
matics, Pitman (Advanced Publishing Program), Boston, MA, 1985.



186 Omar Mellah, Karima Slimi and Mannal Smaali



