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the integral are established.
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1 Introduction

The main purpose of this article is to study the regularity property of the integral
of a deterministic function with respect to stochastic measure u, where p is defined
on Borel subsets of [0, 1]¢. In basic statements of the paper, for 1 we assume only
o-additivity in probability. We study the regularity with respect to a parameter and
with respect to the upper limit of the integral. The case d = 1 was considered in [20,
Section 2.3], but methods of [20] do not work for d > 2. In our paper, we study the
integral using the Fourier—Haar expansion of the integrand.
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Sample path behavior of various stochastic processes was studied in many works;
we mention only some of them. The conditions for sample boundedness and conti-
nuity of «-stable processes were established in [24, Chapter 10]. Holder continuity
of harmonizable operator scaling stable random field is given by Corollary 5.5 [5]. In
Theorem 4.1 from [18] the uniform modulus of continuity for some self-similar SaS
random field was obtained, while the upper bound of the modulus of continuity of
stable random fields is given by Proposition 5.1 and Corollary 5.3 [6]. These results,
for example, imply Holder continuity of mentioned fields.

Conditions of continuity of Gaussian random fields may be found in Theorems
3.3.3,3.4.1 and 3.4.3 [1]. Holder continuity of centered Gaussian random fields under
certain conditions is proved in [30, Theorem 4.2]. Theorem 2.1 [31] gives an estimate
of the modulus of continuity of general random fields on metric space, these results
are applied to harmonizable stable random fields.

In our article, we consider stochastic processes which are integrals with respect
to a general stochastic measure. The definition of these measures, their properties
and examples as well as information about the Fourier—Haar series may be found
in Section 2. The continuity and differentiability of sample paths of the parameter-
dependent integral are established in Section 3. The continuity of realizations of the
integral as a function of the upper limit is studied in Section 4.

2 Preliminaries

2.1 Stochastic measures

In this subsection, we give basic information concerning stochastic measures in a
general setting. In statements of Sections 3 and 4, this set function is defined on Borel
subsets of [0, 1]¢.

Let Ly = Lo(£2, F, P) be the set of all real-valued random variables defined on
the complete probability space (2, F, P). Convergence in Ly means the convergence
in probability. Let X be an arbitrary set and 5 a o-algebra of subsets of X.

Definition 1. A o-additive mapping i : B — Ly is called stochastic measure (SM).

In other words,
w(AUB) = u(A) + u(B) for AN B =0,
1(Ay) 5 0for A, | 0. (1)

We do not assume the moment existence or martingale properties for SM. We can
say that p is an Ly-valued measure.

We note the following examples of SMs in multidimensional spaces. All mea-
sures, if nothing else is mentioned, are considered on Borel o-algebra of sets in
[0, 114.

Example 1. Let u be a random orthogonal measure — it is defined, for example, in [9,
Section 5.3] and [14, Section 2.3] — with a finite structural function. Then w is an SM
in the sense of Definition 1; condition (1) follows from [9, Section 5.3, Theorem 1(d)].
For example, the set function u(A) = f[o,l]d 14(¢z) dW (t), where we take multiple
Wiener-Itd integral (see its properties, for example, in [17, Section 1.1]), is a random
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orthogonal measure with the structural function m(A) = d!A4(A), where A4 is the
d-dimensional Lebesgue measure.

Example 2. Let u be an independently scattered «-stable random measure for o €
(0, 2] with a finite control measure. According to the definition — see [24, Definition
3.3.1] — for disjoint Borel sets {A,, : n > 1} the following holds:

o
U2 A =Y u(Ay)  as.
n=1

Therefore, p is an SM.
Example 3. Consider the set function & : B([0, 11%) — Lg such that

B(A) = / La(0) dZ5 (1), ?)
Rd

where Zi] is the Hermite sheet (see, for example, [7] or [29, Section 4]), H =
(Hy,...,Hy), 1/2 < H; < 1. Under these conditions, integral in (2) is well de-
fined, and w is an SM in the sense of Definition 1; the statement (1) can be proved
using the representation of u via Wiener integral (see [29, (4.12)]). Proposition 3 of
[7] implies the Holder continuity of .

If ¢ = 1 then the Hermite sheet coincides with the fractional Brownian sheet.

Theorem 10.1.1 of [15] states the sufficient conditions under which the product
of one-dimensional SMs generates an SM.

SMs may be used for study of stochastic dynamical systems (see [3]).

For deterministic measurable functions f : X — R, an integral of the form
fx fdu is studied in [15, Chapter 7], [20, Chapter 1]. In particular, every bounded
measurable f is integrable w. r. t. any ©. An analogue of the Lebesgue dominated
convergence theorem holds for this integral (see [15, Proposition 7.1.1] or [20, Theo-
rem 1.5]).

Below we will use the following statement for SMs defined on arbitrary o -algebra
B.

Lemma 1 (Lemma 3.1 [19]). Lgt wbean SMon (X,B), fr : X > R, k > 1, be
measurable functions such that f(x) = Z,fil | fx(x)| is integrable w. r. t. . Then

g(v/xfkdu)2<oo a.s.

2.2 Besov spaces
We recall the definition of Besov spaces Bg’p([O, 11¢) following [8] and [12]. Other
approaches to the definition and properties of these spaces are considered in [4], [23,
Sections 2.1 and 2.4], [27], [28, Sections 2 and 5]. The equivalence of different defi-
nitions is discussed in [8], [16, Section 17.2], [23, Section 2.3].

For functions f € L,([0, 1]‘1), we consider the value

! —ap—1 1/p
||f||3;§yp([0,1]d) = 1L, qo.119) + (/(; (wp(for)Pr—oF d") ,
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where w,, denotes the L,-modulus of continuity,

1/
wp(fr) = swp ([ 17+ m = feorrax)
h

|h|<r

where I, = {x €[0,11%: x +h € [0, 11%},
and || denotes the Euclidean norm in R?. Then
By (10, 11) = {f € Lp(10, 1)+ [Ifllgg o,y <+,

and || - || g« (j0,17¢) i @ norm in this space.
p.p Y

Let u be an SM defined on the Borel o -algebra of [0, 119. For x = (x1,x2, ...,
xq) € [0, 119 set

nw) = u(ﬁ[o, xi1).
i=1

In the sequel, we will refer to the following assumption on stochastic measure u.

Assumption Al. There exists a real-valued finite measure m on (X, B) with the fol-
lowing property: if a measurable function g : X — R satisfies fx g2dm < +oo then
g is integrable w. r. t.  on X.

For orthogonal measure, we can take its structural measure as m. For an a-stable
random measure, Assumption Al holds for the control measure m (see (3.4.1) [24]).
For an SM from Example 3 we can take measure m such that

d
m(A) :/dv/ luj — vi|*"i~2du,
A [0,11¢ E ' l

where u and v are d-dimensional vectors with the components u;, v;.
We have the following statement concerning the Besov regularity of SMs defined
on Borel subsets of [0, 1]¢.

Theorem 1 (Theorem 5.1 [19]). Let the random function

d
) = ([0, x1), xefo.1r,
i=1

have continuous paths and Assumption Al hold.
Then for any 1 < p < +o00, 0 < a < min{l/p, 1/2} the realization u(x),
x € [0, 119, with probability 1 belongs to the Besov space Bg,p([O, 119).

2.3 Haar functions

In order to construct a version of the stochastic integral, we use the approximation
of the integrand with Fourier—Haar series. In [21] Fourier—Haar series were already
used in approximation of the solution to stochastic wave equation when d = 1.
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We follow the definition of .one-dimensiona_l Haar functions y,(x), x € [0, 1],
from [13, Section 3]. Forn =2/ +i,1 <i <2/, j > 0, we write
A, = A; = (G —D277,i277), A, =[G—-D277,i27],
Ar=A)=(0.1), Ar=I0,1],
- ] o i i1
A,j:(A’j) = (G —-D27/, @i — 127/ ):Aj’+1,
B o ) P Y
A, =(A‘j) =((2z—l)2 T= 02 /)=Ajl+1. 3)

Now let x; = 1, and

07 X ¢ Kﬂs
() =1 272, xeAf,
2i2 xen-

for 2/ 41 < n < 2/*1, In discontinuity points and at the endpoints of [0, 1] we define
Xn(x) = (Xn(x=) + xa(x+))/2, x€(0,1),
xn(0) = %, (04H),  xu(1) = x,(1-). 4)

For g € L{([0, 1]), we define the Fourier—Haar coefficients and sums in a standard
way:

cn(g>=/ g(x)xn<x)dx=2f/2(/ g(x)dx—/ g(x)dx),
[0.1] AF Ay

N
SN (g, %) =Y cnl@)xn ().

n=1

We will approximate g taking the Fourier—Haar sums for values N = 2%, k € Z...
By (IIL.8), (IIL.8") of [13], for x # i27%,0 < i < 2¥, it holds

21<
Sy (g, x) = ZZklAi(x)/Ai g(t)dr,
i=1 k
and

szk(g, %) =2k—1(/, g(:)dﬂr/_+l g(t)dt), i=1,2...2_1,
Ay AL

Szk(g,O)=2k/ g(t)dt, Szk(g,l)=2kf g()dt.
Al A2k
k k

For integrable functions f : [0, 1]Y — R we will use approximation by multi-
variate Fourier—Haar sums.
The multivariate Haar functions are defined with equalities

(d)

Xnts g X) = Xny (X1 Xny (X2) - - Xng (X)),

,,,,,
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where yx,,, are one-dimensional Haar functions, x = (x1, ..., x4) € [0, 114. Consider
the Fourier—Haar coefficients

,,,,,,,,,,

cxl) ny,(f)zf[0 . fxP L, (x)dx,

and sums
d
S\ (fx) = > D OXD ).
ni,....nqg<{1,2,3,...2%}
In the sequel, we denote by Ny the set of elements (n1, ..., ng) suchthat 1 <ng; < 2k

forall s, 1 <s < d.In other words, Ny = {1,2,3,...,2¢ —1,2K4,

The following statement on the uniform convergence of multivariate Fourier—
Haar sums for continuous functions follows from formula (14) in [22, Lemma 2]
for p = oo. For d = 1 this fact may be found, for example, in [13, Theorem III.2].
A similar statement for multivariate periodic functions was proved in [2].

Lemma 2. If f € C([0, 119) then

sup S\ (fox) = f(0)] =0, k — oo.
xel0,11¢

3 Parameter dependent integral

In this section, we study the properties of random function
n(z) =/ fiz,x)du(x), ze€Z, @)
0,11

where Z is a metric space. Note that a parameter dependent stochastic integral w.r.t.
Brownian sheet was considered in [25, 26].

If f is continuous in x then Lemma 2 and analogue of the dominated convergence
theorem ([20, Theorem 1.5]) imply that for each fixed z

/ f(Z,x)dpL(x)zp—lim/ S\ (fx)dp(x),
[(),l]d k—o00 [(),l]d

where p-lim is considered as the limit in probability. Therefore,
o
- d d d
i) = /[ ERURIICEDS /[ L SLG0 =S (v ane ©)
> k=1 >

is the version of 1n(z).

In (6) we have integrals of simple functions, and each integral is equal to a re-
spective linear combination of values of ©. We fix the same version of u for all these
values.

We will use notation ¢; = (0,...,0,1,0,...,0), where 1 stays on i-th position,
e € Rd.
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Lemma 3. Assume that there exists | > 0 such that function f(z,x) : Z x [0, l]d —
R is continuously differentiable | times on [0, 11¢ for each z, and

arf(z’ -x) d
—F| < Cr, xe€]0,1]%, 7
0xg, ...0x5 | ! 10 1] @
for some constant Cy > 0, which is independent of z, and all0 <r <1, s51,...,5 C
{1, ...,d}. Moreover, let I-th derivatives be Holder continuous with an exponent o >

0,1i. e
Nz, xM)y 3 f(z,x?)

< Crlx® — @ 3
0Xg ...0x5  OXxg ...0x5 | six a ®)

Ifl +«a > d /2, then the version (0) satisfies the inequality

= (d)
(@) < CrC " (w),

where C; ) (w) denotes a random constant that depends only of dimension d and SM
U, C,(Ld) (w) < 0 a.s.
Moreover, series (6) converges absolutely and uniformly, i. e.

e¢]

2 sup

/ (SS (0 = SO (LN du)| < P @), ©)
[0, 11

Proof. We have that

/[Olldsgi”(f,x)du(x): SoodD L /[O XD ) dux). (10)

(n1,....nq)ENg

For each ng > 2, take j; such that 20 +1 < ng < 2Jstl Js = 0. Denote by
{j®,1 < k < d} the permutation of {ji, 1 < k < d} such that

jO=jP = 2j9.

Ifng, =---=n; =1, we set j(l) =...= j(i) = 0. We rewrite the expression for
Cny,...ng (f) in the following way:

e () = fw] F@ DK g dt = f[m @D [ xwdr

1<s<d

= 2Xiss=dns=2Js/2 /0 » f@n ] <1Af{_ (1s) — 15~ (l‘s)) dt
[ , ] &) s

1<s<d,ng>2

— 22153‘55].)1522 ]5/2 /
[0,114

ren T (lag ) =1, 6 =277D) ar

1<s<d,ng>2

(*) 2Zl<v<d ng>2 Js/2

X / Z (_1)31+~»-+8df(z’ fH+ 812_j1_1, R 8d2—j,1—1)
0.1 4 c(0, 10,22
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x I 1ar @) dr =2Z1sszan=2 /2

I<s<d,n;>2
x f Z (_1)81+»--+sd
Mi<o<dng=2 My 6,e(0.1)m,>2
x flz,t1+e27 7t eg2 7 Y dr. (1)
In equality (*) we opened the brackets in the product

l_[ (IA;S (1) — L ps (s — 2—15—1)>

1<s<d,ng>2

and used the change of the variables t;, — 27/~! — ¢, in Ly (1 — 2—Js= 1y,

The last sum in (11) can be represented as the sum of at most 24=1 summands of
the form

-1
of (z,t* + hy,) : :
WG+ hs) 40 @

(

* * —j D1 o

[z, t7) = fz, 1" +2 es,) = sar J
0 atsd

Now we repeat the same thoughts / — 1 times and use the properties of a function f,
which leads to the inequality

|C(d) ()l < lezdflflzzlgsgd,nxzz —js/22*(1'(‘1)+-~-+j(d7]“)+01j(d71)). (12)

Ny,...,lg

Further, we have the estimate

> sup
k=1 z€Z

< Zsup Z c,ﬁ‘f?“_’,,d(f) /[o i X,ﬁfj) g () dp(x)

k=17€%" (..., nq) €N \Ng—;

12
( )chfz Z Xty mdng 22 — s/ 2 (GO JAIHD D)
k=1 (n1,....nq)eN\Ng_1

’/[0 134 X’E?) ”d(x)du(x)‘

1/2
i(d) S(d—I1+1) S(d—1)
< 2dCf <Z Z B Y i<s<dng=2 Js =20 D+t +aj )>
k=1 (ny,....ng) €N \Ng_1

o | T
X (Z > 2B=D Xisi<dng=2Js (/[0 " pases nd(x)du(x)) )

k=1 (n1,....ng)€Ng\Ng_1

|60 = S0 o)
(0,114

=2cyp*p)>.
For a sufficiently small 8 > 0 we have the following estimate for P;:
P] — sup Z 2/3 Zlfsfd,n522 Al'x2—2(j(d)+"'+j(d_[+l)+05j(d_1))

k=1 (ny,...,ng)€Ng
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= sup 3 2D Y Ji=2G Do jOTD D)

k=1 Acq1,...d) 0<ji <k,
i€A

<2 sup Z 2BH1=2040) /) Ty ji — pd o (13)
k=1oo <k

Here we denoted by A the set of indexes i, for which ng = 1. It is left to prove that

for each fixed 8 > 0, P, < C l(td) (w). As follows from Lemma 1, it is sufficient to
show that

o0
P=3 3 2IPRmssii L wl=c? a4
k=1 (ny,....nq) ENg\Ng_1

where by C@ we denote positive constant that depends only on d. The inequality (14)
holds true, as is proved below.

Py=sup Y 20D Lissinz |y, (x1) oty (o)
k>1
(n1,...,na) €Nk

= sup Z 2(_/3/2) Zlﬁrﬁd,mzZ Js

k=1 (n1,....nq)€Ng

d
1 1
X H(IA,,S (xs) + 51{(,'_1)271'”(%) + El{izfjs}(xs))
s=1
() . d .
< sup Z Z 2B Esends < 24 qup Z 2B/ Yimrds — @)
k=1 4Ty 0<Js <k, k=1 o<js<k

SEA

Here in inequality (*) we used that for each set ji, ..., jg, for each x, x; # i27 /s, ex-

.....

If we have coordinates x; = i27Js, we take into account that 1 (- js}(xs) has the co-
efficient 1/2, as follows from (4). Now the statement of the lemma is a consequence
of (13) and (14). O

Remark 1. Assume that constants in inequalities (7) and (8) depend not only on f,
but also on z. Then the series (6) converges a.s. for each fixed z € Z and the following
analogue of (9):

> /[ . lW(Séi.”(f, 0) = S (f) du)| < Cr.C ).
k=1 ’

This statement is proved similarly to Lemma 3. We just refer to Cy,, everywhere
instead of C.

The following statement gives the conditions of the continuity with respect to
parameter z € Z.
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Theorem 2. Let Z be a metric space, and the function f(z,x) : Z x [0, l]d — R

be such that all paths f (-, x) are continuous on Z for each x, f(z, -) is continuously
differentiable [ times on [0, 11¢ for fixed | > 0 and all z € Z, while

a" ,
M <Cys, x€l0, 114,
0xg, ... 0xX;,
for some constant Cy > 0 (independent of z) and all 0 < v < I, s1,...,5 C
{1,...,d}. Let I-th derivatives be Holder continuous with the exponent o and

' fz,xD) 8 f(z,x?)

< CrlxD _ @
0xg ...0x5  OXg ...0x5 | 7! |

If, in addition, | + o > d/2, then the random function n defined by (5) has a
version (6) with continuous paths on Z a.s.

Proof. From (11) it follows that

C(‘f?_“’nd (f) = Zzls.vsd,nszz jx/2/ Z (_1)81+--~+8d

+
[i<s<ang=2 Brs g, €(0, 1.0, 2

X flz,n+e27 7 o g+ eg2 Y dr,

(d)

and coefficients c;, ... », are continuous functions of variable z. Now we can see from

representation (10) that IIO,I]" S;‘,f)( f, x)du(x) is continuous in variable z for all k >
1,we Q.

Finally we refer to Lemma 3 and obtain that f[o’ 1 Séf) (f, x) du(x) converges to
17(z) uniformly a.s. as k — oo, that implies the statement of our theorem. O

Theorem 3. Let the function f(z,x) : Z x [0, l]d — R, Z = [a, b], be continuous
differentiable | + 1 times on Z x [0, 119 while

ar-i—] ,
M <Cys, xelo, 119,
0z0xg, ... 0xy,
forallO <r <1, s1,....,8 C {l,...,d}. Moreover, let | + 1-th derivatives be

Holder continuous with the exponent o > 0, i. e.

Bl“f(z, x(l)) 81+1f(Z7 x(Z))
020Xy, ... 0xg B 020X, ... 0xy

< Cslx® —x@),

If, in addition, | + o > d/2, then paths of a random function 1), which is defined
by (6), have bounded derivatives on Z,

dn(z) af (z, x)
= —d .
dZ /[1)»1](1 a9z M(X)

Proof. Lemma 3 implies that

af (z, x) B W (3
/[O’l]d 9z e = /[0,1]d s (az’x) dp(x)
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+Z

3f d
x) Sék)l

(5

[0, l]d 8

, ))du(X),

431

where the series on the right-hand side converges uniformly. According to equalities

@ (3f
S =—,x)d
/[o,l]d o (8z x) e

of
= (d) (d)
= X Cnl,...,nd(g) /[O‘”d Xnio...ng ) dpe(x)

(1 3 dcny,.ng () L@
az [0!1]{1 Niyeeny

d
== / SO0 dp()
Z [0‘1

g OO dpa(x)

and Remark 1, we can differentiate the series in (6) and obtain that

dn(z) d

e f[o . SO (f, %) dpu(x)

Zd / (d)(f x) — k 1(fa x)) dp(x)
< 01]d

[O,I]d BZ

which finishes the proof. O
4 Integral as a function of upper limit
For a continuous function f(x) : [0, 119 - R and y=O1,-.-.-,y4) € [0, 14
consider the random function
§(y) = / . F(x)dp(x). (15)
[15=110,ys]
Lemma 2 implies that
(d)
o= [, SO
l_[ 1[0 ysl
S [, 0G0 = S du) (16)
k H = [0,}’s]

is the version of £(y).
We refer to the following assumptions on SM L.

Assumption A2. Random function u(x) = u(]_[fizl[o, xi]), x € [0, 119, has contin-

uous paths.
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In the following condition on the uniform modulus of continuity we take the con-
tinuous version of p.
Assumption 3. 1f d > 2 then 7, k% 2w(u, 27%) < oo ass.

It is easy to see that Asumption A3 holds for ©(x) with Holder continuous paths.
It also holds if, for example, w(u, t) < C|Int|™¢, € >d — 1.
Example 4. Denote

dq*(z)

q(r) =|Inz|7", y>d-—1/2, K(z) = .
dz

We introduce the stochastic process

d
B%c)=/nd T =W, e= .

s=1 s=1

where W is a d-dimensional Wiener process. Theorem 3.1 in [11] implies the exis-
tence of rectangle [¢, T] = ]_[le[t,-, T;1 C [0, 11¢ such that
|BY(x) — BY(x)]

lim  sup =C a.s. (17)
=0+ x zelr,T]

Scp<e Ox.¥ 1n<q_Tl()S”))

Here 8y z = [|BY(x) — BY(X)ll 2 < Cq(lx — x]), D is a diameter of [z, T].
From (17) it follows that for all x, x € [¢, T],

|BY(x) — BI(X)| < C8y5y/In D +68_ 7

y>1/2
< Clln|x —%|77y/InD + |In|x — X||

<C|ln|x — x||'/*77.

Therefore, w;,71(BY, 1) < C| Inz|V/27,
Now we are ready to formulate the main result of the section.

Theorem 4. Let Assumptions A2 and A3 hold, and the function f(x) : [0,1]1¢ - R
be continuously differentiable d times on [0, 11%.

Then, for the random function & defined by (15), version (16) has continuous
paths on [0, 1]d a.s.

Proof. For version (16), we have that

E(y) = lim S (f.x) du(). (18)
k=00 JTT9_,10.3,]

Here S;f) (f, x) is a simple function. By our assumption, SM p has continuous paths.
Therefore, for each k, the random function of variable y

/H oo, SR )
s=11Y:)s
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has continuous paths. We will prove that the convergence in (18) is uniform in y €
[0, 1]% a.s., and this will imply the continuity of €.

We aim to show that
sup | / S =S (f)du)| = CF (@)
k=1 y€l0,1} HJ:I[O‘y]

for some random constant € (w) < oo a.s. that may depend ond, f, u
X4) are continuous, therefore for any cut of the set

Recall that paths of 1 (x; e
H?:l[ysl» 521 C [0, 114 we have

“(li[[yn,ysz] N {x, = a}) _

s=1

19)

Thus, we obtain

/ LS00 =St
s=1 Vs
D @) du(x)

= ot [ X
Z nl ~~~~~ nq 1_[;1:1[0!%] Nlyenns n

(n1,..,na) ENE AN
(19) it
= Z cr(la;?...,nd(f)z(]l-i_ +Jja)/2
(n1,.na) €ENG\Ng
< [T (La 0~ 1y 00) duo)
[Ti=1103s] 1<y < ny>2
= Z I(Zd?...,nd(f)z(j]+ +ja)/2
(15000)ENE\Ng
> M( [T 200 J1 [O,ys])
1<s<d

es€{+,—} 1<s=<d

= An(y) + A2 (y).

Here Ag1(y) is the sum of terms with (ny,...,n4) € Ni \ Np_1, & € {4+, —}

such that
d d
[Tas c [0
s=1 s=1
(here for ny = 1 we take only &g = + and AEJ = (0, 1)). Taking into account the
definition of A+ and A, 1n (3), we get that in Akl )
d

d d
[T n[To=TTa5 - [T
s=1 s=1 s=1 s=1

for some (my, ..., mg) € Ng41 \ Ng. Therefore,

o0

D sup A ()l

k=1 yelo, 14
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Si Z |C(d) nd(f)|2(11+ +ja)/2 Z ‘ (1_[ Afzi)‘

=1 (n1,...,nqg) €N \Ng_1 ese{+,—} 1<s<d
(12) T
2eFn e 3 (T )
k=1 (ny,..., ng)ENE\Ng_1 ese{+,—} 1<s<d

ey oy ([T s

k=1 (my,..., mg)€Ng1\Ng I<s=<d
Here j; are taken such that 2s 41 <my; < 2j§+1’ and j; = js + 1 for respective mj.
From estimates in (13), (14) it follows that

o0
sup A (0| < € (w)
k= 1)6[0 1]

for some random constant C @ (w) that depends only of d and w. It is easy to see that
all estimates in (13), (14) remain valid if we change ¥, 1_)”_,,, ,(0) to

2(j1+”-+jd)/2 l_[ lAmx(-xs)-

1<s<d

Further, we estimate Ak (y), i. e. the sum of terms with (11, ..., ng4) € Nx \Ng_;
such that y; € A, for some s.

We get
Aemls Y 2 s b (T @n)” 010, 5D
(1,50e0n0) ENG\Ng 1, l<s<d
HYS€A2§
=20 > 2 Zmmesdu( [T @ 010.3))]
(mi,....mg) ENg\Ng—_1, I<s=d
Ays €Ay
< 2w, 2751 > 27 Lisszamz3 b = Dy,
(my,....;ma) €Nk 1 \Ng,
Ays €Ay

Now we check the convergence of the series Y -, Dy with the help of the sum

Z 2~ Lisszdm=3 s = Ty,

Notice that for each fixed set (ji, ..., j;) there exist at most

92 I<s<dms=3 s _ 1_[ (2js/ — 1)

1<s<d,m;>3
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sets (my ..., mq), for which 3y, € A,, . Denoting by A the set of indices s, which
satisfy the equality n; = 1, we obtain that

SukaS Z Z < 1_[ 1_2 -]l))
Yoo Acq,..., d} 1<j/<k, icA
leA
_ Z Z Z (—1)/BI+12= Eics Jf
Ac{l,..., d}1<J <k, BCA,
i€eA B#)
= Y Y B S o s
AcC{l,....d} BCA, 1<)/ <k,
B#£) icA
d u
(:*) ZZ(_DU-H <d> <M> Z Z_leiﬁvji/
u=1v=1 . v 1<j<k,

1<i<u

d u
v u —k\vu—v
S (1) (2o
d
:Z( >(k”—(k—l+2‘k)”)

= (k+ D% — (k+27%4,

Here in (%) we used the fact that sum (—1)/81+1 Zlfjgfk, 2~ YienJj depends only on
icA
|A| and | B|. Therefore, ’

D < 2w, 279 ((k + DY — (k + 2799 — k¥ + (k — 1 +27FF1)
= 270, 27 ((k+ DT =2k + (k= DT + 0@,

where 0 < 8 < 1. Applying Assumption A3 we get the statement of the theorem. [

If 11 (x) have a Holder continuous paths with exponent y > 0, then the statement
of Theorem 4 follows from Theorem 16 [10]. Moreover, Theorem 16 [10] states that
& has the version that is Holder continuous with the same exponent y > 0. In [10],
integral is considered in the Young sense, and its value coincides with the value of
our integral with respect to Holder continuous .

Theorem 5. Let Assumptions Al, A2 and A3 hold, and the function f(x) : [0, l]d —
R be continuously differentiable d times on [0, 11°.

Then, for the random function & defined by (15), for any 1 < p < 400, 0 <
o < min{l/p, 1/2} version (16) with probability 1 belongs to the Besov space
B ,(10. 11%.

Proof. The statement follows from Theorems 1 and 4. O
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