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2 R. NEGREA

1. INTRODUCTION

We consider a stochastic integral equation of Itd type
t

(1.1) X(t,w) = Xo(w) + /f(s,X(s,w))ds + /g(s,X(s,w))dW(s,w), t €10,a],

a >0, f,g:[0,a] x R™ are continuous functions, X (¢, w) is, the unknown, stochastic process
and W (t,w) is a n-dimensional F;-Brownian motion on the probability space (€2, C, P, F)
where F = {F;, t € [0,a]}, Fs C F;,0 < s <t < ais anon-anticipating family of sub-
o-algebras of IC with respect to n-dimensional Browninan motion W (¢,w). For ¢t € [0, a] we
denote by F; the smallest o-algebra with respect to which X, and random vector W (s, w) .,
are measurable. To simplify the notation, we do not write out explicitly the dependence of a
stochastic process on w € €. We also tacitely assume the separability of all stochastic processes
that we consider in the paper.

We are concerned with the stochastic integral equation (I.1I)) where X is Fp-measurable,

R"-valued function independent of W (¢), 0 < ¢ < a and E(|Xo|? = [ |Xo(s)|?dP < oo and
Q
the second integral is in the sense of 1t6 ([15]). Here f(¢, x) is a R™-valued measurable function

defined on [0, a] x R™ and ¢(t, x) is a n X n matrix-valued continuous function on [0, a] x R™,
Borel measurable on [0, a] x R".
An a.s. continuous stochastic process X : [0,a] x R” — R™ is called a solution to (1.1)) if
(see [2])
i.) X(t) is F;-measurable (i.e. F;-adapted) stochastic process for ¢ € [0, al;

1i.) a.s. we have
t

156, X + oo, X ds < o0

0

t
so that the Riemann integral | f(s, X(s))ds and the Ito stochastic integral
0

t
[ g(s, X(s))dW (s) are well defined;
0

iii.) the stochastic integral equation of Itd type (1.1) holds a.s. for every ¢ € [0, a].

The existence and uniqueness of a stochastic process X solving (I.I)) is known to be gua-
ranteed under conditions that the drift coefficient f(¢,x) and the diffusion coefficient g(t, z)
are continuous and satisfy a Lipschitz condition in the x-variable (see [2} [11} [16} [18]). The
uniqueness holds in the strong sense of pathwise uniqueness, in the sense that if X (¢) and Y ()
are two solutions with X (0,-) = Y(0,-) = Xj a.s. , then

P ( sup | X(t,-) = Y(t,-)| > O) =0.
0<t<a

Note that the pathwise uniqueness ensures that solution are also unique in the law sense, but
pathwise uniqueness and law uniqueness are not equivalent (see [27]],[29]). It is well known
that equations of type (I.I)) are important in the formulation and analysis of the stochastic mod-
els in engineering, in the theory of automatic systems and numerous other domains of biology,
physics, life sciences (see [9, [L1]). The pathwise uniqueness is of particular interest for ap-
plications in the mathematical finances (see [26]) such as Black-Scholes ([4]) model or Cox-
Ingersoll-Ross model (see [10]) which describes stochastic evolution of interest rate {7 };>o by
the stochastic integral equations.
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The pathwise uniqueness of solutions is important in establishing the validity of a given sto-
chastic model for a real problem, because without uniqueness the system of equations and its
solutions cannot be used to make predictions about the behaviour of physical systems. The
uniqueness implies continuous dependence on initial data which is useful on obtaining condi-
tions for continuation and periodicity of solution (see [[13]]).

Moreover, it is known (see [27], [28], [29]) that in order to define a diffusion process through
a solution of the stochastic differential equation, it is sufficient to verify the uniqueness in the
sense of the probability law of solution. But, the pathwise uniqueness implies the uniqueness
in the sense of probability law and thus, the solution defines a unique process. Some examples
of constructing diffusion processes through solutions of stochastic differential equations by
verifying the pathwise uniqueness are given in [28, 29]]. Other construction of such processes
seems to be much more difficult (see [[13} [24]).

Thus, it is appropriate to consider the question of uniqueness apart of the existence.

2. PRELIMINARY

We will introduce a class M of functions which will prove to be very useful in the investi-
gation of the existence and uniqueness of solution for the stochastic integral equations and to
assure the convergence of the successive approximations to solutions.

Definition 2.1. Let M be the class of all continuous nondecreasing functions ¢ : [0,00) —
[0,00) such that z — x — ¢(x) is nonnegative and strictly increasing on [0, c0) and satisfies
S ©*(xg) < oo for some xy > 0, where ¢*" is the n'™ iterate of ¢ (see [5]],[201, [22]]).

n=1

Note that 0(0) = 0if ¢ € M while 0 < ¢(x) < oo forall z > 0. Moreover, ) ¢*(x) < 0o

n=1

for all z € [0, z0]. The condition > ¢**(z) < oo for some x, > 0 is not implied by other

n=1

properties defining the class M, as one from example of p(z) =

Y forz > 0, in which
. 1+2x
case formula ™" (z) = e’ forn > 1 and x > 0, easily checked by induction, ensures that
nx

Z_: ©*"(xg) = oo forall zp > 0. Indeed, given zo > 0, if the integer N > 1 is such that xy > %

n—=
then

(e.) o o o 1 B
;90 (7o) = Zl+nxo Z%_

n=1 n=N

1
As examples of the functions ¢ € M are: p(z) = az,x > 0, a € (0,1); n(z) = " for
x

x>0, A > 1,7n(0) = 0 and for the divergence case 0(z) = %, 0>0,xz>0.
T

Further on, we identify a subclass of the class of functions M, N' C M, generated by aid of
a set of positive strictly decreasing sequences {a,, },>1 with the certain properties [20].

This class A of functions allows to formulate new classes of stochastic integral equations
with the important properties regarding different types of convergence of the sequences of suc-
cessive approximations to solutions. In particular, a relaxation of the classical Lipschitz condi-
tions on their coefficients is given by allowing a suitably controlled growth in the time variable.
The class A can also be used to study the concept of stability of random solution of certain
class of stochastic integral equations.
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Let S be the set of strictly decreasing positive sequences {ay, },>1 with the following proper-
ties:

. . Ap+1
Un — Qpi1 > Qo1 — Qpeo foralln > 1, lim a, =0, lim —— =1,
n—o00 n—0o Oy
. Opt1 — Apy2
lim —+ "2 — 1 and E a, < 0o .
_>. J—
n—=00  Up Qp+1 n>1
Lets to consider the sequences
41 — Apy2 Unlnio = (Gng1)?
oy =———— and [, = , n>1.

Ap — Ap41 Ap — n41
We define the function ¢ : [0,00) — [0, 00) by ¢(0) = 0 and

(.I‘)* ag, algx
7 Oénl"l‘ﬁn, an+1<x§ana n>1

The piecewise linear function ¢ is continuous on [0, 00), satisfies ¢(a,,) = an41 foralln > 1
and © € [an11,a,] ensures p(x) € [an42,an41]. Since the sequence {a,},>1 is nonnegative,
strictly decreasing and converging to zero, this implies that x > () for all z > 0.

On the other hand, glgr(l) [z — p(z)] = 0since p(x) < apyq foralln > 1 and nh_}nolo any1 =0,

while lim [z — p(z)] = oo since p(x) = ay for all z > a;.
T—00

Furthermore, since by construction ¢(a,) = a1 for all n > 1, for the iterate function
©*"(x) we obtain that

Zw*n(al) = Z‘p(an) = Za”"’l < 0.
n=1 n=1 n=1

o0 o
Moreover, for z > a;, we have that *"(z) = a,1,n > 1,and Y @™ (x) = Y ap41 < 00.
n=1 n=1

Also, for the iterate function ¢*" and all z € (a,1, a,| we have that

QO(.T) = SO*l(x> S (an+27a’n+1]7 gp*l(‘r) < an+1, 30*2(1’1) S (an+37a'n+2]7
90*2(x> <anta, oo @7(2) € (G241, G20), 9" (7) < agp.

Hence, for each x € (0, aq] there exists an k& > 1 such that x € (axy1, ax] with p(z) €
(@py2, aryr], and ©**(x) € (agny1, azil.

Then we have for m > k

" (x) < agy, and Z " (x) < Z agm < oo, forall z € (0,a4]

m>k m>k

and > ¢*"(x) < oo, for all z € (0, aq].
n=1

On the other hand, it is easily to deduce that the function ¢ (z) is derivable on the complement
of the countable subset {a,, },>1 of [0, 00) and ¢'(x) = a,, > 0 on (a,41,a,), n > 1, hence ¢ is
an increasing function and therefore ¢ € N' C M. Note that there does not existy € (0, 1) such
that p(z) < vz, for all x > 0, since ¢(a,) = an11 < ya,, foralln > 1, and so lim “= =1

is impossible. B

The fact that the sequence {«, },>1 is strictly increasing implies that () is a nonincreasing
function and that ¢(x) is concave function (see [14]).

To see this more clearly, one can have a look on Figure [I] which compares the function ¢
with the identity map for z € [ag, as + 0.2], Supplementary, the graph of ¢'(x) in given in

Figure 2|
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— ¢(x)
— f(x)=x

® (an,¢(an))n=12,..20

Figure 1: The graphs of o(x) (thick line) and the identity map f(x) = x (dotted line), with some points (an, ¢(ay))
located (dots)

As an example for a sequence with the above properties, we choose the following particular

sequence
1
an n == N
{ndnz {n(n +1) }nz1

for which we have that a,, — a1 > a,+1 — a,12, Which is ensured by

6
n(n+1)(n+2)(n+3) =0,

[e'e]
and lim a, =0, lim == =1, > q, < oc.
n—oo n—o0 n

n=1
Defining
N _ Qnt1 —Ang2 T N :n—i—l
" Ay — Qpyy n+3 T g
5 = 1
" (n+1)(n+2)(n+3)
we see that lim «,, = 1, with lim (3, = 0. Note that
n—oo n—oo
3
Qp — Qi = — < 0,
(n+3)(n+4)

1e. a, < ayuyq forn > 1.
Other examples of sequences with similarly properties with the sequence {a,, },>; are: b,, =

Z L Cn = d, = L €n = n>1
k>n+1k3’ n_n2’ n_’)’LQ—’]’L—'—l, n_n\/ﬁ, - .
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Figure 2: The graphs of ©' (x) (thin line) with some points (a,, ) located (dots)

3. MAIN RESULTS

In this section we give a result concerning a relaxation of the Lipschitz condition, proving
a Nagumo-type result (see [3]], [6], [7], [8], [19]) for deterministic counterpart. We improve
Theorem 1 and Theorem 2 from [22]] which ensures the existence and pathwise uniqueness for
an appropriate case.

For example, it is known that the classical Itd theorem establishes pathwise uniqueness of so-
lutions to equation if the functions f and g are uniformly Lipschitz in the second variable:

|f(tx) — [ty +g(t,x) —g(t,y)| < K|z —y|, t €[0,1], z,y,€ R (L)

for some K > 0 (see [16], [17]). Also, in [17] is proved that the Lipschitz condition (L) can be
slightly weakened to allow for a blowup in time:

|f(t,:L') - f(tvy)| + |g(t,£(]) - g(tvy)| < h(t)|l‘ - y|7 te [O’ 1]7 T,y € R (Ll)

where the function i : [0,1] — R, belongs to Ls([0,1],R,). Indeed, if X and Y are two
solutions of (1.1)), then for every ¢ € [0, 1]

t
E (X, ~Yi?) < c/h(s)2E(|Xs vl ds,
0

which by Gronwall’s inequality implies F (| X, — Y,|?) = 0 and thus X; = Y} a.s., thanks to the

t
assumption [ k(s)%ds < oo,

0

We shall introduce a new class of functions-factor on the right side of (L1),
o' (¢
K= {k: Ry = Ry, k(t) = % ¢ Lo(]0, 1], R, ) and satisfies (Ll)}
and we denote with
H={h:R, =R, h(t) € Ly([0,1],R,) and satisfies (L1)} .

These classes are complementary and they imply different classes of coefficients f, respective
g, for equation (L.T).
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Moreover, we replace the operation "+" with "V" (max{f, g} f V ¢g) in the left side of
(L), h — k,h € H,k € K, |z —y> — ¢(Jz —yl*), ¢ € N and we obtain a new
relation 7) which assure that the solution of has pathwise uniqueness property in Bjg 1}, but
the classical Lipschitz condition is not satisfied.

Following Rodkina (see [25]) and Taniguchi (see [27]) we consider the Banach space B 4
which is the set of functions % : [0,a] x 2 — R™ measurable in the second variable for each
fixed ¢ € [0, a] and continuous in the first variable for a.s. fixed w € €2 and with

E(sup {|n(t, ]2}> < 00
te[0,a)
endowed with the norm

1/2
HMuNbWHZ{E<£$;ﬂMtNﬂ>}

Throughout in this note, by |z| = /x; + --- + x, we denote the Euclidean norm of the
vector x = (z1,Tg,...,2,) € R™.
We have following

Theorem 3.1. Assume that there exists an absolutely continuous function 0 : [0,a] — [0, 00)
with 6(0) = 0 and 6(t) > 0 for t > 0, having an integrable derivative §' on [0, a] with 6'(t) > 0
fort>0and lim 0'(t) = oco. and such that

—0+

)
p(lz —yl*)

|f(t ) = f(t )PV gt z) — g(t,y)]* <

forallt € [0,a], z,y € R"and ¢ € N;
i) there exists a constant K > 0 and such that

ft ) Vgt z)]> < K(1+|z)?), x e R", t € ]0,q] .

If Xy € L*(Q, K, P) is independent of the Brownian motion W (t,-), a <t < a and f, g are
continuous with f(t,0) = g(t,0) = 0 forall t € [0,al, then the solution to has pathwise
uniqueness property in B ).

Proof. Let X and Y be two solutions of (I.1)) in Bjg 4.
As in the proof of Theorem 1 from [22], we define the operator 7" : By o) — Bjo,q] by

T(X(t,) = /f s, X (s ds+/g(s,X(s,-))dW(s,'),

for which it is easy to see that this operator is well defined. Also, by using the inequality
(a+ B)? < 2(a® + f?) for a, B € R, the Cauchy-Schwartz inequality for the square-integrable
functions and Itd’s isometry formula (see [22]]) we obtain

sup {|T(X(t,)) —T(Y(t,'))|2}] =

IT(X(t,) =TV (t, )5, = F

te[0,a)

t

=5 | sup §| [17(5:X(5.) = Fls V(5. )lds
]

te(0,a
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t

n /[ (5. X (5.7)) — g(5. Y (s, )W (s,)

ik

/E (s, X (5,7)) — f(s,Y (s, )] dst

+2 [ B Ug(SuX( 7)) - 9(87Y(57 ))|2] ds <

o\

a

<4(a+1) / E[f(s,X(s,)) = f(s,Y(s,))* V |g(s, X(s,7) — g(s,Y (s,) "] ds .

0
We define, for n € N, the stopping time (see [, 7, 12, [16])

To(t) =inf{0 <t <a : |X(t-)|>nor|Y(t)]>n}Aa
and set
Z(t)=F [ sup | X (s,) —Y(s, ))|2} ,0<t<a.

0<s<TpAt

Then, from the condition ), we can write for ¢ € [0, a| that

Zn(t) <2 [E (t / (s, X(s,0)) = f(5,Y(s,))Pds+

Tn\t

+ / g(s,X(S,-))g(s,Y(s7-))|2ds>] <

0

< 4(t + 1) [E ( / Hf($>X<S> )) - f($>Y(S> ))‘2 v ‘g(st(S’ )) - 9(37Y(37 ))2]d3)]

<4a+1) { e . if;w (E(OSEQEM X(s.) — Yo, ->>|2) ds} _

< for t € (0.0]. |z| <
STty € 0,0, o] <m

so that
Zn(t) <2 [tE { / |f(S7X(57 )) - f(S7Y(S7 '))|2d3+

Tn/A\t

" / g(s,X<s,->>—g(s,Y<s,->>2dsH <

0

AJMAA, Vol. 22 (2025), No. 2, Art. 10, 14 pp.
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<4i(t+1) |E / (17 (5, X (5, DI+ (5, Y (s, )Pt
" / (Ig(s, X (5,0 + lg(s, Y (s, PP)ds b | <

T/t

<At+1) | B / (I (s, X (s, DIV lg(s, X (s, ))* + (5, Y (s, ) V g (s, Y (s, ) [+

+1g(s, X (5,))* V£ (5, X(5,))* + g (s, Y (s, ) V[ (5, Y (5,))7) dS}] <

Tn/At

< 8(t+1> E / (|f(S7X<Sa'))|2\/ |g(3’X(8"))‘2+ |f(8,Y(S,-))|2\/ |g(3’Y(3"))|2)d3 <

t

/

§8(t+1)/%ds§5/0’(s)ds:€9(t), 0<t<§.
0 0

Moreover, if we define

an(t) = / 0 <S)¢(Zn(s))ds, te0,a,

nl(t
we see that «, is continuous and lim on(t) = 0.
t—0 6 (t)

On the other hand, since ¢(z) < x for all z > 0 we have that

an(t) = / %Ejiw(Zn(s))ds < /%Zn(s)ds < /%50(5)&9 =¢ed(t), t € (0,]

Moreover, for ¢t > 0 we have

()= Gt 20) < 50200 < 5 [ G etzonds = Gt

hence

al(t) () an(t)Y’
= (ew) <0 tea

Qp

. ' o) _
207 1S decreasing on (0, a] and tl_l}]gl+ =0

and therefore o, (t) must vanish on (0, a] meaning «,(t) = 0, for ¢t € (0, al.

As Z,(t) < ap(t), for t € (0,a], we deduce that Z,,(t) = 0 on [0,a] .

Since n > 1 is arbitrary, we have that X (¢,-) = Y (¢, -) a.s. forevery fixed ¢ € [0, a] and hence
for a countable dense set .S in [0.a]. By the continuity of X (¢,-) and Y (¢, -), coincidence on S
implies coincidence throughout the entire interval [0, a| and the proof is complete ([6, 22]). n

Thus, the nonnegative continuous function
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Corollary 3.1. Assume that there exists a constant o, 0 < a < % such that

2x
[f(62) = F6y)P v lg(t @) — gt 9P < ==z —yf), L€ (0,1], vy, € R”
and a constant K > 0 such that
Ift,2)?V|g(t,z)]* < K(1+|z]?), z € R", t €]0,1] .

If f and g are continuous functions on [0,1] x R" and X (0, -) € L*(Q, K, P;R") is indepen-
dent of Brownian motion W (t, -), fort € [0, 1], then equation has the pathwise uniqueness
property.

Proof. In order to prove, apply the above Theorem for 0(t) = t%°,0 < a < }, a =
which implies that the right part of inequality 7) from Theorem [3.1{becomes

1 ) 1 16a

T P = g el =yt = el ).

L
18°

Remark 3.1. We observe that if we elude to use the function ¢ and the operation V. — +
in enunciation of Theorem the proof becomes similar with the except of condition i) from
Theorem [3.1} which becomes

1 6)

7)) |f(tx) = fty) P+ gt z) — g(t,y)]° < mm\x —yl?

that offer the facilities to give interested examples (see [7], [8], [22], [23]).

Remark 3.2. For the existence of solutions for equation with similar conditions, see [7,
8, 22| 23]]. On the other hand, Theorem [3.1]is a more general with respect to the problem of
pathwise uniqueness than the result given in [[7]. Also, we see for example that neither Corollary
1 nor Proposition 1 from [27] can’t be applied .

4. SOME DETAILED EXAMPLES

It is appropriate to insist on the pathwise uniqueness property of the solution with some
examples of stochastic integral equations of (I.1I) type to which Theorem [3.1]and Corollary [3.1]
can be applied and for which the drift coefficients, as well as the diffusions coefficients, are not
Lipschitz (see [6, 7, 9, 22, 23]]).

Example 4.1. Let f, g : [0,1] x R be given by

0,t=0z€R,
t = a(t — W[(%f]
f(,.f)—g(,l‘)— T,forwﬁt,tE(O,l],x€R+

0, forx >t, te (0,1, v € Ry

where ¢ € N, i.e. 0(0) =0, ¢ : Ry — Ry such that the map t — t — p(t) is nonnegative and
strictly increasing on R, , o(t) < t fort > 0, p(t) < ag where as is the second element of the
generatrix sequence {ay, },>1 of the function p, usually as < 1.
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Then we have that

|f(t,2) = f(ty)* Vgt x) — gt 9)[ = [f(t,2) — f(t,y)]?
]}

o | (5t -
s BV
z—t 2 y=t)? ’
<4{90 [(T) }} v{@ [(T) }} =
< 64t -
( 2—t\2]1?
) {@[(17&)]} ,forx >y, t€(0,1], x,y € R,
= y—t\2 2 B
\ {W[(?Gt)]} ’forx<y’t€(0,1], IE,Z/GR—i-
( z—y)? ?
{w[(g) [} ,fory <t, te(0,1], z,y e Ry
=\ Loy _
\ v 12& , forx <t, t€(0,1], z,y € Ry
AC fory <t 1€ (0.1], 2y € R,

16t
ol )],forx<t,t€(0,1], x,y € Ry

16¢
since (o + 8)? < 2(a? + B%) forall a, B € Rand |p(u)|?> < |p(u)| = p(u) < ay < 1, from the

Hence, Theoremor Corollaryare satisfied since we can choose 6(t) = < a< %,
for example o = % Then the second part of the inequality ) of Theorem becomes

definition of (.
p(lz —yf?), fora=1,

1 0@ 1 2¢3!
T ellr —yl*) = s oEelr—ylf) = -
4(a+1) 0(t) 4.-231 12¢
and our example has for the second part of the inequality ) of the form

1 2 1 2
- — < _
o(lz —y|7) < 127590(|17 yl®)

16t
i.e. the hypotheses of Theorem [3.1]are satisfied and the solution of equation (I.1]) with the above

coefficients has the pathwise property.
Nevertheless, the Lipschitz condition
|f(t,l‘) - f(t7y)|2 < L|l’ - y|27 fort € [07 1]7 T,y € R-‘m L>0

—t

o=

)= F(E D) = {90 {Z) H <Ll P

1
t,=)—

is not satisfied, since for x = % and y = ¢ implies
) } < G4tL|L — #[? and for t — 0 implies that [p(1)[* < 0 which it is

1
AJMAA

ie. {gp {(2
impossible since ¢(t) = 0 only for ¢t = 0.

|w
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Example 4.2. Let f,g: [0,1] x Ry — R, be given by

;

x;j/lzn,o<:c<t t € (0,1],

ViVEnt >t e (0,1],

f(t,l’) = g(t,ﬁ(]) =

\

The hypotheses of Corollary are satisfied for 0(t) = t**,0 < a < %, o= % and then

2a . o L .
— = —, but the classical Lipschitz condition is not satisfied.

Indeed we have that

4/ n a2 2
xV/sin y\/sm _2|ZL‘ y| \/ﬁ<2| y|

21f(t, ) — ft.y)l* =2

TVt TVt 49t
for0<zr<y<torO<y<z<t;
2/t 7) — [t )2 rv/sint  ty/sint ]x—t] Vsint \x—y\ |
T) — = -
’ Y i i 40t 40t

for0<z<t<yorl<y<t<uz;

2
tv/sint  tv/sint B

2\f(t, @) — f(t,y)] =2

Wi Wi
forO<t<zrz<yorl<t<y<cux.
On the other hand we have that
20 2 2 2 2
e =yl = 7t! yl _49t!$ yl”,

i.e. the solution of equation (]E[) with the above coefficients has the pathwise property.
For the second part, we observe that if it would hold, we would have

\f(t,z) = ft,y)P < Llz—y|*>, 1>t>0, 2,y e Ry, L>0,

and for x = t and y = 0, it would be
2

4/ -
‘\/f\/smt _ < Llt— 0P
7
which implies that
Vsint \/f

< Ltand 1 < 491Vt .
49 — - Vsint

This is impossible since we would have

t
1< 49thm\/—hm \/—

=0
=0 /sin ¢t

which is absurd.
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