Korean J. Math. 23 (2015), No. 3, pp. 491-502
http://dx.doi.org/10.11568 /kjm.2015.23.3.491

ON MARTINGALE PROPERTY OF THE STOCHASTIC
INTEGRAL EQUATIONS

WEONBAE KiMm

ABSTRACT. A martingale is a mathematical model for a fair wa-
ger and the modern theory of martingales plays a very important
and useful role in the study of the stochastic fields. This paper is
devoted to investigate a martingale and a non-martingale on the sev-
eral stochastic integral or differential equations. Specially, we show
that whether the stochastic integral equation involving a standard
Wiener process with the associated filtration is or not a martingale.

1. Introduction

A differential equation in which one or more of the terms has a random
component is called a stochastic differential equation. The stochastic dif-
ferential equations are frequently used to model diverse applied fields.
Generally speaking, the stochastic differential equations have continu-
ous paths with both random and non-random components and to drive
the random component of the model they usually incorporate a Wiener
process. Before we discuss the models in depth, we first look at the
definition and example of a Wiener process.

DEFINITION 1.1. Let (2, F, P) be a probability measure space. Then
a stochastic process {W; : ¢t > 0} is called a standard Wiener process
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if Wy = 0 and {W; : t > 0} has continuous sample paths, a stationary
increment and an independent increment.

A standard Wiener process is a standardized version of a Wiener
process, which need not begin at W, = 0 and may have a non-zero
drift term and a variance term not necessarily equal to t. The general
definition of Wiener process is as follows.

DEFINITION 1.2. A process {W, : t > 0} is called a Wiener process if
{W; :t > 0} can be written as

—~

Wt = 5 + ,Ut + UWt
where &, p,0 € R, (0 > 0) and W, is a standard Wiener process.

The Wiener process in fact is a stochastic process sharing the similar
behaviour as Brownian motion([1],[6]). The Wiener process has a strong
Markov property, which is an important result in establishing many other
properties of Wiener processes such as martingales([7],[8],[10]). In gen-
eral, the strong Markov property implies the Markov property but not
vice versa([3],[4]). Once we have established the Markov property, we
can use them to show that a Wiener process is a martingale. The fol-
lowing example shows this process. Consider the following symmetric
random walk model

k
M, = Z Z; starting M, ,

i=1
where P(Z; = —1) = 4, P(Z; = 1) = 5 on a probability measure space
(Q, F, P). Using the independent increment property, E(My — M;) =0
for j <k, (j,k€Z"),
E(My|F;) = E(M,— M;+ M;|F;)
= E(M, — M;|F;)+ E(M;|F))
(Mk M;) + M;

|
==

and
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Moreover, M, is clearly Fj-adapted, it follows that M, is a martingale.
By the Donsker’s theorem([8]), if

1 [nt]

n) _ 1
Wy = EMW} = %ZZ
=1

is a symmetric random walk for a fixed time ¢, then we obtain the Wiener
process where

[t]
. n) _ .. 1 d
fo W = Jim 22 %5 N,

This example shows that the symmetric random walk satisfies the mar-
tingale property as a Wiener process and then the limiting distribution
of the symmetric random walk is a standard normal distribution N (0, 1),
and also is giving explain the sequence of all process referred to in this
paper.

As already stated in the abstract, this paper deals with martingale
property of some Wiener process. The tool of the proof is the qua-
dratic variation method and if the case can not use a quadratic variation,
then we prove the martingale property using the stochastic integration
method. In general, the quadratic variation of any stochastic process is
not a easy thing to prove whether that satisfies the martingale property.
Finally, we introduce an example using the results of theorem.

2. Martingale Property

Let (Q, F, P) be a probability measure space and {WW, : t > 0} be a
standard Wiener process. Then the following terms such as

1
W,, W2 —t, exp ()\Wt - 5%) (A €R)

satisfy the martingale property([2],[6]). Using this results, we obtain the
martingale property for the hyperbolic processes in the next theorem.

THEOREM 2.1. Let (2, F,P) be a probability measure space and
let {W; : t > 0} be a standard Wiener process. Then the hyperbolic
processes

1 1
X = exp(—é)\2t> cosh(A\W}), Y, = exp<—§A2t> sinh(AW,), (A € R)
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are a martingale, respectively.

Proof. We prove only the first formula. Then X; can be expresses as

1
X, = exp<—§A2t> cosh(AWV)

! 1,N 1 1.,
- At+Bt

Since A; and B, are martingales, we have E(A; + B;|Fs) = As + B; for
s < t and also E(|A; + By|) < +00. And since X; is a function of W,
X, is Fi-adapted. As a result, X; is a margingale. O

An one-dimensional stochastic differential equation can be described
as
dXt = /L(Xt, t) dt + O'(Xt, t) th
where W; is a standard Wiener process, uu(Xy,t) is the drift term and
o (X3, t) is the volatility term([5]). From the initial condition X, = o,
it can be written as the form of

t t
X = X0+/ M(Xs,s)ds+/ o(Xs,s)dWs,
0 0
where .
J1nXe9) |+ oK) Py ds < 400
0

and the solution of the stochastic integral equation is called an [to’s dif-
fusion([5]). We consider the stochastic integral with respect to a Wiener
process and write

t
-[t = / f(WS,S) dWS
0
where the integrand f(W;,t) is F;-measurable and

t
E(/O |f(Ws,s)\2ds) < oo forall t > 0,

Let t > 0 be any constant. Suppose that f(W;.,t;) is a constant on
the subinterval [t;,¢;41), where t; = Li, 0 =tg <t; <ty <--- <t, =1
for n € N. Then we call such a process f a simple process. For a simple
process, the stochastic integral I, can be defined as

t n—1
It = / f(Ws, S) dWs = 11_)111 Z f(Wt“ ti)(WtH_l - th) .
0 n—00 "
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Now we prove a martingale case and a non-martingale case on the
several stochastic integral equations involing the Wiener process. One
of the most useful property of a Wiener process is the quadratic variation.
First, we give a related lemma that we need in the sequal.

LEMMA 2.1. Let (2, F, P) be a probability measure space and let
{W; : t > 0} be a standard Wiener process. Then the finite quadratic
variation of {W, : t > 0} is given by

n—1

W, W), = JE&Z(WtHl—Wn)Z — ¢,
=0

where t; = i, 0 =tg <t; <ty <--- <ty <t,=tfornecN.

Proof. Since the quadratic variation is a sum of random variables, we
need to show that its expected value is ¢t and its variance converges to
zero as n — 00. Let

t
AWti = Wt _Wti ~ N(O,—),

-
! n

where E(AW?) = £ we have
n—1 0
. 2\ _ 2y _
E(nh—{goZOAth> = JLHSOZOE(AW“) = t.
Because AWZ/(t/n) ~ x*(1), we have E(AW}) = %2, it follows that

n—1 n—1 2
. 2 _ : 2
Var (nlggo E_O AWt,-) = E{ (nlggo E_O AWE — t) }

n—1

o . 2 _i 2

= g{}o;E{(AWti =)}
n—1

) 12 2 2

= m ) (-2t

= 0.

Therefore

n—1

t
lim ZO(th—Wti)z = /O AW, dW, = t

holds. O
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Using the result of Lemma 2.1, THEOREM 2.2 satisfies the martigale
property.

THEOREM 2.2. Let (2, F, P) be a probability measure space and let
{W; :t > 0} be a standard Wiener process. Then

n—1

t
I = / WedW, = lim > W, (W, — W),

where t; = i, 0 =t < t1 <ty <--- <ty <t,=tforneN, isa
martingale.

Proof. Since the quadratic variation of W; is
n—1

(W, W), = JLIIC}OZ(WQH—WQ)Q — ¢
=0

and

n—1

Iy = nh_{loloz Wti(Wti+1 o Wtz)
=0

n—1
_ 1 1
= lim ) [§(W{f+1 = W) = 5 (W, = W,)?
=0

1
- E(Wf—t)

Therefore I; is a martingale. O]

REMARK. Another proof of THEOREM 2.2 is as follow.
0X, 0X; 10%X,

ix, = g AW, + =
t ot T aw, T S

1

AW? + - -

Taking integrals,

we obtain

Next theorem is not a martingale case.
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THEOREM 2.3. Let (2, F, P) be a probability measure space and let
{W; 1t > 0} be a standard Wiener process with the associated filtration
F;. Then the quadratic variation of W, is defined by

n—1

(W, W), = JLH;OZ(WQH—WQ)Q — ¢
=0

and the stochastic integral of W x dW,
n—1

t
J, = / W dW, = lim Y W, (W, —W,,),
0 =0

n—00 4

where t; = Li, 0 =ty <t; <ty <--- <ty <t, =t forneN, is not a
martingale.

Proof. By LEMMA 2.1, the quadratic variation of W, is
n—1

W W) = nli—{goZ(Wtiﬂ _Wti)Q =t
i=0
we have
n—1
Jt = nh—>nolo Z Wt¢+1 (Wti+1 - Wtz)

i=0
n—1 1 1

= lim YD, = W)+ S (Weyy, — W)
i=0

1

Under the filtration F, (u < t),
1
E(L|F) = E(W? +t]F)
1 9 1
= §E(Wt | Fu) + 5t
1
Hence J; is not a martingale. O

The next theorem shows the martingale property as using the inte-
grand of the stochastic integral is a simple function but the quadratic
variation method is not.
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THEOREM 2.4. Let (), F, P) be a probability measure space and
let {Wy : t > 0} be a standard Wiener process with the associated
filtration JF;. The stochastic integral I; with respect to the standard
Wiener process defined by

t
= [rovesaw, = Zf Wi, t) (Wi, — W),

where f is a simple function and |f(Wy,,t;)] < 400, t; = i, 0 = t; <
th<ty<---<tp,1<t,=tforn €N, isa martingale.

Proof. Since I, is a function of W, it is F;-adapted. Under the filtra-
tion F,, (u < t), we have

I, = /Otf(WS,s) dWw.

U t
_ /f(Ws,s)dWs+/f(Ws,s)dWS
= lim Zf Wiss 1) (Wi, — Wa,)

n—1
+ lim Zf Wi ts) Wiy — Wa,),

n—o0
/ F(Wa,5)d

where k <n —1 and

(] o

Furthermore, we have

S

k—1
B(LIF) = E|lim 3 f(Wi,t)(We,, = W)|7]

1=

[y

n—

+E [ lim Z FWi ti) (W, — Wa,)

n—00
i=k

7

n—1

- / F(W,, s)dW, + lim ZE (Wi t)) (Wi, — Wi,)
0

Ful

n—oo
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Hence it follows that

E(L|F,) = /0 "W, ) dW

1

+ J;II;OZ E[B[f (W t) (W, = W)

n—1

= / F(W,, s)dW, + lim ZE (W, t:) (W, — W)

n—oo

= /f(Ws,s)dWS = I,.
0

Finally, since

o

n—1
=0
n—1
< Jim { (e Wy = Wil ) 3170V 0]}
we have E(|[;]) < +o00. Therefore I, is a martingale. O

As a result, if we use the martingale property of the quadratic vari-
ation in THEOREM 2.2 or the stochastic integration in THEOREM 2.4,
then it follows that the limiting distribution of a standard Wiener process
or a standard Wiener process with the associated filtration F;, (t > 0)
is a standard normal distribution N (0, 1).

EXAMPLE. Let (€, F, P) be a probability space and let {M; : ¢t > 0}
be a martingale with respect to the filtration F, (¢ > 0), where M, = 0,
M; has continuous sample paths whose quadratic variation

n—1

Jim 3 (M, = 30)° = 1
=0

where t; = Li, 0 =t) <11 <ty < -+ <ty <tl, =tforneN
Then M, is a standard Wiener process and the limiting distribution of
M, is a standard normal distribution N(0,1). We first show that M; is
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a standard Wiener process. Since M, is a martingale, fot s <t

E(Mt‘fs) - E(Mt—Ms‘fs>+E(Ms’fs)
= E(M;— M| Fs) + M,
pum MS

and for t > 0 and s > 0, we have
E(Mt+s - Mt) - E(Mt+5) - E(Mt) - 0
and

Var(Mt+S — Mt) = var(Mt+s) —+ Var(Mt) — 2COV(Mt+S, Mt)
= 2t + s — 2E(Mt) E(Mt+s — Mt) — QE(MtZ)

= S.

Hence M;,s—M,; ~ N(0,s). Because My = 0 and also M, has continuous
sample paths with independent and stationary increments, so M, is a
standard Wiener process. Next, let f(M;,t) = AMi=3t for any constant

A. Since dM; dM; = dt and (dt)” = 0 for n > 2, we have

_of of 1 0%f

df (M, t) = T dt+6thth+26M3
o /Of 10%f of
- (E+50Mf)dt+aMt
- Af(Mt,t) th

(dM)* + -

d M,

Taking integrals from 0 to ¢,
t t
/ df (M, s) = )\/ f(Ms, s) dM;
0 0

F(My,t) — F(Mp,0) = A / F(M.. ) dM,

and then taking expectations, we have

E(f(M,, 1)) = 1+ AE(/Otf(MS, ) dMS> .
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By definition of the stochastic integral and since M; is a martingale, it
follows that

E(/Otf(MmS) dMs> = lim HZ:EE{f(Mti,ti)(th — M)}

n—00 &
n—1
= nh_}IIOlo E[E{f(Mtﬂti)(MtiJrl - Mti) ‘th}]
=0
n—1
= nh_)noloz E{f(MtNti)(Mti - Mtz)}
=0

= 0.

Hence
E(f(Mt,t)) =0 or E(e”\Mt) = e%”\Qt,

which is a moment generating function for the normal distribution with
mean zero and variance t. Therefore, the limiting distribution of M, is
a standard normal distribution N (0, 1).
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