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GIRSANOV THEOREM FOR GAUSSIAN PROCESS
WITH INDEPENDENT INCREMENTS

MaN Kyu Im*, UN CiG J1 **, AND JAE HEE Kim ***

ABSTRACT. A characterization of Gaussian process with indepen-
dent increments in terms of the support of covariance operator is
established. We investigate the Girsanov formula for a Gaussian
process with independent increments.

1. Introduction

Since the stochastic calculus for standard Brownian motion initiated
by K. It6, the stochastic calculi for several stochastic processes have been
extensively developed with wide applications to physics, mathematical
finance, engineering, biology etc, in [2, 4, 5, 9, 10, 11, 12] and the ref-
erences cited therein. Recently, the stochastic calculus for Gaussian
processes have been developed in [1, 3, 6, 7.

The main purpose of this paper is two folds. We first establish a char-
acterization of Gaussian process with independent increments in terms
of the support of covariance operator. Secondly, we study the Girsanov
theorem for a Gaussian process with independent increments. We study
a Gaussian process with its characterization and representation. Then
we study stochastic calculus for the Gaussian process, and we investigate
the Girsanov formula for the Gaussian process. As applications of the
Girsanov theorem, the studies of financial model and nonlinear filtering
problems for the Gaussian process are now in progress, see 3, 6, 8, 9, 10].

This paper is organized as follows: In Section 2 we study a character-
ization of a Gaussian process with independent increments. In Section
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3 we recall the stochastic integral and It6 formula for the Gaussian pro-
cess. In Section 4 we establish the Girsanov theorem for the Gaussian
process.

2. Gaussian process with independent increments

Let H = L?>(R,,dt) and K a strictly positive selfadjoint operator
with domain D C H containing all indicator functions, where R =
[0,00). Let (2,F,P) be a complete probability space and let B =
{Bk}t>0 be a Gaussian process with mean E[Bg ;] = a(t) and co-
variance function
(2.1)  E[(Brt—a(t)(Br,s — a(s)] = (K1lpg.1ps), st >0,
where « is of bounded variation on closed intervals with «(0) = 0.

THEOREM 2.1. For any 0 < s < t, supp(K1(s,) C [s,t] if and only if
the Gaussian process { Bk +}+>0 has independent increments.

Proof. If supp(K f) C supp(f) for any f € D, then by (2.1) we have

(22) E[(BK,t - BK,S)(BK,U - BK,u)]
= B[(Bi — Br.s)|E[(Biw — Brw)l, 0<s<t<u<uv.

Hence {Bk+}+>0 has independent increments. Conversely, if { Bk +}+>0
has independent increments, then (2.2) holds and so (K15, 1j,,,]) =0
for 0 < s <t <wu <w. The rest of the proof is straightforward. O

THEOREM 2.2. Let T' > 0 and K a positive selfadjoint bounded oper-
ator on L?([0,T)) such that supp(K f) C supp(f) for any f € L?([0,T)).
Then there exists a strictly increasing absolutely continuous function 3
on [0,T] for any T > 0 such that the multiplication operator Mg = K,
where 3'(t) = dp(t)/dt for 0 <t < T.

Proof. Let B(t) = (K1[gy), Ljo,q) for 0 <t < T. Then 3(t) is a strictly
increasing function, in fact, for any 0 =ty < t; < --- < t, < T we have

B(ti) = B(ti-1) = (K1lpgg 1)) — (Kot 1] Lot 1))
2
— Kl[ti_l,ti](u)du.

ti—1
Therefore, (3 is absolutely continuous on [0,7]. Since M, K = KM,
for any measurable set A C [0,7], KM; = M;K for any bounded
measurable function f. On the other hand, the algebra of all multipli-
cation operators of bounded measurable functions is maximal abelian
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and so K = M, for some g € L*([0,T]). Therefore we have §(t) =
(Mg1io.4, Ljo,4) fo s)ds which implies that g = (3.

(I

From now on, we assume that supp(Kl[&t]) C [s,t] forany 0 < s <t
and put 3(t) = (K14, 1joy) for t > 0, and { Bk ;}+>0 has a continuous
version.

For each t > 0 we put Ax: = Bk — a(t). Then {Ag}i>0 is a
Gaussian process such that Ag; has the normal distribution with mean
0 and variance [5(t).

3. Stochastic integral and It6 formula

Let {Bg}i>0 be a Gaussian process. For each ¢t > 0, let B; be
the o-algebra generated by {Bg,s : 0 < s < t} and then we write
BK,t = (BK,tht) for t > 0.

DEFINITION 3.1. Let T' > 0 and Mg = M [0, 7] the class of functions
f:[0,T] x @ — R such that

(1) the map (t,w) — f(t,w) is B([0,T]) x F-measurable,

(ii) for each 0 <t < T, f(t,-) is B;—measurable,

Ufthd )+ 1al(0)] < .

A function ¢ € Mg is called an elementary function if it has the
form:

(3.1) Bt w) =) e (@)1, ,0)(1),

J
where e; is Bt,-measurable. For the elementary function ¢ given as in
(3.1), we define

(3.2) / o(t,w)dBg +(w Ze] (Brt;4, — Bry;) -

The integral defined as in (3.2) is called the stochastic integral of ¢ with
respect to the Gaussian process { Bx 1 }+>0. We first note that if f € Mg,
we can choose elementary functions ¢, € Mg such that

(33 E[/(]T!f—czﬁn!Qd(ﬂJrla!)(t)}—>0 as n oo,
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for the proof, we refer to [6]. Therefore, for each f € Mg, the stochastic
integral with respect to the process {Bx +}+>0 is defined by

T T
/0 f(t,w)dBg (w) = lim on(t,w)dBg t(w),

n—oo 0

where {¢,} is a sequence of elementary functions in Mg given as in
(3.3) and the limit exists in L?*(Q2). Then we can prove the following
elementary inequality: for any f € Mg we have

([ f<t,w>dBK,t<w>)2

<o [ swraso) + i@ [ [ rawldaln]

E

where Vil () is the total variation of a over [0, 7], see [6].
A diffusion process for a Gaussian process { Bk +}+>0 is a stochastic
process X; given by

dX; = u(t,w)dt + v(t,w)dBg s, t>0,
where v € Mg [0, 7] and u is Bi-adapted with E [fOT u(s, w)st] < 0.

THEOREM 3.2 ([6]). Let X; be a diffusion process given by
dXy = udt + vdBp 4.

Let g € C?*(Ry x R). Then Y; = g(t, X;) is again a diffusion process
and satisfies the following stochastic differential equation:

_Og dg 19%g(t, Xy)
dY; = Y (t, Xy)dt + 8x(t,Xt)dXt+ 5 52

where (dX;)? = (dX;)(dX;) is computed according to the rules:
dt-dt =dt-dBgy = dBk, - dt =0, dBr - dBg = B(t).

(dXt)2 )

4. The Girsanov theorem

In this section we study the Girsanov Theorem for a Gaussian process
with independent increments. We start with a theorem for the existence
and uniqueness of (strong) solution of a stochastic differential equation.
For the proof, we refer to [6].
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THEOREM 4.1. Let T > 0 and b(-,-) : [0,T] x R — R, o(-,-) :
[0,7] x R — R be measurable functions satisfying

b(t,2)| + |o(t.2)| < C(H(L +[2l), = €R, t € [0,T];
’b(t,:{}) - b(t7y)’ + ’U(tvx) - U(tv y)| < C(t)’ﬂ} - y’; T,y € R, te [07T]
for some bounded measurable function C. Let Z be a random variable

which is independent of the o-algebra Bo, generated by {Bk s : s > 0}
and such that E[|Z|?] < co. Then the stochastic differential equation

dXt = b(t,Xt)dt + O'(t, Xt)dB[Qt, X[) == Z7 0 S t S T

has a unique t-continuous solution X; with the property that X, is
adapted to the filtration Bf generated by Z and B; and

T
B| [ 1P+ 5+ a0 <o
0
where p is the identity function on R.

THEOREM 4.2. Let {X;}+>0 be a continuous stochastic process on the
probability space (2, F, P). Then the following are equivalent:

(i) {Xt}>0 is a Gaussian process with independent increments, and
mean 0 and variance [3(t).

(ii) {X¢}e>0 Is a martingale with respect to the filtration {B;}i>0 of
which the quadratic variation on [0,t] is 5(t).

Proof. The proof of (i) = (ii) is straightforward. To prove the con-
verse we assume that (ii) is satisfied. The proof is a simple modification
of the proof of Theorem 6.1 in [5]. For each ¢ > 0, we put Z; = e?*Xt,
u € R. Then by applying It6 formula (see Theorem 5.1 in [5]) we obtain

that
2

t t
41)  Z, =2, +/ uZydX, — l;/ Z,dB(v), 0<s<t.

s

On the other hand, it is obvious that
t
E [/ iuZUdXU|BS} =0 P-—as.
S

From (4.1) for each A € Bs we have

t
. U i
E[eu(X:=X:)1 4] = P(A) — 2/ E[e(Xo=X)1 ,1dB(v)
which implies that

2
E[e(Xt=Xs)1,] = P(A) exp{—%(ﬂ(t) —B(s))}, A € Bs.
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Hence we prove that for 0 < s <t

U2
Elexp{iu(X; — X)}|Bs] = exp{—?(ﬁ(t) —pB(s)} P —as.

We conclude that X; — X is independent of By and that normally dis-
tributed with mean 0 and variance 3(t) — 3(s). O

LEMMA 4.3 ([10]). Let p and v be two probability measures on a
measurable space (2, F) such that dv(w) = Z(w)du(w) for some Z €
LY(Q, p1). Let X be a random variable on (£, F) such that

BX] = | 1X@)Z6)duw) < o.
Let 'H be a o-algebra with H C F. Then
E,[X[H] Eu[Z|H] = B, [ZX|H] P — as.

From now on, we assume that the mean function « of the Gaussian
process { Bk +}+>0 is absolutely continuous.

THEOREM 4.4. Let {Y;}o<t<7 be a diffusion process of the form:
dY; = v(t)dt + dBg, 0<t<T, Yy=0

for a Bi-adapted process {v(t) }o<i<T, where T' < oo Is a given constant
and {Bg}i>0 is a Gaussian process with mean function «(t) and the
variance function (3(t). Assume that

17 (v(s) +o/(5)
exp (2/0 3(s) ds>

where E = Ep is the expectation with respect to P. Put
t / 1 n , 9
(4.3) M; =exp </ MdAK,S _ / (v(s)—ll—oz(s))d8>
o As) 2 Jo 3(s)

for 0 <t < T, where dAig+ = dBg — o/ (t)dt. Then {Y;}o<i<r Is a
Gaussian process on (£, By, Q) with mean 0 and variance [3(t), where
the probability measure () is defined by

(4.4) dQ(w) = Mp(w)dP(w).

(4.2) E

< 00,

In fact, Q(QY) = Ep[Mr] = 1 since {M; }o<i<T is a martingale.
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Proof. For the proof we use similar arguments used in the proof of
Theorem 8.6.3 in [10]. For each 0 <t < T we put K; = M;Y;. Then by
using It6 formula we have

dK; = M dY; + YidM; + dYidM;
v(t) + d/(t)
Therefore, K; is a martingale with respect to P and so, by Lemma 4.3,
for 0 < s <t <T we have

E[MY:|Bs] E[K{Bs] Ks

Bol¥iBsl = gns) M, M,

which implies that {Y;}o<¢<7 is a martingale with respect to the prob-

ability Q). Therefore, Eq[Y;] = Eg[Yy] = 0 for any 0 < ¢ < T. On the

other hand, since the process {Y:}:>0 has independent increments, by
applying It6 formula we have

E [Y7?] = 2E Uot}gdy;Jrﬁ(t)] =6(t), 0<t<T.

=Y

Therefore, {Y;}o<t<7 is a martingale with respect to the filtration {5;}
and the probability measure @ of which the quadratic variation on [0, ¢]
is 4(t). Hence by Theorem 4.2, {Y;}o<i<r is a Gaussian process on
(Q, Br, Q) with mean 0 and variance (3(t). O

REMARK 4.5. Note that (4.2) is a sufficient condition to be that
{M,} is a martingale and so, in general, Theorem 4.4 is true with the
assumption that {M;} is a martingale.

THEOREM 4.6. Let {Y;}o<t<7 be a diffusion process of the form:
(4.5) dY; = u(t)dt + 6(t)dBr s, 0<t<T

for a Bi-adapted process {u(t)}o<i<r. Suppose there exist processes
{U(t)}OStST € Mg and {n(t)}OStST € Mg such that

(4.6) O(t)v(t) = u(t) —n(t), 0<t<T.
Assume that (4.2) holds. Let Q) be the measure defined as in (4.4). Then

- t
(4.7) BK,t = / U(S)ds + BKJ, 0<t<T
0

is a Gaussian process on (€2, By, Q) with mean 0 and variance (3(t), and
the process {Y:}o<i<r has the following stochastic integral representa-
tion: _

dY; = n(t)dt + 0(t)dBg;,  0<t<T.
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Proof. Tt is obvious from Theorem 4.4 that {E K.t o<t<T is a Gaussian
process on (€2, Br, Q) with mean 0 and variance 5(¢). On the other hand,
by (4.5), (4.7) and (4.6) we have

dY; = u(t)dt + 0(t)(dBg, — v(t)dt) = n(t)dt + 0(t)dBr ;.
Hence we complete the proof. O

THEOREM 4.7. Let {X;}o<t<7r and {Y;}o<i<1 be diffusion processes
of the forms:

dXt = b(Xt)dt + O'(Xt)dBKﬂg,
dY, = [y(t) +b(Y)]dt + o(Y))dBrs, 0<t<T, Xo =Yy =z €R,

where the functions b and o satisfy the conditions of Theorem 4.1 and
v(t) € M. Suppose there exists a stochastic process {v(t)}o<t<7 such
that

o(Yy) (v(t) + &/ (t) = (1), 0<t<T.

Assume that (4.2) holds. Then the process {Y: }o<i<7 has the following
stochastic integral representation:

(4.8)  dY: = b(Y))dt + o(Yy) (dém + da(t)) . 0<t<T,

where {EK,t}Ogth is given as in (4.7).

Proof. By applying Theorem 4.6 to the case 6(t) = o(Yi), u(t) =
v(t) + b(Yz) and n(t) = b(Y;) + o(Y2)d/(t), we have the representation
(4.8). O

REMARK 4.8. Let {X;}o<i<r and {Y;}o<i<r be the diffusion pro-
cesses given as in Theorem 4.7, and () a probability measure defined as
in (4.4). For each 0 <t < T, put

Ble, = alt) + Biy

for the Gaussian process {EK’t} given as in (4.7). Then {Bj,} is a
Gaussian process on (€2, Br, Q) with mean «(t) and variance §(t), and
(4.8) becomes dY; = b(Y;)dt + o(Y;)dBj ,, 0 <t < T. Therefore, by the
uniqueness of a solution of a stochastic differential equation in Theorem
4.1, the Q-law of {Y;}o<¢<7 is the same as the P-law of {X;}o<i<7.
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