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THE ENTROPY DISTANCE BETWEEN THE WIENER
AND STATIONARY GAUSSIAN MEASURES

U. KEICH

Investigating the entropy distance between the Wiener
measure,W,, -, and stationary Gaussian measures, Q;, - on
the space of continuous functions C[to — 7,t0 + 7], we show
that in some cases this distance can essentially be computed.
This is done by explicitly computing a related quantity which
in effect is a valid approximation of the entropy distance, pro-
vided it is sufficiently small; this will be the case if 7/tg is
small. We prove that H(Wy,,+, Qty,7) > T/2to, and then show
that 7/2t¢ is essentially the typical case of such entropy dis-
tance, provided the mean and the variance of the stationary
measures are set “appropriately”.

Utilizing a similar technique, we estimate the entropy dis-
tance between the Ornstein-Uhlenbeck measure and other sta-
tionary Gaussian measures on C[1—7,1+7]. Using this result
combined with a variant of the triangle inequality for the en-
tropy distance, which we devise, yields an upper bound on
the entropy distance between stationary Gaussian measures
which are absolutely continuous with respect to the Wiener
measure.

1. Introduction.

Motivated by the study of stationary approximations to non-stationary sto-
chastic processes, we ask how well can Brownian motion be approximated
by stationary Gaussian processes. We look at a finite time interval and
measure the quality of the approximation using the entropy distance.

Let P and @ be Gaussian measures on a common probability space. The
entropy distance between P and @, H (P, Q), is finite if and only if the two
measures are absolutely continuous with respect to one another; in that case:

H(P,Q)=E" <log %) + E9 <log Zg) ,

where E¥ is the expectation under the measure P and Z—P is the Radon-

Nikodym derivative of P with respect to @ (see e.g. [2]).
Let to > 0, 0 < 7 < tg, and let Wy, - be the restriction of the Wiener
measure to the space of continuous functions on [to—7, to+7], Clto—T, to+7].

109


http://nyjm.albany.edu:8000/PacJ/
http://nyjm.albany.edu:8000/PacJ/1999/v188no1.html
http://nyjm.albany.edu:8000/PacJ/1999/

110 U. KEICH

In other words, W;, - is the measure induced by the standard Brownian
motion observed between times tg — 7 and tg + 7. As a Gaussian measure it
is characterized by its correlation R(t,s) =t A s with t,s € [to — 7,t0 + 7],
and by its vanishing mean.

A Gaussian measure on C[tg — 7,t0 + 7], Qiy.7, Is stationary if its mean
is constant and its correlation, S, is a Toeplitz function. Here S denotes
both the correlation S(t,s) and the auto-correlation S(r) with r = ¢t —

€ [—27,27]. Let & denote the class of stationary Gaussian measures on
Clto — 7,to + 7| that are absolutely continuous with respect to W, .

Consider the 1:1 and onto map v : Ctg —7,tg+ 7] — C[1 —7/tg, 1 +7/t0]

defined by ¥(f)(s) 2 f(sto)/v/f. This map and Wy, , induce on C[1 —
7 /to, 1+7/to] the measure W ./, and, similarly, Qy, - induces the stationary

Gaussian measure Q, determined by its correlation S(t,s) = S((t — s)to) /to.
Note that H(Q,Wi,,) = H(Quyr, Wigr); therefore infq,, ree H(Qto,rs
Wi,,7) depends only on 7/t.

We start our investigation with a couple of examples, the details of
which can be found in appendix A. Consider the entropy distance between

w4 Wi, and the Ornstein-Uhlenbeck measure, Q7 4 Q1,r, defined by
its vanishing mean and S = exp(—|t — s|/2). In this case, H(Q",WT) =
7/(2(1=7)). In the second example, Q" is defined by S(t, s) 49 |t —s|/2
with [t — s S 27 < 4 and, again, H(QT,W™) =7/(2(1 — 1)).

Note that in these examples H — oo, as 7 — 1, and that for small 7,
H ~ 7/2. We would like to know how much can we possibly improve on
that. It can be shown that infg, . ee H(Qt,rs Wiy,r) is always attained (see
appendix B). However, as we next show, the minimizer does not significantly
improve on our examples.

Claim 1.1. For any Qy, € G,

2 *T/to
W. > Y S A
H(Qto,’r; to,T) = \/i 1 T/to

As a corollary we find that as 7 — tg, H — oo and H > 1/2(7/tg) +
7/16(7/t9)*. Thus, for small 7/ty, the minimal entropy distance is, up to
leading order, the same as in our examples. As we show next, these examples
are rather typical.

Let P and @ be two Gaussian measures on C/[tg — 7, o+ 7] with vanishing
means. Let P, and @, be their restrictions to 2" 41 equally spaced points in
[to — T, 1o+ 7], with correlations R,, and S,,. Then H(P, Q) = lim H(P,, Q)
[2]. Let K, be a root of R, ie., R, = K,K}, and let T,, = K,; 1S, K, *,
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with K~ being a short for (K~1)*. Then, as we show in [3],
AL 2
1 1 1 (A —1)
H(Po, Qn) = 5 (T + T ' = 21n) = 5 ; T
where A} are the positive eigenvalues of T),. In our case Q = Qi € &
with an autocorrelation S, and P = Wy, , with R = t A s. Since R, ! is
essentially a second order difference operator, if we choose K, to be the
Cholesky factorization of R,, with 4 On 4 27/2", and Sy 4 S(ké), we

have:

(1)

T =
So 1 S1—S0 1 So—S1 1 S3—So 1 Sn—Sn—1
to—7T  Vto—T V8 N R N R o to—7 V5
" 250—51 251 —S0—S2 252—51—S3 28n—1—Sn—2—5n
0 4 0 T 4
So—S1 251—S0—S2 25n—2—5n_3—Sn_1
* * 2 5 5 e 5
* * * 2750551
251—Sp—S2
4
* * * * 2%

where the *’s are filled in according to the symmetry of T .
Let

da 1., n 1.,
(2) (Wio,r Qo) = 5 h}LnZ (AF—1)? = 5 lim T (T,, — )2

Claim 1.2.
1/ S SR Y LA
T T) = -1 P 2T —
(Wi Qur) =5 (72 =1) +5 [ s"0Per—ga
1 27 9
+ / S'(t)" dt.
to—7Jo

The importance of the last claim is that (W, -, Q,,~) can be used to
approximate H (W, -, Qty.r):

Claim 1.3. For p < 1,

< V20
T 1-2

Thus, ©(Wy, r, Qty,+) is a good approximation of H(Wy, -, Q4 -) if it is
small. Suppose Qy, » € &, then Shepp shows that on (0,27), S is absolutely
continuous and S” satisfies 027 S"(t)*(2r — t)dt < oo, and that ST(0) =
—1/2 where St is the derivative from the right [7]. Thus, with S fixed,

=
14
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7 sufficiently small and S(0) = to, ¢(Wiy r, Qi) ~ 7T/2to and therefore
HWyy7, Q) ~ T/2ty, as is the case in our examples.

What if V £ S(0) # to?
Claim 1.4. (i) If V > ¢¢, then

1(V/tg—1)*
H(Wiyry Q) > =020
( t07 Qt07 ) > 2 V/t(]

(ii) If V < tg, then

1((140)V/tg—1)?
2 (1+0)V/ty

H(Wtoﬂ'y Qto,T) >

where 1+ 6 < 1/(1—7/t).
(iii) In either case, for a fixed S (corresponding to @ € &),

1 (V/tg— 1)

H(Wto,Ttho,T) — 9 V/to 0(1) as 7 — 0.

Similarly, when the constant mean, p, of Qto,T € G does not vanish,
H Wiy, Qty,r) is rather large: let Q- € & be obtained from @y, r by
removing the constant drift u, then:

Claim 1.5.

1 2

2 to — ’7"
and if V = tg, then H(Wi, .+, Qso.r) = p1%/to + 0(1) as 7 — 0.

H(Wto,‘r7 Qto,’r) > H(Wto,Tu Qto,T) +

So far we dealt with the entropy distance between W7 = Wy and Q7 €
S. We next consider the entropy distance between two stationary Gaussian
measures in &. Again, we start with an example. Let S = e *=51/2 be the
Ornstein-Uhlenbeck correlation, and let S = 1 — |t — s|/2. Using the chain
rule, we get

aQ _ dg aw

dQ AW dQ’
both Radon-Nikodym derivatives on the right-hand side being known (see
appendix A). The entropy is easily obtained:

~ le™m —(1— 1
e

This is an order of magnitude smaller than 7/2. As before, the example
is rather typical and to prove that, we first estimate the entropy distance

between the Ornstein-Uhlenbeck measure, Q7 and any other Q7 € &, and
then use a variant of the triangle inequality.

2+ 0(7'3).
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Let f(n denote the Cholgsky factorization of S’n, and let T}, = K}j lSnf(; *,
Again, by Claim 1.3, H(Q",Q") = lim, Tr(T}, + T, * — 2I,,)/2 can be ap-

proximated by ¢(Q7, Q") 2 lim,, S (A () — 1)2/2, where:

Claim 1.6.
(3)

o(Q7,Q7) = (S(0) —1)* +2 /:T S'(t)* dt + (S*(27) — 1) + E

2T
2
3 [, S

2T 2T
+ / S"()? (27 —t)dt + L S(t)* (2T —t)dt
0 16 Jo

1 2T
—2/ S"(t)S(t) (2T — t) dt.

0

It is not hard to see that if S is fixed with S(0) = 1 and if S” is bounded
on (0,27p) for some 79 > 0, then the right hand side of (3) is bounded by
cr? for some constant ¢ > 0 and any 7 < 79. Thus, there exists another
constant ¢ such that H(Q™,Q") < ¢r? in this case. More generally:

Claim 1.7. Suppose QT, Q7 € G are two measures on C[1 — 7,1 + 7] such
that S(0) = S(0) = 1 and that S” and S” are bounded on (0, 27y) for some
70 > 0. Then, H(Q™,Q") < c7? for some constant ¢ > 0 and any 7 < 7p.

The proof is an immediate corollary of the previous discussion and of
Theorem 1 which follows.

The entropy distance is not a metric; it fails to satisfy the triangle in-
equality even for one-dimensional correlations: if P, and (2 are three
(mean zero) Gaussian measures on the line with variances 4,2 respectively
6, then

1 1

H(Qu,Q2) = 5 > + 15 = H(Qi, P) + H(P,Q2)

However, one can prove the following variant of the triangle inequality. Here
P, Q1 and Q3 are Gaussian measures on L2[0,T] with T < oco.

Theorem 1.
H(Q1,Q2) <4H(Q1,P)+4H(P,Q2) + 4H(Q1, P)H(P, Q7).

If we define H(P,Q) < JH (P,Q), then the last inequality leads to an
“almost” triangle inequality:

Corollary 1.

H(Q1,Q2) <2[H(Q1,P) + H(P,Q2)].
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Theorem 1 is set up in the context of Gaussian measures on a Hilbert
space. Such a measure P is completely determined by its covariance operator
R and mean p. Prohorov proved that P exists if and only if R is a trace
class operator (e.g. [4, Thm 1.2.3]). In the case of L?[0,T], the covariance
operator can be identified with a covariance function R € L%([0,T] x [0, 7)),
the latter being the kernel of the trace class integral operator. The basic
result here is due to Rao and Varadarajan [5]:

RV-Theorem. H(P,Q) < oo if and only if there exists a Hilbert-Schmidt
operator, G with a spectrum o(G) > —1, such that

S =R+ R2GR2,
and g — v € @(R_%) = @(S—%)’

where @(Rfé) is the domain of the self-adjoint operator R™z. In the finite
case, the operator

FLR 3SR 2+ R:S'R2 —2I,
is a well defined, symmetric, positive-definite trace class operator, and a
slight variation on a result by Sekine [6] yields:

Lemma 1.8.
1 1 1 2 1,1 2
H(P,Q)ziTrF—i—i‘R 2(u—u)‘ +§‘S 2(u—u)‘.

We prove Theorem 1 by dealing separately with the entropy “due to

Il

the correlations”, H,. %TrF , and the part that comes from the means

H, < %’R_%(,u - V)‘Q + %’S_%(u — V)’Q. It follows from Lemma 1.8 and
some algebraic manipulations, that H, itself obeys an analogue of Theorem
1. H,,, however, cannot be bounded independently of H..

Finally, in appendix C, we contrast the entropy distance to W7 with the
L? distance between the correlations. Analogously to the entropy distance
we find that all the correlations representing stationary Gaussian measures
that are absolutely continuous with respect to the Wiener measure are, to
leading order, at the same L? distance from the Wiener correlation.

2. The proofs.

Proof of Claim 1.1. By the scaling argument that was mentioned in the in-
troduction, it suffices to prove the claim for tg = 1 and 7 < 1. Recall that
W is the restriction of W7 to the o-field generated by 2" +1 equally spaced
points in [tg — T, to+ 7], and that R, is the corresponding correlation matrix.
Thus, with S(0) =V and S(27) = vV for some v with |y| < 1,

d(l—7 1-—7 da |V VvV
RO_|:1—T 1—|-T:| SO_[W V]'
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d T T
Ho = H(Wg,Qq)
1
=5 T (Ry'So + Sy 'Ry — 215)

:lvl—v(l—T) 11—~(1-71)

— — 2.
2 T(1—7) V. 1-—n2

Minimizing Hp with respect to V' we find that Vipi, = \/27'(1 —7)/(1—=~?)
and therefore
H, 1—~v1-71)
\/7' 1-7)(1- )

Minimizing the right hand side with respect to v, we learn that v, = 1—7,
whence

Hy > V2

The proof is completed by the obvious inequality H(W7™,Q7) > Hy. Note
that

2i
Hy > 2 177——227'/24-7/167'2,
T

as can be verified directly. ([
Proof of Claim 1.2. With T =T, (1) = (tij)ogijgznv
2" 2" 1 92 2T
(4 D th+th= 2 Si= S’y — o [ Sl
i=1 =1

Let
S(r) L S(r) - ( - ’g) .

Then S is an even function, with absolutely continuous derivative S’ on
(—27,27), and S” = 5" on (0,27). Let

S"(t,s) L "t~ s).

Then S” is a Téeplitz function of the square A [0,27] x [0,27], and

2T 27 2T
/ / S"(t — ) dtds = / S"(1)*(27 — t) dt < o0,
0

whence S” € L?(Q).
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Consider 2 equipped with the o-field F,,, generated by the squares {[(z —
1)6,i0) x [(j — 1)6,46) : 4,5 = 1... 2”} and with Lebesgue’s measure. Let

tn £ E[S"|F,], then
i —1)0 <z < i
S"(t - s)dtd (@ S
n(@:9) 52/@ 1)5/(]1 i (j—1)0 <y <jé’

and since S” € L?(2), by the L? martingale convergence theorem, v, — S”
a.e. and in L2, in particular, ||1),|| — ||S”||. Integrating, one finds that

/ / S"(t — s)dtds 1<i#j<n
zl ]1

tm' — / S” dt ds 1 S 7 S n.
—-1)6
Thus,

2" 2T
fim |30 430 (= 0| = tim = [ S0 er 0
=1

1<i#j<n
which together with (4) and (2) completes the proof. O
Proof of Claim 1.3.

_ |1y W=D e
\H—M—le‘[;w—uf4>
3
n_ 1)\2]1 _ \n
L O = 11—
2 n £ A
i K3
< L li [1— A7
————— limmax|1 — \}|.
_(’Olimn min; A\ n i !

The proof is completed by noting that
Erem —_— 2
1111111m?X|1 -\ < 1111111 Z()\f — 1) = /20,
7

and that

lmmin A7 >1-Tm [> (A2 —1)>=1-/2¢.

Proof of Claim 1.4. (i) Suppose to = 1, and assume that \j > A} > --- >
O.. With (,) being the standard inner-product,

%
)\g > <Tn€1,61> = ﬁ >V > 1.
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It follows that
T2 —1)2 _ 1 (V—-1)?

H>- -
=2 2 vV

which proves (i) when ¢ty = 1. The aforementioned scaling argument
completes the proof.

(ii) Without loss of generality assume that ¢y = 1, and let 146 4 (1—7)""h
If 7 (equivalently §), is sufficiently small, then

gn < <Tn61,61> = V(l —|—5) < 1.
Hence,

V(1+6)—1)°
G

iii) Again, without loss of generality t9o = 1 and assume V > 1. Then, as
g
we saw in the proof of (i), A\j = A{(7) > V/(1 — 1), therefore

(5) (Ag—1)2><1‘_/7_1>2.

Since by Claim 1.2

Sopm -1 = (2 )

i

2T 2T
+ / S"(H)(2r — t) dt + - 2 / S'(t)* dt
0 0

-7

:( 4 _1>2+T+o(7),

1—171

it follows that:

(a)
N
m Y (X ()~ 1)® < 7+ o(r).
1

Note that Aj is not included in the summation above.

(b)

- 1)2 +0(r).

As in Claim 1.3, we can deduce from (a) that lim,, E%n (A (1) — 1)2/)\?
= O(7). From (b) we learn that for some constant c,
v —

. <lm Ag(7) < lmAj(7) <V +er.
— T n n

Iim (A —1)* < <1V

-7
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Since H = lim, Y5 (AP(r) —1)*/2A7, it follows that H =
(V —=1)?/2V + o(1) as 7 — 0. The case V < 1 is proved similarly.
O

Proof of Claim 1.5. Let p € R?"*1 be the vector with constant entries pu.
Then, with E¥ denoting expectation with respect to the P measure and
x € R¥"+1

- 1 ~
HW;, Q) = =5 BV [(R) e @) — (S, (@ — p) @ — )]
b B[Ry ) — (5, (2 — )@ — )]
1 1
= H(WT,Q7) + 5 (S ) + 5 (By ).
It happens that with e; = (1,0,...,0) € R*'*!, uKe; = \/fp — 714 and

therefore
2

12
<R p,,u> T(R 1K81,K€1> P

Hence, H(Wtoﬂ'? Qto,T) > H(Wto,T7 Qto,T)+§M2/(t0_T)' NOtithat <R51N7 IJ/>
= p?/to+o(1) as 7 — 0, and since S(0) = t¢ implies that lim, max; |A\?(7) —
1] = o(1), it follows that Tim,, max; |\ — 1|~! = o(1) and therefore,

12
11m<S p,,u>—hmt <T lei,e1) = p?/to + o(1).
0—

O
Proof of Claim 1.6. Let K = K,, denote the Cholesky factorization of S,
ie., K is a lower triangular matrix with S=KK* andlet T, = K15, K*.
As'in (1) we can explicitly compute Ty,:
6) T, =
So yS’l — 1‘50 ySQ — xSl y53 — .TSz e yS’n — xSn,1
* bSp—2aS1 bS) — CL(S() + SQ) bSs — a(S1 + Sg) . bSn_1 — a(Sn—Z + Sn)
* * bSo — 2a51 bS1 —a(So+S2) ... bSp—2 —a(Sn—3+ Sn—1)
* * * bSo — 2a5, KR 5
* bS1 — a(So + S2)
* bSo — 2a51
where S = S(kd) and
e~/ y_ Lt e™? 1
= —— = ——— C =
1—e 9’ 1—e 9’ 1—e9
e 9/2 1
T = Y=

1—e 9 B 1—e9
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The following estimates are based on

_ 11 3 _ 2.1 3
0= 56+ 00, b=+ 5+0(),
1 1 1 1
re L LGio@n),  y= i o)
2774
ZtOk —Z (ySk — x5k-1)*
k=1

2
= [ (Sk — Sk—1) + \/g(5k+5k—1) +0(8%?)

2
=3[ 5= |+ g 5 5+ o+ i)
+) " 0()(Sk = Sk-1) + Y O(%)(Sk + Se—1) + > O(6%).

We have six terms on the right hand side. The last three are all o(1) as
n — 00, while the first three converge to the corresponding three terms in
(3) (to be precise, one half of each term is obtained this way). What remains
is

2n
SRRSO
1<i£j<2n =0
Note that, with S =S — (1 —|r|/2), and i > 1,

ti; — 1 =5b5) —2aS; —1

2, 2 5. 6 .
= [550 — 551 - 1:| + [S() + 1251} + 0(07)

/ / S"(t — s)dtds
(i—=1)8 J(i—1)8

[ So+ 55 (S 1+sl)]5+0(53).

Similarly, for 1 <i # j <27,

tzg—bsz] CL 1]1+SZ ]+1)

/ / S™( S" s)dtds

[ Syt (S 4 S| 51 0().

24
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Hence, with v, = E[S"|F,] as in the proof of Claim 1.2,

.
DR MU
1=0

1<i#j<n

2
—||wn|12+2[ St <Sz~_j-1+si-j+1>} 5

Z[ Sii+ (s s )} Sl S said
-2 =9i—j + —(5i—j—1 + Si—; / / t—s)dtds
— 67 20T P s S

+o(1).

Recall that |1, || — ||S”|| and let n — oo to obtain the last three terms in
(3). O

Proof of Lemma 1.8. Let P ~ (R, pu), i.e. P is the Gaussian measure on
H = L?[0,T] which is determined by the correlation R(t,s) and mean i
(t,s € [0,T]), and let @ ~ (S,v) be absolutely continuous with respect to
P. Note that neither is assumed to be stationary. The proof is essentially
a translation of a result by Sekine [6] which is set in the context of an

abstract Wiener space [4, Sec 1.4]. Let © g @(R_%). If we equip ® with
the inner-product

d _1 _1
(337y)R = (R QQT,R Qy)’

then the resulting space, D, is a Hilbert space and R> is a unitary map
from H onto ® . With ¢ being the natural inclusion of ® g in H, the triplet
(i,DR, H) is an abstract Wiener space.

Since P ~ @, by the RV-theorem there exists a Hilbert-Schmidt operator
G on H with o(G) > —1 such that

AL RS '=R:(I+G) 'Rz,

is a well defined linear operator on ®. Moreover, one can show that A is
a bounded, symmetric, positive-definite operator on D, and A — I is a
Hilbert-Schmidt operator on ®r: The Hilbert-Schmidt norm of A — I is the
same as that of (I + G) ™" —1I (a Hilbert-Schmidt operator on H). Note that
for x,y € ®,

($, y)S = (ACC, y)R-

Indeed, one can define A in this manner in the more general setting of an
abstract Wiener space where the RV-theorem does not apply [8, Thm 10.1].
Sekine shows that, with «; being the eigenvalues of A,

1) _1 2 1 1 (a-l_
H(P|Q) = 5 |A#(u—v)| —log[[ai el ™D
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Since SR~! and RS™!, as operators on D, respectively D g, have reciprocal
eigenvalues, it follows that

1

H(P,Q) = %Z(aﬁa;l ~2) +%15-%(M_y)’2+§)3—§(u_y)’2

Finally, since RS_1|9R and R%S_lR%|H have the same eigenvalues, our
lemma is proved. O

Proof of Theorem 1. For Gaussian measures P ~ (R, u) and @ ~ (S,v), we
define

d

H.(P,Q) =

Note that H,. is the distance “due to the correlations”, i.e., H.(P,Q) =

H(P', Q') where P' ~ (R,0) and Q" ~ (5,0). We also define

‘2

1
5T (R—%SR—% L RIS'Ri — 21) .

Ha(PQ) 2 2|5 8= + 5 |R 3 —v)

b
so that

Let P ~ (R,pn), Q1 ~ (Si,v1) and Q2 ~ (S2,12) be three Gaussian
measures on L2[0, 7.

Lemma 2.1.
He(Q1,Q2) < 2H(Q1, P) + 2H (P, Q2) + 2H(Q1, P)H (P, Q2).
Proof. Let Ay and Ay be boundedly invertible operators on L?. Then
(A1Az + (A2A1) " = 21) + (A1 A7 + ATY Ay — 21)
= (A + A7Y —2D)(Ay + ASY —21)
+2(A; + A7t —21) + 2(Ay + AT —21).

Assume now that for i = 1,2, A; = I + G; where G; are Hilbert-Schmidt
operators with spectra o(G;) > —1. It is not hard to see that there exist
Hilbert-Schmidt operators G; such that A;* = I + G; (and o(G;) > —1).
In this case,

A1 Ag + (AgA)) ™ =2 = Gy + Go + G1Ga + Gy + Gy + G1Go.

Since G;+G; = Ai+A;7 L_ 9T are trace class, and the product of two Hilbert-
Schmidt operators is trace class too, we find that A;As + (AgAl)*1 — 21 1is
a trace class operator and that

Tr (A1A2 F(Ap A - 21) _ <A1A2 F (A Ayt 21) .

Similarly, A1 A5 1y Al_lAg — 21 is trace class and hence
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T (Ao + (Ards) ™ —27) +Tr (41471 + ApAT! —21)
=2Tr (A + A" —21) +2Tr (Ay + Ay' —21)
+Tr (A + A7t —21) (Ao + Ay —2I) .
Note that

1 1 _1 _1
Tr (A1A2 4 (AAg) 7t - 21) ~Tr (A22A1A22 + A PATIA,? - 21) > 0,

and that for the positive-definite trace class operators F; = A; + A;l -2,
(with {x;} the orthonormal basis of eigenvectors of F3),

T F1Fy =Y (FiFrj,a;) <Y ||Ba|(Fizj,z;) < (Tr Fy)(Tr F),
J J
so that
(7) Tr (A4 + A2 AT —2I)
<2Tr (A;+ A7t —2I) +2Tr (As + Ay —21)
+Tr (Ay+ A7 —21) Tr (Ag+ Ay —21).
We can assume that H.(Q1, P) < oo, and H.(P,Q2) < co. In this case

A; 4 R_%SZR_% satisfy the conditions imposed above and it can be verified
1 _1
that R_%Sf and S, 2Rz are well defined and bounded, so

HC(leQQ)
_1 _1 1 1
= - Tr [S) 25285, 2 + 575, 1S¢ — 21

1 1 _1 _1 1 1 _1 4
Tr [R557(S] 28, 2 + 5285187 — 21)S; ? RY]

Tr [(R™28R™2)(RZS7'R?) + (R™2S8,R2)(R2S5 ' R2) — 21

[ — N RN~ DN -

5 Tr [A1 A7 + A AT — 21
< 2Hc(Qu, P) + 2He(P, Q2) + 2Ho(Q1, P)He(P, Q2).
The last inequality is due to (7) and Lemma 1.8. (]
Lemma 2.2. If H(Q1,P) < 0o and H(P,Q2) < oo, then
Hpm(Q1,Q2) < 4H(Q1, P) + 4Hn (P, Q2)
+ 4Hm(Q1, P)Hc(P, Q2) + 4H(Q1, P)Hin (P, Q2).

Proof. We can assume without loss of generality that u = 0, thus v,10 €
_1 _1
D(R™2) =D(S, %) =D(S, ?). The next claim is the heart of the proof.
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Claim 2.3.
1 |2 e L2
Sy % v §2‘R*§u2‘ +2HC(Q1,P)‘R*§VQ’

Proof. Since H.(Q1,P) < oo, T = R_%SlR_% is a symmetric, positive-
definite and bounded operator with a bounded inverse T-1 = R%Sf 'R2
(e.g. [4, thm 1.3.2]). Note that for > 0,

1 1
- < <+:1c—2) +2,
T T
so for the symmetric, positive-definite operator 7" we have
T < (T'+T-2I)+2I=F +2I.

It follows that

1 2

_1 2
Sl 2V2 ‘

11 _1 _1 _1 _1
=(T""'R 219, R 21n) < (FR 21v9,R 21/2)—&-2‘1% 219

We finish by noting that for any symmetric, positive-definite F' and a vector
x?

(Fz,z) < Tr F|z|*

O
Using the last claim we prove the lemma:
1| —1 21 1 2
Hip(Q1,Q2) = 5 |81 * (1 —12)| + 5|5 * (1 —12)
1|2 1|2 1|2 1|2
1|2 L2 L2
< |8 %0 +2‘R—5V2‘ +2HC(Q1,P)‘R_§V2‘
1 2 L2 L2
+ 1S5 21 +2‘R—5V1‘ +2HC(P,Q2)‘R_§V1‘
< 4Hp(Q1, P) +4Hnm (P, Q2)
+4H’m(Q17P)HC(P7 QQ) +4HC(Q17P)Hm(P7 Q?)
O

Theorem 1 is now a trivial consequence of the last couple of lemmas. [J
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Appendix A. Concrete Examples.

A.1. Triangle correlation.

|t — 5]

S(t,s)=1-— and [t —s| < 4.

with ¢,s€[l—7,147]

In this case, the Radon-Nikodym derivatives can be found explicitly. One
way is by computing

1 1 1 .
5+ = ) O1 0 0
5 5 5 0 0
0 12 1 0
R_l _ 4 o 4
0 0 12 1
6 (51 1(5
. 0 0 S
1 1 1 1
5t 4172 _23 01 0 4-27
—3 5 5 0 0
0 12 1 0
S*l _ ) ) B
0 .. 0 -3 2 -1
1 11 1
(8) L 27 0 5 st
~ _3 1 7
a2nan O 0 1%
0 0 0 0
S—l _ R—l _ :
0 0 0 0
1 1
L 127 0 U
_5:: x ok .. % —é:—:
0O 1 0 0 0
. 0 0 1 0 0
STR=| . . ) ,
0O 0 ... O 1 0
E=ER x 5=F
from which you find
detS_lel_Tg_T 1—7‘1—7‘_2(1—7)7
2—72—7T 2—T2-—7T 2—71
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and
aw,

dQn
B 1
Vdet S71R

=4/=—0—— expq = T ToT —x .
20 —7) TP 2\ —2n@ )0 T g gp 0T T g

This is just the Radon-Nikodym derivative of the two distributions sampled

only at the end points, i.e., it is the Radon-Nikodym derivative of the 2

dimensional (mean 0) Gaussian vectors with correlations Ry = (127 )

and So = (,1,'77).

exp {; (S~ R V), m>}

Claim A.1. ‘zl‘g" 1s independent of n, therefore it is Q

We just showed that dg/" is independent of n. Let F,, be the o-field

generated by sampling the paths at 2 + 1 points. Then ¢ Q“ is JF,, measur-

able, and (‘flg",]:n> is a martingale which obviously converges in L'(dQ)
to itself, i.e. it is W'
There is an alternative way to find %. Let L(t; «, 3) be the linear inter-

polation between the points (7, «) and (o, ), i.e
d t—r1
L(t; = — .
(0.8 2 LT (8- a) +a

Let X € C|r, 0] be a generic path, and define Y € C[r, o] as

Y, L X, — L(t; Xr, X,).

It is easy to check that E9(Y;X,) = EQ(Y;X,) = 0 and also EW (Y;X,) =
EW(Y;X,) = 0. As the means are 0, we find that Y is independent of X,
and X, under both measures. Furthermore,

—~ —t
EWYtYszw:EQYtYs r<s<t<o,
o—T
that is, Y has exactly the same distribution under W as under Q. In fact,

under both measures, Y is just a tied Brownian motion. Here is the gist of
w/Q

.S, t,0

how to use the above for computlng . Let f_ be the joint density of

(X;, X, X, X)) under W, respectlvely Q. Let f‘;[/{)?ra) be the associated

conditional density. Obviously,
fT,s,t,U (:L‘Ta Lsgy, Tt ﬂfg) = f(s,t)‘(’r,a) (x& ‘/Et|$7'7 :L‘U)f('rg) (xTa :L‘U)
and also

f(syt)|(7-70-) ($Sa xt‘$7'7 ma)
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= [ volX,.x,) (@t — Lt 27, 26), w5 — L(s; 37, 20) | (27, 25) )
= fovov) (@ — Lt 20, 25), 05 — L(8; 21, 75))
as Y is independent of the end points of the X process under both measures.
Hence
fgs,t,a(xﬂ Tsy Lt xo)
= fg,&yt) (v — L(tyzry20), x5 — L(S; 27, 24)) f(aa)(xﬁ To)
fQ (Tr, 7o)

(1,9)

f oy (@r,20)

(1,0)

_ W
- T,s,t,a(xTaxSaxtaxU)

aw o 3y (@r,30)
dQ ~ fI (@ras)

Once you have %, computing the entropy is trivial:

A standard argument now shows that

-
2(1—71)°
It should be noted that the entropy itself can be recovered by computing

T (cf (1)) and T~!; both are rather easy to compute due to their special
structure.

H:

A.2. The Ornstein-Uhlenbeck Process.
S(t,s) = e t=51/2,
Here also you can compute the Radon-Nikodym derivative. Let W1 be the
Wiener measure on C[T',T + 27|. By the chain rule,
dqQ dQ dw;
AWy, AW dWy

The Ornstein-Uhlenbeck process satisfies: dX = db— %X dt, with a standard
Brownian motion b, so Girsanov’s formula implies:

dQ 27 1 1 2T 1 )
— = - X, dX, — - -X
aw eXp{ 2 d 2, 1% ds

1 - 1 2T
:exp{—4[Xt2—t]§ “s/, X2 ds}

and, with considerably less effort, we get

aw,_, 1_TeXp{_2 0(1_1—T>}'

Now you have the Radon-Nikodym derivative in front of you and from it
you compute:

d 1 1 1
@ **log(l—T)—*—i-z"’

E@1 = L
AW, 2 241 21— 1)
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dWhi_;, 1 T
EWi-r] =——log(l—7)— .
) 5 log(l—7) =7
Finally,
e
21—71

exactly as for the triangle correlation. In this case, you can also compute
the Radon-Nikodym derivative as a limit of finite-dimensional derivatives
since the matrix S is readily invertible.

Appendix B. The existence of a minimizer.

The following is adopted from [1, pp. 32-40]. Let X be a Polish space, i.e., a
complete separable metric space, and let P(X) denote the set of probability
measures on X. Using weak-convergence one can introduce a (metrizable)
topology on P(X). Let P,Q € P(X), then the relative entropy of P given
Q is defined by

d p dP
H(P|Q) = E" log ok
It can be shown that H(P|Q) is a convex lower semicontinuous function of
(P,Q) € P(X) x P(X), and that for every finite M the set {Q : H(Q|P) <
M} is compact. It follows that H(P,Q) = H(P|Q) + H(Q|P) is a lower
semicontinuous function of (P,Q). Thus, if for a given P the set {Q :
H(Q|P) < oo} is non empty, there exists a Q9 € P(X) which minimizes
H(P,Q). Finally, since the set of stationary Gaussian measures is closed,
the above argument will yield a stationary minimizer in our case as well.

Appendix C. On the L? distance.

The L? distance between correlations R and S is
1+7 1+7
IR - S|P = / / R(t,5) — S(t, )2 dt ds.
1-7 1-7

If R is any correlation, then the best L? approximation to R by a Téeplitz
operator is obtained by averaging R along its diagonals:

ZZT—T

1 14+7—7r
S(r) / R(s+r,s)ds 0<r<2r
1-7
The problem is that, in general, S would not be positive-definite. Besides,
this L? distance seems unnatural from a probabilistic standpoint. In the
case of R =1t A s, S turns out to be 1 — |r|/2 which happens to be positive-

definite (see appendix A.1) and we get |[R—S||?> = %7‘4. More generally, if S
Ir|

is stationary with S(r) = 1— 1 +o(r), then |[R—S||* = 271+ 0o(7?) so, as in
the case of the entropy, we find (to leading order) that the distance between
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Brownian motion and any stationary process that is absolutely continuous
with respect to it is always the same. This may be contrasted with the
entropy distance between Brownian motion and S(r) = 1— @ +|r*/? which
is infinite.

It is also easily verified that the L? distance between any two stationary
correlations of the above type (S(r) = 1 — l%‘ + o(r)) is o(7?) which is
reminiscent of the case of the entropy distance in the sense that it is smaller
than the distance to the Brownian motion.

The L? (as opposed to the entropy) distance to Brownian motion remains
finite for stationary correlations such as S(r) = 1 —a|r|+o(|r|) with a #

4
IS — R|* = §(202 —2a+ 1)1t 4 o(r).
This is minimized for o = %, as it should be.

References

[1] P. Dupuis and R.S. Ellis, A Weak Convergence Approach to the Theory of Large
Dewiations, John Wiley & Sons, Inc, 1997.

[2] T. Hida and M. Hitsuda, Gaussian Processes, AMS, 1993.

[3] U. Keich, Absolute continuity between the Wiener and Stationary Gaussian Mea-
sures, preprint, 1998.

[4] HH. Kuo, Gaussian Measures in Banach Spaces, Lecture Notes in Mathematics,
463, Springer-Verlag, 1975.

[5] R.C. Rao and V.S. Varadarajan, Discrimination of Gaussian processes, Sankhya
Ser. A, 25 (1963), 303-330.

[6] J. Sekine, The Hilbert Riemannian structure of equivalent Gaussian measures asso-
ciated with the Fisher information, 32 (1995), 71-95.

[7] L.A. Shepp, Radon-Nikodym derivatives of Gaussian measures, Ann. Math. Stat.,
37 (1966), 321-354.

[8] Y. Yamasaki, Measures on Infinite Dimensional Spaces, World Scientific Publishing
Co. Pte. Ltd., 1985.

Received July 6, 1998. This paper is based on my Ph.D. dissertation research under the
supervision of Prof. H.P. McKean, Courant Institute, NYU. I am indebted to H. McKean,
S.R.S. Varadhan and P. Deift for their helpful comments.

CALTECH
PasADENA, CA 91125
E-mail address: keich@ama.caltech.edu

This paper is available via http://nyjm.albany.edu:8000/PacJ/1999/188-1-6.html.


http://nyjm.albany.edu:8000/PacJ/1999/188-1-6.html

