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SHARP BERRY-ESSEEN BOUND FOR THE

MAXIMUM LIKELITHOOD ESTIMATOR IN
THE ORNSTEIN-UHLENBECK PROCESS

By J.P.N. BISHWAL
Indian Statistical Institute, Calcutta

SUMMARY. The paper shows that the distribution of the normalized maximum likelihood
estimator of the drift parameter in the Ornstein-Uhlenbeck process observed over [0, T] converges
to the standard normal distribution with an error bound O(T~1/2).

1. Introduction

Let (Q,F,{Fi}it>0, P) be a stochastic basis on which is defined the Ornstein-
Uhlenbeck process X; satisfying the It6 stochastic differential equation

dX; = —0Xydt +dWi,t >0, Xo=0 (1)

where {W;} is a standard Wiener process with respect to the filtration {F;};>0 and
6 € ©® C Rt is the unknown parameter to be estimated on the basis of continuous
observation of the process {X;} on the time interval [0, 7.

Let us denote the realization {X;,0 <t < T} by XZ. Let P} be the measure
generated on the space (Cr, Br) of continuous functions on [0, 7] with the associated
Borel o-algebra Br generated under the supremum norm by the process X{ and
PT be the standard Wiener measure. It is well known that when @ is the true value
of the parameter P] is absolutely continuous with respect to P] and the Radon-
Nikodym derivative (likelihood) of PJ with respect to P} based on X[ is given

by

dPéT T T 92 T 2

Lp(0) := W(Xo):exp —0 i XidX, — = i X2dt . .. (1.2)
0

Maximizing the log-likelihood w.r.t # provides the maximum likelihood estimate
(MLE)

Paper received. June 1996; revised September 1999.
AMS (1991) subject classification. Primary 62F12, 62M05; secondary 60F05, 60H10.
Key words and phrases. It0 stochastic differential equation, Ornstein-Uhlenbeck process, maxi-

mum likelihood estimator, Berry-Esseen bound.



2 J.P.N. BISHWAL

T
XdX
eT:—% ...(1.3)
Jo XZdt.

It is well known that 7 is strongly consistent and T/2(6 — 6) asymptotically

N(0, 55) distributed as T — oo (see Basawa and Prakasa Rao (1980)). Our aim

in this paper is to obtain the Berry-Esseen bound, i.e., the rate of convergence to
normality of the MLE.

Note that
1/2
T)l/2 (2)"" zp
— O —0) = L2 "~ ... (14)
(3 &) Ir
where

T T
Zp = / X dW, and Ip= / XZ2dt.
0 0

In (1.4), the numerator of the normalized MLE is a normalized martingale which
converges to the standard normal variable and the denominator is its corresponding
increasing process which converges to one as T' — oo.

One way of obtaining the Berry-Esseen bound in the present context is to use
the technique of Michel and Pfanzagl (1971) for the i.i.d case. Lemma-1 in Michel
and Pfanzagl (1971) states that the Berry-Esseen rate for the ratio of two processes
can be split up into three components : the Berry-Esseen rate for the numerator,
the rate of convergence of the denominator to one and a small positive number
depending on the second component. For the Berry-Esseen bound of the MLE 6,
Mishra and Prakasa Rao (1985) used this approach. For the normal approximation
of the numerator, they embedded it in a Brownian motion by the Kunita-Watanabe
theorem and used Lemma 3.2 of Hall and Heyde (1980) on the Berry-Esseen bound
for the Brownian motion with random time. For the convergence of the denominator
to one, they used Chebyshev’s inequality. They applied these two together and
obtained the rate O(7~'/?). One can use Burkholder inequality for the convergence
of the denominator to one to improve this rate to O(T~1/4€), € > 0. Note that using
Skorohod embedding method one cannot obtain any better rate than O(T~'/4)
(see Borokov (1973)). Bose (1986) used characteristic function followed by Esseen’s
lemma for the numerator. The denominator was linked with the numerator via It
formula. He obtained the rate O(T~'/2(log T')?). Theorem 3.4 in Bose (1986) has a
misprint and gives the rate as O(T~'/2), but by following the proof given there it is
clear that the rate is O(T~'/?(log T)?). Bose (1985) decomposed the numerator in
to two parts using Itd formula. He used normal approximation by Esseen’s lemma
for one part and rate of convergence to zero for the other part and obtained the rate
O(T~'/?1og T). Bishwal and Bose (1995) used the approach in Michel and Pfanzagl
(1971). For the normal approximation of the numerator, they used characteristic
function followed by Esseen’s lemma. For the convergence of the denominator to
one, they obtained exponential bound using the moment generating function of the
denominator. These two together improve the rate to O(T~/?(log T')'/?). Bishwal
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and Bose (1995) also obtained the rate O(T~'/?(log T)'/?) using different random
normings which are useful for computation of a confidence interval.

Here we improve the Berry-Esseen bound for 61 to O(Tﬁl/ 2) using the squeezing
technique, due to Pfanzagl (1971) developed for the minimum contrast estimators in
the i.i.d. case. This method was adopted by Prakasa Rao (1973, 1975) respectively
for the minimum contrast estimators in the independent nonidentically distributed
case and discrete time Markov processes, and by Ivanov (1976) for the least squares

estimator of the nonlinear regression parameter to obtain a Berry-Esseen bound of
the order O(n=1/2).

2. Main Results

Let ®(-) denote the standard normal distribution function. Throughout the
paper C denotes a generic constant (perhaps depending on €, but not on anything
else).

We start with some preliminary lemmas. The first lemma gives a useful bound

for It. Note that
([T T— X2
IT —</ Xtth+ T))
0\ Jo 2

which is known as the energy of the O-U process.

LEMMA 2.1. For every § > 0,
{‘IT - 1‘ > 5} <OoT 762

PROOF. It is clear that X; = f(f e~ 9t=5) g, . Note that

1 _ 20T . 3(1 — e=20T)?2 20T — 1+ e 207
T, E(XT) = T, and E(IT) = T

By It6 formula (see Friedman (1975)), we have

E(X7) =

IT
20—L —1== XW——
0 / td t

Using this and Chebyshev inequality, we have

P{‘QQITl‘>5}

2

1 _]20

2 (4 X4 4 20T — 1+ 7267 3(1 — e 20T)2
< R R —_— =
= 62{T2E(IT)+E(T2)} 2 {T2 162 T }
< CT7R |
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The following lemma gives the characteristic functions of the quantities in the
expression for the MLE.

LEMMA 2.2. (a) Let ¢r(z1,20) := Eexp(z1lr + 20X32),21,20 € C. Then
or(21,22) exists for |z;| <&, 1 = 1,2 for some § > 0 and is given by

o ) 0T 2y v
= eX -
T\%1, 22 €xXp D) (v =0 +22)e T + (v + 0 — 2z5)e"T

where v = (62 — 221)1/2 and we choose the principal branch of the square root.
(b) Let G4 == — (%)1/2 Ve (%IT - 1) x. Then for |z| < 2(logT)'/? and for
|t| < €TY2, where € is sufficiently small,

42
< Cexp(— ) (t] + [t*)T172,

—¢2
| :

Eexp(itGr ) — eXP(T)

(c) For |[t| < T2, where e1 is sufficiently small, we have as T — oo,

g i ()" (o1 )} - 5

(d) Statement (c) above holds when (2£)'/2(01r — L) is replaced by (2£)'/2Zy.

Part (a) is essentially given in Liptser and Shiryayev (1978) for z; € R, 29 = 0.
A complete proof for the case z1,29 € C may be found in Bose (1986). We shall
prove part (b) in details. Proof of part (c) is very similar to part (b) and will be
omitted. Proof of part (d) is also similar and may be found in Bose (1986).

2 _
< Cexp(=)(|t[ + %112

PrOOF. By It6 formula,

X2 T
Note that
Eexp(itGr )
20\ /? (20
= Fexp|—it <T) Zr — it <TIT — 1) T
20\ 1/ X2 T 20
= Fexp it(T) {01T+2T2}it<TITl>x
Eexp(zIp + 20 X5 4 23)
= exp(z3)dr(z1, 22).
where z1 = —it0dr 4,20 = — 4 (2?9)1/2 and 23 = LL67 , with 67, = (2?9)1/2 + 2,

Note that (z1,29) satisfies the conditions of (a) by choosing € sufficiently small.
Let ayr(t), asr(t), asr(t) and agr(t) be functions which are O(|t|T~1/?),
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O(|tPT=1/2), O(|t|>T—3/?) and O(|t|>T~'/?) respectively. Note that for the given
range of values of  and ¢, the conditions on z; for part (a) of Lemma are satisfied.

2¢2
Note also that zo = oy 7 (t). Further, with fr(t) =1+ itéz(;’w + t;;;’w,
2 3

= (62 —92:\/2 = gl_ﬂ_i ST

v o= =22 2 207 "o T
COp, 1202 it363

= 0|1+t g + 291;’ + 29€’ = 01+ arr(t) +azr(t) + asr(t)

= eﬁT(t> + Oég’T(t> = 9[1 + al,T<t)]-
Thus

y—0=oq171, v+0=20+0a1.

Hence the above expectation equals

oT
exp <23 + 2)
20@1“(7,‘) =+ Oég,T(t)

1/2
% |:OZ17T exp{—GTﬁT (t) + a47T(t)} + (29 + OzlyT(t)) exp{GTﬂT (t) + 0147T(t)}

- Lt awr(t) e
a1,7exp(xr(t)) + (1 + a1,7(t)) exp(¥r(t))
where
XT (t) = —HTBT(t) + 0447T(f,) — 223 — 0T
= 20T + a1 7(t) + 2y 7(t).
and
’(/)T(t) = GTBT(t) + 0147T(t) — 223 — 0T
A P ot t) — itTs 0T
= +1 0 + 202 +Ot4,T()—’L Tz —
2
_ BT 20\ 2
20 T T

= >+t ().
Hence, for the given range of values of t, x7(t) — ¥ (t) < —0T.
Hence the above expectation equals

t2
eXp(—§)<1 =+ Otl)T)l/Q [aLT exp{—29T + a1+ t2a17T}

—1/2
+ (14 arr(t) exp{tarr(t)}]
t2
— exp(—g) [1 +ar7)1+arr(l+air)exp{—0T 4+ a1 + t20¢1,T}]

exp(t?ay 7 (t)). O
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Parts (¢) and (d) of Lemma 2.2 give the Berry-Esseen rate for Zp and I im-
mediately by using the Esseen’s lemma.

P { @9)1/2 I < x} — a(a)

P{Ereon -3 <af - aw)

Before we prove the results on the Berry-Esseen bound for the MLE with non-
random norming, we need the following estimate on the tail behaviour of the MLE.

COROLLARY 2.3.

(a) sup <cor—/2

zeR

(b) sup <CcrTY2,

z€R

LEMMA 2.4.

T
P {(20)1/2|9T -0 > 2(10gT)1/2} <or~1/?

PROOF.

P {(2 )20r — 6] > 2(logT)1/2}
;

> 2(log T)l/z}

IN

P{‘ 1/2ZT

> (1ogT)1/2} + P{’IT

)

' { 20 VW2 Zp| > (1ogT)1/2}2<1>( (log T)/?)

IA

+2&(—(log T)/?) —&-P{‘IT—l‘ ;}

20 1/2

2] > x} —2%(—a)

7
P{ 20,1172 zx} — 20 (—)
(

INA
: w
=
e}

IN

sup
xeR

20 1
- 1> =
()Ir 1’ = 2}
CT-'2 4+ C(TlogT)" Y2+ CT!

T2,

+28(—(log T)"/?) + P {

INIA

The bounds for the first and the third terms come from Corollary 2.3 (a) and Lemma
2.1 respectively and that for the middle term comes from Feller (1957, p. 166).

We are now in a position to obtain the Berry-Esseen bound of the order O(T~'/2)
for the MLE.
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THEOREM 2.5.

sup =O(T~/?).

zeR

P{igg)26r—0) <o} - 000

ProoOF. We shall consider two posibilities.

(i) |z > 2(log T)*/2.
We shall give a proof for the case x > 2(logT)
—2(log T)*/? runs similarly. Note that

\P {(27;>1/2<0T —9) < x} @) <P {(i)”% 9> x} +&(-a)

But ®(—2) < ®(—2(logT)'/?) < CT~2. See Feller (1957, p. 166).
Moreover by Lemma 2.4, we have

P {(T)l/Q(eT —6) > 2(1ogT)1/2} <CTY2,

/2 The proof for the case = <

20
Hence

’P {(21;)1/2(1% —0) < z} —®(z)| < CTV2

(ii) |z| < 2(logT)"/>.

T
20

Let Ay = {( W20r — 6] < 2(logT)1/2}and Br = {I; > co}

where 0 < ¢y < 2—19. By Lemma 2.4, we have
P(A%) < OT™Y2, ..(21)

By Lemma 2.1, we have

20 20
. (2.2)

Let by be some positive number. For w € A7 N By and for all T > Tj with
4b0(1ogT0)1/2(%—‘:)1/2 < ¢p, we have

T

2 \1/2 —_0) <
(29) (0r —0)<=w
T
= Ip+byT (07 —0) < I + (%)1/221)091;
T T
= (2—9)1/2(0T —0)[Ir + boT (0 — 0)] < z[Ir + (2—9)1/22b09x]

20
= (07 —O)Ir + boT(6r — 0)* < (?)1/2171% + 2bofz>
20
= Zp+ (01 — 0)Ir +boT(0r — 0)*> < Zp + (T)l/QITx + 2bofx?

20
= 0<Zp+ (?)1/%:6 + 2byHz>
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since
Ir + boT(aT - 9) > Tcy+ boT(QT — 9)

20 20 20
> Abo(log T)!/2(75)"/% = 200 (log T)/2(75)1/2 - = 2bp(log T)1/2(75)1/2 > 0.
On the other hand, for w € ArNBr and for all T > Ty with 4bg(log To)l/Q(%)l/Q <

co, we have

(55)/20r =) > &

T
= Ir— boT(eT — 6‘) <Ip— (%)1/2217091'

(29)1/2(0T —0)[Ir — bT (O — 0)] > Iy — (21;
20

= (07 —O0)Ip — boT (6 — 0)* > (= T V2 Ipa — 2by02®

= )1/ 22b0 0]
20
= Zr+ (00 —0)Ip —byT (07 — 0)> > Zp + (= T VW2 Ipa — 2boHa®
20
= 0>Zr+ (% VW2 [ e — 2byha?
since

Ir — boT(aT — 9) > Tcy — boT(QT — 9)

20 20 20
> Abolog T)'/2(50)/2 — 2bo(log T)' 2 (5) 2 = 2o(logT) /2 > 0.
Hence » -
0< Zr+ (?)1/%@« — 2botla® = (35)"/*(0r — 0) < 2.
Letting DTI = {ZT 2T)l/szx + 2by0z2 > 0} we obtain
T
Dy ,NATNBr € ATOBTO{(%)UQ(@T —0) < x} C Df .NA7NBr. ...... (2.3)
If it is shown that
‘P {D;x} - @(x)’ <cri? . (2.4)

for all T > Ty and |z| < 2(logT)'/?, then the theorem would follow from (2.1) -
(2.3).
We shall prove (2.4) for D;’z. The proof for D7, , is analogous. Note that

P {Phe} - 200)

= ‘p{ (2;)1/22 (QQITl)x<x+2(;))1/%9m} d(x)
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P{(QTG)UQZT _ (QJ?IT - 1) z < y} - ‘I)(Z/)’

® (m + (2T€)1/2b00:c2) — ®(z)

Lemma 2.2 (b) and Esseen’s lemma immediately yield

IN

sup
yeR

+

A <CTTY2, ...(26)

On the other hand, for all T' > Ty,
26
Ay < 2(?)1/%09:@2(2%)*1/2 exp(—72/2)

where 00
T —z| < 2(T)1/2b00m2.

Since |z| < 2(log T)'/?, it follows that |#| > |x|/2 for all T > Ty and consequently

2
Ay < 2(;)1/21709332(2@_1/23:2exp(—mZ/S) < or~/2 . (2.7)

From (2.5) - (2.7), we obtain
’P {pt.}- @(x)‘ <cr2,

This completes the proof of the theorem. O

REMARKS. (1) The bounds in Theorem 2.5 are uniform over compact subsets
of the parameter space ©.

(2) The bounds in Theorem 2.5 cannot be improved further.

(3) Here we have studied the properties of the MLE in the ergodic case, i.e.,
when 6 > 0. Note that in the nonergodic case i.e., when # < 0, when normalized
by a nonrandom norming €7 converges to a Cauchy distribution (see Kutoyants
(1994)) and when normalized by a random norming (by Ir), converges to a normal
distribution. It remains to obtain the rate of convergence in this case. Note that
in the critical case, i.e., when 6§ = 0, the MIE has a distribution concentrated on a
half line, precisely the distribution of the ratio of a noncentral chisquare to the to
the sum of chisquares.

(4) In a Bayesian framework, the rates of convergence of the posterior distribu-
tions and the Bayes estimators has been studied in Bishwal (1998).

(5) The rates of convergence of the conditional least squares estimator and an
approximate maximum likelihood estimator when the O-U process is observed at
discrete time points in [0, 7] has been studied in Bishwal and Bose (1998).

(6) The rates of convergence of the MLE in the nonlinear homogeneous and
nonhomogeneous equations remains open.

(7) Extention to multidimensional process and and to multiparameter case re-
mains to be investigated.



10 J.P.N. BISHWAL

(8) It remains to investigate the nonuniform rates of convergence to normality
which are more useful.
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