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Abstract: In this paper, we investigate the consistency and asymptotic
efficiency of an estimator of the drift matrix, F', of Ornstein-Uhlenbeck
processes that are not necessarily stable. We consider all the cases. (1) The
eigenvalues of F' are in the right half space (i.e., eigenvalues with positive
real parts). In this case the process grows exponentially fast. (2) The eigen-
values of F' are on the left half space (i.e., the eigenvalues with negative or
zero real parts). The process where all eigenvalues of F' have negative real
parts is called a stable process and has a unique invariant (i.e., stationary)
distribution. In this case the process does not grow. When the eigenvalues
of F have zero real parts (i.e., the case of zero eigenvalues and purely imag-
inary eigenvalues) the process grows polynomially fast. Considering (1) and
(2) separately, we first show that an estimator, ﬁ, of F' is consistent. We
then combine them to present results for the general Ornstein-Uhlenbeck
processes. We adopt similar procedure to show the asymptotic efficiency of
the estimator.
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1. Introduction

Multidimensional processes with linear drift parameter have been used for mod-
elling various physical phenomena. Among recent papers, works by Jankunas
and Khasminskii [13] and Khasminskii, Krylov and Moshchuk [16] on the esti-
mation of the drift parameters of linear stochastic differential equations (of the
form, dX; = AXedt + > 0;Xpdw;(t) and dX; = Ag Xydt + > 1, 03 Xpdw;(t))
can be mentioned. It should be noted that our work on Ornstein-Uhlenbeck
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(OU) processes does not follow from theirs and that the methodology used in
our paper is also quite different from theirs.

The motivation for this work comes from Lai and Wei’s paper [23], in which
the authors have shown the strong consistency of the least square estimators
of the coefficients of the discrete univariate general AR(p) processes. In this
paper, we not only show that an estimator (which is the maximum likelihood
estimator in the special case when A is nonsingular) of the drift parameter of
the general multidimensional OU process is consistent but also show that it is
asymptotically efficient. We consider the following SDE representation of the
OU process:

dY, = FY,dt + AdW, (1.1)

with any starting point Yy independent of the Brownian motion {W;, ¢ > 0}.
Here Y is a p-dimensional process, A is a constant matrix of p x r dimes-
nion and W; is a r-dimensional standard Brownian motion. Notice that it is
always easier to estimate A through quadratic variation of the process by us-
ing Ito’s rule. But, estimating F' is usually the more difficult task. It is gen-
erally believed that one needs stationarity of the process to estimate F. How-
ever, one may observe, fOT avy) = F(fOT Y, Y/ dt) —|—A(fOT dW,Y/). Thus, we de-
fine, Fr = ([i dV,Y))(fy V,Y/dt)™" = F + A(f, dW,Y{)(f, Y:Y/dt)~" when
( fOT Y;Y/dt) is invertible and, in this case, the estimator is unbiased (as the
expectation of the second term is zero). We show here that Fp is a consistent
and an asymptotically efficient estimator of F', irrespective of the stationarity
(or stability) of the process, provided F' and A together satisfy a RANK con-
dition (a), given in Section 2. This RANK condition is essential to prove that
( fOT Y:Y/dt) is invertible. We note here, if A is a nonsingular matrix, the RANK
condition automatically holds. In fact, it is also easy to see that for a continuous
autoregressive process (i.e., CAR(p)), the RANK condition holds.

We also make another assumption, condition (b). It is the distinctness of the
eigenvalues with positive real parts. However, we point out that this condition
can be relaxed with a condition (b’) and also that if none of the conditions (b)
or (b’) hold it is still possible to proceed with the estimation (see the discussion
after Remark 3.2). Notice that the condition (b’) holds for the drift F' in CAR(p)
processes.

An early basic work, proving weak consistency for the stable discrete-time
case, was done by Mann and Wald [26]. Later, many authors extended their
results in many directions, such as, strong consistency, unstable cases, mixed
cases etc. (for details, see [23] and references therein). Most of the works of
Konev and Pergamenshchikov in this direction (discrete and continuous time),
including [17, 18] for the continuous time case, have been done in the context of
sequential estimation, to get fixed accuracy estimators or to derive asymptotic
or other desirable properties of such estimators. So, their aim, techniques and
results somewhat differs from those of ours. The estimation of parameters for the
continuous time stochastic processes have been extensively studied as well (see
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for example, Feigin [9], Basawa, Feigin and Heyde [7], Basawa and Prakasa Rao
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[6], Araté [1], Dietz and Kutoyants [8], Kutoyants [20, 21], Barndorff-Nielson
and Sorensen [3], Kutoyants and Pilibossian [22], Jankunas and Khasminskii
[13], Khasminskii, Krylov and Moshchuk [16] Prakasa Rao [27, 28] and refer-
ences therein). Therefore, the estimation of the paramater and its asymptotic
studies have not been new. However, as far as we know, full study of multidi-
mensional OU processes parameter estimation and the study of its asymptotics
have not been done for the mixed model. In the present paper, while showing
consistency and asymptotic efficiency for the multidimensional matrix valued
parameter, which do not follow from that of univariate or vector valued case
(see, for example, Kaufmann [15], Wei [29], Basawa and Prakasa Rao [6], Di-
etz and Kutoyants [8], Kutoyants [20, 21], Barndorff-Nielson and Sorensen [3],
Prakasa Rao [27, 28] and references therein), it develops new methodology to
deal with various cases as is done in Kaufmann [15] and Wei [29].

Our paper is organized as follows. In Section 2, we present the basic assump-
tions and the main theorems. In Section 3, we describe the case in which the
eigenvalues of F' have positive real parts. Methodology used here is similar to
that of Lai and Wei’s paper [23]. However, it may be noted that the case, in
which the eigenvalues of F' have negative or zero real parts, is quite different
from either of them and it is discussed in Section 4. This case, in fact, combines
the three cases, zero eigenvalues, purely imaginary eigenvalues and the eigen-
values with negative real parts. Details on the rates of growth and so forth for
zero eigenvalues and imaginary eigenvalues are given in the Appendix. Section 5
examines the mixed case for consistency. The section 6 presents the results on
asymptotic efficiency and Section 7 has some concluding remarks.

2. Basic assumptions and the main theorem

We can decompose any p X p matrix F' into the rational canonical form

o [ Gy O My
wr—aar= (G 5 ()

where G; are p; X p; matrices and M; are p; X p matrices for ¢ = 0,1 and
po + p1 = p. Rows of M; and rows of M; are orthogonal for i # j.

All roots of Gy lie in the right half space; all roots of G; lie on the left half
space.

Example Let

-1 0 1 0
-8 6 14 1
10 -4 —-14 -1
—-10 6 16 1
-5 3 7 0

b
Il
coocow

Then the characteristic polynomial of A is

ft) = (t—2)3t +1).
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Thus ¢1(t) = t—2 and ¢o(t) = t*+1 are the distinct irreducible monic divisors of
f(t). After computation, we find that g(t) = ¢1(t)%¢2(t) = (t —2)?(t* +1) is the
minimal polynomial of A and thus the companion matrices for ¢3(t) = (t —2)?2
and ¢1(t) =t — 2 are given by

( (1) _44 ) and 2.
Similarly, the companion matrix for ¢o(t) = 2 + 1 is
(1)
1 0.
The rational canonical form of A is thus

—4

o

Hy =

o O o
OO O =
OO N OO
o O O O

In the example above, the rational canonical form of A is formed by 3 blocks:

( 2 ;4 ), 2 and ( 2 :)1 ) Therefore the dimensions of the 3 blocks are 2, 1

and 2 respectively.

Assumption
(@)  RANK([A:FA:---: FP7'A]) =p. (2.1)

(b) The eigenvalues of F', which have positive real parts, are all distinct.

Observe that, from (1.1) Y; = ef*Y; + fot eF'(t=9) AdW, and thus have a mul-
tivariate Gaussian distribution with the mean ef* and the covariance matrix
fot el AAeF't . Since Y, is Gaussian it has a positive density if and only if the
covariance matrix is nonsingular. The RANK assumption which is the special
case of Hormander’s hypoellipticity condition ensures the positive density of Y;
(for details, see [12]), and hence the nonsingularity of covariance matrix.

Following Basawa and Rao ([6], pp.) it is clear that fOT Y;Y/dt is nonsingular
under the RANK assumption.

Let Fy = [A: FA:---: FP71A]. Then RANK (F4) = p by the RANK
assumption. Consider for ¢ =0, 1,

pi = RANK(M; FoF ;') < RANK(M,;Fa) < p;

where Fgl is the right inverse of F4. Therefore, RANK (M;F4) = p; fori =0, 1.
Since

M;Fy = [M;[A:FA: - :FP714]]
= [M;A:M;FA: - : M;FP™'A]
= [MlA : GlMlA Do GfilMiA],
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and as the higher power of G; can be expressed as a linear combination of I,
Gi,...,GP 1

If we transform the process Y; to U;; = M;Y; for i = 0,1,

M,dY, = M,FYdt+ M;AdWy,

From (2.2) and the argument given above, we conclude that fOT U; U/ dt is pos-
itive definite a.s. for ¢ =0, 1.

We now present our main theorems whose proofs are given in Section 5 and
in Section 6, respectively. Throughout the paper, we use Apin(C) and Apax(C)
to denote the minimum and maximum eigenvalues of a matrix C.

Theorem 2.1 Suppose, for the Ornstein-Uhlenbeck process defined in (1.1), the
assumptions (a) and (b) hold. Define Fp = (fOT dYth’)(fOT Y,Y/dt)~t. Then

1 T
1iminfTHoof)\min (/ Yth’dt> >0 a.s. (2.3)
0
and
1imT~>ooFT =F a.s.

Theorem 2.2 Under the assumptions of Theorem 2.1, it follows that
E(Tx[(Fr — F)E(Cr)(Fr — F))Y? = O(1) as T — oo, where Fr is as de-
fined in Theorem 2.1 and Cp = (fOT Yth’dt).

3. Eigenvalues in the right half space

We consider the case where all the eigenvalues of F' have positive real parts.
In this case, it can be seen that ||Y;|| — oo exponentially fast as ¢ — oo. To
introduce the main result of this section we define a Gaussian random variable

Z:%+/ e s Adw,.
0

Since all the eigenvalues of I have positive real parts, it is clear that, e Y, =
Yo + fot e 'S AdW, converges a.s. to Z as t — oo. We now derive the following
results.

Theorem 3.1 In addition to the assumptions and notations of Theorem 2.1,
assume further that real parts of all the eigenvalues of F' are positive. Then,

T [
e T (/ Yth’dt> e ' converges as. to B = / e z2e Tt
0 0
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Moreover, B is positive definite with probability 1. Consequently,
T
lim7 oo T 10g Amnin / Y,Y/dt | =2\ a.s.
0

T
limy_ oo T 10g Amax (/ Yth’dt> =2\g a.s. (3.1)
0

Here and throughout the paper, log z means the natural logarithm of z. Also,
in the sequel we shall let ||z|| denote the Euclidean norm of a p-dimensional vec-
tor x = (z1,...,2,), i.e., ||z||* = 2’z. Moreover, by viewing a p x p matrix 4 as
linear operator, we define || Ag|| = sup)|,|,—; |[Aoz||. Thus, ||Ao||* is equal to the
maximum eigenvalue of AjAgy. Moreover, if Ay is symmetric and non-negative

definite, then ||Ag|| = Amax(Ao). In particular, for the companion matrix e~ 7
in Theorem 3.1, we have the following Lemma.
Lemma 3.1 Under the hypothesis of Theorem 3.1
log|[e"™|| ~ loglle” || ~ AoT,
and  loglle FT|| ~ logl|le T ~ =AT (3.2)

where we use the notation f(T) ~ CT* to denote limp_ ., T~ *f(T) = C.
Proof. Suppose Re[\¢(F)] >0 for k =1,2,...,p. Then

|e)"“(F)| = Rl ()] 5 for k=1,2,...,p.

Let Ao = minj<x<p Re[Ax(F)], Ao = maxi<p<p Re[Ax(F)]. Denote the spectral
radius of F by r(F) (cf. [19]). Then

limg o |77 |1 F = 76(F) = supseqer) Al = exp [supseq(mRe(N)| = e

and so log ||eFT|| ~ log || T|| ~ AgT. Similarly, log|leFT|| ~ log|le ¥'T|| ~
—XoT since

hmTHooHeiFTH% - SupAGU(e*F)|)‘| = exp [SupAEU(fF)Re()‘)} = 67)\0'
Thus, we have the proof of Lemma 3.1 O

Proof of Theorem 3.1. Let Z, = Yy + fot e Fs AdW,, then Y; = ef*Z, and
Z; converges a.s. to Z =Y —|—/ e s Adw,.
0

Let BT :foT eiFtZTZéveiF/tdt,

T
e*FT (/ }/t}/t/dt> e*F/T _ BT
0
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T
/ le™ 1 e ([ Zr—ell + | ZrlD) 127 — Zz—¢||dt
0

T T
/ e P07z, Z1e TNt — / e M Zyp Zipe It dt
0 0

T
/ e N ZpsZip_y — ZrZy) e Tt
0

IN

T/2
/ e ™2 Zr—dl| + |1 20| Zr — Zr—4|dt
0

T
+/T/2 le™ 121 Zr—ll + 11 Z2 DN Z7 — Zp—e|dt. (3-3)

Since Z; converges almost surely to a finite random variable Z, sup oy || Z¢|
is finite almost surely and for each t > T/2, ||Zp — Zp_+||, being a cauchy
sequence, converges to zero, almost surely, as T' — oo. Also, by Lemma 3.1,
Jo7 llemFH|[2dt < oo. Thus, we get, Vw outside a null set, Ve > 0, there exists a
Ty(w) such that | Z(w) — Z(@)]| < e/(1+ [ [leF*]2dt + 25up 5y [1Z:()])
for all ¢ > Ty(w). Fixing one such w, for T > 2Ty(w) we have the first in-
tegral of (3.3), which is less than e and the second integral goes to zero as
sup ;503 | Z¢(w)|| is finite and fTT/2 lle=Ft|2dt — 0 as T — oo.

Let B = fooo et 77'e=F'tdt, then with probability 1,

||Br — B

IN

o) T
/ lle Xt z7 e t||dt+/ \le X" (22" — Zp Z))e 1| dt
0

T
Io%) T
< ||ZZ’||/T ||e*“||||e*Ft||dt+||ZZ’—ZTZ’T||/ e P Jle=""|1dt
0
— 0 as., as T — oo. (3.4)

Therefore,
T , 00 /

e IT / Y.Y/dt | e T converges a.s. to B:/ e Ttz7'e ' tdt. (3.5)
0 0

To show B = fooo e F177'e=F'tdt is positive definite with probability 1,
observe that Z has positive Gaussian density. Hence P(Z # 0) = 1. Fix an w,
such that Z(w) # 0. Suppose, if possible,

x (/ eFtZ(w)Z(w)/eF/tdt> x =0 for some nonzero vector = € RP.
0

Then, for almost all t € (0,7), 2’e ' Z(w) = 0, i.e., for almost all t € (0,T),
Sreo 1 (=1)Fa'F¥tk Z(w) = 0. This implies 2/ F*Z(w) = 0, for k = 0,1,...,p—
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. -1 . .
1. By the assumption (b), >.7_; axF'"* is nonsingular for any real number ay
with not all of them being zero. Hence, for any nonzero vector in RP?, in par-
. —1 .

ticular for =, 'Y 7_;a,F* is a nonzero vector. In other words, for nonzero

~1 .
vector z, Y ¥ _y ax (2’ F¥) is nonzero for any nonzero vector (ao, . . ., ap—1). Thus
x/ N x/
z'F z'F
is a nonsingular matrix. Hence, . Z(w) = 0 implies
x/F.pfl x/F.pfl

Z(w) = 0, which is a contradiction. Thus, we arrive at a contradiction since Z
has a positive Gaussian density and hence Z cannot be equal to zero on a set
of positive measures. Therefore, we conclude that B is positive definite with
probability one.

To prove (3.1), we state the following elementary results (for the proof, see
Lemma 2 of [23]): O

Lemma 3.2 Let A, C be p x p matrices such that C is symmetric and non-
negative definite. Then

)\max(c))\max(AA/) > )\max(ACA/) > )\min (C))\max(AA/);
)\max(c))\min (AA/) Z )\min (ACA/) Z )\min (C))\min (AA/)

We continue the proof of (3.1) of Theorem 3.1. From Lemma 3.2 we get,

T T
108 Amin ( / Yth’dt> < 108 Amax leFT ( / Yth’dt> eF/T]
0 0

— 108 Amax (efFTefF/T)
2001

2

Also,
T T
108 Amin ( /0 Yth’dt> > 108 Amin leFT ( /0 Yth’dt> eF/T]
+ log Amin (eFTeF/T)
~  2)\T.
Therefore

1 T
lim7_, o0 = 10g Amin (/ Yth’dt> =2\ a.s.
T 0
On the other hand,

T T
108 Amax ( / Yth’dt> < 108 Amax leFT ( / Yth’dt> eF/T]
0 0

+log Amax (eFTeF/T)
~ 2A0T.
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Also,

T T
108 Amax ( / Yth’dt> > 10g Amin [eFT ( / Yth’dt> eF/T]
0 0

— 108 Amin (efFTefF/T)
~  2A0T.
Therefore
1 T
1imTHOOT log Amax / Y,Y/dt | = 2A, a.s.
0
Hence, we have the proof of Theorem 3.1. O

Corollary 3.1 Under the same assumptions and notations as in Theorem 3.1,

T o)
() anﬂoo/ ||e’FTYt||dt:/ lle=FZ||dt < 00 as. (3.6)
0

0
(i4) \/LT (/OT thY;> e F'T = o(T1/?).

Proof. (i) Given e > 0, Vw outside a null set, 3Tp(w) such that
|Zy— Z|| <e  ¥Vt>To(w).
For T > Ty(w),

T T
[ a0z [ jle 0 z1ar
0 0

T
S / ||€7F(T7t)Zt _ efF(Tft)Z| |dt
OT
< / e T ||Z, — Z||dt
0
To(w) T
< / e FT=0)| |12, — 2|\t + / e FT=0)| |12, — 2)|dt.
0 T()(w)

As T — oo, the first term tends to 0 since |[eF(T=!|| — 0. The second term
also tends to 0 since Z; — Z and fTTO(w) [[e=F(T=1)||dt < foT e~ FT=)|dt =

[ e Pt dt < [3°]|leF (=1 |dt, which is finite. Therefore,
T T
limy oo / e FTY,||dt = limp_oo / e~ FT=Y 7, ||d¢
0 0

T
= limp_oo / |le=FT=1) 7| |dt
0

/ e~ 2] dt,
0

which is finite almost surely, by Lemma 3.1.



G.K. Basak, P. Lee/Asymptotics of a drift estimator for general OU processes 1318

(ii) Let My = (fot dWSYS’) e F'T which is a square integrable martingale for
0 <t < T, with quadratic variation,

t
<M >=e T (/ YSYS/dS> e BT = e FT e T
0
where C; = fot Y;Y!ds. By Karatzas and Shreve (cf [11], p174),

t
(/ dWs}/S/> eiF/T = Mt = B<M>t
0

= O ()\max(eFTCteF/T)\/ln In Aax (eFTCteF/T)>
= 0(1)

since for t < T, |le FTCe F'T|| < ||e"FTCre F'T|| — B, almost surely, as
T — oo and B = O(1). Therefore,

T
\/LT (/ th}/t/> e*F/T — O(T*1/2>
0

This completes the proof of Corollary 3.1. O

Remark 3.1 If all the eigenvalues of F have positive real parts, we can relax
condition (b) by

p—1

() Z arF* being nonsingular for any reals ay,...,a, with at least
k=0

one of them being nonzero. (3.7)

Notice that (b’) could hold even if all the eigenvalues of F' are equal (say, Ao ),
but the degree of the minimal polynomial of F' and the degree of the characteristic
polynomial of F are equal.

Remark 3.2 Suppose, assumption (b) does not hold. One can still estimate the
eigenvalues of F.

Let the characteristic polynomial of F be given as ¢r(z) = aollf_,(z —
)\i)piﬂézl(ﬁ + bjz + ¢;)% where \; are the real roots of multiplicity p; and
z? + bjx + ¢; are the irreducible polynomials giving the complex roots with
multiplicity ¢; and ag is a constant. Let the minimal polynomial of F' be given
by ¥r(x) = O (z — )\i)riﬂz-:l(xQ +bjx 4+ ¢;)% with r; < p; and s5; < g;. If
r; = p; and s; = ¢; for all ¢, j, then the degree of the minimal polynomial of
F and the degree of the characteristic polynomial of F' are the same and the
assumption (b’) holds and our results follow. If some of the r;s are less than p;s
and/or s;js are less than g¢;, then, (b’) does not hold for F. However, in that
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case, one can transform F' in the rational canonoical form as

Ji B, - 0 0 0 0 Ji BiJh
: 0 0 0 0 0 : :
i 0 Be, 0 0 0 T By Jy
K, |F=1| o 0 0 0 K |=| ok,
: 0 0 0 0 0 : :
K, 0 0 0 C 0 K, 1K
L 0 0 0 0 D L DL

where J;, K; and L are rectangular matrices of full row rank, (p; —7i), (¢; —s;),
DY ; s;), respectively, and D is a square matrix of the dimension the same
as the degree of the minimal polynomial of I (i.e., same as (3,7 + 3_; 85)).
For each j, C} is a partitioned diagonal matrix (i.e., only the diagonal blocks are
nonzero blocks), each block is of dimension 2 x 2, and its diagonal block matrices
are identical and repeating exactly (¢; — s;) times and have the characteristic
polynomial 2% + b;x + ¢;, and, for each i, B; is a diagonal matrix with diagonal
entries consisting of the real characteristic root \; repeating exactly (p; — r;)
times. Thus, we can work with D instead of F. For D the assumption (b’)
holds, since the degree of minimal polynomial of D is same as that of F' and,
consequently, the degree of the minimal polynomial of D is the same as the
degree of the characteristic polynomial of D. Estimation of D can be done using
the SDE of LY;. For B; and C}, one can consider each one separately and
transform Y; to J;Y; and K;Y; and use the SDE of any component of J;Y; (as it
has the Markov property) to estimate A\; and the SDE of the first two (or, any
(2m-1)th and 2mth) components of K;Y; together, as they have the Markov
property, to estimate a diagonal block of C;. Hence the assertion in the last
remark.

4. Eigenvalues on the left half space

In this Section, we study the asymptotic behavior of OU processes where the
real parts of all the eigenvalues of F' are either zero or negative. Unlike the
exponential rate of growth for ||Y7||, Amax( fOT Y2 Y/ dt), Amin( fOT Y:Y/dt) in The-
orem 3.1 and Corollary 3.1 for the the process where all the eigenvalues of F'
have positive real parts, the following theorem shows that these quantities grow
at most polynomially fast in ¢ for these processes.

For stable processes Y; (i.e., eigenvalues of F' with negative real parts), we
know from Basak and Bhattacharya [5] that

V7 -Y? -0 as as t— oc.

Therefore, the property of Y; starting at x is the same as that from 0. Hence,
without loss of generality, we can assume that Yy = 0.



G.K. Basak, P. Lee/Asymptotics of a drift estimator for general OU processes 1320

Theorem 4.1 Suppose, for the Ornstein-Uhlenbeck process defined in (1.1),
the RANK condition (2.1) holds and all the eigenvalues of F' have negative real
parts. Then

T
1iminfTHoo%)\min (/ Yth’dt> >0 a.s. (4.1)
0

Moreover,
T
A max (/ Yth’dt> = O(T) a.s. (4.2)
0

Proof. To prove (4.1) and (4.2), consider each component Y}, Y7 of Yy, i, =
1,...,p. Let m be the invariant distribution of Y. Then by the Strong Law of
Large Numbers,

1 T o
—/ YVidt - E.(Y'Y?) <oo as T — oo,
T Jo

which follows, afortiori, by the Law of the Iterated Logarithm by Basak [4].
Therefore,

1 T o) ,
— / Y,Y/dt — E,(YY') = / e AA e du,
T 0 0

which is positive definite a.s. Therefore,

1 T
lim infr_ s — Amin (/ Yth’dt> >0 a.s.
T 0

T
and Amax (/ Yth’dt> =0(T) a.s.
0

Hence, the proof. O
Remark 4.1 (i) It is not difficult to see that for stable Yi, for any m > 1,
E [sup;,_ 1<, <1 (Y{PY;)™] is bounded uniformly over k. Hence, it would follow,
for any & > 0, ||Y;]| = o(tz=19) a.s.
(ii) On the other hand, since Yy — Y in distribution and Y is finite with prob-
ability one, one obtains Y; = Op(1).

Corollary 4.1 With the same notations and assumptions as in Theorem 4.1,
let Or = [, Y,Y{dt. Then

(4) 7 3 = 0(TY2),  as.
(i) limp_ o Y7 C-'Yr =0 as.
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Proof. (i) Since liminfr_ oo £ Amin (C7) > 0 a.s. from (4.1), therefore

—1/2)12 _ -1\ 1 o 1
O 71" = Amax(Cp ) = 7)\min(CT) =0(T7") as.

(ii) By the previous remark 4.1 (i), we note that,

Y707 Y| < [[Yz| POz ]

= o(TY**)O(T 1) a.s., for some § > 0, small
O(T71/2+26)

Hence, the proof. O

Theorem 4.2 Suppose eigenvalues of F' have either negative or zero real parts
(i.e., the eigenvalues are on the Left Half Space, which includes zero eigenvalues,
purely imaginary eigenvalues, eigenvalues with negative real parts). Then,

-1
T

limy_, o0 Y7 (/ Yth’dt> Yr=0 a.s.
0

To prove Theorem 4.2, we need the following lemma:

Lemma 4.1 Let € > 0; define F* = F — el and dY)f = FYS dt + AdW,.
Then %ln [(YF5)(CS)~H(Y5)] is bounded below, almost surely, uniformly for
large values of T'.

Proof. Let Yf = %Yf. Then we have

dYs = (=Yf+ FYy)dt,
or jointly,
Ye B Fe 0 Ys© A
1(5) = (5 e ) () (0) e
. . Fe 0 . Y.
Since all eigenvalues of I Fe have negative real parts, ye )18 stable.
- t
Therefore,
H( Yté )H = o(t%r‘s) a.s. for some ¢ >0
Y
and

1 [T vy :
w5 ) v v a

is positive definite (since the RANK condition holds here as well) and it con-
verges almost surely to some positive definite constant matrix as 7' — oo.
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Therefore, (C%) and (C5) have the same order where C§ = fOT Y Y, fdt and

Cs = fOT Y Ydt. Hence

(C5)(C5) ™

By Corollary 4.1,

limg—oo (V) (CF) ™ (V)
Cp) (V)

/

(

limy_ oo (V)
Consider

Loy o)

T
(YR (C5) [ / (

2 [y (s 05)]

Y

—2[(Y5)(Cp) (Y1)

Y

—2[(Y7)(C) (Y1)

—2[(Y5)(Cf) 1 (Y7)]
Therefore,

0

AV (C5)1YE — (V) (C5) " [
2 [wgye )]

YE

u

2 [(sy(en )]

2 [w5yren o]

o In (V) (€)M

[(vp)' ()™

1

O(1) as.as T — oc. (4.3)

0 a.s.and
limy oo (V) (CH)"HYE) =0 as.

0

2(Y7) (CF) ' Yf + (Y1) 5-(C5) ' Yi

Oe
9 e,

eci| (coivi

S v (5t (v Y2
. T .
)(V:E) du + / (V) (V) du| (C5) 15
0

P vy s )]

T 1/2 . .
| teren o) [0y en o

1/2

}1/2 du

Sy o)

A T )

/ (Y2 (C5)~ (V) du + / (Yi)’(C%)l(Yi)du]
0 0

[(vey (o) vo)]

b+ TG0 ]

(Y9~

Y
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which is bounded below (by a negative number possibly depending on €) uni-
formly for large values of T by (4.3) and using the fact that both (Y5) (C%) ™ (V%)
and (Y5)(CS) "' (V) have the same order and the latter has the order as that
of (Y)'(C%)~1(Y). Hence the proof of Lemma 4.1. O

Proof of Theorem 4.2. Let F¢ = F —el, ¢ > 0. Since all eigenvalues of I’ are
on the left half space, the real parts of all eigenvalues of F'¢ are negative, i.e.,
Y is a stable process. By Corollary 4.1,

limy oo (Y£) (C) ' (Y5) = 0.

Let f(e) = In(Y§)(C%)~H(Y5). Fix an e; > 0. f is a continuous function on
[0, €1] and is differentiable in (0, €;). Then by the Mean Value Theorem, there
exists an ¢y € (0, €1) such that

fle) = 10) = 1o g,

That is,

)" (@) )
Y;.Cr ' Yo

> exp {1 g () }. (4.4
which is uniformly positive (i.e., bounded away from zero) for large values of T'
by Lemma 4.1. Since
limy oo (V£) (C5) 7 (V) =0 s

by (4.4)

limr—oY7C5'Yr =0 as.
Hence the proof of Theorem 4.2. O
Corollary 4.2 With the same assumptions and notations as in Lemma /4.1,

IC7 2l = 0(r™1?)  as.
Proof. Consider

0

S THl(C5) )

= mfen [ [eooya] ©n)

Y

T 1/2 1/2
—mcy) ™ [ (s @n] " [y en o) au

~Tr (C5) "

Y

() en s [ veren v

- —miep (1 (en ] + T [en ).
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Hence 2 InTr[(C5) 1] > —(Tr[(C)~'C5] + p) which is bounded below (by a
negative number possibly depending on €) uniformly for large values of T'. There-

fore, as in (4.4), by the Mean Value Theorem, %ﬂ is uniformly positive

(i.e., bounded away from zero) for large values of T'. Since Tr[(C%) ™1 = O(T 1),
we have O(Tr[(Cr)™!]) < O(Tr[(CS) ™) = O(T~1). Again, as for any positive
definite matrix Ko, O(||Kr||) = O(Tr(Kr)), we obtain by Corollary 4.1(i),
[[(Cr)~2|| = ||(C5)~Y/?|| = O(T~'/?). Hence the result. O

Remark 4.2 [t is clear from the arguments in the above corollary 4.2 that, for
the eigenvalues of F' on the left half space,

1 1

in (Cr) =
(Cr) TAmax(C )

- >0,

almost surely, uniformly for large values of T, since TApax(Cy') = T||C7Y| <
TOT1H)=0(1) as.

5. General Ornstein-Uhlenbeck processes

For the Ornstein-Uhlenbeck process defined in (1.1) with RANK condition (2.1),
we have considered the case in which all the eigenvalues of F' have positive real
parts and the case in which all the eigenvalues of I’ have zero or negative real
parts (i.e., zero eigenvalues, purely imaginary and the eigenvalues with negative
real parts). Now we combine these cases to discuss the mized model in which F'
can be decomposed into rational canonical form as follows:

r (G0 O My \  ( GoMp
wr=on= (G ) (an ) = (@)

where all the characteristic roots of Gy lie in the right half space and all the
characteristic roots of G1 lie on the left half space. Let

Uot My
= Y, = MY,.

Then
d( g‘”> = MdY, = MFY,dt + M AdW,
1t
B Gy 0 Uot
(G ) (T s araam,
Also,

T T ,
[ amiy)ar = (G
) AW,

T T T
and M ([ vivyar) s = o UUnidt Jg UaUndt )
0 0 UltUétdt fO UltUl/tdt
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Define, Cir = fOT Uy Uf,dt. We now derive the following result.

Lemma 5.1 Suppose, for the Ornstein-Uhlenbeck process defined in (1.1), the
assumptions (a) and (b) hold. Then

T B B! 0
Yl = |DrM / Y,Y/dt | M' D/, —>( ) a.s. (5.1)
0 0 I;Dl

where B is defined in Section 2 (before (3.4)), Ip, is a pi-dimensional identity

matriz and
e~ GoT 0
Dr = _ .
("0 e
Proof. Observing (5.1), we obtain, by Theorem 3.1, that

T
limy_ e~ o7 (/ UOtUétdt> e GT =B is positive definite a.s.
0

Again, (X7)11 = C ClTC 12 _ = Ip,. Hence, the proof is complete once we

show e~ ¢oT( fo UOtUltdt)C 1/2 — Op,xp, matrix almost surely, as T — oo.
Notice that, by Corollary 3. 1

T
1imTﬁoo/ e~ T Uy ||dt < oo a.s.
0

and from Theorem 4.2
hmT*,OO UITC UlT =0 a.S.

Therefore, for all w outside a null set, and for any given ¢ > 0, there
exists Tp(w) > 0 such that for all t > Ty(w), (U,CrUn)'"/? <
¢/ (limy oo [ [|e=CT Upy (w)||dt). Hence

eG“T( / UOtUltdt>C V2
0

T
< [ lle T e
0

T()(w)
< / e~ ST Uge| (O *Une |t
0

T
+/ lle=CoT Uy || ||C/ 2, |t
T()(w)

As T — o0, the first term goes to 0 since Tp(w) is fixed. The second term is less
than e by the choice of Ty(w) since Cy; is increasing in ¢ (in the sense that Cyy, —
Cyy, is pos1t1ve definite whenever ¢, > 1) and ||C}; 1/2U1t|| = (U{,CipU)Y? <
(U],C;'Ure)'/2. As € is arbitrary, the proof is complete. O
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We now observe that,

-1
T T
Fr—F = |T7'24 ( / thYt’> M’D’T] lDTM ( / Yth’dt> M’D’T]
0 0
x(TY2Dyp M)
and
T T2~ GoT ([ UprdW{) A'
T71/2A (/ th}Q/) M/D//T _ (fOT t t)
0 712002 ([ UrdWi) Af

The first term T~ 2A( [ dW,U},)e= T = O(T~'/2) by Corollary 3.1(ii).
To show the remaining terms converges to 0, we prove the following Theorem.
This theorem is in the spirit of Theorem 2.2 of Wei [29], which is presented for
the discrete case.

Theorem 5.1 Suppose, for the Ornstein-Uhlenbeck process defined in (1.1), the
RANK condition (2.1) holds. Then

1 T ~1/2
— dw, Uy, | Cip' " — 0 a.s.as T — oo.

To prove Theorem 5.1, we need the following lemmas.
Lemma 5.2 Fixtg > 0. Then,
T
/ U{,C; Udt = O(log T) a.s.as T — oo.
to

Proof. Notice that,

d . d
G loslon] =1 (i g

clt> =Tr (C,' Ui UY,) = U{,C, U,

where |Cyy| is the determinant of Cy;. Observe that, G can be further decom-
posed into a rational canonical form as follows:

My, Gii 0 0 My, G111 M
Mo | Gy = 0 Giz O My | = | Gi2Mi2 |,
M3 0 0 Gi3 M3 G13My3

where all the characteristic roots of G711 have negative real parts, those of G2

are purely imaginary and those of G'13 are zero. For 7, j = 1,2, 3, define C14;; =
t /

Jo UisUj;,ds, where

Uiis My,
Uias | = | Mo | Uss.
Uiss M3
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Thus C1¢ = ((Cltij))iyjzlyzga and hence |C14| < |Ci11] |Cle2z| |Cress]. Therefore,
by Theorem 4.1 in Section 4 and Theorems 8.1 and 8.2 in the Appendix, one
obtains

T
C
/ U,,Ct Uy dt = log G| = O(logT) a.s.as 1T — oo.
to |Clt0|
Hence, the proof. O

We observe that, from Lemma 5.2, if we let g(T) = ftf U;,Cy; Uydt, then
g(T) 1 00 as T' T oo almost surely. Also, E(log|Ci7|) = E(3°,log(Xi(Cir))) =
2. E(log(Xi(Chr))) < 35 log(E(Ai(Cir))) < prlog(E(Amaz(Cr7))) <
p1 log fOT E(||U1||?)dt. Tt is clear that, for the eigenvalues on the left half space,
E(||U1]|?) is at most O(t*), i.e., it grows at most like a polynomial in ¢. Thus,
E(log |Cir]) = O(logT) as well. Hence, using integration by parts, we obtain,

o] / —1
E (/ Mdt) < . (5.2)

to

Lemma 5.3 Let My = fOT dWU{,. Then, under the hypothesis of Theo-
rem 5.1,

1

7 MirCy'/* =0 in probability.

Proof. Notice that M;; is a martingale with respect to the filtration {F;}i>0
where 7, = o{W, : 0 <s < t}. Define N1z = [, dW,U{, = Myp— My, Then,
for T' > t;, Ny is also a martingale. Define V; = Tr[Cfthl’tMlt]/t and V, =
Tr[C, N{ N1/t Since || 7k My C /2|12 < Vi < 2V +2Tx(Crt MY, May,]/T
and Tr(C; M{, Mi.,]/T — 0, almost surely, as T — oo, it is enough to show

that Vi — 0, in probability, as T — oo and this would be immediate once one
shows E(Vr) — 0 as T — co. Now use Itd’s Lemma to get

[Tr (Cr (N1, Ny)) + Tr [(C;tl)]v{tjvu] dt} 7

v, =
Vi t t

dt  (5.3)

where Cp,' = —C;! (C’lt)Cftl = —C,'Uy,U{,C," which is non-positive definite.
Thus, Tr[(C')N{,N1¢] = —U{,C,* N{,N1,C1;' Uz, < 0. Therefore, by (5.3) and
applying the Itd’s Lemma again, one obtains

T
Vrp < / Tr (C1,'d(N{,N1p)) /t

t1

/T Tr (Cr,' [(ANY,)N1e + N{y(dN1e) + (dN,) (dN1)]) /¢

ty1
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Define 7,, = inf{t > ¢; : |1~/t| > n}, then

TNy,

EVin., < E Tr (C1,' (dN7,)(dN1y)) /t (5.4)
ty
= E / T e g
: .

Since Vi, and Ul’thtlUlt are non-negative, by Fatou’s Lemma and the Mono-
tone Convergence Theorem,

B T 771 —1
EVy < E/ Mdt.
i, (logt)tte

Now, by the argument in (5.2), one has limsupp_, .y EVr < aCt;®. Ast; can
be taken to be arbitrarily large, we have the result. O

Lemma 5.4 Let V; = Tr[C}, M{,My,]/t. Then, with the same assumptions and
notations as in Lemma 5.3,

/Oo E[E(dV,|F)]" < cc.

Proof. Applying 1t6’s Lemma on V;,

-1 Y—1
W (T [Crt (v, )] —lt-Tr[Clt (M, Mio)]dt) ) % B

where Cj,' = —C,' (C1) Oyt = —Cy, U U, Cr, and
Te [ G5 (M{ M) | = U3, O M, My U < 0.

Therefore,

[ 1t1d (M{,My,))] /t | Fo)
E ([Tr (O [(dM7,) My + Miy(dMyy) + (dM7,)(dMue)))] [t | Fr)
E([Tr(Cy, dMlt)(dMlt))] /t| F)

_ (Ul/ Clt Ult dt | ft)

= 71]”0? e gy,

Thus,

—1
< U{tC? Uiy

E(vi|F)]t dt.
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Since U{,C;,'Uys > 0, by Fubini’s theorem and by (5.2)

Ul,CotU
e w0t ;t 1tdt<oo

| Ewairy = [ pais)<e [

1

Hence, the proof. O

Proof of Theorem 5.1. Define AZI’T ={max;, <t«7V; > ¢} and Hy, ={V;, <¢}
for any € > 0. Then, using the Lenglart Inequality (cf. Karatzas and Shreve [14]
p30 or Lenglart [25]),

1 1
P(AfshT N Htl) < _E‘/tletl + g/ E ([E(d‘/t|'7:t)]+IHt1) '
t1

5
Therefore,
P(AFT) = P(ATnHY) + P(ART N Hy,)
< P(HY)+P(AP" nH,)
T
< P(H)+ %EVtIIHtl + %/ E ([E(th|]-'t)]+IHtl)
t1

1 o0
< P(HE) +§+ 5/ E[E@Vi|F)]T,
ty1

which is finite since ft?o E[E(dV;|F:)]T < oo by Lemma 5.4. Therefore, as T — oo,

P(limr_ oo A5T) = limp_oo P(A57)
< P+ S+ [ EE@vIR)”

Thus,

limsup;, P(limTHooAgl’T) < %
Since this is true for all € > 0,

limsupy, P(limTHooAgl’T) =0.
This implies,

1 T ’ —1/2

T2 (/0 thU1t> Cip'"—0 a.s.

Hence, the Theorem. O
Proof of Theorem 2.1. From Lemma 3.1, we have ||e=%T|| = O(e=*T) and,
from Corollary 4.2, we have ||Cy2/%|| = O(T—/2) almost surely, as T — oc.

Thus,

72Dy || = T2 (= T[]+ IC 2] ) = 0(1) as. as T — oo,
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Therefore, from (5.1), Corollary 3.1(ii) and Theorem 5.1, we have limp_, o Fp =
F as.

To show that (2.3) holds, we observe that, for the eigenvalues of F' in the
right half space (2.3) follows from Theorem 3.1 and, for the eigenvalues of F' on
the left half space (2.3) follows from arguments in Corollary 4.2 and Remark 4.2.
For the mixed model, we observe

—1
T
( / Yth’dt> =Dy MYy M' DY,
0

where limp_, o, X7 is a.s. positive definite. Thus, by Lemma 3.2,

—1
T
Amax (/ }/t}/t/dt> = O()\max(DTD’/I’>) = O(Til)'
0
Therefore, the Theorem follows. O

6. Asymptotic efficiency

In this section we would like to show that our estimator for the drift matrix
F is asymptotically efficient even if the underlying process is not necessarily
stationary (stable). For matrix-valued estimator there several ways to define
asymptotic efficiency (see Barndorff-Nielson and Sorensen [3], for details).

The result is already known in one-dimensional case and for vector-valued
parameters (e.g., [0, 8, 21, 27] and references therein) when the processes are
not necessarily stationary. For multi-dimensional matrix-valued case, similar
things can be proved once the asymptotic efficiency is properly defined for the
matrix valued estimator.

Observe that, when AA’ is nonsingular, the log-likelihood of F', (see [6], pp.
213-214), on [0, T] is defined by,

T T
La(F) = [ TP @aa) ) - (/) [ 07 ad) T P

Thus,

dLs(F) =Tr

T T
dF (/ YtdYt’> (AA)™Y —dF (/ Yth’dt> F'(AA)™!
0 0

Therefore, dLa(F)/dF = (f; dY,Y{) ([, Y:Y/dt)™". When AA’ is not nonsin-
gular, the log-likelihood of F' cannot be written explicitly. Therefore, M.L.E. of
F could not be achieved. However, we would show that the above estimator is

asymptotically efficient under the assumptions of the section 2.
We show that E(Tr[(Fr — F)E(Cr)(Fr — F)])/?2 = 0(1) as T — oc.
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T T
Let St = (fo AthYt’), and Cr = (fo Yth’dt) as before. We use

Tr[(Fp — F)E(Cp)(Fp — F)' Te[SrCp E(Cr)Crt S

< T[SrCL' Sy Tr[Cr E(Cr)]

while proving the following theorem.

Proof of Theorem 2.2.
Case 1: Eigenvalues of F' are in the positive half space.

Observe that, Tr(SrCrt85) = Tr(Spe F T (e FT Cre F'T)~1e~FT 5L, Since
Sre~F'T is a Gaussian process and its mean zero and variance e F7 E(Cp)e™F'T
converges (in fact, to E(B)) as T — oo, Spe T converges to a finite Gaus-
sian random variable in distribution. Also, from Theorem (3.1), as T — oc,
e FTCpeF'T converges almost surely to B (which is positive definite with
probability one). Thus, we obtain Tr(Spe™F T (e~ T Cre~F'T)~1e=FT L) con-
verges in distribution to finite random variable with finite expectation.

Now, Tr(C7 E(Cr)) = Tr((e FT Cre F' Ty (e FT E(Cp)e~F'T)), and from
Theorem (3.1), as T — oo, (e *TCre ' T)~! converges to B~ almost surely.
Also, e FTE(Cr)e F'T = fOT e*FtYOYO’e*F/tdt—FfOT te"Ft AA e~ F'tdt, which is
finite as T' — oo. Thus, it remains to show, as T' — oo, E(e*FTCTe*F/T)*l con-
verges to E(B~!) (which is finite). First observe that, Z; — Yy = fot e s AdW
is a symmetric (Gaussian) martingale and with E|Z; — Y| < E|Z — Yy|? < o0.
Thus Mz = maxo<i<oo(Z: — Yp) exists and has finite expectation. Also, (by
symmetry) mz = minp<i<oo(Z: — Yp) exists and has finite second moment. For
symmetric matrices Dy and Do, define, Dy > Dy if D1y — D5 is non-negative
definite. Therefore,

T
eiFTCTefF/T = / eiFtZT,tZ/TftefF/tdt
0
T /
> / eiFt(mZ +Yo)(mz + YO)/efF tdt
0
To ,
> / eiFt(mZ +Yo)(mz + YO)/efF Lt
0

for all T' > Tp, for some Ty > 0 (Tp may be taken to be 1). Thus, for all T' > T,
(e FTCpe F'T)-1 < (fOTD e Ft(my+Yy)(mz+Yy) e Ftdt)~1. Since right hand
side has finite expectation, using dominated convergence type theorem deduce
E(B™Y) = limp_.o E(e FTCpe F'T)~1 < E(fOT0 e Tt mz + Yy)(mz + Yo)' x
e~ F'tdt) =1, Therefore, E(Tr(Cy'E(Cr))) is finite and hence, E(Tr[(Fr — F) x
E(Cr)(Fr — FY))/2 = 0(1).
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Case 2: Eigenvalues of F' are on the left half space.

When all the eigenvalues have real parts negative, by ergodic theorem,
limy oo %CT = fooo et AA e tdt = limp_ oo E(%CT). Thus,

e} —1
lim E(Tr(SrCr'Sy)) = lim E(Tr(lS’TST( / eFtAA’eF/tdt> ))
T—o00 T—o0 T 0
= pTr(A4’), ie,of O(1).

Also, limy oo B(Te(Cy E(Cr))) = limr—oe E(Te((+Cr) ' E(:Cr)) = p.
Therefore, E(Tx[(Fr — F)E(Cr)(Fr — F)])/2 = O(1).

Zero and purely imaginary eigenvalues.

When the eigenvalues are either all purely imaginary or all zero, replace F
by F' — el = F*, as it is done in Section 4, get the result as above by ergodic
theorem.

Now, as in Lemma 4.1, consider

9 B ((55)/(C5)(55)

Oe
= OTB((85)/(CF) 7S5 + TRB((S5) o (C5) 7 S7)
— 2E(SHY(Cr) ) - TE(SY () | 420E| (00) s

> 25 ([yen )] [usen s

T [(55)/(C5) [ / L dut [)T(Y;)(Y;)’du (C%)ls;]
> 2 (B[ eném)]) (B sy ene))

- 2E<[Tr(<8%>/<0%>1<8%>>] x

/OT (e (st (ve)? [(Y;)’(C%)’l(YDT/Q du
> o (B [msiyeném)]) (B sy en )

- E([Tr((S%Y(c;)l(SET))] x

T T ) ]
/ (Y2 (C5)~ (V) du + / (Yi)’(C%)l(Yi)du>
0 0 ]

1/2

- 2(E [Tr((SET)’(C%)’l(SET))Dl/ C (B [Tr(S5)(C5) 1 (55))])
— B ([T((85)/(C5) 71 (85))] [p+ Trl(C5)(C5) 7)) -




G.K. Basak, P. Lee/Asymptotics of a drift estimator for general OU processes 1333

Therefore,

aﬁ B [Tv((85)(C5) (7))

(ETr((55)/(C5) " (53)] 5 (T((57)/(C)(55))]

ET($5) (C5) " (55)

ET((S4) (C5)1(55)

B ([Te((85)'(C5) 7 (55))] [p+ Te(C)(C5)~]))
EIT(57) (Cr) (57) /

which is bounded below (by a negative number possibly depending on €) uni-
formly for large values of T by (4.3) and using the fact that both TrE((S5)" x
(C5)~1(S5)) and TrE((S5) (C5)~1(S%)) have the same order and the latter
has the order as that of TrE((S%) (C%) ™1 (S5%)).

Now as in the argument in consistency part, since all eigenvalues of F' are on
the left half space, the real parts of all eigenvalues of F'¢ are negative, i.e., Y is
a stable process and

limg_ o TrE((S) (C5) 1 (S5)) = O(1).

Similarly, to get a upper bound, consider

Lren((s5y(05) 7 (55)
0

— 2TE(SEY(CH)SE) - TE(SY () | 50E| (€) s

IN

2 ([u(S) ()] sty s )

+ TrE

T T
(Sp)'(Cp)~! l/o (Yaf)(l'/j)’dzht/0 (Y)(Yy) du

(C%)ls%]

1/2

IN

2 ([ 0n)50]) ' (B (5 0 (550))
v 2E([Tr<<s;>’<c;>l<s;>>] x

/TR ><CT>*<u>]”2[< (Cs) ('5)}”2@)

1/2

IN

(& [m(ss <ST>>D (B [T((s5)(C) M sp))) 2

+ E( [Tr((SE) (C5)~H(S5))] %

T T . .
/ Y (C5) (Y )du + / (qu)’(C%)l(Yi)duD
0 0
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= 2(B[mspen$m)) @ s e )
+ B ([Te(55)(€5) 7 (55)] [p+ THl(Cp)(C5) 1] ) -

Therefore,
%M [Te((S5)'(C5) 7 (55)]
= [ETr((S5)(C5)H(S5))] 18 E[Tr((S7) (C5) ™1 (S%))]
ETr((S5)(C5)~1(85) ]
= T ET((85)(C5)1(S%))
E([Tr(( ) (C5) 1S [p+ Tr[(C5)(C5) 7))

_|_

E[Tr((S7)(C) =1 (57))] ’

which is bounded above (by a positive number possibly depending on €) uni-
formly for large values of T' by (4.3).

As in the proof of Theorem 4.2, let f(e) = InTrE((S%)(C%)~1(S%)). Fix an
€1 > 0. f is a continuous function on [0, ¢1] and is differentiable in (0, €1). Then
by the Mean Value Theorem, there exists an ¢y € (0, €1) such that

fle) = F(0) = o @),

That is,

TrE((S7) (CF)H(STH)) — exp {61%]0( Y] eeo } , (6.1)

TrE(S,CL'St)

which is uniformly bounded and positive (i.e., bounded away from zero and
infinity) for large values of T" as argued above. Since

limy o TeE((S7)'(CF) 7 (87)) = O(1).
by (6.1)
limp_ o TrE(SHCH1 S7) = O(1).
Mimicking the above argument, find

& we(BU05) M EC))

= —TIr (E

+ Tr (E((C%)l)E

T T
(C5) ! / (YY) du + / (V) du| (C5)

)

(C%)>

T . T .
/ (YO (V) du + / (V) (VS) du
0 0
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Y

_2E<[Tr((c;)1E(c;))] x
[ oeren-on] " [varen o] Qdu>

28 ( [ Tooraaen-yoa] " [areen o] du>
—E ([T((C5) T Be)] [p+ Tr(Cp)(c5) 7]

- 25 ([mE(en) en] meenen)] )

> - ([Te(C5) BC)] [p+ TG0 ])

2 (T [B((C) HEC)]) (Tr [ (C)™MEC))

Therefore,

Y

1/2

Lwme(p((cp) B
= B ) () E(C))

E ([Tx((Cg) BC)] [p+ TH(C5)(C5) 1))
Tr(E((C7)~ N ECT))
1/2
Te(E((C5)"HE(CY))
Tr(E((C) - ECT))
which is bounded below (by a negative number possibly depending on €) uni-
formly for large values of T by (4.3) and from the fact that both

Tr(E((C5) 1) E(CS)) and Tr(E((C5)~1)E(CS)) have the same order.
Similary, to get an upper bound, consider

Do (m((cs) (D)

- _Tr (E[(C;)l

+ Tr (E((C%)l)E

Y

T . T .
/ (Y)Y du + / VO
0 0

du (C%)l}E(C%))

)

T . T .
/ (YY) du + / (V) (V) du
0 0

< 2E<[Tr<<c;>1E<c;>>} x

T 1/2 [« L]t/
| eaven o) oy en o) du>
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g 1/2
+2E ( [ lweyeen ) [Goreien -] du)

IN

B ([Te((C) BC)] [p+ T(CR) () 7))
+op ([ en)] [meen ) )
E([1((C5) " EC)] [p+ TCR)Cn) 7]

+2(Te [B(Op) B (Tr [E(CR)HECT)] )
Therefore,

IN

1/2

% In Tr(E((C%)il)E(C%))

= [Tr(E(C5)™ ) —Tr (Cp)"HE(CT))
< E([Tr((CT “1E(CS)) ][p+Tr [(CE)(C)~ ]])
- Tr(E((CH)~HE(CE))
L [ G ]
Te(E(Ce)"HECE) | 7

which is bounded above (by a positive number possibly depending on €) uni-
formly for large values of T' by (4.3).

Thus, using the similar argument as in (6.1) we show, since limp_, o Tr(E x
(CH™HE(CS)) = O(1), limp_ o Tr(E(C; 1) E(Cr)) = O(1). Hence, for eigen-
values of F on the left half space, we prove that E(Tr[(Ep — F)E(Cr)(Fr —
FY)'/2 = 0(1).

Case 3: Mixed model.

In this case, use the decomposition of F' as in Section 5, to decompose Y/ M’ =
(U§s, U{,)- Then, one gets,

Te(SrCr~'Sy) = Tr(SpM' Dy (DrMCrM' DY)~ Dy M S))

< Tr(SpM'DyDyMSy)Tr(Dp MCrM' DY)t
(Tr(SoTefchefcoTSéT) + Tr(SchlTilsiT)) X
Te(DrMCrM'Dy) "

IN

Since for a symmetric invertible partition matrix,
E F
=5 ]

with E and H invertible, Tr(K) = Tr(E — FH 'F')~' + Tr(H — F'E~'F)~!
Taking E = ¢~ TCope= T, F = e~ @7 [T Uy, U},dtCy;/* and H = I, e,
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identity matrix of order p;. Since F' converges to zero almost surely by the
proof of Lemma 5.1 and by the same lemma E converges to B almost surely,
one obtains Tr(Dr MCrM'D4L)~! — Tr(B~') + p; almost surely, as T — oo.
Therefore,

E [(Tr(eiGOTS{)TSOTefch) + Tr(SchlTilsiT)) X

1/2
Tr(DrMCypM' DY)~

IN

E(Tr(e=%T 8, Sore”%T)) E(Te(Dp MCp M DY) ™)
+ E(Tr(S17C17~ 1S, 7)) E(Te(Dy MCy M’ DY) 1)
= 0(1) (6.2)

by the case 1, and case 2. Similarly,

Tr((DTMCTM’D’T)*1DTE(MCTM’)D’T)
< Tr((DrMCyM'Dy) " HTe(DrE(MCrM') DY)

and Tr(Dr E(MCpM')DYy) = Tr(e=%T E(Cor)e=%T) + Tr(CiEE(Cir)) ex-
pectation of which is finite by case 1 and case 2. Therefore one proves, for the
mixed model, E(Tr[(Ey — F)E(Cy)(Er — F)'])'/? = O(1). O

7. Concluding remarks and discussion

It is easy to see that the state space equation of the general continuous au-
toregressive process (CAR(p)) of the form dXP™' = a,X; + ap 1 X} + -+ +
ap X7 L gdW, s a special case of multidimensional OU processes where

F_(O(P”Xl Tp1 ) A=(0,...,0,0)

ap N3]

with «; real numbers, o > 0 and W; a one-dimensional Browian motion. Clearly,
A is not singular. However, the RANK condition (a) holds for this F' and A and,
the condition (b’) holds for this F'. Hence, from our result, the consistency and
the asymptotic efficiency of the F' of general CAR(p) follows.

It is important to observe that this estimation procedure may be the first step
in developing a test of zero roots of some F, which is necessary to determine
whether univariate processes are co-integrated. Also, if one needs to develop a
test to determine whether the model for Y; is stationary, it is often enough to test
whether all eigenvalues of F' have negative real parts against the alternative that
some of them have zero real parts. Therefore, one need not often worry about the
assumption (b) or (b’) for testing stationarity. Thus, a related question arises on,
whether any Asymptotically Mixed Normality property holds for the estimator
Frp, ie., whether ( fOT Y, Y/ dt)'/2(Fr — F) follows asymptotically Normal, so
that we could compute approximate confidence interval for the above testing
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procedures for the necessary parameters in F'. As far as we know, these results
are still unknown. Investigating the Asymptotically Mixed Normality property
may be an important future direction to consider. One can look into LAMN
property as well.

Besides, when the drift coefficient matrix depends on an unknown discrete
paratmeter 6 which follows a Markov chain (that helps the process to switch
regimes), finding a consistent and asymptotically efficient estimator becomes
important. Above questions can be asked in that setup as well.

In applications, we almost always use discrete sampled data. Similar questions
can be asked for this model, when the data sampled are in deterministic (equal
or unequal) time interval or in random interval. That can also be a focus of the
future direction.

8. Appendix
8.1. Purely imaginary eigenvalues

In this Section, we study the asymptotic behavior of OU processes when the
drift matrix F' only contains purely imaginary eigenvalues. The main results are
summarized in the following:

Theorem 8.1 Suppose for the Ornstein- Uhlenbeck process defined in (1.1), the
RANK condition (2.1) holds and all the eigenvalues of F are purely imaginary.
Let 2p be the dimension of the largest block of the rational canonical form of F
as defined in Section 2 (see the Example). Then

||Y || o O(T1/2\/ hlth) a.s. lf P = 1
™= o@2-52/InInT) as. if p>2.

Moreover,

T 2 : _
Amax ( /0 Yth/‘”) = {O?Jgi(i?lilnlf%) ne ilff 5 > 21 (8.1)
To prove Theorem 8.1, we need the following Lemmas.
Lemma 8.1
i th"J{O(l) if j=0,1
= (2n—j) o2 if j>2.

Proof.

(=1)"(vt)*"
Z (2n —j)!
(vt)i T2 (vt)i 4 .
[ - ]+2)+(j+4)!_ ]

n=j
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cos(vt) if j=0
— sin(vt) it j=1
) ot)2 vt)i =2
(1772 {eos(ot) — [1— G 4y (mapramr e )

if j iseven, j > 2
(—1)=3)/2 {sin(vt) - [vt L) LR (_1)@71)/2%} }
if j isodd, >3

B o) if j=0,1
T\ 0T if j> 2

Hence, the lemma follows. O

Lemma 8.2 With the same assumptions as in Theorem 8.1,

I1eF?)| = O(1) as. if p=1
O(t?¢=3) as. if p>2.°

Proof. Suppose F'is a 2p X 2p matrix and has p eigenvalues of A\ = iv and
A1 = —iv. Since the characteristic equation for F' is 0 = |\ — F| = (A —
iv)? (A +iv)? = (A2 +0v?)?, by the Cayley-Hamilton theorem,

(F? +0°1)P = 0. (8.2)
Case 1: When p = 1, then F?" = (—1)"v?" and

0 F2nt2n 0 F2nt2n+1
Ft
= _— F e
¢ ,;) (2n)! 2 )
'Ut)2n+1
= I —
Z Z 2n+1
F .
= T cos(vt) + — sin(vt). (8.3)
v

Therefore, ||ef|| = O(1) when p = 1.
Case 2: When p > 2, then A = F? + v2[ is a nilpotent matrix of order p by
(8.2). Thus,

A
F? = 2 [I——2] and
v
2 2 e k(1) AF
S Y S (Y E
k=0
_ n,2n ﬂ _1\p—1 n Apil
= (D" (I v2 et (1) (p—l)vQ(Pl)
Therefore,

F2nt2n 0 F2nt2n+1
F't
= — 4+ F —_. 4
¢ nz:: ol ;(2n+1)! (84)
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Let fj(n) =2n(2n—1)---(2n—j+ 1) if j > 1 and fo(n) = 1. Then, since
fo(n), fi(n),..., fe(n) are independent, there exist unique Cy,Cy---C) € Z

such that

(7)- jécjfj )

Similarly, let f;(n) = (2n+1)(2n)---(2n —j +2) if j > 1 and fj(n) = 1.

Then, there exist unique Cy, CY,...C} € Z such that

(Z) = jéc;f;—‘ (n).

By Lemma 8.1, the first term of (8.4) can be expressed as

x (—1)n(ut) | n\ A¥
2 (2n!) D (_l)k(k>ﬁ

n=0 k=0
B p—1 4 k[ oo (1) (vt A ;.
B k_0< 1)2> _; (2n)! (;CJJCJ()
AN [ _ (oo (—1)"(vt)2"j>
= Y vt JCj -_—
k—0< UQ) _jz—:o( ) nz:; (2n = )!
> (-4) X0l for p=2
_ k=0
P (-2)" x0(t*2) for p=3
k

Similarly, the second term of (8.4) can be expressed as
e F2ny2n+l
(2n+1)!

_ En:’) (=1)" (vt)>+! “”A"(_l)k(n) A¥

v (2n+ 1) k) vk

n==~k

k 0o .
) (1) (vt 2

k=0
= O@*3).

Hence, the lemma follows.
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Lemma 8.3
/T(T — §)FAdW, = O (T’““/Q\/m)
0
Proof. Let M, = fou (t — s)k AdW,, which is a square integrable martingale for

0<u<t]and < M >,= fou(t—s)%AA/ds = [P (t—u)? T AA"/(2k+1).
Since M,, = B« s, by Karatzas and Shreve ([141] p. 174),

T
/ (T — 5)* AdW, = O(Bypai+1) = O(T*/2V/Inn T).
0

Hence, the lemma follows. O

Proof of Theorem 8.1. If p = 1, then there exist C' € R such that [[ef*|| < C
by (8.3). Therefore,

T
Vel = o+ [ er T
0
< CYO+C[0(\/T1n1nT)]
= OWTInInT).
For p > 2, by Lemma 8.2 and 8.3,
T
Vel = e+ [ e aw|
0
T 2p—3
< O<||6FTY0||+ / ZCk(T—s)kAdWS>
0 k=0
2p—3 T
= 0 <||eFTY0||+ > ck/ (T — s)* AdW, )
k=0 0

IN

2p—3
o (IIeFTYoll + D 10l x IIO(T'““/QVlnlnT)II)

k=0

O(T?=%/2\/InInT).
To show (8.1), we have

T T
Amax / Y, Y/dt]| = O Tr/ Y,Y/dt
0 0
T
0(/ ||n||2dt>
0

B O(T*(InlnT)) as. if p=1
T Oo(T*A(InInT)) as. if p>2.

Hence, the proof of the theorem. O
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8.2. Zero eigenvalues

In this Section, we study the asymptotic behavior of the OU processes when
the drift matrix F' contains only zeros eigenvalues.(i.e., F is a nilpotent matrix.)
The main results are summarized in the following:

Theorem 8.2 Suppose for the OU process defined in (1.1), the RANK condition
(2.1) holds and, all eigenvalues of F are zeros. Let vy be the dimension of the
largest block of the rational canonical form of F as defined in Section 2 (i.e.,
F7Y =0; see the Example). Then

Y7 =0T 2VInInT)  as.

Moreover,

Amax (/T Yth’dt> =0O(T*(InlnT)) a.s. (8.5)
0

Proof. Since F' is a k X k nilpotent matrix of order v (1 < < k), then F¥ =0
and

Y=L ngn
rt =S oy,

n!

n=0

71
Yzl < 0<||eFTYO||+/ ZCk(T—s)kAdWS>
0 k=0

v—1 T
— O(||eFTY0||)+O<ZCk/O (T—s)kAdWS>

k=0
= O YH 401" V2/InInT)
= O 2VInInT).

To prove (8.5) observe,

T T
Amax ( / Yth’dt> = O(Tr / Yth’dt>
0 0
T
- 0(/ ||n||2dt>
0

= O(T*'(InlnT)).

Hence, the proof. O
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