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Abstract

A general theory of efficient estimation for ergodic diffusions sampled at high fre-
quency is presented. High frequency sampling is now possible in many applications,
in particular in finance. The theory is formulated in term of approximate martingale
estimating functions and covers a large class of estimators including most of the pre-
viously proposed estimators for diffusion processes, for instance GMM-estimators
and the maximum likelihood estimator. Simple conditions are given that ensure
rate optimality, where estimators of parameters in the diffusion coefficient converge
faster than estimators of parameters in the drift coefficient, and for efficiency. The
conditions turn out to be equal to those implying small A-optimality in the sense of
Jacobsen and thus gives an interpretation of this concept in terms of classical sta-
tistical concepts. Optimal martingale estimating functions in the sense of Godambe
and Heyde are shown to be give rate optimal and efficient estimators under weak
conditions.
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1 Introduction

Dynamic phenomena affected by random noise are often best modelled in continuous time
by stochastic differential equations. Among the advantages are model parameters with
a clear interpretation and facilitation of communication with engineers and scientists by
a common modelling tool. Finance is a well-known example of an area where stochastic
differential equations are widely used. A few other examples of areas where these mod-
els are used are neurology, Lansky, Sacerdote & Tomasetti (1995), agronomy, Pedersen
(2000), climatology, Ditlevsen, Ditlevsen & Andersen (2002), and physiology, Ditlevsen
et al. (2007). While the dynamics is formulated in continuous time, observations are, by
nature, at discrete points in time. Estimation for these models has in recent years become
an active area of research, and a large number of estimation procedures has been proposed
for parametric as well as non-parametric diffusion models, see e.g. Sgrensen (2004) and
Fan (2005).

In this paper we focus on approximate martingale estimating functions for discrete
time observations of a scalar process given by the stochastic differential equation

where o and [ are parameters to be estimated. We consider a scalar diffusion to simplify
the presentation. The results can be generalized to multivariate diffusions. In Section 3
we indicate how results for multivariate diffusions differ from the one-dimensional case.
Martingale estimating functions give consistent estimators at all sampling frequencies,
Bibby, Jacobsen & Sgrensen (2005), and optimal estimating functions have turned out
to often provide estimators with a high efficiency, see e.g. Overbeck & Rydén (1997) and
Larsen & Sgrensen (2007). One aim of this paper is to explain this by showing that the
estimators are efficient in a high frequency asymptotic scenario. The observation times
are 1A, 1 = 0,...,n and the asymptotic scenario considered is that

n—oo, A,—0, nlA,— .

The length of the time interval in which observations are made goes to infinity, which
is necessary to ensure that the drift parameter o can be estimated consistently. At the
same time the sampling frequency goes to infinity, which allows us to study how the
special structure of diffusion models implies that martingale estimating functions can
yield efficient estimators. For non-martingale estimating functions, we need the extra
condition that A, goes to zero sufficiently fast that nA* — 0, for a certain x that
depends on how far the estimating function is from being a martingale. Simple and easily
checked conditions are found that ensure rate optimality and efficiency of estimators. For
diffusion models the latter is important because the diffusion coefficient parameter § can
be estimated at a higher rate than the drift parameter «, Gobet (2002). Estimators of 3
that do not use the information about the diffusion coefficient contained in the quadratic
variation will converge at the same rate as estimators of a.. It is shown shown that optimal
martingale estimating functions in the sense of Godambe & Heyde (1987) are rate optimal
and efficient under weak regularity conditions. Thus these estimators are not only optimal
within a relatively small class of estimators, they are in fact optimal among all estimators.

That our high frequency asymptotics is relevant to applications is due to the fact that
the sampling frequency needs not be particularly high for the asymptotics to be applicable
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if the diffusion does not move fast. This is, for instance, often the case for finance data,
where even weekly observations can in some cases be considered a high frequency. This
explains why estimators from optimal martingale estimating functions quite often have a
good efficiency in finance applications.

The theory developed in this paper covers a large class of estimators including most
of the previously proposed estimators for diffusion processes, for instance the martin-
gale estimating functions proposed by Bibby & Sgrensen (1995) and Kessler & Sgrensen
(1999), GMM-estimators based on conditional moments, Hansen (1982), and the maxi-
mum likelihood estimator, Pedersen (1995), Poulsen (1999), Ait-Sahalia (2002), Durham
& Gallant (2002), and Ait-Sahalia & Mykland (2003). The pseudo-likelihood function
obtained from the Gaussian Euler approximation to the transition density is covered too.
This pseudo-likelihood can, when [ is fixed, also be obtained as a discretization of the
continuous time likelihood function. These estimators have often been used in empirical
work in finance. Estimators closely related to the Euler pseudo-likelihood were considered
by Prakasa Rao (1988), Florens-Zmirou (1989), and Yoshida (1992). Also more complex
pseudo-likelihood functions are covered such as that proposed by Kessler (1997), who ob-
tained more accurate Gaussian approximations to the likelihood function by higher order
expansions of conditional moments. The latter group of authors considered the same high
frequency asymptotic scenario as the one in the present paper. Sgrensen & Uchida (2003)
considered the Euler pseudo likelihood under high frequency/small diffusion asymptotics.

The conditions for rate optimality and efficiency obtained in this paper are equal to
the conditions for small A-optimality obtained in Jacobsen (2002) for martingale estimat-
ing functions. The idea behind the small A-optimality concept, introduced in Jacobsen
(2001), is to consider the asymptotic covariance matrix obtained under a low frequency
asymptotics, where the time between observations, A, is fixed and does not depend on n.
This asymptotic covariance matrix is expanded in powers of A, and the small A-optimal
estimating functions are those for which the main term of the expansion is minimized
within the class of all estimating functions. The same kind of reasoning was used by
Ait-Sahalia & Mykland (2004) to study observation at random time points. It is not
surprising that the same conditions are obtained. Our results provides an interpretation
of small A-optimality in terms of the classical statistical concepts rate optimality and
efficiency.

In order to prove the results, tools for studying high frequency asymptotic properties
of estimators are provided. Lemma 5.5 is a new result of some independent interest in
this context. It provides simple conditions ensuring that convergence in probability of a
normalized sum of parameter-dependent functions of pairs of consecutive observations is
uniform in the parameter.

The paper is organized as follows. Section 2 sets up the model, the class of approxi-
mate martingale estimating functions, and the assumptions used throughout the paper.
A number of often used estimators are shown to be covered by the theory. Also a crucial
fundamental lemma is presented. Section 3 develops the general high frequency asymp-
totics for general estimating functions as well as for rate optimal estimating functions.
The condition for rate optimality is given here. The asymptotic results are used in Sec-
tion 4 to find conditions for efficiency. Sufficient conditions that a given set of conditional
moments can give a rate optimal and efficient estimator are given, and it is proved that
Godambe-Heyde optimal martingale estimating functions are rate optimal and efficient. A

3
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number of examples are considered, including the Euler pseudo-likelihood and maximum
likelihood estimation. Proofs are given in Section 5, and Section 6 concludes.

2 Model and conditions

We consider observations Xy, ..., Xy of the process given by (1.1) at the time points
tr =iA,,i=0,...,n. We suppose that a solution of the stochastic differential equation
(1.1) exists, is unique in law, and is adapted to the filtration generated by the Wiener
process W and the initial value X,. For simplicity of notation we assume that o and (3
are one-dimensional. All results in the paper can be immediately generalized to the case
where o and 3 are multivariate by replacing partial derivatives by vectors or matrices of
partial derivative and by considering estimating functions of the same dimension as the
parameter. We assume further that = (a, 3) € © where © is a subset of R? with a
non-empty interior int ©, and that the true parameter value 6y = («, 5o) € int ©. It is no
serious restriction to assume that © is convex. The theory and results involve the squared
diffusion coefficient

v(z; B) = o*(x; B) (2.1)

rather than the diffusion coefficient. We denote the state-space of X by (¢,r), where
—00 < ¢ <r < oo. We assume that v(z;3) > 0 for all z € (¢,r), and that the stochastic
differential equation (1.1) satisfies the following condition.

Condition 2.1 The following holds for all 0 € ©:

g )
/x# s(x;0)dr = /g s(z;0)dr = 0o (2.2)
and ,
/e 2*fig(z)dx = A(6) < oo (2.3)

for all k € IN, where x* is an arbitrary point in (¢,1),

s(x;0) = exp (—2 /; z(é” Z;dy> (2.4)

and

fio(x) = [s(x; O)v(a; B)] 1 (2.5)
(2) sup, Eo(|X:|¥) < oo for all k € IN.
(3) b,O’ € Cp7471((€,’l“) X @)

We define C, 1, 1y 15 (IRy X (£,7)? x ©) as the class of real functions f(t,y, z;0) satisfying
that

(i) f(t,y,x;0) is ky times continuously differentiable with respect ¢, ko times contin-
uously differentiable with respect y, and k3 times continuously differentiable with
respect o and with respect to 3
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(ii) f and all partial derivatives 9 0;2 ks 8g4f, i =1,...k;, 7 =1,2, i35+ 14 < ks, are
of polynomial growth in x and y uniformly for 6 in a compact set (for fixed ).

The classes Cpx, 1, ((£,7) x ©) and Cpy, 1,((€,7)* X O) are defined similarly for functions
f(y;0) and f(y,x;0), respectively. A function f(y,z;0) is said to be of polynomial growth
in y and x uniformly for # in a compact set if, for any compact subset K C O, there exists
a constant C' > 0 such that supycj |f(y, 7;0)] < C(1 + |2|€ + |y|¢) for all x and y in the
state-space of the diffusion.

The conditions (2.2) and (2.3) with & = 1 ensure that the process X is ergodic with
invariant measure

po(x) = fg(x)/A(0). (2.6)

Actually, (2.2) is not necessary. For instance if ¢ is finite and ff# s(z;0) < oo, then
the process can hit ¢ at a finite time with positive probability, but if the boundary is
instantaneously reflecting, X is also ergodic in this case. To avoid worrying about making
assumptions about the boundary behaviour, we impose the condition (2.2) under which
the boundaries cannot be reached in finite time.

If Xy ~ pg, then the process is stationary and Condition 2.1 (2) follows trivially from
(2.3). Also for diffusions with a spectral gap, which is very frequently the case in practice,
Condition 2.1 (2) follows from (2.3), provided that Fy(|X,|*) < oo. The solution to (1.1)
is said to have a spectral gap if the smallest positive eigenvalue \g of the generator

Lo = o 0) - + Jo(w; 0)-2
=b(z;a)— + sv(x; B)—

o dv = 2 dx?

is strictly positive. Simple conditions ensuring this were given by Genon-Catalot, Jeantheau

& Larédo (2000). It is, for instance, the case when the drift is linear, see e.g. Hansen,
Scheinkman & Touzi (1998). With pux(6) = [ |z|*ue(z)dz,

Ep(1X]* = p(0) | Xo) < e (1 Xol* — 1u(6)),

(2.7)

so that Eg(|X:|*) < px(6) + Eg(| Xo|*), which shows that Condition 2.1 (2) is satisfied.
We consider estimating functions of the general form

i=1

where the function g(A,y, z; ) with values in IR? satisfies the following condition.
In the rest of this paper, R(A, y, z; §) denotes a (generic) function such that |R(A, y, z; )|

< F(y, x;0) where F is of polynomial growth in y and z uniformly for § in a compact set.
Similarly for R(A, z;6).

Condition 2.2
(1) For a k > 2
E@(g(An, Xt;jb, Xt?,l; 9) | thbfl) = A’:LR(An, Xt?,l; 9) fOT all 0 € ©. (29)

(2) The function g(A,y,z;0) has an expansion in powers of A
9(A,y,2;0) = 9(0,y, 2;0)+ g (y, ;) + 5 A% (y, 2;0)+ A’R(A, y, z; 6). (2.10)
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(8) The function R(A,y,x;0) in (2.10) is differentiable with respect to 6, and

9(Ay,z;0) € Chea((C,r)* x O) for fized A,
g(l) (y7$79) S Cp74,2((€7 T)2 X @)7
9Py, 2;0) € Cpaa((L,7)* x O).

The assumption of polynomial growth is made only to simplify the presentation of
the theory. This assumption is satisfied for most models used in practice, but the results
hold under weaker assumptions as long as the necessary moments exist and the remainder
terms can be controlled so that we have expansions to the orders needed in the proofs.

We remind the reader of the trivial fact that for any non-singular 2 x 2 matrix, M,,, the
estimating functions M, G, (0) and G, (0) give exactly the same estimator. We call them
versions of the same estimating function. The matrix M,, may depend on A,,. Therefore
a given version of an estimating function needs not satisfy Condition 2.2. The point is
that a version must exist that satisfies the condition. It may typically be necessary to
multiply one of the coordinates by A,. Examples of this phenomenon will be given in
Section 4. The same remark can be made about other conditions later in the paper. A
version must exists that satisfies all necessary conditions for a given result.

We shall often apply the generator (2.7) to a function h(y,x) of two variables. This
will always be taken to mean the following

Lg(h)(y, x) = b(y; )0, h(y, ) + o(y; B)F;h(y, x). (2.11)
For a function h(A,y, z;0) that depends also on A and 6, we use the notation
Lo(h(A;0))(y, z) = b(y; 0)9yh(A, y,2:0) + So(y; B)Oh(A, y, x;0).

The following lemma provides identities that play an essential role in the proofs of the
asymptotic theory in the next section. The identities are a consequence of the approximate
martingale property (2.9).

Lemma 2.3 Under the Conditions 2.1 and 2.2 (2)-(3)

9(0,z,z;0) = 0 (2.12)
gV (w,2;:0) = —Lo(g(0;0))(w, ) (2.13)

forallx € ({,r) and 0 € ©. If Kk > 3,
9P (w,2;0) = —Li(9(0;0))(x, ) — 2Lo (g (6))(, ). (2.14)
The identity (2.14) is not used in the rest of the paper, but is useful if expansions of a

higher order are needed.

2.1 Examples

A main example of estimating functions that satisfy condition (2.9) are the martingale
estimating functions for which

Eg(Q(An, thn, thnil; 9) ‘ Xt?71> = 0.



EFFICIENT ESTIMATION FOR DIFFUSIONS SAMPLED AT HIGH FREQUENCY

They often have the form

g(Ay,x;0) = Z (2, ;0)[f;(y;0) — Eo(f;(Xa;0) | Xo = x)]. (2.15)

A simple example is obtained for N = 2, fi(z) = z and fo(x) = x2. This quadratic

martingale estimating function can be obtained as the pseudo score corresponding to a
Gaussian approximate likelihood function, see Section 4. Other instances are polynomial
estimating functions, where the functions f; are power functions, and the estimating
functions based on eigenfunctions of the generator proposed by Kessler & Sgrensen (1999).
With the specification (2.15) of ¢, the Condition 2.2 (2) is automatically satisfied provided
the functions f;(x;6) are 6 times continuous differentiable with respect to z. To see this
we need the result that for any 2(k + 1) times differentiable function f

Eo(f (Xt+s) | Xt) (2.16)

k 7
S

= > LX) + / / / V(X y) | X dutgss - duy,
=0 "

where Ly denotes the generator (2.7), see Florens-Zmirou (1989). Here we take the domain
of Ly to be the set of all twice continuously differentiable functions defined on the state
space. That the conditional expectation in the remainder term is finite and that the
remainder term has the right order follows from Lemma 5.1 in Section 5. Usually the
weight functions a; depend on A and must also be expanded to establish Condition 2.2
(2). For the specification (2.15), the conclusions of Lemma 2.3 trivially hold because in this
case g(0,y,2,0) = 301, a;(2,0;0)[f;(y) — fi(2)], ¢V (2, 2:0) = = 31 aj(x, 0;0) Lo f(x),
and g (z,7;0) = — Z;'Vzl[aj(zv 0;0) L f;(x) + 20aa;(x, 0;0) Lo f;(x)].

The econometric generalized method of moments (GMM, see Hansen (1982)) based on
conditional moments is covered by our theory. This perhaps requires some explanation.
The starting point for this method is an N-dimensional function h(A,y, x; ) for which
each coordinate satisfies that Ey(h;(An, Xin, Xin ;0) | Xy ) = 0. Let A, be an N x N-
matrix such that m,(0) = A, 30, h(A,, Xin, Xin ;0) converges in probability. For the
usual low frequency asymptotics, where A, does not depend on n, A, = n~'I, but
for the high frequency asymptotics considered here, a different choice of A, is usually
necessary, as will be clear from the discussion in the next section. The GMM estimator
is obtained by minimizing Q,(8) = m, ()W, m,(0), where W,, is an N x N-matrix
such that W,, — W in probability. Here and later 27 denotes the transpose of a vector
or matrix x. The matrix W, is typically the inverse of a consistent estimator of the
covariance matrix of m,(#) (suitably normalized). Under weak regularity conditions,
the GMM estimator solves the estimating equation 9yQ,,(8) = Jym,, ()T W, m,(0) =
0, so if Oym,(0) — D(0) in probability (which is a necessary condition for asymptotic
results about the GMM estimator), then the GMM estimator has the same asymptotic
distribution as the estimator obtained from the martingale estimating function with

9(A,y,2;0) = D(O)"Wh(A,y,z;0).

This function will very often be of the form (2.15). The close relationship between mar-
tingale estimating functions and GMM-estimators is discussed in detail in Christensen &
Serensen (2007).

7
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Other estimating functions are obtained by replacing the exact conditional expecta-
tion in (2.15) by the expansion >} s'/i! L) f(X;). In this way a class of estimating
functions is obtained that satisfies (2.9). Estimators obtained from this class include the
simple example g(A,y, z;0) = a(x, A; 0)(y — b(z; «)A) with k = 2 considered by Prakasa
Rao (1988) and Florens-Zmirou (1989), the pseudo maximum likelihood estimators ob-
tained from the Gaussian Euler approximation to the likelihood, but also for instance,
the estimators proposed by Chan et al. (1992) and Kelly, Platen & Sgrensen (2004). For
all Kk € IN, (k > 2), Kessler (1997) proposed a Gaussian approximation to the likelihood
function, for which the corresponding pseudo-score function is an approximate martingale
estimating function that satisfies (2.9).

3 Optimal rate

In this section we give asymptotic results for approximate martingale estimating functions.
It turns out that an extra, very simple, condition is needed to ensure rate-optimal esti-
mators, such that estimators of the parameter in the diffusion coefficient converge faster
than estimators of the parameter in the drift coefficient. The reader is reminded that
2T denotes the transpose of a vector or matrix . We begin with a general approximate
martingale estimating functions.

Theorem 3.1 Assume that the Conditions 2.1 and 2.2 hold. Suppose, moreover, the
identifiability condition that

v(0,00) = /gr[b(l", ap) — b(z, @)]0,9(0, z, z; ) g, (x)dx (3.1)
4 [ [otw, o) = vl 9))0E9(0,2, 75 0)pu () 0

for all 6 # 60y, and that the matrix

S = [ An(x)p,(2)da (3.2)
18 tnvertible, where

Oob(z; )0y g1 (0, 2, 2;60)  10s0(z; 6)8§g1(0, z,x;0)
Ag(z) = (3.3)
Dab(; )0y g2(0, 2, 2;0)  $95v(x; 6)8§g2(0, z,x;0)

Then a consistent estimator 0, = (G, 3,) that solves the estimating equation G,(0) = 0
exists and is unique in any compact subset of © containing 6y with a probability that goes
to one asn — oo. For a martingale estimating function or more generally if nA?**~ — 0,

V(6 — 6o) = Ny (0,57 1Vo(S) ™) (3.4)
under Pp,, where Vo =V (6y) with

T

VO) = [ v, 50)0,9(0,2.3:0)9,9(0, 3, 2:0)" i (2)da.
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The theorem follows from the following lemma by asymptotic statistical results for
stochastic processes, see e.g. Jacod & Sgrensen (2007).

Lemma 3.2 Under the Conditions 2.1 and 2.2

1 & Py,
nA Zg(An,Xt?,Xt&;Q) o (6. 60o), (3.5)
n =1
1 & Py,
nA Z@ng(An,Xt?,Xt?il;Q) S (36)
n =1

[ 120009103 0))(2,2) = Lo(@09(050)) (2, ) — Ag() o, (),

and

1
nA

uniformly when 0 is in a compact set. For a martingale estimating function or more
generally if nA*~!1 — 0,

Z g(Ana Xt?a Xt?il; e)g(Ana Xt?a Xt?il; Q)T ﬂ V(9)7 (37)

n =1

1
ni\,

:

> 9(An, Xin, X 360) — No (0, Vp) . (3.8)
=1

Note that consistent estimators of —Sy and Vj, and hence of the asymptotic variance
of 0, can be obtained by inserting 6, into the left hand side of (3.6) and (3.7).

We see from (3.4) that the rate of convergence of both & and ﬁ is v/nA,, the square
root of the length of the interval in which the diffusion is observed, when the matrix Vj is
regular. Gobet (2002) showed that under weak regularity conditions a discretely sampled
diffusion model is local asymptotically normal in the high frequency asymptotic scenario
considered in the present paper, and that the optimal rate of convergence for estimators of
parameters in the drift coefficient is indeed /n4,,, whereas the optimal rate for estimators
of parameters in the diffusion coefficient is v/n. We will show that the following condition
ensures rate-optimal estimators.

Condition 3.3
0y92(0,2,2;6) =0 (3.9)

forall xz € (£,r) and 6§ € ©.

We will refer to this condition as Jacobsen’s condition because it was first given in
Jacobsen (2001) as part of the condition for a martingale estimating function to give
what in that paper was called a small A-optimal estimator of parameters in the diffusion
coefficient. In Jacobsen’s approach the condition was introduced to avoid a singularity in
the asymptotic variance when the time between observations tends to zero. The reader
is reminded that different versions of the estimating function give the same estimator,
but will obviously not all satisfy (3.9). The point is that for a given g(A,y,z;0) there
must exist a version of the estimating function that satisfies the condition, i.e. there
must exist a non-singular 2 x 2-matrix M, which may depend on A and 6, such that the
second coordinate of Mg(A,y, x;0) satisfies (3.9). We will, for simplicity of presentation,
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assume that we start with a version that satisfies the condition. Similar remarks can be
made about the conditions in the following theorem. The same version must satisfy all
conditions.

We can now give a theorem about rate-optimal estimators.

Theorem 3.4 Suppose the Conditions 2.1 and 2.2 hold, that the second coordinate of g
satisfies Jacobsen’s Condition 3.3. Assume, moreover, that the following identifiability
condition is satisfied

/ér [b(z, ap) — b(z, @)]0yg1(0, 2, ; 0) g, (x)dz # 0 when a #

/;[v(:c, Bo) — v(zx, ﬁ)]@jgg(O,z, x; ) g, (v)dr # 0 when B # Do,

and that S11 # 0 and Ssy # 0, where S is given by (3.2). Then a consistent estimator
6, = (dn,ﬁAn) that solves the estimating equation G,(6) = 0 exists and is unique in any
compact subset of © containing 6y with a probability that goes to one as n — .

If, moreover,

0a0292(0, x, 25 0) = 0, (3.10)

then for a martingale estimating function or if more generally nA*>*+=1 — 0,

vV nAn(ézn — Oé()) > 0 W1 (90)/5%1 0
A 2. N, ( 0 ) (3.11)

Vn(Bn — Bo) 0 Ws(6o)/ 53,

where
Wa(6) = [ (az 30) (0,91 0. 2,23 0) P, e}z = V ()
and
Wo(6) = 3 [ oG 80)* + H(0(: o) — (e 8)2)0R02(0, 2, 6) Py ()

Note that

Wa(0o) = 4 [ vla: 60)*[0292(0, .23 00) o, () .

Thus Jacobsen’s condition (3.9) and the additional condition (3.10) imply rate-optimal
estimators and that the estimator of the drift parameter is asymptotically independent
of the estimator of the diffusion coefficient parameter. Note that for non-martingale
estimating functions A, must go faster to zero than was required in Theorem 3.1. If 3 is
known, the conditions (3.9) and (3.10) and the faster convergence of A,, are not needed
for rate optimality. Note also that if the first coordinate of g satisfies Jacobsen’s condition
too, then the first part of the identifiability condition in Theorem 3.4 does not hold, and
the parameter a cannot be consistently estimated by the estimating function (2.8).

Like the previous theorem, Theorem 3.4 follows by asymptotic statistical results for
stochastic processes, see e.g. Jacod & Sgrensen (2007). The theorem follows from the
following lemma.
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Lemma 3.5 Under the Conditions 2.1, 2.2 and 3.3
n P, Wi(0) 0
Dn Z g(Ana Xt?a Xt?fl; e)g(Am Xt?a Xt?fl; Q)TDn — (312)
i=1

uniformly when 6 is in a compact set, where

Vool
nAn
D, = . (3.13)
O 1
Apy/n

For a martingale estimating function or if more generally nA**=1 — (),

ﬁ 21 91(An, X, Xin 560) ” 0 W1(60o) 0
P, N, < 0 ) , . (3.14)
ﬁ i1 92(An, Xin, Xin 5 60) 0 Wa(6o)

If, in addition, condition (3.10) holds, then
1 & P,
— 32 Z aag2(Ana Xt;% Xt;gl?e) 0 0 (3-15)
nAn i=1
uniformly when 6 is in a compact set.

Example 3.6 Consider a quadratic martingale estimating function of the form
ar(z,A;0)y — F(A, x;0)]
, (3.16)

as(z,A;0) [(y — F(A, 2;0))? — ¢(A, 2:0)]
where F(A,x;0) = Eg(Xa|Xo =) and ¢(A, z;0) = Varyg(Xa|Xo = z). Since, by (2.16),
F(A x;0) =2+ O(A) and ¢(A,x;0) = O(A), we find that
ax(z,0;0)(y — x) )

az(x,0;0)(y — x)

Since 0y92(0,y,x;0) = 2as(z, A;0)(y — x), Jacobsen’s condition (3.9) is satisfied, and
estimators obtained from (3.16) are rate optimal. Note that condition (3.10) is satisfied
for (3.16) whenever ay does not depend on «.

It is perhaps also illuminating to give an example of an estimating function for which
estimators are not rate optimal. For

9(A,y,x;0) = (

9(0,y,2;0) = ( (3.17)

ar(z, A;0)[y — F(A, z;0)]
9(A,y,2;0) = ; (3.18)

ax(z, 8;0) [y* — (#(A, 23 0) + F(A, 2;0)%)]

we see that 0,¢1(0,2,2;0) = a1(x,0;6) and 0,92(0, x, x;0) = as(x,0;60)2y. The only way
a linear combination of these two function can equal zero identically is if ai(x,0;0) is
proportional to zay(z,0;60). In all other cases, the estimating function given by (3.18) is

not rate optimal.
O

11



12 M. S@ORENSEN
4 Efficient estimating functions

In this section we discuss under which conditions an approximate martingale estimat-
ing function G, (#) gives an estimator that is efficient in the high-frequency asymptotics
considered in this paper. We call such an estimating function efficient.

The following theorem follows from Theorem 4.1 in Gobet (2002), who proved that
the diffusion model (1.1) is locally asymptotically normal with Fisher information matrix
equal to the inverse of ¥(6y) given by (4.3).

Theorem 4.1 Suppose the conditions of Theorem 3.4 are satisfied. Then if
0y91(0, z, z;0) = 0,b(x; o) Jv(x; B) (4.1)

and
0,920, 2, 2;0) = dgv(x; B) /v(x; B)?, (4.2)

the estimating function (2.8) is efficient. Under (4.1) and (4.2), the asymptotic covariance
matriz of the estimator 0,, = (G, Br) 18

r 00))?2 -1
( /g 7(%:((&0())) Jirs (:L")dx) 0
$(00) — S @3)

" dgv(x; 2 —1
’ 2(/@ [%} Meo(x)dx>

A consistent estimator of the asymptotic variance is given by

1 o P [ (Oub(500)°
i 2 Xep Kig 0 = [ S0 ()
and )
1 P, [ [0l )
HA% ;.92( ny At ti,179") /Z l 'U(Zlf,ﬁo) Mao(l')dl’

Note that for an efficient estimating function the condition (3.10) in Theorem 3.4 is
automatically satisfied, cf. (4.2).

The result is not an only-if statement because of the previously mentioned fact that
different versions of the estimating function give the same estimator, but cannot all satisfy
(4.1) and (4.2), even if the estimator is efficient. A martingale estimating function is
efficient if and only if there exists a version that satisfies (4.1), (4.2) and the necessary
previous conditions. It may typically be necessary to first multiply it by a matrix M,
depending on A,,. Examples of this will be given below.

The covariance matrix (4.3) is, as one would expect, equal to the leading term in the
expansion of the asymptotic variance of the maximum likelihood estimator in powers of A
found by Dacunha-Castelle & Florens-Zmirou (1986). It equals the asymptotic covariance
matrix of the maximum likelihood estimator based on continuous time observation, see
e.g. Kutoyants (2004). In the case of continuous time observation, the parameter [
must necessarily be known. Finally, and again not a surprise, the conditions (4.1) and
(4.2) are exactly the conditions for small A-optimality of martingale estimating functions
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given by Jacobsen (2001), except that he included (3.9) as part of the condition for
small A-optimality of ﬁ, while here it is a condition for rate optimality. Thus we have
given an interpretation of the concept of small A-optimality in terms of the classical
statistical concepts of rate optimality and efficiency. It follows from Theorem 2 in Jacobsen
(2001) that (4.1) and (4.2) also imply small A-optimality of the approximate martingale
estimating functions considered in the present paper.

Example 4.2 Consider again the quadratic martingale estimating function (3.16). The
function ¢(0,y, z;0), given by (3.17), satisfies the conditions for efficiency (4.1) and (4.2)
if we choose a1(z,A;0) = 0,b(x; ) /v(z; 3) and az(z, A; 0) = dgv(x; B)/v?(z; 3), as pro-
posed by Bibby & Segrensen (1995) and Bibby & Sgrensen (1996). The same is true of
any specification of the weight functions a; and ay that converge to d,b/v and dgv/v?
as A — 0. An example is the optimal martingale estimating function in the sense of
Godambe & Heyde (1987) (after multiplication of the second coordinate by A), see the
papers cited above.

A similar example is obtained from the pseudo-likelihood function, where the transition
density p(A, y, x; 0) is replaced by the Gaussian density p(A,y, x; #) with mean F'(A, x;0)
and variance ¢(A, x; 0)

Ln(0) = [T (A, Xip, X :0). (4.4)
i=1
The exact conditional moments are used to ensure that a consistent estimator is obtained
also in case A is not small. Since

O F (A, ;0
aalogﬁ(Avyax;e> = ﬁ[g—F(A,x,ﬁ)]
- 0gp(A, x; 0
A0y log (8 i) = LESEE (- FA ) - oA ai6)]

we see that the pseudo-score 0y log En(é’) is an efficient quadratic martingale estimating
function.

Clearly (3.17) holds if F' and ¢ are replaced in (3.16) by expansions of order x + O(A)
and O(A), respectively, so also in this non-martingale case, rate optimal estimators are
obtained, provided that A, goes sufficiently fast to zero. The simplest example is

ar(x, A;0)y — x — b(z; a) Al
9(A,y,z;0) = , (4.5)
as(w, A;0) [(y — = b(z; ) A)? — v(A, 73 B)A]

which gives rate optimal estimators provided that nA? — 0.
A pseudo-likelihood function can be obtained from the Euler approximation by replac-
ing p in (4.4) by

q(A,y,z;0) = ;eXp (—
2mv(z; B)A

(y —z — bl a)A)2>
2u(z; B)A '

The corresponding pseudo score, and hence the Euler pseudo maximum likelihood es-
timator, is efficient because g(A,y,x;0) = Jdylogq(A,y,x;0), is of the form (4.5) with

13



14 M. SORENSEN

ay(x;0) = Oub(x; ) Jv(x; B) and (after multiplication by 2A) ay(x; 0) = dgv(z; B) /v(x; §)2.
This estimator has often been used in empirical work in finance. In a similar way, it follows
that the estimators considered by Prakasa Rao (1988), Florens-Zmirou (1989), Yoshida
(1992), Kessler (1997) and Kelly, Platen & Sgrensen (2004) are efficient under suitable
conditions on the rate of convergence of A,,.

O

Example 4.3 Finally we consider mazimum likelihood estimation. In broad general-
ity, the score function is a martingale estimating function, see e.g. Barndorff-Nielsen &
Sorensen (1994). The transition density can, under weak regularity conditions, be ex-
panded in powers of A

p(Ay,2;0) = (A, y,2;0)(1 4+ O(4)),

where

0y 1 (f(y; B) = fla;8))? . o(y; B)
r(Ay,x;0) = ST exp (— A + A(y) — A(x) — 5 log <U($;ﬁ)>> ,

f(x;8) = [To7 (2;8)dz and A(x) = [“b(z;a)/v(z; B)dz, see e.g. Dacunha-Castelle &
Florens-Zmirou (1986) or Gihman & Skorohod (1972), Chapter 13. Therefore, under
regularity conditions on the remainder term that need not worry us here, the score func-
tion given by g1(A,y,z;6) = 0y logp(A,y,z;60) and go(A,y, x;0) = Adglog p(A,y, z;6)
satisfies that

91(0,y,x;0) = /xy %dz +0(A)

9200,y,2:0) = —[f(y; B) — f(x:8)][0sf (y: B) — Os f(; B)] + O(A).

From these expansions it follows easily that the score functions (normalized as above) sat-
isfies the Jacobsen’s condition (3.9) as well as the conditions for efficiency (4.1) and (4.2).
In particular, 9;7¢(0, z,z;0) = =20, f (x; 3)030% f (x; 3) = dgv(x; B)/v(x; 3)*. Obviously,
the pseudo-likelihood function obtained by replacing p in (4.4) by r is also rate optimal
and efficient provided that nA% — 0.

O

The fact that the approximate martingale estimating functions that are rate optimal
and efficient are exactly those that are small A-optimal in the sense of Jacobsen (2001)
implies that we can take advantage of the very thorough study of when martingale esti-
mating functions satisfy the conditions (3.9), (4.1) and (4.2) presented in Jacobsen (2002).
Consider martingale estimating functions of the form (2.15). It is convenient to write this
type of estimating function in the following compact form

Gal6) = - Ay, 0 (X 0) = w1 (a0 (4.6)

where f(y;0) = (fi(y;0),..., fn(y;0))T, A(z, A;0) a 2 x N-matrix of weights, and where
75 denotes the transition operator given by

o f(x:0) = Bo(f(Xa:0)| Xo = x) (4.7)
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The following theorem follows immediately from Theorem 2.2 of Jacobsen (2002). It is
clear from the proof of this theorem that the following result holds not only for martingale

estimating functions, but also for approximate martingale estimating functions satisfying
(2.9).

Theorem 4.4 Suppose Condition 2.1 is satisfied, that N > 2, and that the functions f;
are two times continuously differentiable and satisfies that the matrix

O f1(x;0) 8§f1(37§9)
Op fo(;0) 02 fala; 0)

is invertible for ug-almost all x. Then a specification of the weight matriz A(x,A;0)
exists such that the estimating function (4.6) satisfies the conditions (3.9), (4.1) and
(4.2). When N = 2, these conditions are satisfy for

JET T B D(z)™ (49)
N 0 0503 8)fo(: B |

for any function c(x;0).

Since we can index the functions f; as we like, the condition only says that there are
two functions among fi,..., fy such that D is invertible. Note also that for N = 2, a
simple choice for the weight matrix A is to let it equal the expression in (4.9) for all A.

A useful way of choosing the weight matrix A in a martingale estimating function
of the type (4.6) is to chose the weights that are optimal in the sense of Godambe &
Heyde (1987), see also Heyde (1997). In this way we obtain estimators that minimize the
asymptotic variance of estimators within the class (4.6) for a fixed, possibly large, A. The
next theorem shows that the Godambe-Heyde optimal estimators are rate optimal and
efficient in the high frequency asymptotic considered the present paper. A weight matrix
A* is Godambe-Heyde optimal if

A*(w, ;0) By ([f(Xa;0) — 7 f (3 0)][f(Xa; 0) — 7 f (3 0)] | Xo = ) (4.10)
= Ogs f1(2;0) — 75 0p fT (3 0).

It follows from Theorem 2.3 in Jacobsen (2002) that if N = 2 and the matrix D is
invertible, then the Godambe-Heyde optimal martingale estimating function is rate opti-
mal and efficient. If N = 1 the Godambe-Heyde optimal martingale estimating function
can only be efficient if the diffusion coefficient is known, so that only the drift depends
on a parameter. Here we prove that for general N > 2 the Godambe-Heyde optimal
martingale estimating function is rate optimal and efficient provided that the matrix D
is invertible. This result was conjectured by Jacobsen (2002) (phrased in terms of the
concept small A-optimality).

Theorem 4.5 Suppose Condition 2.1 is satisfied, that the functions f; are siz times con-
tinuously differentiable, that N > 2 and that the 2 x 2 matriz D(x) given by (4.8) is

15



16 M. SORENSEN
invertible for pg-almost all x. Let A*(x, A; ) satisfy (4.10), and define

1 0
g (A y, 73 0) = A% (2, 0:0)[f (y; 0) — 75 f(;0)]. (4.11)
0 2A

Then ¢g*(0,y, x;0) satisfies (3.9), (4.1) and (4.2).

The fact that a condition for efficiency is N > 2 may explain the finding in Larsen
& Sgrensen (2007) that an optimal martingale estimating function based on two eigen-
functions seemed to be efficient for weakly observations of exchange rates in a target
zone.

The efficient estimating function given by (4.11) can be used to derive simpler, equally
efficient, martingale estimating functions by expanding the conditional moments in (4.10)
using (2.16). Further simplification can be obtained by expanding 75" f(z;6) in (4.11).

Let us conclude this section by stating the results for a d-dimensional diffusion. In
this case b(x; ) is d-dimensional and v(z; 3) = o(x; 8)o(z; )T is a d x d-matrix. The
conditions for efficiency are

0y91(0, z, z;0) = 0,b(x; a)Tv(:c; B!

and .
vec (8Zg2(0,:£, x; 9)) = vec (Jgv(z; ) (v®2(9§; ﬁ))_ :

In the latter equation, vec(M) denotes for a d x d matrix M the d>-dimensional row vector
consisting of the rows of M placed one after the other, and M®? is the d? x d?>-matrix with
(i, 7'), (ij)th entry equal to My;M;;. Thus if M = 9gv(x; 8) and M* = (v¥%(x; 3))7,
then the (i,j)th coordinate of vec(M) M* is 32y My Mg, ) ; iy These expressions are
the conditions for small A-optimality for multivariate diffusions given by Jacobsen (2002).

For a d-dimensional diffusion process, the condition analogous to the one in Theorem
4.4 ensuring the existence of a rate optimal and efficient estimating function of the form
(4.6) is that N > d(d + 3)/2, and that the N x (d + d?)-matrix

(0f(w:0) O2f(:0) )

has full rank d(d + 3)/2, see Jacobsen (2002). When « and [ are multivariate, we further
need that {0,,b(x; o)} and {0s,v(x; 3)} are two sets of linearly independent functions of .
These conditions also ensure that Theorem 4.5 holds for a d-dimensional diffusion process,
i.e. that the Godambe-Heyde optimal martingale estimating function is rate optimal and
efficient for a d-dimensional diffusion process.

5 Proofs

The first two lemmas are essentially taken from Kessler (1997). The reader is reminded
that R(A,y,z;0) denotes a (generic) function such that |R(A,y, z;0)| < F(y, x;0) where
F is of polynomial growth in y and x uniformly for # in compact sets. Similarly for
R(A,z;60). We sometimes use the notation a <¢ b, which means that there exists a
C > 0 such that a < Cb.
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Lemma 5.1 Assume Condition 2.1. For k =1,2,... a constant C}, > 0 exists such that
Ego(IXea — Xl ¥ | Xi) < CLAM2(1 4 | X,[) (5.1)

for A > 0. Let f(y,x,0) be a real function of polynomial growth in x and y uniformly for
0 in a compact set K. Then there exists a constant C > 0 such that for any fixed Ay > 0

Eo (| f(Xppn, X0, 0)] | X)) < C(1L+|X))C  for A€ [0,A¢] and 0 € K. (5.2)

Suppose the function f(y,x,0) is, moreover, 2k times differentiable (k = 0,1,2,3) with
respect to y with derivatives of polynomial growth in x and y uniformly for 6 in compact
sets. Then

A puy Uk—1
/0/0 /0 Eg, (L’;Of(XHuk,Xt,Q)|Xt)duk...du1:AkR(A,Xt,H). (5.3)

Proof. The inequality (5.1) is (A.1) in Lemma 6 in Kessler (1997), and (5.2) is proved
exactly as (A.2) in the same paper because |f(Xiia, X¢, 0)] < O(1+| X%+ | Xpon — X [9)
for some C' > 0. In Kessler (1997) the constant in (5.2) depends on A, but it is clear from
the proof that the constants for different values of A are bounded when A < A,. Finally,
(5.3) follows from (5.2) because of the conditions on the coefficients b and o.
O
The result (5.3) is used to ensure that the remainder term in expansions of the type
(2.16) have the expected order. It could, obviously, be proved for larger values of k if
stronger conditions were imposed on the coefficients b and o.

Proof of Lemma 2.3. Combining (2.9), (2.10) and (2.16) and using Lemma 5.1, we find
that

O(A") = Ep(9(A, Xon, Xyn ;0) [ Xin )
= 9(0, Xep ,, Xip 36) + A [Lo(9(0:0))(Xep ,, Xip ) + ¢V (X |, X 30)]
+ A [Lg(g((]; ) (Xep s Xeo )+ 2Lo (gD (0) Xy, Xep ) + 9P (X X 36
+ AN’R(A, Xpe |, 0),

from which the lemma follows.
[l

Lemma 5.2 Assume Condition 2.1, and let f(x,0) be a real function that is differentiable
with respect to x and 6 with derivatives of polynomial growth in x uniformly for 6 in a
compact set. Then

12 Poy [T
E;JC(XQ?,H) H/g f(x,g)lueo(x)dx

uniformly for 0 in a compact set.

Proof. This is Lemma 8 in Kessler (1997), but the proof is given for completeness.
Convergence for any fixed value of € follows from the continuous time ergodic theorem

because .

ni\,

nlAn Py r
| s = [ fe Oy ()

17
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and
Bny (1230 X 0) — — [ f(x )
90 n pt t"7 An s
1 &t . )
Fo <nAn ;/tl |f (X, 0) = (X, )\d8>
1 n t? ) % ) , %
S ’I’I,An ;‘/tzll E@O ((thl — Xs) ) E90 (|:‘/0 amf(Xs + U(thl — )(s)7 9)du:| ) ds
1 nooth .
S, Oy s =50V A,

for a C' > 0. We have used (5.1), that 0, f is of polynomial growth in z, and Condition
2.1 (2).

In order to prove that the convergence is uniform for 6 in a compact set K, we show
that the sequence (,(-) = = 37, f(X;n, ) converges weakly to the limit [} f(x, ) g, (x)da
in the space of continuous functions on K with the supremum norm. Since the limit is
non-random, this implies uniform convergence in probability for § € K. We have proved
pointwise convergence, so the weak convergence result follows because the family of dis-
tributions of (,(+) is tight. The tightness holds because 0y f (z, ) is of polynomial growth
in z uniformly for € K, and hence C' > 0 exists such that sup,, Ep,(supgcx |09Cn(0)]) <
C(1 + sup, Ey, (| X¢|¢)), where the upper bound is finite by Condition 2.1 (2). That this
bound implies tightness follows from Theorem 14.1 in Kallenberg (1997) (or Theorem 15
in Yoshida (2005)) because

sup [Gn(01) = Cal02)] <c sup|9p¢a(0)]6.
91,92€K:|91—92|<5 e K

O

Lemma 9 in Genon-Catalot & Jacod (1993) is used frequently in the proofs of Lemma
3.2 and Lemma 3.5 to establish pointwise convergence. The result is therefore cited here
for the convenience of the reader.

Lemma 5.3 Let Z!' (i=1,...,n,n € IN) be a triangular array of random variables such
that Z!" is G'*-measurable, where G = o(W, = s <t1). If

n

S E(Z |Gl S U

=1
and .
S E (22| gy) 0,

i=1
where U is a random variable, then

zn: 7 2.
i=1

In order to establish uniform convergence in the proofs of Lemma 3.2 and Lemma 3.5, we
need a technical lemma, which is easier to formulate with the following condition.
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Condition 5.4 A real function f(A,y,x;0) satisfies the condition if f(0,z,z;0) =0 for
allz € (0,r) and 0 € © and f € Cp121(R4, (¢,7)%,0).

Lemma 5.5 Assume Condition 2.1, and let f(A,y,x;0) be a function that satisfies Con-
dition 5.4. Then a constant C' > 0 exists such that for m € IN

Eg, (|6a(62) = Gu(61)]™) < €162 — 60 (5.4)

for all 60, and 0y in a compact set and for all n, where

G0) = — 3 F(B Xeg, X :0) (5.5)

n =1

If, moreover, the functions hy and hy given by

hi(s,y,2:0) = Oof(s,y,2:0) 4 0y f (s, 4, 2;0)b(y; o) + 305 f (s, 4, 25 0)v(y, Bo)
ha(s,y,x;0) = 0,f(s,y,2;0)0(y; Bo)-

satisfy Condition 5.4, then a constant C' > 0 exists such that for m € IN
Egy (|6(62) — 6 (01) ") < C|63 — 6,*" (5.6)

for all 6, and 05 in a compact set and for all n, where

¢n 3 Zf n,Xt?,thl;e). (57)

nA?’/
Finally, if the functions
hia(s,y, 2;0) = Oyhi(s,y, z;0)0(y; fo), i=1,2, (5.8)
satisfy Condition 5.4, then a constant C' > 0 exists such that for m € IN
Egy (|€n(62) = &a(61)"™) < Cl6 — 6, (5.9)

for all 61 and 05 in a compact set and for all n, where

Y f(An, X, X 56). (5.10)

&nl(0) = nA?2
n =1

Proof. By Ito’s formula

2 tn

F(B, X, Xpn :0) = /t (s, X, Xip_:0)ds + [ ha(s. X, Xy 0)dW,, (5.10)

By Condition 5.4, the partial derivatives dgh; and Ophs are of polynomial growth in y
and x uniformly for 6 in a compact set. We can treat the two terms on the right hand

19
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side of (5.11) separately. Define Dh;(s,y,x;02,61) = hi(s,y,x;02) — hi(s,y,x;0;). Using
Jensen’s inequality twice, we obtain
2m)

A2m : n
n i=1""-1

1 L&
Ey, (‘EZ Dhy(s, Xg, Xin 5 02,01)ds

1 n tn 2m
< nAszEeo (/t Dhi(s, Xy, Xpn 3 65,601)ds )
< Z/ Eu, (|Dh(s, X, Xip 505, 0)7") ds
" =1
2m
<c A Z/ E90 <‘/ aehl S Xg,th 91 —l—u(@z 91))du >d$|92 _ 91|2m
nNAn =

<c |0y — 91|2m.

By the Burkholder-Davis-Gundy inequality and Jensen’s inequality

2m
1 &
A (| Z Dhg S XS,th 92,91)dW8 )
1 n 14 ) m
=c A2m n2 Z Dh2 (5, X, Xon 505,01)ds
1 m
< nm+1A%m;E00< i 59 71§92,91)2d5 )
1 - & 2m
< GEE L B (Dol X X 05,07 ds
1
<c ———I|0,—6,*™.
< oagalt 6l

The results (5.6) and (5.9) follow in a similar way. Under the conditions for (5.6),
f(An, Xip, Xip 50) = (5.12)

i s s
/ hs (1, X, Xen 3 0)duds + / / has(t, X, Xpe :0)dW,ds
tn t@l L tn tznfl i—

7 s e s
[0 Bt X Xy 0)dudW, + [ oo, Xy X 3 0)dW, AWV,
Gyt - " o

Gy
with h;e given by (5.8) and
hi(s,y, 2;0) = Oshi(s,y, 2;0) + Oyhi(s, y, 3 0)b(y; ag) + 505 hi(s,y, 2;0)v(y, Bo).

2m)

/ C [ Dhay(u, X, Xen 0, 01)duds
o S o

With Dh;; defined as previously, we see that

1
A4m

n

17 7 s
EGO <|5 Z \/f/‘n n Dhll(u’ Xu’ Xt?—l; 92’ el)dUdS
‘ A

1 n
nAdm Z Eg (

=1

)
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N 3 /t Ego (1D (1, X X3 62,60)*™) duds

n =1

<c |02 — 91|2m,

s o2

gi(

/ Dhia(u, X,y Xin 62, 60,)dW,ds
t t7l

)

t s
/ Dhia(u, Xy, Xin 50, 01)dW,ds

IA

TL

2m)

1 i e B 2m ;

At S 5
1 n t? S N m

<c Am+lp ;/f?l Ey, Q/t?l Dh12(UaXuathgl; 02,01)"ds ) ds

n e s
A2n Z /ﬁll i EOO (|Dh12(u> Xu, Xt?,l; 92, 91)|2mdud8)

<C |92 - 01‘2m7

1 12
A (‘Z

2m)
1 1 n tn s 2
<c WEQO ( ﬁ .Z/t” < Dth(quuathnl;HQ?el)du) ds
n =1 i—1 1

1 t
< nm+1A4m Z Lo, ( /tn

< nm+1Am+zZ / [ B, (1Dhar (1, X, Xy 360, 00) )

b
B (nA,)™

IA

[ Dhiau, X, Xy 302, 0)aW,
tm ke

i—1

T s

/ Dhay (u, Xy, Xen 50, 61)dudW,

tn Jin

)
|

2
< Dhay(u, Xy, Xin 5 0o, el)du> ds
o i-

|92 - 91|2m’

and that

1
A?)m

n

< 1
e} A3m

n
nm+1A3 Z

2m
1.yt s

Ey, (|EZ/,1 " thz(u,Xu,thgl;Qg,el)qudWS )
2 i—1

2
1 .
—3 / ( Dhas (1, X, Xpn ;92,6’1)qu> ds
1 tn i—1

m
n i— tTL )
m)

s

2
Dh22(u, Xu, Xt?—l; 92, Hl)qu> ds

n
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1 n ot

7

< S —
- nm+1 A2m+1 Z
n i=1

n
ti*l

E@() (|/t” Dh22(u7XuaXt?71;92a91)qu
i—1

2m
) ds

1 n t? S ) m
<c L A2 T ;/t?l B, </t?1 Dhas(u, X, Xir 5602,01)"du ) ds
71 - t;L ° 2m
= nmt T Am 2 ;/t?l /t?l Ej, (|Dh22(U,Xu,Xt;11;92,91)| duds)
1
<o —— 0y — 0
S WL

We have already taken care of two of the terms in (5.12) on the way to prove (5.9).
The terms involving hqo and hgs require more work. Since h;o, ¢ = 1,2 satisfy Condition
5.4, we find that

t? s
/ / hao(u, Xy, Xip 3 0)dWods =
t’.il t?fl i—

tn

s u 7 s u
/ / hio (v, Xy, Xpn 3 0)dvdW,ds + / / his (v, Xy, Xpn 3 0)dW,dW,,ds
1 t? 1 t?*l ! t? 1 t? 1 t?fl !

(3
n
t

and
1

tm s
/ / hoo (11, X,y X5 0)dW,dW, =
oy Je, -

t;L s u t;L s u

L[ helo, X, Xep ) dvawuaw, + [ f hoas (0, Xy, Xpn 3 0)dW,dW,dIW,,
oy e ey oy e e
where

hiot(s,y,2:0) = Oahia(s,y,;0) + Oyhia(s, y, ©;0)b(y; o) + 302 has(s, y, ;5 0)v(y, Bo)
hi22(37 Y, x; 9) = ayhi2(s> Y, x; Q)U(y, ﬁO)

The result is now obtained by evaluating the triple integrals using the Burkholder-
Davis-Gundy inequality and Jensen’s inequality exactly as above.
O

Proof of Lemma 3.2. By (2.10), (2.16), (2.12) and Lemma 5.1,
Ey, (Q(Ath?aXt;Ll; 0)| Xt?,l)
= A g (Xin |, Xin 50) + Loy (9(050) (Xen |, Xen )| + AZR(An, X |, 0)
= A [Log(9(0:0) Xz X ) = Lo(9(0:0)) (X, X )| + AL R(A,, Xiz,,6).
The last equality follows from (2.13). Thus

1 n
nA, ; Eay (90, X, Xy 0)| X
1 -
= > [Loo(9(0:0) Xy, X ) = Lo(9(0:0)(Xey, X )] + Au= 37 R(A Xy, 0)
=1 P
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by Lemma 5.2. Moreover, Ej, (gj(An,Xt;m, Xin 0)?| Xt;il) = AnR(An,thl, 0), so

1 n
SN R(A, X, 0) 22 0.

n i3

! ” 2 1
A L B (08 X X 1071 X ) = %

Therefore pointwise convergence in (3.5) follows from Lemma 5.3. As in the proof of
Lemma 5.2 uniform convergence for # in a compact set K follows by proving tightness
of the family of distributions of (,(-) = ﬁ >t 9(An, Xyn, Xin ) in the space, C'(K),
of continuous functions on K with the supremum norm. This follows from Lemma 5.5
with f = g and m = 2. That (5.4) and pointwise convergence implies tightness follows
from Corollary 14.9 in Kallenberg (1997), which is a generalization of Theorem 12.3 in
Billingsley (1968) (see also Lemma 3.1 in Yoshida (1990) and Theorem 20 in Appendix I
of Ibragimov & Has'minskii (1981)).

In a similar way it follows from (2.10), (2.16), (2.12), (2.13) and Lemma 5.1 that

Egy (909(An, Xep, X 10) | Xip ) (5.13)
= Ay 009" (X, X 30) + Loy (069(0;0)) (Xen |, X )| + ALR(A,, Xy |, 6)
= A Loy (909 (0;0) (X, X ) = Lo(ag(0;0))(Xep |, Xip ) — Ao(Xi )]
+ A2R(Ay, Xyn,0),

and from (2.10),(2.16), (2.12), and Lemma 5.1 that

Ej, (Q(An, Xen, Xin 30)g(An, Xon, Xen 5 60)7 | Xt?,l)
= Au(Xen |, B0)0y9(0, Xen X :0)8,9(0, Xen |, Xen :0)" + ATR(Ap, X, 0).

Since by (2.10),(2.16), (2.12), and Lemma 5.1
Ejy, ([89g(An, Xir, X 50)]? | Xt;_ll) = A R(A, Xr )
and
Ejy, ([gj(An, Xen, Xop 3 0)gu(A, Xyn, X 5 0)]? | Xt?fl) = AR(A, X ,0),  (5.14)

we can, as above, use Lemma 5.2 and Lemma 5.3 to prove (3.6) and (3.7). Again uniform
convergence for ¢ in a compact set K follows by using Lemma 5.5 with f = 0, gx and
f = gjgx to prove the tightness of (5.5) in C'(K).

Finally, (3.8) follows from the central limit theorem for square integrable martingale
arrays under conditions which, in the martingale case, we have already verified in the proof
of (3.7), see e.g. Corollary 3.1 in Hall & Heyde (1980) with the conditional Lindeberg
condition replaced by the stronger conditional Liapounov condition that follows from
(5.14) and Lemma 5.2, e.g.

1 1 " P@o

1 " .
a7 2 e (05 X X 5000 Xer, ) = 3 R, Xer, 00) = 0
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The nestedness condition in Hall and Heyde’s Corollary 3.1 is not needed here because the
limit of the quadratic variation is non-random. In the case of non-martingale estimating
functions, we also need that by (2.9)

I ¢ w121 < o
Zn= 2 B (9(An, Xop, X 100) | Xy ) = VA2 3 R(Bw Xey 1, 00) = 0,
(5.15)
and it must be checked that the martingale > , g(An,Xt?,Xt?fl;Ho), where ¢ = g —
Ey, (g| Xin 1), satisfies the conditions of the central limit theorem. This follows from the

expansions of conditional expectations given above and Ej, (gj(An, Xiny Xip 00)? | Xin 1) =
AL R(A, Xin ,0p).

O
Proof of Theorem 3.1. By Lemma 3.2, the estimating function
1 n
Gn(0) = —— > 9(An, Xip, Xip 50) (5.16)
nA, = i :

satisfies the conditions that G, (6p) Doy 0, 0pG,(0) Ty (0) uniformly for # in a compact
set, and that U(y) = —S is invertible, where U(f) denotes the right hand side of (3.6).
This implies the eventual existence and the consistency of 6, as well as the eventual
uniqueness of a consistent estimator on any compact subset of © containing 6y; see Jacod
& Sgrensen (2007). The facts that the limit of G,,(0) satisfies that (6, 6y) # 0 for 6 # 6,
and is continuous in # imply that any non-consistent solution to the estimating equation
will eventually leave any compact subset of © containing #y. The asymptotic normality
follows by standard arguments, see e.g. Jacod & Sgrensen (2007).

O
Proof of Lemma 3.5. By (2.10), (2.16), (2.12), (3.9) and Lemma 5.1,
1 n
N > Ey, (gl(Ana Xin, Xin 50)g2(An, Xon, Xin 5 0) | Xt;‘fl)
n =1
121 & Pog
= An E ZR(ATH Xt?,l? 9) — 0
i=1
and
1 n
ng—Ag Zl E90 ([gl(An7 Xt?7 Xt?il; H)QQ(AVH Xt?7 Xt?il; 9)]2 | Xt?,l) (517>
L L~ pan xo L0 Do
- — n e
nAnn Pt ns tFlv )

so the pointwise convergence of the two off-diagonal entries in (3.12) follows from Lemma
5.3. Similarly to the proof of Lemma 3.2, uniform convergence for # in a compact set K
follows by using Lemma 5.5 with f = g1g2 to prove the tightness of (5.7) in C'(K).
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The convergence of (nA,)™" Y1, g1(An, X, Xpn ;6)* was taken care of in Lemma
3.2. By (2.10), (2.16), (2.12), (2.13), (3.9) and Lemma 5.1, we see that

Ey, (gQ(An’ Xt?’ Xt?q; 9)2 | Xt?fl)
=AY [315,(92(0:0)") (X, X ) + 2L (92(050)95" (0)) (Xer,, Xir )
+ gél)(Xt;Ll, Xin 9)2} + ANR(A,, Xip . 0)

= A% (X 50) + 30X 3 o) = (X 3 )] (D292(0, Xop , X 36))?
+ AYR(A,, Xpn ,0),

Thus
nii ;Eeo (gQ(A"’ Xip, Xz 10)° | Xt;al)
- %é% {U(Xt;?,l;/@o) + 3(v( X5 Bo) — v(Xt?il;ﬁ))ﬂ (0202(0, Xy, Xy 36))?
" An%gR(An,Xﬁll,Q)
2 115(6)

by Lemma 5.2. We conclude that (nA2)~" 321, ga(A,, Xy, Xyn 0)? converges to W(6)
by Lemma 5.3 because

1 1&
ST R(Ag, X ,0) —5 0. (5.18)

i=1

1 n

nz—AfL ; Ey, (gz(Am thb, thgl ; 9)4 | thgl) = A, o
This follows from (2.10), (2.16), (2.12), (3.9), and Lemmas 5.1 and 5.2. Uniform conver-
gence for § in a compact set K follows by using Lemma 5.5 with f = g2 to prove the
tightness of (5.10) in C'(K).

As in the proof of Lemma 3.2, (3.14) follows from the central limit theorem for square
integrable martingale arrays (Corollary 3.1 in Hall & Heyde (1980)) under conditions
which, in the martingale case, we have already verified in the proof of (3.12). In particular,
the conditional Liapounov condition follows from (5.14), (5.18) and (5.17). In the case

of non-martingale estimating functions, we also need that g; satisfies (5.15) and that by
(2.9)

1 n Ii—ll n PG
A ; Eg, (92(An, Xin, Xin 560) | Xt;.gl) = VnA;, - ;R(Am Xin ,60) —> 0,

and it must be checked that the martingale > ! , g(An,Xt?,XtL;HO), where ¢ = g —
Ey, (g| Xt?,1)> satisfies the conditions of the central limit theorem. This follows from the

expansions of conditional expectations given above and Ej, (g2(An, Xipny Xpn s 0o)3 | Xt?—l)
A2R(A,, Xin 1, 60).
Finally, to prove (3.15) note that (5.13), (3.9) and (3.10) imply that

Egy (Oago(Dn, Xz, Xin 30) | X ) = A’ R(A,, Xip |, 6),
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and that it follows from (2.10), (2.16), (2.12), (2.13), (3.9), (3.10) and Lemma 5.1 that

Epy ([0292(An, Xin, X 3002 X ) = ARR(A,, Xin |, 6).

Therefore by Lemma 5.2

TR )
Ay 2 F (Oaga (A, X, X 50) | Xip ) = /A (An, Xy ,36) = 0.
NAQn =1

and

LSk An X Xon O | X ) = 223" R(AL X, 0) 200
7 3o B (8 X Ko (0| Xy ) = 10 SR Xy 0) 20,

so that (3.15) follows from Lemma 5.3. Uniform convergence for € in a compact set
K follows by using Lemma 5.5 with f = 0,92 to conclude tightness of (5.7) in C'(K).
To see that J,¢2 satisfies the conditions of the lemma, we use (2.12) to conclude that
050a92(0, 2,75 0) = Dogs” (2, ;0) = —0aLg(g2(0; 0)) (z, ) = 0.

O

Proof of Theorem 3.4. The eventual existence and uniqueness and the consistence of 6,
on any compact subset of © containing 6, follows from Theorem 3.1: Since (3.9) implies
So1 = 0, the assumptions that S;; # 0 and Syy # 0 ensure that S is invertible, and
under Condition 3.3 the identifiability condition imposed in Theorem 3.4 ensures that
(0, 6y) # 0 for 6 # 0y with ~y, the limit of G,,(0), given by (3.1).

To prove the asymptotic normality (3.11) of the estimator 6,, we consider

én(e) = Dn Z g(Ana Xt?a Xt?fl; 9)7
=1

where D, is given by (3.13). On the set {G,(6,) = 0} (the probability of which goes to
one)

—0yr G (0 0DV A A, (0, — 0y) = Gn(6)),

n Jr’n

where

(5 )

Dyr G (A1, 0(2)) is the 2 x 2-matrix whose jkth entry is 95, G, (05));, and Y is a random
convex combination of 6, and 6. Since by (3.6) and (3.15)

ol (o) gy g1 Tro, [ S O
89 Gn(en 79n )An - < 0 522 )7

(3.11) follows from (3.14).
O

Proof of Theorem 4.4. This theorem follows from Theorem 2.2 of Jacobsen (2002). It
is, however, instructive to give a proof that when N = 2 and A is given by (4.9),
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then the estimating function (4.6) satisfies (3.9), (4.1) and (4.2). For g(A,y,z;0) =
Az, 8;0)[f (y; 0) — 73 f (2:0)],

29(0,y,x;0) = A(x,0;0) 5 f(y).

Therefore
Oab(; @) fv(; B) c(; 0)
(949(0,2,2:6),0,9(0, 2, 2;0)) = ) D(z)"'D(z)
0 g (x; B)/v(x; B)
Oab(; @) fv(; B) c(z;0) )
) 0 0p(a: ) ol 9)? )
from which we read (3.9), (4.1) and (4.2).
O
Proof of Theorem 4.5. By (2.16)
mo f(1;0) = f(2;0) + ALgf (25 0) + SA2LG f(x;0) + O(A?), (5.19)

which after another application of (2.16) implies that for h(A, y,z;0) = f(y;0)—75 f(x; 0)

Ey (WA, Xa, 25 0)h(A, Xa,2;0)" | Xo = x) = ALg(h(0; 0)1(0;6)") (w, ) (5.20)
+ A% (L5 (h(0;0)h(0;0)")(z,3) — Lof (x;0) Lo f" (x;0)) + O(A?)
= Av(z; 8)0, f (x;0)0, f (x;6)"
+ A |qu (2 0)0, f (;0)0, f (25 0)" + o (w3 0) (92 f (; 0)0u f (w3 0)" + 0, f (w5 0)0 f (;6)")
+ (w3 B)7 (02f (250)02 f(w;0)" + S(2 £ (w50)0, f (;0)" + 0u f(;0) 92 f (2:0)7)) | + O(A?),

where
G(w:0) = Hb(asa) 2+ Dyv(as B)) — 2b(wia) + Jo(a: B)(10,b(as ) + Po(as )
@(x,0) = 3v(z; B)(1+ 2b(x; o) + Ov(x; B)).

Since

OuLof(x;0) — LgOof(x;0) = 0ub(x; )0, f(x;0)
OsLof (2;0) — Lodaf(2:0) = Sdsv(w; )02 f(z:0)

it also follows from (5.19) that

0ub(z; @) 0
Ogrg f(x) — 75 Ogr f(2) = AF () ( ) +0(A%),

0 50s0(x; B)

where F'(x) denotes the N x 2-matrix F'(z) = (0,f(z), 02 f(x)).
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If A*(x, A;0) satisfies (4.10), then the 2 x N-matrix

1 0

B(z,A;0) = ( ) A" (z, A 0).

0 2A

satisfies that

B(z, A;0) [v(w; 3)0, f (21 0)0, f (:0)" + AM (x:6) + O(A?)]

Oub(x; ) 0 O(A)
| Jor )
0 Adgu(x; 3) O(A?)

where A2M (z;0) denotes the term of order A% in (5.20). Let B(z, A;0); denote the ith
row of B(z,A;0) (i =1,2). Then it follows by letting A tend to zero that

v(w; B)B(x, 0:0)20, f (2 0)0, f (2;0)" = 0. (5.21)

The condition that D(z) is invertible implies that we can find a coordinate of 0, f(z;6)
which is not equal to zero, so we conclude that

0,930, 2;0) = B(x,0;0)20, f (z;0) = 0.

Similarly we find that
[v(@; B)B(x,050)10, f (25 0) — Oab(w; )]0y f (w:0)" = 0,
which implies
9y97(0,2,2;0) = B(x,0;0):0, f (2;0) = 0ub(z; @) fv(; B).

Finally, (5.21) implies that

B(,0;0),M(x:0) = dpv(w; 8)05 f (2:0)".
Since we have shown that B(z,0;6)20, f(z;0) = 0, this expression simplifies to

[a2(250) B(x, 05 0)20% f (;0) + 3v(x; 3)* B(x, 0;0)203 f (; 0)]0, f (2:6)"
= [9pv(; B) — v(w; B)*B(w,0;0)20% f (3 0)]03 f (3 6)"
Thus real functions ¢, (x; 8) and ¢y (x; 6) exist such that ¢;(z;0)0, f (x;0) = co(; 0)02 f(x;0).

If cy(z;0) # 0, then 02 f(z) = c1(x;0)/co(x; 0)0, f(x; 0), which implies that det(D(z)) = 0.
Thus we can conclude that dgv(z; 8) — v(z; 3)2B(x, 0;0)20% f(2;0) = ca(z;0) = 0 or

0295(0, 2, 2;0) = B(x,0;0)20? f (2;0) = Ogv(x; B) /v(x; B)*.
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6 Conclusions

A general theory of high frequency asymptotics has been developed for a large class of
estimators, essentially any estimator that can be obtained from estimating functions or
the generalized method of moments based on conditional moments or on approximations
to conditional moments. Simple conditions have been derived that ensure rate-optimality
and efficiency of the estimators. For diffusion models it is important to use rate optimal
estimators, because otherwise the information about the diffusion coefficient contained
in the quadratic variation is not used. A number of previously proposed estimators
have been shown to satisfy the conditions for rate optimality and efficiency, including
the maximum likelihood estimator, the estimator based on the Gaussian Euler approxi-
mation to the likelihood function, other similar maximum pseudo-likelihood estimators,
and Godambe-Heyde optimal martingale estimating functions. Tools for studying high
frequency asymptotic properties of estimators have been provided, including in partic-
ular simple conditions ensuring that convergence in probability of a normalized sum of
parameter-dependent functions of pairs of consecutive observations is uniform in the pa-
rameter.
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