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Abstract

We consider a mixed moving average (MMA) process X driven by a Lévy basis
and prove that it is weakly dependent with rates computable in terms of the mov-
ing average kernel and the characteristic quadruple of the Lévy basis. Using this
property, we show conditions ensuring that sample mean and autocovariances of X
have a limiting normal distribution. We extend these results to stochastic volatility
models and then investigate a Generalized Method of Moments estimator for the
supOU process and the supOU stochastic volatility model after choosing a suitable
distribution for the mean reversion parameter. For these estimators, we analyze the
asymptotic behavior in detail.
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1 Introduction

Lévy-driven continuous-time moving average processes, i.e. processes (X;);er of the form
X, = fR f(t—s)dLs with f a deterministic function and L a Lévy process, are frequently
used to model time series, especially, when dealing with data observed at high frequency.
Moreover, causal moving averages can be used to model the volatility process when the
dynamics of a logarithmic financial asset price are modeled. Popular examples include,
for instance CARMA processes [16, 39], the increments of fractionally integrated Lévy
processes [38] and non-Gaussian Ornstein-Uhlenbeck type processes [9] where f(s) =
e*1j0,00)(5) with a € R™. By allowing f to depend on a random parameter A and replacing
the Lévy process by a Lévy basis one arrives at so-called mixed moving averages (MMA
in short) as for instance in [3, 10, 27].
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An important example of MMA are the supOU processes studied in [3, 10, 25, 27].
In the univariate case, assume f‘x|>1 log(|z]) v(dz) < oo and [, —%m(dA) < oo, where v
is a Lévy measure and 7 is the probability distribution on R™ of the random parameter
A, see Definition 2.1 for details. If A is a Lévy basis on R with those characteristics, then
the process

t
X, = / / A=) A(dA, ds) Vt € R,
R— J—-0

is called a supOU process. Whereas a non-Gaussian Ornstein-Uhlenbeck process neces-
sarily exhibits autocorrelation e for h € N, the supOU process has a flexible dependence
structure. For example, its autocorrelations can show a polynomial decay depending on
the probability distribution 7. Moreover, when a discrete probability distribution 7« for
the random parameter A is considered, we obtain a popular model used, for example, in
stochastic volatility models [3], in modeling fractal activity times [36, 37] and in astro-
physics [35].

MMA processes can also be used, under suitable conditions, as building blocks for
more complex models. We study in this paper the class of MMA stochastic volatility
models. An example of the class is the supOU SV model, defined in [10, 11], where the
log-price process (of some financial asset) is defined for ¢ € RT as

t
Ji :/ VXsdWs, Jy =0,
0

and (W)ser+ is a standard Brownian motion independent of the process (X;)ser+ which
is a non-negative supOU process. Some examples of applications of the supOU SV model
can be found in [12, 32, 49].

The aim of this paper is twofold. First, to show that sample moments of an MMA
and of the returns of an MMA SV model have a limiting normal distribution. Secondly, to
develop a statistical estimation procedure for the MMA and MMA SV model in a semi-
parametric framework, where the distribution of the random parameter A is specified in
detail, and establishing its asymptotic properties.

For this end, it is of high importance to understand the dependence structure of the
class of MMA processes. In [27], it is shown that an MMA process driven by a Lévy basis
is mixing. However, in order to prove distributional limit theorems which enable valid
asymptotic inference stronger notions of asymptotic independence are needed. Often one
applies strong mixing properties (see [21, 46]) to this end. Usually they are established
by using a Markovian representation and showing geometric ergodicity of it. In turn
this requires often smoothness conditions on the driving random noise and it is well-
known that even autoregressive processes of order one are not strongly mixing when the
distribution of the noise is not sufficiently regular (see [1]). We want to obtain results for
MMA processes in general, which typically have no suitable Markovian representation, and
without regularity conditions on the driving Lévy basis apart from moment conditions.
As will become obvious later on, the weak dependence concepts introduced by Doukhan
and Louhichi [23] and Doukhan and Dedecker [18], respectively called n-weak dependence
and 6-weak dependence, are very suitable for our purposes. For an extensive introduction



on the weak dependence of causal and non-causal processes we refer the reader to [19]. We
then show the asymptotic normality of the sample mean and the sample autocovariance
functions of an MMA process in its non-causal and causal specification. Moreover for the
MMA stochastic volatility models, we show the f-weak dependence of the return process
and the distributional limit of its sample moments. In [29, 30, 31], the limiting behavior
of integrated and partial sums of supOU processes is analyzed in relation to the growth
rate of their moments, called intermittency when the grow rate is fast. This leads to some
conclusions regarding their asymptotic finite dimensional distributions and to identify
different limiting theorems depending on the short or long memory shown by the supOU
process. In our paper, for short memory supOU processes and more general MMA and
MMA SV model we can additionally give, exploiting the weak dependence properties,
conditions under which functional central limit theorems hold in distribution as well as
consider general moments.

Later in the paper, we discuss a Generalized Method of Moments (GMM in short)
procedure to estimate the parameters of a supOU and supOU SV model. Unfortunately,
the classical and efficient maximum-likelihood approach seems not applicable in this case,
since the density of the supOU processes is not known in general. However, the supOU
process has a known moment structure and GMM estimators can be defined as in [48]. In a
semiparametric framework, we consider in detail the case in which the random parameter
A is Gamma distributed and the moment functions are known in closed form. For the
GMM estimators of the supOU process and the return process of a supOU SV model we
show the asymptotic normality of both estimators (whose consistency has been shown
in [48]). Finally, via an explicit computation of the third and fourth order cumulants of
the supOU and return process, we give the explicit form of the asymptotic covariance
matrices of the GMM estimators.

Interestingly, our result can also be seen as a first step in obtaining an estimation
theory for the ambit processes (homogeneous and stationary) which include an additional
multiplicative random input in the definition of an MMA process, see [4, 5, 8].

The paper is organized as follows. In Section 2, the definition of a Lévy basis and
MMA process is given. In Section 3, the weak dependence properties of an MMA process
are discussed. In Section 4, the asymptotic distributions of the moments of non-causal and
causal MMA processes are shown. In Section 5, the definition of an MMA SV model is
given and the f-weak dependence of the return process is analyzed along with its sample
moments asymptotic. In Section 6, the asymptotic normality of the GMM estimators of
the supOU process and of the supOU SV model is then proven.

2 Lévy bases and mixed moving average processes

We start with some preliminary results leading to the definition of an MMA process.
Throughout, we assume that all random variables and processes are defined on a given
complete probability space (2,4, P) equipped with a filtration when relevant. Let .S de-
note a non-empty topological space, B(S) the Borel o-field on S, m some probability
measure on (S, B(S)) and By,(S x R) the bounded Borel sets of S x R. A Lévy basis, which



is also known as an infinitely divisible independently scattered random measure, is defined
as follows.

Definition 2.1. A family A = {A(B) : B € By(S x R)} of R¢-valued random variables
is called an R*-valued Lévy basis on S x R if:

e the distribution of A(B) is infinitely divisible for all B € B,(S x R),

o for arbitrary n € N and pairwise disjoint sets By, ..., B, € By(S x R) the random
variables A(By), ..., \N(B,) are independent and

o for any pairwise disjoint sets By, Bs, ... € By(S x R) with |J,,cn Bn € By(S x R) we
have, almost surely, A({UJ,cn Bn) = 2 nen AMBn).

neN

We restrict ourselves to time-homogeneous and factorisable Lévy bases, i.e. Lévy
bases with characteristic function

E[eiw,A(B))] — 2WI(B) (1)

for all u € R? and B € By (S xR), where II = 7 x \ is the product of a probability measure
7 on S and the Lebesgue measure A\ on R and

Bu) = it 0) = 5050+ [ 0 =1 =i, ) Loy (el v(d)
is the cumulant transform of an infinitely divisible (i.d. in short) distribution with char-
acteristic triplet (7, %, v), where v € RY, ¥ € ST - ie. the space of the positive semi-
definite matrices - and v is a Lévy measure - a Borel measure on R? with v(0) = 0 and
Jea(llz]? A 1)v(dx) < oo . By L we denote the underlying Lévy process associated with
(v, %, v) and given by

L = A(S x (0,¢]) and L_, = —A(S x (—t,0)) for ¢ € R*.

The quadruple (v, X, v, 7) determines the distribution of the Lévy basis completely and
therefore it is called the generating quadruple.

In the following, norms of vectors or matrices are denoted by || - ||. We are going to
work especially with the Euclidean norm or its induced operator norm unless otherwise
stated. However, due to the equivalence of all norms none of the results in the paper
depends on the choice of the norm. For more information on R?valued Lévy bases see
[43] and [45].

Following [43], it can be shown that a Lévy basis has a Lévy-Ito decomposition.

Theorem 2.2. Let A be a homogeneous and factorisable R4 -valued Lévy basis on S x R
with generating quadruple (v,%,v, 7). Then there exists a modification A of A which is
also a Lévy basis with generating quadruple (v, %, v, ) such that there exists an R%-valued
Lévy basis AC on S xR® with generating quadruple (0,%,0,7) and an independent Poisson
random measure 1 on (R? x S x R, B(R? x S x R)) with intensity measure v x ™ x A which
satisfy



A(B) =~(m x \)(B) 4+ A%(B / ”<1/ p(dx,dA,ds) — dsw(dA)v(dx))

—|—/”x>1/B:cu(dq:,dA,ds) (2)

for all B € By(S x R) and all w € (2.
Provided [, ||lz|[v(dz) < oo, it holds that

A(B) = y(m x \)(B) + A%(B / / zp(de, dA, ds)
R4
for all B € By(S x R) with
Yo =y — / zv(dz). (3)
lell<1
Furthermore, the integral with respect to j exists as a Lebesgque integral for all w € €.

Here an R%-valued Lévy basis A on S x R is called a modification of a Lévy basis A
if A(B) = A(B) a.s. for all B € By(S x R). We refer the reader to [34, Section 2.1] for
further details on the integration with respect to Poisson random measures.

We also recall the following multivariate extension of [45, Theorem 2.7]. We denote
by A’ the transpose of a matrix A in what follows.

Theorem 2.3. Let A be an Re-valued Lévy basis with generating quadruple (v, 3, v, ),
f S xR = Myxa(R) be a B(S x R)-measurable function. Then f is A-integrable as a
limit in probability in the sense of Rajput and Rosiriski [45], if and only if

/S /R |raont /Rdf@‘h ) (Lo (174, 8)2) = Loy (l2])) v(da)||ds w(dA) < oo, (4)
[ [ Isass syl asatia) < . )

1 A (A, s)z||*) v(dr) ds(dA) < oo. (6)
Al )

If f is A-integrable, the dzstmbutwn of fs Jo f(A,s) A(dA, ds) is infinitely divisible with

characteristic triplet (Yint, Yint, Vint) given by

= [ [ (rsp+ [ A9 (Lo (A 5)21) = Lon(lal)) v(ds) dsn(aa)

and

(7)
Sy = /S /R F(A,$)SF(A, ) ds m(dA) (8)
" Vin(B) = /S /R /R Lp(f(A, $)2) vlda) ds w(dA) (9)

for all Borel sets B C R™\ {0}.



Implicitly, we assume that ;,; or v, are different from zero throughout the paper
to rule out the deterministic case.

When the underlying Lévy process has finite variation we can do w-wise Lebesgue
integration; that is, the integral can be obtained as a Lebesgue integral for each w € (2.

Corollary 2.4. Let A be an Re-valued Lévy basis with characteristic quadruple (7,0, v, )
satisfying [ <, llz|[v(dz) < oo, and define o as in (3), that is ®(u) = i{u, o)+ [ (e1®) —
Vv (dx). Furthermore, let f : S xR — M, «q be a B(S X R)-measurable function satisfying

LLWH@M%WW<w, (10)

/S/R/R (1/\||f(A,s)x||> v(dx) ds w(dA) < oo. (11)

FA )A(Ads) = [ [ F(A,s) 70 dsm(dA)
L |,
+ /R d /S /R F(A, 8)z p(dz, dA, ds), (12)

and the right hand side is a Lebesque integral for every w € §2. Moreover, the distribution
fs fR A(dA,ds) is infinitely divisible with characteristic function

eXp //fA s) A(dA, ds)>))

— ol (uYint,0)+ fan (1 —Dwine(da) ) R"™,

and

Then,

where

o= [ [ #4970 ds(aa)
Ving(B) = /S /R /R Lp(f(A,s)a)ulde)dsw(d4) VB € R {0}

The above corollary follows immediately from the Lévy-1t6 decomposition (2) and the
usual integration theory with respect to a Poisson random measure. We notice that the
result (12) is an immediate consequence of working with an underlying Lévy process of
finite variation, as no compensation for the small jumps is needed if flle<1 |z||v(dx) < oo.

We can now introduce an MMA process driven by a Lévy basis.

Definition 2.5. Let A be an R*-valued Lévy basis on S x R and let f : S x R — M, xq(R)
be a B(S x R)-measurable function satisfying assumptions (4), (5) and (6). Then, the

o _ /S /R F(At— 5) A(dA, ds) (13)

1s well defined for each t € R, infinitely divisible and strictly stationary. It is called a
n-dimensional mized moving average process and f its kernel function.
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We conclude the section giving sufficient conditions ensuring the finiteness of moments
of an MMA process.

Proposition 2.6. Let X be an n-dimensional MMA process driven by a Lévy basis A
satisfying the conditions of Theorem 2.3.

(i) ]ij>1 |z||" v(dx) < oo and f € L™(SXR, m®\) forr € [2,00), then E[|| X;||"] < oc.
(it) If [ pyon 2" v(d2) < 00 and f € L™(S x Rym @ A\) N LA(S x R, m @ A) for 1 € (0,2),
then E[|| X¢||"] < oo.

Proof. Following [47, Corollary 25.8], we have to show that ||

Si [|z]|>1 |2||" Vine(dz) < o0.
ince

/ll [>1 1" vine (dz)
B /s /R /R 1 (A, )21 L1.00) (1F (A, 5)all)v(da)dsm(dA)

= /S/R/Rd (A )"zl L 1,00y (||| ) v (d) dsm(dA)
+/S/R/R 1F (A ™2™ 0 (1) L (1 (A, )2l (der) dsm(dA),

we can conclude that (i) and (ii) follow, given that v is a Lévy measure.
|

If the underlying Lévy process L is of finite variation, an analogous proof gives the
following results.

Corollary 2.7. Let X be an n-dimensional MMA process driven by a Lévy basis A sat-
1sfying the conditions of Corollary 2.4.

(i) ]ffII:vH>1 |z||" v(dx) < ccand f € L"(SXR, 7®@A) forr € [1,00), then E[|| X¢]|"] < oc.

(i) If [iuyr 12" v(dz) < 0candf € L'(S x R, r @ A)NLY(S x R,m @A) forr € (0,1),
then E[|| X¢||"] < oo.

3 Weak dependence properties of a mixed moving
average process

Let (A;)ier be the filtration generated by A defined as the o-algebras A; generated by
the set of random variables {A(B) : B € B(S x (—o0,t])} for t € R. If an MMA process
is adapted to (A;)ier, we call it causal. Otherwise it is referred to as being non-causal.

In the following we will refer by N to the set of the non negative integers, by N* to
the set of the positive integers, by R~ to the set of negative real numbers and by R to
the set of the non negative real numbers.



3.1 Non-causal case

Let

F= ~

ueN*

where F, is the class of bounded functions from (R™)* to R Lipschitz with respect to a
distance 0, on (R™)* defined by

oi(z",y") = ZCS(%,%), (14)

where z* = (zq,...,z,) and ¥* = (y1,...,y,) and z;,y; € R* for all i = 1,... u. We
consider R™ equipped with the Euclidean norm and then 6(z;, v;) = ||z; — vil|-

Definition 3.1. A process X = (X;)ier with values in R™ is called an n-weakly dependent
process if there exists a sequence (n(r)),cr+ converging to 0, satisfying

[Cov(F(Xiy,. .o, Xi), G(XGy, -, X)) < cuLip(F)||Glloe + vLip(G) || Flloe)n(r)  (15)
for all

( (u,v) € N* x N

reR*

(i1, ...,iu) €ERY and (ji,...,5,) ERY withiy < ... <iy, <iy+7<j1<...<
functions F: (R")* — R and G: (R")" — R belonging to F and satisfying

1Gllee <1, ||F|loc <1 and Lip(F) + Lip(G) < oo

: _ |F(a)—F(y)l
where Lip(F) = SUp. 4y o= o ms—ya o on o]

\

and where ¢ is a constant independent of r. We call (n(r)),ecr+ the sequence of the n-
coefficients.

The above definition makes the asymptotic independence between past and future
explicit, this means that the past is progressively forgotten. In terms of the initial process
X, past and future are elementary events respectively defined through finite-dimensional
marginals as 4, = (X;,,...,X;,) and B, = (Xj,,...,X;,) for iy < ... <4, < i, +7r <
g1 <...<jyand r > 0.

The weak dependence property, as stated in Definition (15), depends upon the class
of functions H = {f € F : [|f|lo < 1}. However, it can also be defined in F as dis-
cussed in [23]. Note, a similar definition can be given for the strong mixing property
introduced by Rosenblatt [46]. Let o(A,) and o(B,) be the o-algebras generated by the

finite-dimensional marginals A, and B, and F* = J,cnFa where F is the class of
bounded functions from (R™)" to R. We define
a(o(Au),0(By)) = Su |[Cov(f(Au), 9(Bu)); (16)
gEH™



where H* = {f € F*: || f]lo < 1}, and then a-strong mixing coefficient is

a(r) = sup max a(o(Ay),0(By)).
wv g <Ll <y,
Ji < < Ju
T = jl — lu

We notice that definition (15) holds for a set of functions in H whereas (16) holds
for functions belonging to ‘H*. This means that if a process X is strongly mixing then it
is also weakly dependent but the reverse implication does not necessarily hold. The only
known case of the equivalence of the two definitions can be found in [22, Proposition 1]
where it is shown that an n-weakly dependent integer valued process satisfies the strong
mixing condition.

We now show that a non-causal MMA process is an n-weakly dependent process.

Proposition 3.2. Let A be an R%-valued Lévy basis with characteristic quadruple (v, 3, v, )
such that E[L] = 0 and [, [lz[*(dz) < oo, f : S xR = Muxa(R) a B(S x R)-
measurable function and f € L?(S x R,m @ \). Then, the resulting MMA process X is an
n-weakly dependent process with coefficients

[NIES

/ / tr(f (A, —5)S0 (A, —5))L(—oo—r)(25) dm(dA)) (17)

//tr = 8)SLF (A, —8)) L 00) (25) dsw(dA))i,
for all v >0, where E[L,L}] = X = X + [5, z2'v(dz).

Proof. First, we define V¢ € R and m > 0 the truncated sequence

(m) _ — 351 — 5 S) = o — S S).
X0 = [ [t 1t = 9 a@Ads) = [ [ A —s) Maaas. (s)

Since the kernel function f is square integrable, we have that properties (5) and (6) hold
and so f is A-integrable (Theorem 2.3) and X is well defined. Moreover, Proposition 2.6
holds, E[X?] < oo for all ¢ € R and we can determine an upper bound of the expectation

E||Xt—Xt(m)||:EH//t_m (At — s) A(dA, ds) + // F(A, 1~ $)A(A, ds)
S J -0
H// At—sAdAdsH H/ +mfAt—s) dAdsH)

Due to the stationarity of X the above estimation is independent of ¢ and equal to

([ [t —gmurea-spassan) +( [ [Tt -smusa - assan)

(19)

1



Let F' and G belong to the class of bounded functions H, (u,v) € N* x N*, r € RT,
(11,...,1,) € R* and (j1,...,J») € R* with i3 < ... < 4 < iy +7r < j1 < ...
Joy X7 = (X0 X)), X5 = (Xjy,. 0, X)), and X0 = (X X)), X

(X( m . X( ))Where for all m >0

J1 0

butm Jjit+m
X = / / f(A i, — 5) A(dA, ds) and X(™ = / / F(A,ji — ) A(dA, ds).
S Jiy—m 71

(20)
Then, if j; — m — i, —m > 0, that can also be expressed as j; — ¢, > 2m, [, = S X
[iy, —m, i, +m] and J; = S X [j1 —m, j1 + m| are disjoint sets or they have intersection
S x {j1 —m} when j; — i, = 2m. Noting that 7 x A(S x {j; —m}) = 0 by the definition
of a Lévy basis, the two sequences (Xl-(m))i1 ,,,,, i, and (X jm))jl ,,,,, ;, are independent and so
are F(X*(m ) and G(X; x;m ). Therefore,

[ IA

[Cov(F(X]),G(X}))| < |[Cov(F(X7)=F(X;"™), G(X;))|+]|Cov(F(X; ™), G(X])-G(X; ™

(2

< 2E|F(X]) — F(X")| + E|G(X]) — G(X;™)))

j
the last relation comes from ||F||oo, ||G|loe <1

< 2(Lip(F) 3 EIX, — X+ Lin@) Y EX, — X))
=1 k=1

using the result (19) for m =

< 2(uLip(F) + vLip(G / /tr ,—8)ELf (A, —5)") L—oo—)(25) ds7r(dA)>é

=

/ /tr , =3)8Lf (A, =5)") L o0y (25) dsﬂdA)) 2}
= 2(uLip(F) + vLip(G))nx(r),

which converges to zero as r goes to infinity by applying the dominated convergence
theorem. [ |

The following Corollary establishes the n weak dependence of an MMA when its
underlying Lévy process has finite mean possibly different from zero.

Corollary 3.3. Let A be an R-valued Lévy basis with characteristic quadruple (v, 3, v, )
and [0, [zlPv(dz) < oo, f 8 xR = Myxa(R) a B(S x R)-measurable function

satisfying assumption (4) and f € L*(S x R,m ® \). Then, the resulting MMA process X
15 an n-weakly dependent process with coefficients

//tr ,—35)ELf (A, —5)) L (Loo,—r)(25) ds T(dA) (21)

10



—|—H//f ,—8) (oo, (25) ds w(dA) H //tr ,—8)ELf (A, —5) )1 400)(25) ds T(dA)

o [ [ s =i @) dsmiaa)| )

for allr > 0, where E[L1] = p = 7+f||xu>1 zv(de) and E[L L}] = ¥ = X+ [, xa'v(dx).

Proof. Let Xt(m) defined as in Proposition 3.2 for all ¢ € R and m > 0. Then, (19) becomes

([ [t icam@ass@a| [ [ - moassa])’

//tr ,—8)SL (A, —5)) L (m100)(8) ds T(dA) +H//f 8) 1L (m,+o0)(8) ds m(dA) H >

Proceeding as in the proof of Proposition 3.2, the n-coefficients (21) are obtained. [ |

When the underlying Lévy process is of finite variation we can lighten the moment
assumptions on the MMA process. The below result applies to all finite variation MMA
process with finite mean.

Corollary 3.4. Let A be an RY-valued Lévy basis with characteristic quadruple (7,0, v, )
such that [o, ||z]|v(dz) < oo, f: S xR —= Myxa(R) a B(S x R)-measurable function and
fe LY SxR,m®\) and define vy as in (3). Then, the resulting MMA process X is an
n-weakly dependent process with coefficients

- /s /R R 1f (A =) L—o0,—r) Utr.o0) (25) v(d) ds w(dA) (22)

+ /s/ | F (A, =5)70ll L(—o0,—r) Utrto0) (25) ds T(dA),
R
for all r > 0.

Proof. As the kernel function f is in L', the properties (10) and (11) are satisfied. Thus,
f is A-integrable and X well defined. Moreover, because of Corollary 2.7, E[X;] < oc.
Using the notation of Proposition 3.2, for all t € R and m > 0

€16 = X< [ [ [ A 0018em n (9) 7(d) ds (A),

I =900 Ly s () s )
where Xt(m) is the truncated sequence (18). Thus, for m = § and F, G, X and X}

|Cov(F(X}), G(X7))]

J
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< 2(uLip(P) +0Lip(G) | [ [ A =8)all L o 25) i) ds ()

T / / 1F(A, =)0l Lcoo—r) Uiy (25) ds 7(dA)

= 2(uLip(F) + vLip(G))nx (r).

Finally, we conclude by applying the dominated convergence theorem. [ |

The 7 coefficients have some hereditary properties. For example, let h : R — R be a
Lipschitz function, then if the sequence (X;)er is 7-weakly dependent, the same is true
for the sequence (h(X;)):er. The latter can be readily checked directly based on Definition
3.1. Hereditary properties for functions that are not Lipschitz on the whole space R can
be found in [2] Lemma 6, for stationary processes. Below follows a multivariate extension
of this Lemma for h : R” — R™.

Proposition 3.5. Let (X;)ier be an R™-valued stationary process and assume there exists

some constant C > 0 such that E[HXOHP]% < C, withp > 1, h: R — R™ be a function
such that h(0) = 0, h(x) = (hi(x),. .., hn(z)) and

1A (z) = h()]| < cllz =yl (1 + [l + lyll*), (23)
forx,y € R", ¢ >0 and 1 < a < p. Define (Yy)ier by Yy = h(Xy). If (X)ier s an n-weakly
dependent process, then (Y;)ier s an n-weakly dependent process such that

p—

Vr >0, ny(r) =Cnx(r)r
with the constant C independent of r.

Proof. For (u,v) € N* x N*, (iy,...,4,) € R* and (j1,...,J,) € R with i3 < ... <4, <
tw+1r <71 <...< 7, let us call

Y= (WX, h(X)), Y = (WX, B(X)).

? J

Let FF: R™ — R, G : R™ — R bounded, such that ||F||w, |G|l < 1, and Lipschitz
functions with respect to the distance (14), then

F(Y7) = F(h(X,)..., h(X;

(zn

), G(Y) = F(h(X;,), ..., h(X,)),

F(M)(Y*) = F(h(X,(M)), . ,h(Xi(iw)))’ G(M)(Y}*) _ F(h(XJ(»lM)), - .,h(X(M))),

) 11 Ju

where XZ-(M) = Xi1jx,)<m and w.lLo.g M > 1. According to Definition 3.1, we start by
analyzing

|Cov(F(Y;), G(Y))] (24)
< [Cov(F(Y)=FUD(Y)), GY))) [+ Cov(FM (YY), G(Y) =GO (V))) [+ Cou(FAD(yy), GO (Y))),
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We have that
|Cov(F(Y;") = FM(Y),G(Y]))| < 2||GllEIF(Y;) = FMD (V) (25)

< 2Lip(F) Y E[IM(X5) = (X))
By assumption, for each [ =1,...,u
E(IA(X) = h(XD) < B>, = XA+ X [+ 11X 1) (26)

< CE(||Xil||1||Xil||>M) + cE(I1XG, 11X 1 Lyx, 15 00)
B[ 12 yx, 5 00) MO

X P ot X P
< B (I IS 1w, o ) + e (16 1 e X 2, )
X, 1 .
+CE<HXZLH = 1||X1,||>M)M 1

< B[ X5 PL)x, 500) M2 4 20E([| X5 [PL x5 00) MO TP
< 3E(1X, 7)Mo,
Therefore (25) is less than or equal to 6¢u Lip(F')CPM®*~P. An analogous bound holds
for |Cov(FM(Y;), G(Y}) — GMD(Y}))|. Moreover, FIM) is a Lipschitz function on the
set A= {2 = (21,...,2,) €ER™: ||z|| < Mfori=1,...,u}. Let ZM WM ¢ A then

IE(R(Z™), . h(Z0)) = F(R(WM), L h(W M)

< Lip(F) Y [n(Z™) = h(w )|

. M M M) ja— M) ja— . a— M M
< cLip(F) > 2= w2 WMoty < BeLip(F)Met ||z -wP).

The same argument holds also for the function G*™)
Xt(M) is a process with values in A and n-weakly dependent with the same coefficients
as Xy, then
[Cov(FUD(Y)), GUD(Y})| =

j
< 3c(uLip(F) + vLip(G))M* 'nx(r).
To conclude, (24) is less than or equal to

a—1

6e(uLip(F) + vLip(G))( nx(r) + C’pM“_p>.

By choosing M = nx(r)ﬁ and calling C = 6¢(C? + 5), we obtain that

p—a

ny (r) = Cnx(r)»=1.

13



For a polynomial function h(z) we have

Corollary 3.6. Let (X,)ier be an R™-valued stationary process and assume there ezists
some constant C' > 0 such that E[|X0|p]% < C, with p > 1, h: R — R™ be a function
such that h(0) = 0 and h(x) = (h1(x),..., hn(x)) with hs(-) for s = 1,...,m being a
polynomial with degree at most a for 1 < a < p. Define (Yy)ier by Yy = h(Xy) fort €R an
R™-valued process. If (Xi)ier is an n-weakly dependent process,then (Y;)ier is an n-weakly
dependent process such that

p—a

Vi 20, ny(r) = Cnx(r)»1,

with the constant C independent of r.

Proof. The function h satisfies the assumption (23) for each polynomial degree a less than
p. Proposition 3.5 can then be applied. |

3.2 Causal case

Definition 3.7. A process X = (X})ier with values in R™ is called a 0-weakly dependent
process if there exists a sequence (0(r)),er+ converging to 0, satisfying

[Cov(F(Xiy, ..., Xi,), G(Xjy, -, XG,)| < c(uLlip(G) || Flloe)0(r) (27)
for all

(u,v) € N* x N*

reR*t

(11,...,t0u) €ER* and (j1,...,Ju) ERV withi; < ... <1, <i,+r<j <...<j,
functions F: (R")* = R and G: (R")" — R respectively belonging to H* and H

: _ |G(2)=G(y)|
where Lip(G) = SUP.y o=y ms—pa = - Ten o]

and where ¢ is a constant independent of r. We call (0(r)),cr+ the sequence of the 0-
coefficients.

The #-weak dependence condition is stronger than the one for n-weak dependence.
Hence, moment conditions and decay demands on the rate of the #-coefficients for central
limit theorems are typically weaker than in the case of n-weak dependence, see [18]. Tt
should be also noticed that n(r) < 6(r) and that in the case of integer valued processes,
[22], the #-weak dependence implies the strong mixing condition.

A causal MMA process is defined as follows

Definition 3.8. Let A be an R%-valued Lévy basis on SxRT and let f : SxRY — M, xq(R)
be a B(S x RT)-measurable function satisfying assumptions (4), (5) and (6). Then, the
process

X,: = /S / ; F(At — ) A(dA, ds) (28)

1s well defined for each t € R, infinitely divisible and strictly stationary. It is called a
causal n-dimensional mized moving average process and f its kernel function.

14



Proposition 3.9. Let A be an Re-valued Lévy basis with characteristic quadruple (v, 3, v, )
such that E[L\] = 0 and [, [lz[*v(dz) < oo, f : S x RT = M,xa(R) a B(S x R)-
measurable function and f € L*(S x R, 7 @ \). Then, the resulting causal MMA process
X is a 0-weakly dependent process with coefficients

= ([ [ s s (29)

for all v >0, where E[L1 L] = X = ¥ + [o, xa'v(dz).

Proof. First, we define Vt € R and m > 0 the truncated sequence

= / /t J(A t = 5)1om(t — 5) A(dA, ds) = / f(At —s) A(dA,ds). (30)
S J—oco S Jt—m

Since the kernel function f is square integrable, we have that properties (5) and (6)
hold and then f is A-integrable (Theorem 2.3) and X is well defined. Thus, because of
Proposition 2.6, E[X?] < oo for all ¢ € R and we can determine an upper bound of the
expectation

ElIX, — \_EH// F(A,t— ) A(A,ds)|

< (EH/S/_:mﬂA,t_s)A(dA,ds)Hz)é.

Due to the stationarity of X the above estimation is independent of ¢ and equal to

(/S/_OOm tr(f(A,—s)ELf (A, —s)) als7r(dA))é (31)

Let F' and G belong respectively to the class of bounded functions H* and H, (u,v) €
N*XN*,T€R+, (21,,ZU> € R* and (j17..~,jrv) € R with¢; < ... §2u§2u+réj1 <
e XP = (X, X)) and X = (X XY where for all m > 0

Ji 0

J
J1
X;. / / F(Ayi, —s)A(dA, ds) and X" = // F(A, j1 — s) A(dA, ds). (32)
S Jji—m

Then, if j; —m — 4, > 0, which can also be expressed as j; — i, > m, I, =5 X (—00,1,]
and J; = S X [j; —m, ji1] are disjoint sets or they have intersection S x {j; — m} when
Jj1—m = i,. Noting that 7 x A\(S x {j1 —m}) = 0, by the definition of a Lévy basis, the two
sequences (X;);,.. ., and (X](m)) m)).
Therefore, let m = r

j, are independent and so are F'(X}) and G(X;

[Cov(F(X7), G(X))| < [Cov(F(X]), G(X]) = G(X;"™))| + [Cov(F(X]), G(X;™))|

J J

< 2E|G(X]) - G(X;™)|

J

15



the last relation comes from ||F|| <1
<2Lip(G) Y E||X;, — X\

using the result (31)

< WLip(G / / B )N (A, —s)) dm(dA))é

— 20Lip(G) Ox(r),

which converges to zero as r goes to infinity by applying the dominated convergence
theorem. |

Also in the case of #-weak dependence, the 0-coefficients change when the underlying
Lévy process has mean different from zero.

Corollary 3.10. Let A be an R -valued Lévy basis with characteristic quadruple (v, %, v, )
such that f||xH>1 |z|[*v(dx) < oo, f: S xR — M,«4(R) a B(S x RT)-measurable function

satisfying assumption (4) and f € L*(S x R™,® ® X). Then, the resulting causal MMA
process X is a 0-weakly dependent process with coefficients

(fs Jotr(f(A, —s)SLf(A, —s)) dsm(dA) )
s J L F(A =s)pds m(dA)?)*
for allr >0, where E[L1] = p=~v+ f||acH>1 zv(dr) and E[L1 L] = ¥, = X+ [o, za'v(dz).

We conclude the study of the #-weak dependence properties of an MMA process with
the computation of the #-coefficients for an underlying Lévy process of finite variation.

Corollary 3.11. Let A be an R%-valued Lévy basis with characteristic quadruple (v, 0, v, )
such that [o,||z|lv(dz) < oo, f: S x RT = M, 4(R) a B(S x R")-measurable function
and L'(S x RT,m ® \) and define o as in (3). Then, the resulting causal MMA process
X is a O-weakly dependent process with coefficients

_ /S /_ - [ 174~z vide) dsn(aa) (34)

# [ 1 =5yl dsm(aa)

for all r > 0.
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Proof. The kernel function f is in L' then the properties (10) and (11) are satisfied and
then f is A-integrable and X well defined and with finite mean by Corollary 2.7. Using
the notation in Proposition 3.9, for all t € R and m > 0

X=X < [ [ [ s v dseaars [ [ A =spal dsmaa)

(35)

where Xt(m) is the truncated sequence (30). Thus, for m = r and F', G, X and X7

|Cov(F(X}), G(X7))]

< 2uLip(G //T g Il f(A, —s)x| v(dx)dsm(dA) + // | f(A, —s)0l ds W(dA))
= 2uLip(G) Ox(r).

Finally, we conclude by applying the dominated convergence theorem. [ |

Remark 3.12. The n-coefficients of a causal MMA process can be chosen to be equal to
the 0-coefficients for each r > 0. This can be easily seen by noticing that the truncated
sequences (20) in Proposition 3.2 are equal to the truncated sequences (32) in Proposition
3.9. This leads to select the parameter m = r in both proofs. Moreover, (19) is equal to
(31) and then nx(r) = 0x(r). The same observations hold when comparing the results in
Corollary 3.3 or Corollary 3.4 with Corollary 3.10 or Corollary 3.11.

An example of a causal MMA process is the supOU process studied in [3] and [10].
Let us analyze its weak dependence properties in the univariate case. We consider the
kernel function f(4,s) = e**1)(s), A € R™, s € R and A a 1-dimensional Lévy basis
on R™ x R with generating quadruple (v, X, v, 7) such that

/|$|>1log(|x])y(dx) < 00, and / —%ﬂ'(dA) < 00, (36)

X, - / / A(dA, ds) (37)

is well defined for each ¢ € R and strictly stationary. For the supOU process, A represents
a random mean reversion parameter.
IfE[L:] =0and [, |2[*v(dz) < oo, (37) is 0-weakly dependent with coefficients

_ (/R /; 245 2dm(dA)) _ [_02 /R e;: ~(a)]” (38)

= Cov(Xo, Xa)?,
by using [10, Theorem 3.11] and where 0 = ¥ 4 [, #*v(dx).

then the process

17



IfE[Ly] = pand f|x‘>1 |z|>v(dx) < oo, the supOU process is -weakly dependent with

coefficients )
2

GX(T> = (COU(X(), X2r> + i_—’lfCOU(Xo, XT)Q) . (39)

If [o|z|v(de) < oo, v =7 — ﬁx‘Slxl/(dx) > (0 and v(R™) = 0, i.e. the underlying Lévy
process is a subordinator, then (37) admits #-coefficients

Ox(r) =~ [ S5 wlda), (40

and when in addition f|m|>1 |z|*v(dz) < oo

Ox(r) = i—/;C’ov(XO,XT). (41)

Note that in the finite superposition case strong mixing of the supOU process has
been shown in [36, 37| based on Masuda’s result [40]. As this crucially hinges on an
embedding into a finite dimensional Markov process this does not readily extend to the
general case.

Remark 3.13. The necessary and sufficient condition fR_ —% mw(dA) for the supOU pro-
cess to exist is satisfied by many continuous and discrete distributions m, see [48, Section
2.4] for more details. For example, a probability measure m being absolutely continuous
with density 7" = (—x)*l(z) and reqularly varying at zero from the left with a > 0 (see
[13]), i.e. 1 is slowly varying al zero, satisfies the above condition. If moreover, l(x) is
continuous in (—oo,0) and lim, - [(x) > 0 exists, it holds that

C
Cov(Xy, X,) ~ —, with a constant C > 0 and r € R"
7f-a

where for a € (0,1) the supOU process exhibits long memory and for a > 1 short mem-
ory, see [28, Definition 3.1.2]. Concrete examples where the covariances are calculated
explicitely, in this set-up, can be found in [7].

Remark 3.14. A natural question is whether one can improve the weak dependence co-
efficients that we obtain.

[24, Lemma 4.1] shows that for stationary processes with finite m-moments (m >
246, for § > 0) being A and thus n-weakly dependent (cf. [24, Definition 2.1])

—2

[Cou(Xo, X,)| < 9E[|Xo ™7 A(r) 5=,
The above arguments can be easily adapted to the causal case and 0-weak dependence where
we likewise get

m—2
m—1

|Cov(Xo, X,)| < 9E[[| Xo™] 7T 6(r)

If the stationary process has finite moments of any order we thus obtain the inequalities

|Cov(Xo, X;)| <9n(r) and |Cov(Xy, X,)| < 90(r). (42)
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FEquation (41) shows that our weak dependence coefficients are sharp for a supOU
process having as underlying Lévy process a subordinator with finite second moment. Note
that “sharp” here means that the right and left hand side of the inequalities (42) only differ
by a constant, as for the weak dependence coefficients one usually - like in the upcoming
CLTs - only cares about their summability/integrability in r. The inequalities (42) com-
pared to (38) and (39) show that we might obtain smaller weak dependence coefficients
for the supOU process having an underlying Lévy process of infinite variation. In fact
following Remark 3.13, if Cov(Xo, X)) ~ r~® for o > 0, then the left hand side in (42)
decays like r—® whereas the right hand side decays like r—/2.

Inspecting the proofs of Corollaries 3.4 and 3.11 and Propositions 3.2 and 3.9, where
the n and 0-coefficients are determined, the crucial issue is that we use the equality (12)
to compute a bound of the term E||X; — Xt(m)H in the finite variation case, whereas we

bound E||X; — Xt(m)|| by means of a second moment in the infinite variation one. We do
the latter because to the best of our knowledge there are no sharper bounds known for the
first absolute moment of an infinitely divisible distribution that are suitably expressible in
terms of the characteristic triplet in this set-up.

To conclude, we state the hereditary property of a #-weakly dependent process.

Proposition 3.15. Let (X;);er be an R™-valued stationary process and assume there exists
1

some constant C > 0 such that E[|Xo|P]» < C, with p > 1, h: R® — R™ be a function
such that h(0) = 0, h(z) = (h1(x),..., hn(x)) and

1h(2) = h(y)]| < clle =yl (1 + [|l2]1*7" + [lyl|*7),

forx,y € R", ¢ >0 and 1 < a < p. Define (Yi)er by Y = h(Xy). If (Xi)ier is a O-weakly
dependent process, then (Y;)ier s a 0-weakly dependent process such that

p—a

Vr > 0, Qy(’l“) = Cex(r)l’*l,

with the constant C independent of r.

Proof. Analogous to Proposition 3.5. |

4 Sample moments of an MMA process

We consider a sample of N observations of a univariate MMA process { Xa, Xon, ..., Xya},
where A is a positive integer.

Xia: = /S/Rf(A,iA — s)A(dA,ds), forie Z. (43)

If the underlying Lévy process L has finite first moment, we define X;n = X;a — E[X].
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The sample mean of the process X is defined as

| X
~ Z Xin (44)
NS

and its sample autocovariance function at lag k£ € N.
XN
~ Z XiaXima (45)

W.lo.g, we consider below E[X] = 0 and A = 1 in order to lighten the notations and,
when the asymptotic properties of the sample auto-covariance functions are investigated,
we focus on the features of the processes

Yir = X; X4 — D(k) for all k€N, (46)

where we denote by D(k) the covariances at lag k defined, when E[X] = 0, by

D(k) = Cov(Xo, Xi) = E[XoXy] = / / F(A —$)S0 f(A & — 5) ds n(dA), for k € Z,
5 JR
(47)
where E[L1 L] = ¥, = ¥ + [, z2'v(dx).
We start by analyzing the asymptotic properties of the sample mean (44) for a non-
causal and a causal MMA process.

Theorem 4.1. Let A be an R-valued Lévy basis with characteristic quadruple (v,%, v, )
such that E[L1] = 0 and fo”>1 llz||>*v(dz) < oo, for some d >0, f: S xR — Mxa(R) a

B(S x R)-measurable function and f € L**°(S x R,imr @ \) N LA(S x R,m @ \). If (Xi)iez
as defined in (43) is an n-weakly dependent process with coefficients nx(r) = O(r=%) and
£ >4+ %, then

o7 =Y Cov(Xo, Xy) (48)

kezZ

1s finite, non-negative and as N — oo

%Z‘X % N(0,02). (49)

Proof. We have that E[X2™] < oo for § > 0 because of Proposition 2.6. Moreover, the
n-weakly dependent process X satisfies the sufficient conditions of [24, Theorem 2.2]. The
absolute summability of the series (48) follows and so the asymptotic normality (49). R

In the case of a causal MMA process, the required decay rate of the 6 coefficients is
lower than in the n-weak dependence case.
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Theorem 4.2. Let A be an Re-valued Lévy basis with characteristic quadruple (v,%, v, )
such that E[L,] = 0 and [, |z]|*Fv(dx) < oo, for some § > 0, f: SxRT — M;x4(R) a
B(S x RT)-measurable function and f € L>**°(SxRY, 7@ A\ NLA(S xR, 7@N). If (X:)icz
as defined in (43) is a 6-weakly dependent process with coefficients Ox(r) = O(r=%) and
a>1+ %, then

oy =Y _ Cov(Xo, Xp) (50)

kez

1s finite, non-negative and as N — oo

\/LNZX 4 N(0,02). (51)

Proof. The MMA process has finite 2 4+ -moment for 6 > 0 (Proposition 2.6) and is
ergodic, as shown in [27]. By Lemma 2 in [18], the condition D(2,6/2, X;) holds. Then,
by Corollary 1 in [18] and the ergodicity of the process X, (51) follows by applying [20,
Theorem 1]. [

Remark 4.3. In the special case of the supOU process, being representable as a finite sum
of independent Ornstein-Uhlenbeck processes with gamma or inverse gaussian marginals,
a comparable result can be found in [37, Theorem 2].

Remark 4.4. Theorem 4.1 and 4.2 as well as all the upcoming central limit theorems can
be also formulated as functional central limit theorems, following [24] and [18] respectively.
However, we state the theorems just for the sample moments we are interested in (and
which we are using in Section 6) to lighten the notations.

For example, denote fort € [0,1] andn > 1

Sn(t) = X1+ 4 Xy,
in the case of a non-causal MMA process, and
S:L(t) =X +---+ X[nt} + (nt — [nt])X[m]H

for a causal MMA process. Then, under the assumptions of Theorem 4.1 or 4.2, n_%Sn(t)
converges in distribution in the Skorohod space D[0,1] to o,Wand n=2S%(t) converges
in distribution in the space C[0,1] to oW, respectively. Here, W denotes a standard
Brownian motion.

Remark 4.5. In the finite variation case, (49) or (51), respectively, hold under
flle>1 |z]|>*°v(dz) < oo, for some § >0, and f € L**°(S xR,m @ \)NLY(S xR, 7 ® \)
or f € L**°(S xR, 7@ \) N LY S x RT, 7w @ \), respectively.

Remark 4.6. Assuming that f is not equal to zero m-almost everywhere and that f > 0
or f <0, the asymptotic variance in Theorems 4.1 and 4.2 is not degenerate. This is the
case for example when working with the supOU process (37). Moreover, it is worthy to
observe that the assumptions in Theorem 4.2 clearly indicate that we obtain asymptotic
normality of the sample mean for a causal MMA process just in the short memory case.
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To find an asymptotic distribution for the sample autocovariance functions (45), we
first show that (Y);ez are n-weakly or §-weakly dependent processes. In addition to
the hereditary properties in Proposition 3.5 and 3.15, we need to establish when the
weak dependence properties of a univariate MMA process are inherited by the process
Zy = (Xy, Xig1, -+ o, Xygg) for all k£ € N.

Proposition 4.7. Let A be an R -valued Lévy basis with generating quadruple (v, %, v, )
and f: S xR —= Miyq(R) be a B(S x R)-measurable function satisfying the assumptions
of Theorem 2.3. If for allt € R, X is a non-causal or causal MMA as defined in (13) or
(28) respectively, then

Zt:/S/Rg(A,t—s)A(dA,ds),

f(A;s)
where g(A,s) = f(ds=1) is a B(S x R)-measurable function with values in
f(A s —k)

M y1x4(R) and k € N, is an MMA process. Moreover, if X satisfies the assumptions
of Proposition 3.2 (Corollary 3.3) or Proposition 3.9 (Corollary 3.10) then Z is n or
0—weakly dependent respectively with coefficients

nz(r) = Dnx(r — 2k) for r > 2k or 0z(r) = DOx(r — k) for r > k, (52)

where D = (k + 1)%. In the case when the assumptions of Corollaries 3.4 or 3.11 hold,
the process Z is respectively n or 8-weakly dependent with coefficients

nz(r) = Dnx(r — 2k) for r > 2k or 07(r) = DOx(r — k) for r > k, (53)
and D =k + 1.

Proof. For k = 1, the first step of the proof consists of checking that ¢ is a A-integrable
function as prescribed by Theorem 2.3. W.l.o.g, we consider in our calculations the norm

1z )l = ll=ll + [yl

for z,y € Mi«4(R). We have that

/S/RHQ(A, s)’V+/Rdg(A, 9)7(Loa(lg(A,9)2l) = Lo(llz)) v(do)| dsm(da)  (54)

- LI )
+/Rd ( f{f(l,As’S—)l) )x<1[°’1](“ ( f(j}x,Afl_) 1) )xH) = Lo(ll2l) ) v(da)|| dsm(dA)
:/S/RHf(A, 8)7+/Rdf(A,s)x<1[o,1](||g(A, s)x||)—1[0,1](||g;||)) u(dm)Hdsw(dA)
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+/S/R Hf(A’S —Dy+ iy f(As = 1)x<1[071}(”9(1475)$”) - 1[0,1](”$H)) I/(da:)H dsm(dA).

Noting that L. (llg(4, $)2l) < Lo (ILF(A, s)zl) and Loy (lg(A, s)zl) < Lo (I £(A,s -
1)x||), it then holds that (54) is finite.
Let us pass to the second condition

/S/R lg(A; 5)%g(A, 5)'[| ds m(dA)

< [ LS 1+ 154 = DZf(A s =171) dsm(da)

Therefore, f being a kernel of an MMA process, the above integral is finite. Finally, we

o | L (tr oA sjal) vido) sz
<2 / / / (VA NFA )l ) i) ds n(dA)
+2/S/R/Rd (1/\||f(A,s—1)x||2> v(dx) ds m(dA) < oo

Thus the kernel function g is a A-integrable function. By induction the statement can be
shown for each k£ € N. Because all the assumptions of Theorem 2.3 hold, we have that Z
is an MMA process.

Depending now on the properties of the underlying Lévy process, we can distinguish
three different scenarios for the n and #-weak dependence. When X satisfies the assump-
tions of Proposition 3.2,

N

/ / tr(g(A, —s)Sg(A, — )')1(,oo,,r)(25)dm(d14))

/ / (r(g(A, —5)Eg(A, =5)) Loy (25) ds(dA) )

< ([ A= H (A =) L (2) dse(a) +
b [ [ = IS A = o)) 129 dond))
([ A =)2 A =5)) Ly (29 dselad) +

+ / / tr(f(Ak = $)SF (A = 5)) 1, 100)(25) dsm(dA) )

< (k+ 13 ( / / tr(F(A, —s)Sf(A, ))1(oo,r+2k)(zs)dm(d,4)>%
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N

/ / tr(f(A, —s)Sf(A, ))1(7,%&00)(25)@15%(6114))

< (k+1)2nx (r — 2k),
for each r > 2k. Thus, Z is a k + 1-dimensional MMA process with 7 coefficients

nz(r) = (k+1)2nx(r — 2k).

If X satisfies the assumptions of Proposition 3.9, it can be shown similarly that Z is
f-weakly dependent with coefficients

0,(r) = (k+1)20x(r — k).

Similar calculations follow in the finite variation case leading to the statements (53).
|

Proposition 4.8. Let A be an R%-valued Lévy basis with characteristic quadruple (v, 3, v, )
and f”w”>1 |z||> v (dz) < oo, for some § >0, f: SXR — Miq(R) a B(S xR)-measurable

function and f € L**°(S x R,m @ A\) N L2(S x Rymr @ A). If (X;)icz as defined in (43)
1s m or B-weakly dependent respectively with coefficients nx or 0x, then for all k > 0 the
processes (Yj ) jez are respectively n or 6-weakly dependent with coefficients

ny(r) = C(V2nx (r — 2k))T% or Oy (r) = C(v20x (r — k))T3.

If L is a process of finite variation and f € L**°(S x R,m @ \)N LY(S x R, ® \), then

T
£

ny(r) = C(2nx(r — 2k))™5 or Oy (r) :C(Qex(r—k‘))l%é,
The constant C, appearing in the n and 0-coefficients, is independent of r.

Proof. Let us consider a 2-dimensional process Z = (X, X;1x)jez with & € N. The 7 or
0 coefficients of the process Z are

nz(r) = \/577;((7" —2k) or O4(r) = \/50)((7" — k)

by Proposition 4.7. The 2 + 6 moment, for 6 > 0, of the MMA process exists because
of Proposition 2.6. Let us now consider h: R* — R as h(xy,x3) = z129. The function h
satisfies assumption (23), for p = 2+ 9, ¢ = 1 and a = 2. Then, Proposition 3.5 or 3.15
applies and h(Z) = X; X1, as well as Y}, has either coefficients

nY(T) :C(\/gnx(T—Qk))$ or HY( ) (\/_QX(T_ ))%

The finite variation case follows easily by applying Proposition 4.7 and using the coeffi-
cients (53). |
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We can now give a distributional limit theorem for the processes Y ;, namely deter-
mining the asymptotic distribution of

N
1
NZYM for all kK € N.

Jj=1

Corollary 4.9. Let A be an Re-valued Lévy basis with characteristic quadruple (v, %, v, )
such that E[L1] = 0, [, |z||*F°v(dz) < oo, for some § >0, f: S xR — Mjy4(R) a
B(S x R)-measurable function and f € L*"(S xR, mr @A) NL*(S xR, 7@ N). Let (Yjx)jez
be defined as in (46) for k € N. If (X,)icz as defined in (43) is n-weakly dependent with
coefficients nx(r) = O(r=?) such that 8 > (4 + %)(%) or it is O-weakly dependent with
coefficients Ox (r) = O(r=*) such that o > (1 + $)(322), then

Vi = Z Cov(Yor, Yix) = Z Cov(Xo Xy, XiXi1x)

lez lez

1s finite, non-negative and as N — oo
N
d
— > Vi S N(0.4}) (55)

Proof. Since the results of Proposition 2.6 apply, by using [24, Theorem 2.2] in the case
of an n-weakly dependent process or [20, Theorem 1] when the process X is f-weakly
dependent, the distributional limit (55) holds. [ |

Remark 4.10. The asymptotic variance vi can be expressed in terms of the fourth order
cumulant of a zero mean MMA process and its covariances as follows.

Let us consider an R*-valued MMA process X = (X;, X;, Xy, X;) with (4,7, k,1) € R*
and kernel function g(A,s) = [f(A,s—1), f(A,s—7), [(A,s—k), f(A,s—1)]" with values
in Myxq(R). The Lévy basis A, underlying the definition of X, satisfies the assumptions
of Corollary 4.9. Thus, X is infinitely divisible with characteristic triplet (Yint, Zint; Vint)
as giwen in Theorem 2.3 and characteristic exponent

i : 1 i(u,x :
1og (ELe)]) = i(ime, u) — 5 (u, Sineet) + / ) — 1 i, @) Loy (foll) vine(da)
R

We denote by (i, j, k, 1) the fourth order cumulant of X. By [28, Proposition 4.2.2.]
k(i j, k1) = E[X;X; X X)) — E[X:XJE[X: X)] — E[X: Xu]E[X; X)) — E[X, X))E[X; X4].

On the other hand, cf. [28, Definition 4.2.1],

4

a .
Ii(%]; s ) aulau2au3au4 Og( [e ]) w1 =us=uz=us=0
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= // fA s —i)za' f(A,s—j) f(A s —k)xa' f(As—1)v(de)dsm(dA). (56)
s Jr JRrd
Then, V(1 k) € R?
Cov(Yor, Yir) = w0,k 1,1 + k) + D()? + D(k + 1)D(k — 1).

where D(1) is defined in (47).
Analogously, the formula to compute the third order cumulant k(i, j, k) can be derived.
In fact,

k(i,7, k // Rdf s—axx f(As—7) f(As—k)zv(de)dsm(dA) (57)

and for a zero mean MMA process holds that E[X; X; Xy = (i, J, k). This computation is
useful in Section 6.

Corollary 4.11. Let A be an R%-valued Lévy basis with characteristic quadruple (v, 3, v, )

such that E[Ly] = 0, fIIxH>1 |z|*Tv(dx) < oo, for some § > 0, f : S xR — Mi,4(R)
a B(S x R)-measurable function and f € L*™(S x R,m @ \) N L3S x R,m ® \). Let
2, = (%70,..., Yjg) for all j € Z. If (X;)icz is n-weakly dependent with coefficients
nx(r) = O(r=%) such that 8 > (4 + )(ié) or it is O-weakly dependent with coefficients
Ox(r) = O(r=*) such that o > (1 + §)(3%5 %), then respectively for each p,q € {0,..., k}
with k € N,

> Cov(XoXp, XiXing) =Y k(0,p, 1,1+ q) + D()D(l +q —p) + D(q+ 1)D(l - p),
lez lez

where k(l,1, 7, k) is defined in (56) and D(k) in (47) for each l,i,j, k € Z, is finite and as
N —

N
Z —> Nk+1 H)
where
ZleZ COU(Xg,XIZ) ZleZ OOU(XS,XlXH_l) N ZZEZ COU(X&,X[XH_k)

ZZGZ CO’U(X()Xl, XleJrl) c. ZZEZ COU(X(]Xb Xle+k)
Ce ZZGZ COU(XOXk,XleJrk)

18 positive semidefinite.

Proof. Let us consider the vector Z as defined in Proposition 4.7. Given the assumptions of
the Corollary, Z is n-weakly dependent with coefficients nz(r) = Dnx(r — 2k) or §-weakly
dependent with coefficients 07 (r) = DOx (r — k) because of Proposition 4.7 and given that
the results of Proposition 2.6 apply. We apply now the function f : RF*' — R¥*! to the
vector Z such that

X2 D(0)
f(Z;) = : =Z; + :
XXk D(k)
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The assumptions of Proposition 3.5 hold with p =4+ 6, c =1, a = 2, then f(Z;) is n or
O-weakly dependent with coefficients C(Dnx (r — 21{:))%g or C(DOx (r— k))giig The process
Z is then a process with the same weak dependence coefficients as f(Z;). For all a € RFF1,
a'Z is an 7 or a f-weakly dependent process, because a linear function is Lipschitz, having
the same coefficients as the process Z. By [24, Theorem 2.2] or [20, Theorem 1], then

N
1 , d
— ) dZ; - N(0,d'Xa)
VN Z ’ ’
Jj=1

as N — oo. Applying the Cramer-Wold device, the asymptotic normality of the vector Z
is shown. [ |

Remark 4.12. In this paper we consider the classical case of equidistant observations.
In many applications different sampling schemes are also highly relevant and for some
special cases results have been obtained. For example, [14] considers the asymptotics of
the autocovariance function for Lévy-driven moving average processes sampled at an in-
dependent renewal sequence and [26] consider the asymptotics of the pathwise Fourier
transform/periodogram for Lévy-driven CARMA processes sampled at deterministic ir-
reqular grids. Considering independent renewal sampled Lévy-driven MMA processes is
beyond the scope of the present paper and the content of future research just starting in
[15] where the preservation of strong mizing and weak dependence properties is discussed
i general.

5 Sample moments of an MMA SV model

Let us consider a Lévy basis with characteristic quadruple (v, 02, v, 7) and values in R and
the respective univariate casual MMA process X with kernel function f: (S x R*) — R.
Its dependence structure is given by

0
Cov(Xop, Xt) = / / f(A, —s8)a?f(A,t —s)dsdr witht € R
S J—o0

and controlled by the probability measure mw. If we choose a causal MMA process as
the model for the volatility of a logarithmic asset price, its dependence structure can be
modeled in a versatile way by choosing the distribution 7. Then, the typical decay of the
autocovariances of the squared returns, see [17], can be more easily reproduced.

Let the logarithmic asset price (J;);er+ be

t
J; :/ VX.AW,, Jy =0, (58)
0

where (W,);cr+ is a standard Brownian motion and (X;);cr+ is an adapted, stationary
and square-integrable causal MMA process with values in R* being independent of W.
We call (58) an MMA SV model. In the literature, stochastic volatility models where X
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is given by a sum of independent non-Gaussian OU type process are given in [6, 9] which
have been later extended to supOU processes in [10, 11]. The latter is an example of an
MMA SV model whose dependence structure is going to be analysed in this section. Other
financial market models using supOU processes as building blocks and allowing for short
and long range dependence can be found in [33, 36, 37].

We show the #-weak dependence of the return process, over equidistant time intervals

(1 — DA, tA] .

Y= Jia = Ju-na = VX dW, (59)
(t-1)A
where for convenience of notation we consider ¢ € R, and the asymptotic normality of its
related sample moments. To this aim, the moments of the return process by using the
[t6 isometry, as in [44], turn out to be determined as a function of the moments of the
integrated process
tA
V= / X, ds, (60)
(t-1)A
for t € R and A a positive constant. Note that, (V;),cg corresponds to the integrated
volatility process computed over a time interval [(¢ — 1)A,tA]. It is immediate from the
definitions (59) and (60) that the strict stationarity of the process (X;)ser and its square-
integrability imply the stationarity and the square-integrability of the processes (Y;)icr,
(Y?)ier and (V;)ier. Note that, under the square integrability assumption, the moments
of the return process can be determined up to the 4th order.

In general, we consider all processes adapted with respect to the filtration (A;)ier
generated by the set of random variables {A(B) : B € B(S x (—o0,t])} and the increments
of the Brownian motion {(W,, — Wy)s<u<:} for all t € R.

In order to ensure that the stochastic integrals involving an MMA process as integrand
are well defined we assume throughout that

The Lévy basis A has generating quadruple (v, 0, v, 7) such that
Jelzlv(dz) < 0o, ~— f|m|§1 zv(dx) >0 and v(R™) = 0;
(H) : ¢ the kernel function f is B(S x R*)-measurable, non-negative

and satisfies the assumptions of Corollary 2.4;
X,=[°_ f(A s —u) A(dA,du)is adapted and cadlag.

Sufficient conditions for an MMA process to have cadlag sample paths can be found
in [42, Theorem 3.1] and the references therein.
We now show the weak dependence properties of the return process.

Proposition 5.1. Let W be a standard Brownian motion independent of the Lévy basis
A and assume Assumptions (H) are satisfied. Then, the return process defined in (59) is
0-weakly dependent with coefficients

Oy (1) = VAOx((r — 1)A), (61)

where (0x(r)),er+ are the coefficients (34), for all r > 1.
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Proof. The assumptions (H) imply that the resulting MMA process is non-negative and

the process Y; is well defined and square-integrable by Corollary 2.7. Let Y;(m) be defined
form >0

tA
ym _ / X aw,
(t—1)A

where X{™ is defined in (30). Then,

x{m

El1Yi — v =

SE[/(ZI (Vs — Xy dS]

by using the inequality va + b — /a < Vb for all a,b € RT

tA
<g / X, — X0m \ds}
(t-D)A

<E /(t1 ]// F(A, s —u) A(dA, du)

The last inequality follows by (35).
Let F' and G belong respectively to the class of bounded functions H* and H, (u,v) €
N* x N*, r € R*, (i1, ...,i,) €R* and (j1, ..., ju) E R with iy < ... < iy <iy+7r < ji <
<o Y= (Y. Y and YUY = (v Y ™) where for all m > 0

Wi J1A
Y = VX W, and Vi = / VX aw,.
(ji—-1)A

(iu—1)A

] (62)

fgm.

Then, if (j; — 1)A —m — i,A > 0 that can also be expresses as j; — i, > % + 1,

= 9 x (—00,i,Al and J; = S x [(j1 — 1)A — m,j1A] are disjoint sets or have as
intersection a set of measure zero when i, A = (j; — 1)A —m, i.e. m X A(S x {i,A}) = 0.
Then, by the definition of a Lévy basis, the integrands of Y;, and Yj(lm) are independent
and so are Y;, and Y( because of the independence of W and the Lévy basis. Then,
the sequences (K)lglu and (Y;-(m))jzjl are independent and so are F(Y;*) and G(Y}*(m)).
Therefore, let m = (r — 1)A

Coo(F(Y}), GO £ [Con(F(Y?), GOY7) = G )|+ [Con(F(Y)), GO, )|

< 2E|G(Y}) — G(Y; ™)

J
the last relation comes from ||F|| <1

< 2Lip(G ZE|Y —yim
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using (62)

= 20Lip(G)\/AOx((r —1)A),

which converges to zero as r goes to infinity by applying the dominated convergence
theorem. B

Let us consider a supOU process X defined as in (37) such that the underlying Lévy
process L is a subordinator. It can be shown that the process is adapted and cadlag under
the assumptions (¢7) and (éi7) of [10, Theorem 3.12]. Then, Assumptions (H) are satisfied
and we can define a supOU SV model and the resulting return process

tA s
Y, = / \/ / / A=) A(dA, du)dW,. (63)
(t—1)A R— J—-x

By applying Proposition 5.1, Y is #-weakly dependent with coefficients

o (r) = \/ —ap [ S w(aa) (64

where p is the mean of the underlying Lévy process.

We consider a sample of N observations of Y and we define the following sample mo-
ments for the return process.
The sample mean

| XN
~ 2 Vi (65)
i=1
the sample autocovariance function for £ € N
XN
i Z YieiYigjen, (66)
j=1

and the fourth order (non-centered) sample moments for & € N
XN
N D OYE Y e (67)
j=1

When the asymptotic properties of the sample autocovariance functions are investigated,

we focus on the processes
Wik =Y14Y14500 — T(k), (68)

where we denote by T'(k) the covariances of order k& defined by

T(k) = E[Y1Y144],
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whereas in the case of the fourth order sample moments on
WJ k— }/12+j}/12+]+k Dr (k) - E[vl]2> (69>
where we denote by D*(k) the covariances of order k defined by
D*(k) = Cov(Vi, Vi)

where V' is the integrated process defined in (60).
Analogous to Proposition 4.7, we show that the #-weak dependence of the return
process is inherited by the process Z; = (Y, Yiy1, ..., Yiyx) for all k£ € N.

Lemma 5.2. Let A be a Lévy basis and X an MMA process satisfying Assumptions (H)
and W be a standard Brownian motion independent of A. We consider the process

t)A
Y, JoZiya VX dW, A
Z, = | : = : = G dW,

k)A (t-D)A
Yern Ettj_k DA VX dW

where Y; is the return process defined in (59) and G is an RF*1 x R valued process defined
VX L-1)an(s)
val (tA,(t+1 A](S)

as Gg = . Then, Z is 0-weakly dependent with coefficients

vX 1 (t+k—D)A, (t+k)A] (5)

07(r) = D*/AOx((r —k —1)A)

forr >k +1 being D* = (k+ 1) and 0x given in (34).

Proof. For m > 0, let Zt(m) be

(t+E)A
Zm™ = / \ G aw,
(t-1D)A
\/ Xs(m)l((tq)a,m} (s)

(m)
where G™ = Xo 7 Laa,@+nal(s) . Then,
\/ Xs(m)l((t+k—1)A,(t+k)A} (s)
(t+k)A
ellz -z =] [ oo aw| (70)
t—1DA

(t4k) 1
< E[ / tr((Gy — GGy — GI™Y) ds] ’
(t

—~DA



by means of the triangular inequality

§E|:/(tA (\/Z—\/Efds]%Jr---JrE[/(Hkm (\/Z_\/@)st]é

t—1)A (t+k—1)A

Proceeding as in Proposition 4.7 and in Proposition 5.1 the claim follows.

It can also be shown that the process Z; is mixing, and thus ergodic, proceeding as
in the proof of [27, Theorem 4.2].
The following asymptotic result holds for (65).

Theorem 5.3. We assume that Assumptions (H) hold and that [, 2|y (dr) < oo,
for some § > 0, and f belongs to L*°(S x RT,m @ A\) N LY(S x RT,m @ ). If (Yi)icr as
defined in (59) is a 0-weakly dependent process such that the volatility process X admits
coefficients Ox (r) = O(r=%) with o > 2(1 + %), then o = Var(Yy) is non-negative and
as N — oo

1N
\/—NZYHi i)/\/’((),a%/). (71)
i=1

Proof. Corollary 2.7 applies and the return process is ergodic because of its mixing prop-
erties shown in [27, Theorem 4.2]. [20, Theorem 1] can be applied, analogously as in
Theorem 4.2, assuring the result (71) where the asymptotic variance of the sample mean
is given by the absolute summable series ) ,_, Cov(Y1, Y1) = Var(Yh). [

Applying Proposition 5.2 and Proposition 3.15, the following can be easily shown.

Proposition 5.4. We assume that Assumptions (H) hold and that f||a:H>1 |z||>ov(dz) <

00, for some § > 0, and f belongs to L**°(S x RT, m @ A\) N LY(S x R*, m @ \). If (V;)icz
as defined in (59) is 0-weakly dependent process with coefficients 0y as in (61), then, for
allk>02Z =W, Wi1,...,W,k)jez is 0-weakly dependent with coefficients

0z(r) = C(D*/AOx ((r — k — 1)A)) 753,

Moreover, if we assume that fIIxH>1 |z||*F°v(dz) < oo, for some § > 0, and f belongs to

LS x Rm @\ NLYS x R, m @ \), then the process Z = (W, Wja, ..., W;i)jez is
0-weakly dependent with coefficients

05(r) = C(D*\/DOx((r — k — 1)A))5+5.

The constant C is independent of r and D* =k + 1 in the above formulas.
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Corollary 5.5. We assume that Assumptions (H) hold and that foH>1 |z]|2+0v(dz) < oo,

for some § >0, and f belongs to L**°(S x RT, m @ )N LY(S x R*, 7 @ \). If (Z)icz as
defined in Proposition 5./ is 0-weakly dependent such that the volatility process X admits
coefficients Ox(r) = O(r=®) with o > (1 + )(22), then for each p,q € {0, ...k} with
k €N,

> Cov(Wo,, Wig)

IeN
are finite and as N — 0o
N
1

— > Z; 4N (0, ¥

JN 2 k+1(0, V)
where

D ez COU(Y Vi) 2z Cov(YP, YY) oo 3y Cou(Y, Yip Yign)

v = . ZZGZ COU(Yin% Y2+1Y2+2) s ZleZ 007)(}/1}/27 Y2+1Y2+k+1)
cee Zlez COU(YlykJrla Y2+1Y2+k+1)

18 positive semidefinite.

Proof. Since Corollary 2.7 holds, Z is a #-weakly dependent process with coefficients
given in Proposition 5.4,07(r) = C(D*\/AOx((r — k — 1)A))1%6 For all @ € R /7 is
a f-weakly dependent process, because a linear function is Lipschitz, and ergodic having
the same O-coefficients as the process Z. Under the assumptions of the Corollary, [20,
Theorem 1] is then applied and

i N(0,a'Va)

as N — oo. Applying the Cramer-Wold device, the asymptotic normality of the vector Z
is shown. B

3%

Corollary 5.6. We assume that Assumptions (H) hold and that fo”>1 lz||* v (dz) < oo,

for some § > 0, and f belongs to L*T(S x Rt m @ )N LY (S x R, 7 @ \). If (Z,)icz as
defined in Proposition 5./ is 0-weakly dependent such that the volatility process X admits
coefficients Ox(r) = O(r=®) with o > (1 + 3)(%2), then for each p,q € {0, ..., k} with
k €N,

> Cov(Wo,, Wiy)

leN

are finite and as N — 0o
N

1 .
N Z Nk+1 0 M)

Jj=1
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where

ZZGZ COU(Y14’ YEil) Zlez OOU(};L? Yﬁ-lyfﬂ) e ZZGZ Cov(Yf‘, YEHYﬁLkH)
M = e Dz Coo(YPYZ Y VE,) o 30iez Cou(YPYR YA YA )

> ez Cov(YPYi, Vi Vi)
18 positive semidefinite.

Proof. The proof follows as in Corollary 5.5, using the 6 coefficients of the process Z as
determined in Proposition 5.4. ]

Remark 5.7. In view of Section 6, let us give explicit formulas of the third and fourth
order cumulant of an integrated process V and of the covariances Cov(Wovp,VNVl’q) for
p,q € {0,...,k} and k € N under the assumptions of Corollary 5.6. Let us consider an
integrated process as defined in (60) with mean E[V}] = C*. For all (i,7,k,1) € R, we
call K(i,j,k) and K(i,7,k,l) the centered cumulant or order three and four which are
respectively equal to

(i+1)A G+1A (k+1)A
K(i,j, k / / / (s,t,u)dsdt du, (72)
kA

with k(s,t,u) given in (57), and

G+DA  G+1D)A  p(k+D)A  pI+1)A
K(i,j, k1) Z/ / / / K(s,t,u, z)dsdt dudz, (73)
iA jA kA IA

where k(s,t,u, z) is defined in (56). Moreover,

A pI+DA
D*(l) = Cov(Vi, Viyt) = /O /m D(u — s)dsdu, (74)

where D(-) is the covariance function, as in (47), of the centered MMA process underlying
the definition of the integrated process.Hence, by means of the Ito formula, the indepen-
dence of the process (X;)ier with (Wy)ier and using arguments similar to the formula (40)

in [44]
COU(WOJD, T/T/l,q)

= K(0,p,1,14q)+C*(K(0,p, )+ K (0,p, l+q)+ K (p, 1, 14+¢)+ K (0,1, l+q))+C**(D* (I—p)+D*(I+q—p)
+D*(l) + D*(I4+q)) + D*()D*(1+q —p) + D*(I + q)D*(I — p) + A0, p, 1,1 + q),
where A(i, j,k,1) is defined in Table 1 for (i,j,k,1) € R%.
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(7:7]'7 k’ l) A(i7j’ k7l)

0ZiAi#F) %
(£ AN {j=k=1 12 ff’“m SRR SRR o EIXG XL X X dudsdzdt
{i£j#k}A{k=1} 4 f I j““m . fm (X, X. X, X, |dudsdzdt

i=yA k=Nl #k R R R X X. X X, |dudsdzdt
Dy TR L
+4 fflm L plaha ki“ 2 E[X, X, X, X, ] dudsdzdt
+16 [iH2 (’““ fAka (X, X, X. X, ]dudsdzdt
i=j=k=1 E|24 “*1 Xpdt) [SVR X, [5 X, duds
A
+E[96 SR [ X Jis X dzduds]

Table 1: Explicit closed formula for the summand A(i, 5, k, 1) for (i, 7, k,1) € Z*.

6 Generalized method of moments for the supOU
process and supOU SV model

In this section, we apply the developed asymptotic theory to determine the asymptotic
normality of GMM estimators of the supOU process and of the supOU SV model defined
in [48].

Let X and Y be a supOU process and a return process as respectively defined in (37)

and (63). We assume,
/ 2*v(dr) < oo,
lz|>1

then, as shown in [48, Theorem 2.3 and Theorem 2.8|, the supOU process X and the
return process Y have known moments given by

B 1 B ) 1 B ) eAk;A
E[Xo] = —u/ ZW(dA), Var[Xy] = —o / oA w(dA), Cov[Xo, Xpal = —0 /R 54 m(dA),
and .
E[Vi] = 0, Var[vi] = —Au/ S 7(dA), Coo(, Vi) =0
-

1 sef® 1

E[v? = —Au/ %w(dA), Var(Y?) = —30° /R AZ(eA —Z—A> n(dA)+2<—A,u/R %w(dA))Q

1
COU(YE,YEM) = —02/ E(Skz—i—l — 253, + Sp—1) m(dA),
R

where y = E[L,] and 0? = Var[L,] are the mean and variance of the underlying Lévy
process and s, := eA8F.

Assumption 6.1. Let us assume that the mean reversion parameter A is Gamma dis-
tributed. That s, we assume that 7w is the distribution of B¢ where B € R™ and & s
Do, 1) distributed with o > 2.
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We emphasize that setting the second parameter of the Gamma distribution equal to
one does not restrict the model since this is equivalent to varying B. Under Assumption
6.1, we observe the decay of the autocovariances of the supOU process as given in Remark
3.13, notice that in this set-up a = a; — 1.

The moments of the supOU process X and of the return process Y, under Assumption
6.1, have been computed in [48, Section 2.2]

o o 01— BRA)
E[X,] = "B, 1) Var[ X, = "3 Ba. = 1) Cov[Xg, Xpa) = — 2Blay —1)
(75)
EY1]=0 Var(V1) = —%, Cov(Y1,Yi4p) = 0
2 Ap 2 2 (1= BA)™ % —1 — AB(ax - 3) Ap ?
E[Y?] = " Blan— 1) Var(Yy') = =30 B3(ar — 1) (s — 2)(ctr — 3) +2<_B(04,r -1 )

(76)
0% (frr1 — 2fx + fr-1)
2B3(ar — 1)(ar — 2)(ar — 3)’
where f; := (1 — BAk)37. Therefore, the moment structure, up to the 2nd order for
the supOU process and up to the 4th order for the return process, depends only on the
parameter vector 6 := (i, 02, o, B).

COU(YVIQa Yf—i—k) ==

6.1 SupOU process

Suppose we observe a sample {X; : t = 1A,..., NA} for the supOU process with A a
positive constant. We construct the following moment functions, as in [48], by using the
auto-covariances up to a lag m > 2 of X.

First, let us define Xt(m) = (Xea, X4, - Xggmya) for t =1,..., N —m and the
measurable function h : R™*! x © — R™2 as

Xia + B(aiq)

2 2
hE(XZ,(m)),@) Xin — ('B(aﬁq)) + 2Blax=T)
m o2(1— l—anr
hO(.Xt 9) XiaX@na = <B(aﬁ—1) ™ (2135?11)
h(X:,0) = o - 7
( t ) hk(Xt( ),8) 2 2(1 BkAl . ( )
: XiaX(trr)a — ( Blar—1) 2B(an—1)
T (X, 6) ' i
2 m 1 ar
XiaX(t+mya — ( (an—1 ) (IZBBaﬁAl)

We can now define the sample moment function for the supOU process as
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- zg;{” he(X™,6)
T S R (X, 0)

INm (X, 0) = Cwm m (78)
ﬁthl hk(Xt( )79>
. N—m m
Nim Zt:l hm(Xt( )79)
N—m
Nim t=1 (XtA + B(a —1))
2
1 N—m o2
N—m £ut=1 (thA_ <B(aﬂ—1)> + 2B(aw—1)>
2
1 N—m o2(1—BA)l—an
N—m £Zt=1 (XtAX(tH)A - (B(o:—1)> + 2B(a—1) )
2
1 N-m o?(1-BEkA)L—on
N—m 2at=1 (XtAX<t+k)A— <B(a/:—1)> +W>
' 2
1 N—m 02(1—BmA)l—on
N—m Zat=1 (XtAX(lter)A - <B(at:—1)> + 2B(ar—1) >
and estimate 6y by minimizing the objective function
éév’m = argmin gy (X, 0) AN mgnm (X, 0) (79)

where Ay ,, is a positive definite matrix to weight the m + 2 different moments collected
n gN,m<X7 9)

We aim to show the asymptotic normality of the GMM estimator (79). Hence, we
first need to show that the moment function h(X,,0) satisfies a central limit theorem.

Theorem 6.2. Let A be a real valued Lévy basis with generating quadruple (v, %, v, )
satisfying assumptions (36) such that f|x‘>1 lz|** v(dz) < oo for some § > 0 and let

Assumption 6.1 hold with o, —1 > (1 + %)(E;J’—ff). Let X be the resulting supOU process,

then h(Xy,00) is a O-weakly dependent process,

Hy, =Y Cov(h(Xo,00), h(X1,00)) (80)

leZ

18 finite, positive semidefinite and as N — 0o
VNG m(X,00) S N(0, Hy). (81)

Proof. Proposition 2.6 shows that the 4 + d-th moments of the supOU process exist. We

2 l—arx
call C' = —B—(ah and, following the notations of Section 4, D(k) = —%
for £ = 0,...,m. We then consider the vector Z = (Xia, X(i41)a, - -+, X4m)a) and the
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function f : R™*! — R™*2 such that

C
XtA 2
D) +C
X+1)A ( )
fzy=r| v | =nxe | Dy
(t+k)A
X+m)a D(m) + C?

Z is a #-weakly dependent process with coefficients
07(r) = DOx(r — mA)

where 0x is given in Formula (39). The assumptions of Proposition 3.15 hold with
p=4+9,c=1a =2 thus f(Z;) is a f-weakly dependent process with coefficients

C(DOx(r — mA))% for » € N. Hence, h(Xy,0y) is a 6-weak dependent process with the

same coefficients and mean zero. We have that 0, (r) = CD#s < — 02(1_32%?;21_'13))1_%

Car\ 2 246
(_2“(1_22((2:?3))1 ) > """ where a; satisfies the inequality (c; — 1) > 2(1+ %)(%g) by

assumption. Analogously to the proof of Corollary 4.11, by applying [20, Theorem 1] and
the Cramer-Wold device, we obtain the distributional result (81). [ |

Remark 6.3. The coefficients of the matriz Cov(h(Xo, 6y), h(X,600)) forl € Z are

Cov(he(X™., 60), he(X™ , 60) = D(1), (82)
Cov(he(X{™,00), hp(X™ 60)) = k(0,1,1 +p) + C(D(I) + D(I +p)),  (83)
Cov(hy(X5™,00), hy(X™,00)) = K(0.p, 1,1 + q) (84)

+C(k(0,p, 1) + k(0,p, 1 4+ q) + k(p, ;1 + q) + (0,1, + q))
+C*(D(l—p)+ D(+q—p)+ D)+ D(l+q)) + D)D(l +q —p) + D(L+ q)D(I — p).
for p,q € {0,...,m}, where C' and D(l) are defined in the proof of Theorem 6.2 and
k(i, 7, k) and k(i, 7, k,1) are respectively the cumulants of the supOU process of order three
and four for 1,3, k,1 € {0,...,m} defined in (57) and (56).

In Table 2, the explicit expressions of the autocovariances and cumulants of the supOU
process are reported.
Corollary 6.4. Let A be a real valued Lévy basis with generating quadruple (v, 0, v, ) such
that [ || v(dz) < oo and [, |z|*° v(dx) < oo for some § > 0 and let Assumption 6.1

hold with ace —1 > (1+ %)(g—ig). Let (Xi)ier be the resulting supOU process, then h(Xy,0p)

18 a O-weakly dependent process,

Hy, = Z Cov(h(Xq, 00), h(X;,6p))

lez

1s finite, positive semidefinite and as N — 0o

\/NQN,m<X, 00) i) N(O, HE)
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>0} {{ <0}
—o2(1— 1—an _o2 1—anr
COU(X(),X[A) = % COU(XmX[A) = %
=0} <0}
503 (1— l—an —so3(1— _\\l-anx
k(0,114 p) = (131]33@7(72i§7)) £(0,p,1) = (1331?3:111?)
{1>p} {o<i<ptv{l<0}
—80'3 _ _ l—ax —SO'S _ P l1—aqrx
r(p, 1,1+ q) = = Umgpdm i) K(p, 1,1+ q) = = Ut
>0} {l <0}
£(0,p, L1+ q) = 4%7(;’)01)(1—BA(p+2l+q))1‘““ K(0,p, 11+ q) = — 127 1)(1—BA(p+q—2l))1 o

Table 2: Explicit closed formula for the summands appearing in (82),(83) and (84), where
p < qand p=E[L], 0® = Var[L], s = 0 °E[(L1 — p)*] and n = o *E[(L1 — p)*].

The proof of the Corollary follows the same steps as Theorem 6.2.

Remark 6.5. Under the assumptions of Corollary 6.4, a slower decay of the autocovari-
ances of a supOU process is required to obtain (81) compared to Theorem 6.2. Moreover,
if all the moments of the underlying Lévy process exist then the asymptotic result of Corol-
lary 6.4 holds assuming that o, > 2. The latter assumption results in the slowest decay
of the autocovariances of X that can be reached under short memory, see Remark 3.13
remembering that in the notations of this section o = «, — 1, whereas the asymptotic
result of Theorem 6.2 holds, under these assumptions, for a, > 3.

Several assumptions have to be made to show the asymptotic normality of the GMM
estimator (79):

Assumption 6.6. The parameter space © is compact and large enough to include the
true parameter vector 0y.

Assumption 6.7. The matriz Ay ., converges in probability to a positive definite matrix
of constants A.

Assumption 6.8. The matriz Hy, is positive definite.

In our set-up we always need to choose a parameter space such that u > 0, o2 > 0,
a, > 2 and B < 0. However, Assumption 6.6 remains reasonable, due to the fact that
typically an optimization procedure is used to determine 6N and then some parameter
bounds are always imposed in practice.

Theorem 6.9. Let A be a real valued Lévy basis with generating quadruple (v, %, v, )
and X a supOU process satisfying assumptions (36) such that flfc|>1 |z|**0 v(dz) < oo for

some § > 0. Let Assumption 6.1 hold with a, —1 > (14 3)(52) or ar —1 > (1+§)(382)

if in addition 4 |x|v(dx) < co. Moreover, if Assumption 6.6, 6.7 and 6.8 hold, then as
N goes to infinity

VN@OY™ = 0) L N(0, MHe M)

where M = (GHAGo) ' GhA, Gy = E[ZEA), . and Hy, = 3., Cov(h(Xo, 6p), h( Xy, 0p)).
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Proof. We follow the steps of the proof of [41, Theorem 1.2]. This involves checking As-
sumption 1.1-1.9 in [41]. Note that Assumption 1.1-1.3 in [41] are sufficient to give the
consistency of the estimator, as obtained in [48, Theorem 3.2]. We show them for complete-
ness. Assumption 1.1(i) is fulfilled by the function h(X;,#) by construction. Assumption
1.1.(ii) is satisfied since the true parameter vector 6y is identifiable as shown in [48, Propo-
sition 3.3]. Asssumption 1.2 in [41] requires that supyce |g](\?m(X, 0)—E[RD(X,,0)]| & 0 as
N — oo, foralli =1,...,m+2, i.e. each vector component of gy ., (X, 0) —E[h(X}, 0)] con-
verges uniformly in probability to zero for each 6 € ©. Assumption 1.4-1.6 in [41] represent
three sufficient conditions that if fulfilled imply as consequence Assumption 1.2 in [41]. We
then show that all three of them hold in our set-up. Assumption 1.4 in [41] corresponds to
our Assumption 6.6 and Assumption 1.5 in [41] follows from the ergodicity of the supOU
process. Showing Assumption 1.6 in [41] means to prove that a stochastic Lipshitz -type
assumption holds for each component of the function h(Xy,6). Let 6; = (u;, 02, o', B;) be
parameter vectors belonging to © for ¢ = 1, 2. Then, for example for the ﬁrst component

2

he(X™.0,) — he(X™, 0 T B D)l

That means, by construction, the terms where X; appears cancel out and the stochastic
Lipschitz-type condition reduces to a Lipschitz continuity condition on the non-random
terms in each component of h(Xy,#). Since the terms have bounded first partial deriva-
tives, they are Lipshchitz continuous and Assumption 1.6 in [41] holds. Assumption 1.3
in [41] is implied by our Assumption 6.7. Assumption 1.7 in [41] is fulfilled by con-

struction, then h(Xy, 6) is continuously differentiable w.r.t. 6 in ©. Let Gy, (X,0) =

1 N—m 8h(Xt,
N—m Zat=1 06"
plies to % in a neighborhood of 6. That is, for each sequence 6% such that 0% 2 0,

then Gn (X, 0%) = Go. We have that the matrix

9), Assumption 1.8 in [41] requires that a weak law of large numbers ap-

Oh(X4,0)
o' N
i 1 0 _ M _ L
B(ax—1) B(ax—1)2 B2(ar—1)
. 2u 1 22 o a? 242 o o?
B2(ar—1)2 2B(ar—1) B2(ar—1)3 2B(ar—1)2 B3(ar—1)2 2B2(ax—1)
. .2.u (l—B.A.]gi)lfozﬂ— 242 a2(ic;7;—1)ln(1—BAk)+1) 2u2 2 é.A.k(a,r—l)—(l—BAk)
T Ba,-1)? 2B(ar—1) B ar"1®  2B(ar—1)2(0-BARer—1  Bar—1)2 T O 3B2(a,—1)(1—BAk)ox
2u (1—35};)1*% 2u2 02(('04'7;—1)ln(1—BAm)+1) 212 gBAm(a,r—l) (1-BAm)
| B2(an-1)2 2B(ar—1) B2(ar—1)3 ~ 2B(ar—1)2(1—BAm)or—1 B3(a —1)2 to 2B2(ar—1)(1-BAm)er |
Then, 8h8)§f does not depend on Xy, Gy (X, 0) = 6}1%9?’9) and G M By the

continuous mapping theorem Assumption 1.8 in [41] then follows. Assumptlon 1.9 in [41]
follows by Theorem 6.2 or Corollary 6.4. Then, because of Assumption 6.8, the asymptotic
normality of the estimator follows from the same steps as in the proof of [41, Theorem
1.2] when we replace fr and Fr by gy, and Gy . [ |
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6.2 SupOU SV model

We work now with a sample {Y; : ¢ = 1,..., N} and define ;"™ = (Y;41, Yisa, . .
fort=1,...,N —m.

The moment function is given by the measurable function i : R™*! x © — R™*2 ag

B )/;H-m-‘rl)

2 A
Yo+ 565

4 A 2 (1-BA)?~em —1-AB(az—3)
Yt+1 - 3<B(a . )> + 30 B3(ar—1)(ar—2)(ar—3)

2
_ Ytilyti2_( Ap )+02 f2=2f1+fo

@VW (}/;(m)7 8)
] ho(Y,"™, 6)
WY, 0) = | ha(Y™,0)

B(ar—1) 2B3(ar—1)(ar—2)(ar—3)

(Y™, 0)

(ar—1)(ar—2)(ar—3)

(85)

2
2 2 _ ALL 2 f'm+1_2fm+fmfl
Yo Yiaim (B(aﬁq)) + 03

In this case, the sample moment function of the return process is

Ni t 1 h'Var(Y(m)ae)
T o (Y™, )
N—m 7 m
Inm(Y,0) = | 5 SV (Y™, 6) (86)

. N—m 7 m
o S e (Y, 6)

B(oz-,r 1 >

Yo (v,
(3/;}#1 ( )) 4 3520 BA)3—“‘W717AB(a,r73)>
—1

) B3(ar—1)(ar—2)(axr—3)
2 2 A 2 fo—2f1+f
Yt+1Yt+2 ( (aﬂu 1)) to 2B3(a,r721)(a1720)(aﬁ73)) ’

2

1 N—m 2 2 A 2 fmr1=2fm+fm-
N—m 2ut=1 (Yt+1Yt+1+m - (B(aﬁlil)) to 233(04:711)(%72)@;73))
and 6, can be estimated by minimizing the objective function

5" = avgmin g (V. 0) Ax gy (¥:0) (57

where Ap ,, is a positive definite matrix to weight the m + 2 different moments collected
n gN,m(Ya 0)

The consistency of the estimator (87) is shown in [48, Theorem 3.2], and as before
we need to show that the moment function h(Y, 6) satisfies a central limit theorem.

Theorem 6.10. Let A be a real valued Lévy basis with generating quadruple (vy,0,v,7),
Assumptions (H) be satisfied such that f o |z[*PPw(d) < oo, for some & > 0, and let

Assumption 6.1 hold with a,, —1 > (1+%)(6+25) Let (Yy)ier be the resulting return process
of a supOU SV model, then

Wy =Y Cov(h(Ys,0), h(Y:, )

lez
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(/L’j7 k) A(/L5j7 k)
[i#£]#k) | 0
{i 3} A=k} | 47 [R07 o) EDXG XX Jdudsdt
fi=j=k} | 125702 [CFU2 5 ELX, X X dudsd

Table 3: Explicit closed formula for the summand A(3, j, k) for (i, j, k) € Z3.

=1
2 . .
2 v2 y_  —o (fix1—2fit+fi—1)
Cov(¥,Yi41) = 553, —1)(a, —2)(ap—3)
. {{>ptAr{2l—2p+q>2}
_ —80°(2921—2ptq—1—921—2p+q—21921—2p+q+2—2921—2ptqt1)
KLt = Y ) o e
{I>0}A{2l+q>2}
_ *503(292l+ —1—921+q—21+921+q+2 2921+ +1)
KOLi+q = 657 (0g—1)(az—2)(0g—3)(0g—1)
{I>0}A{2l+q+p >3}
_ (1=3)0*(=2hoi4q4pt3haitqrp—1—3hatqtp—2thoiterp—3thaitetp+s—3hatqtpr2t3haitotrprt)
KO.pllt+a=- T P ez (er—2(ar-3)ax—D(ar=5) o o

Table 4: Explicit closed formula for the summands (88),(89) and (90), where p > ¢, fr =
(1 — BAk)*=@~, g, = (1 — BAk)* %, h;, = (1 — BAk)> " and u = E[L4], 0 = Var[Ly],
s =0 E[(Ly — p)°] and n = o *E[(L1 — )],

18 finite, positive semidefinite and as N — 0o
\/NQN,m(Ya 60) i) N(O, Wz)

Proof. Proceeding as in Theorem 6.2, it can be shown that fL(Y;,HO) is a f-weakly de-
pendent process with zero mean, by using Lemma 5.2 and Proposition 3.15. Given the

i
f-coefficients (41) , we have 6; (r) = CD* 545 < — A“(l_BAé((;r”:)l))lﬂﬂ ) " where a; — 1 >

(14 )(%£2) by assumption. Then applying [20, Theorem 1] and the Cramer-Wold device
the result follows. [ |

Remark 6.11. We observe that,

EVY] = EV) =~ =
(1 - BA)* < —1— AB(a, — 3)
B3(ar — 1)(ar — 2)(ar — 3)

Var[Y{] = 3Var(Vy) + 2E(V})? = =302

+2( - %)2 — D*(0),

and

—9 ~
Cov(Y?,Y?,) = Cov(Vi, Vigy) = —0? Jer1 = 2fk + fum

" 3Bia—Da—2@—3 7"
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where V' is the integrated process as defined in (60) and C* and D*(k) are defined in

Remark 5.7. Thus, the coefficients of the matriz Cov(h(Yy,00), h(Y1,60) for | € Z and
p,q €40,...,m} are

CO’U(;LVar(YE)(m)? 90)7 ﬁVar(E(m% 90) = D*(l)> (88)

Cov(hyar (Y™, 00), hy(Y;'™, 60)) = K(0,1,1 4 p) + A0, 1,1+ p) + C*(D*(I) + D*(I + p)),

(89)

Cov(hy(Y{™ 00, ho(Y;'™,00)) = K(0,p, 1,1+ q) + A0, p, 1,1 + q) (90)
+C*(K(0,p,1) + K(0,p,l +q) + K(p,[,l +q) + K(0,1,1 4+ q))

+C*(D*(14q—p)+D*(1—p)+D*(I+q)+D*(1))+ D*(1) D*(14+q—p)+ D*(14+q) D* (1 —p),

where A(i,7,k) and A(i, j, k,1) are defined in Table 3 and Table 1, respectively, and
K(i,j,k) and K(i,7,k,1) in (72) and (73). In Table 4, the explicit expressions of the
summands in (88), (89) and (90) can be found for a selection of indices l,p,q. The re-
maining cases can be easily derived by using the calculations in Table 2.

Remark 6.12. Note that if all the moments of the underlying Lévy process exist than the
asymptotic result of Theorem 6.10 holds assuming that a; > 3.

Additional assumptions have to be made before showing the asymptotic normality of
the GMM estimator (87):

Assumption 6.13. The parameter vector 0y is identifiable, i.e. E[h(Y,0)] = 0 for all Y
if and only if 0 = 6,.

Assumption 6.14. The matriz Wy, is positive definite.

Regarding Assumption 6.13, it has been shown in [48, Corollary 3.6] that identifia-
bility holds if the number of lags m in the definition of the moment function is infinity,
the so called asymptotic identifiability. In practice, we always work with a finite number
of lags. Although proving identifiability rigorously seems to be out of reach, the asymp-
totic identifiability suggests that Assumption 6.13 should be satisfied if m is sufficiently
large. It will be interesting to analyze how this affects the precision of our estimator in a
simulation study. This is, however, beyond the scope of the present paper.

Finally, we recall that in our set-up p > 0, 02> > 0, a; > 2 and B < 0 and the
parameter space O is large enough to contain the true parameter vector.

Theorem 6.15. Let A be a real valued Lévy basis with generating quadruple (vy,0,v,7),
Assumptions (H) be satisfied such that f|x‘>1 |z|**° v(dx) < oo, for some § > 0, and let

Assumption 6.1 hold with oz — 1 > (1 + $)(8£22). If, moreover, Assumptions 6.6, 6.7,
6.13 and 6.14 hold, then as N goes to infinity

VNGN™ = 60) L N0, MW M)
where M = E[GHAGE TG A, Gy = E[200), o and Wy = 3,0, Cou(h(Yo, 0), (Y7, 6).

oo’
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Proof. We check that Assumptions 1.1-1.9 in [41] hold. Assumptions 1.1-1.7 follow by
Assumptions 6.6, 6.7 and 6.13 and by construction of the moment function. The line of
the proof, in this case, is exactly the same as in Theorem 6.9. The matrix

Oh(Yy, )
o0
is equal to
A 0 . Ap . Ap
B(a,r—zl) 3f1-1-AB( 3 B(ax—1)2 B2(ar—1)
A —1- Qr—
BT B e Bees WA 0% ax, B) WA, 1,0%, ax, B)

" e
_32(2%51)2 233{a:i1)(£ﬂfg)(ai73) (A, p,0% oz, B) d(A, 1,07, ar, B)

where

2 _ 6A25£2 o2 (ar—2)(ar—3)+(ar—1)(ar—2)+(ar—1)(ar—2)
— a(A, p, 0% 0, B) = Blar—1F T 95 (ar—1)2(an—2)%(ar—3)2
2 o2 o — O —
_3533 flll + 3 BQA((DEﬂfl)lg(ZET,Q)QZ));

o 6A%2 302 (ar—3)(2A+AT1) Ji—1}).
- b(A7M’O27amB) - B3(ac,rli1)2 + (aw—l)(aw—2)(aw—3)< B3 “ -3 134 >’

2,2
- C(A,M,Uz,am B) = % - %(fm—&-llm—&—l — 2 fmlym + fm—1lm—1)§

A2 2 0.2
—d(A, p, 0%, an, B) = Bf(aﬁ’il)Q + B e DD (rms1A(m + 1) — 2r,Am

0.2
+rm_1A(m — 1)) — 234(%71)%%72)(%,3) (frt1 = 2fm + fin1);

with
— 1, := (1 — BAk)?>™o f.:= (1 — BAk)> o=,

Y B In(1—BAE)(oir —1) (ar —2) (ar —3)+(ar —2) (ar —3)+ (0o —1) (atr —3) + (o —1) (e —2)
K (ax—1)*(ar—2)*(ax—3)?) ’

for k € {1,...,m + 1}. Therefore, aﬁg&afi,e) does not depend on Y; and, as in the proof of

Theorem 6.9, the continuous mapping theorem can be applied to show that Assumption
1.8 in [41] holds. Assumption 1.9 follows by the proof of Theorem 6.10. Then, because of
Assumption 6.14, the normality of the GMM estimator follows from the same steps as in
the proof of [41, Theorem 1.2]. [

In [48, Section 4] a simulation study on the estimators (79) and (87) looks at their
finite sample performances (Theorem 6.9 and 6.15 are applicable to the set-up of the
study). The analysis performed shows results in line with asymptotic normality derived
theoretically in this paper. To obtain reliable estimation of supOU processes and supOU
SV model, a substantial amount of data is needed.
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