Mixing Conditions for Multivariate Infinitely
Divisible Processes with an Application to
Mixed Moving Averages and the supOU
Stochastic Volatility Model
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We consider strictly stationary infinitely divisible processes and first extend the mixing
conditions given in Maruyama [18]] and Rosifiski and Zak [23]] from the univariate to the
d-dimensional case.

Thereafter, we show that multivariate Lévy-driven mixed moving average processes
satisfy these conditions and hence a wide range of well-known processes such as super-
positions of Ornstein-Uhlenbeck (supOU) processes or (fractionally integrated) continu-
ous time autoregressive moving average (CARMA) processes are always mixing. Finally,
mixing of the log-returns and the integrated volatility process of a multivariate supOU
type stochastic volatility model, recently introduced in Barndorff-Nielsen and Stelzer [3]],
is established.
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1 Introduction

Lévy-driven continuous-time moving averages, i.e. processes (X;);cr of the form X; = [, f(t —s)dL;
with f a deterministic function and L a Lévy process, are frequently used in applications. Partic-
ularly popular examples include, for instance, multivariate CARMA processes (see [7, [17]) or the
increments of fractionally integrated Lévy processes (see [0, [16]). By allowing f to depend on an
additional parameter and replacing the Lévy process by a Lévy basis one arrives at so-called mixed
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moving averages. One example are the supOU processes of [2, 4, [11]. They are particularly interest-
ing, as they constitute a continuous-time time series model capable of exhibiting both jumps and long
memory. For applications it is of high importance to understand the dependence structure of these
processes. In this paper we consider conditions implying mixing of multivariate infinitely divisible
processes and show that Lévy-driven mixed moving average processes are always mixing when they
exist. This has important implications for the statistical inference on the parameters of such processes.
For moment based estimation methods, like the GMM approach of [13], it implies that the estimators
are consistent. This is used for supOU processes in [27], but also seems to be important for non-causal
CARMA processes, since the proof of the strong mixing property of causal CARMA processes (see
[17, Proposition 3.34]) requires Markovianity which is not given in the general case.

Furthermore, financial data typically call for models allowing for jumps and rather slowly decay-
ing autocovariance functions of the squared log-returns, sometimes even for long memory. These
properties are both part of the so-called “stylized facts” of financial data (see, e.g., [9, [12]]). One
possible model with these features is the supOU stochastic volatility model of [5], where a latent
stochastic volatility (covariance matrix) process is modelled as a supOU process. We establish that
the log-returns over an equidistant time grid, the only quantity typically observed, are mixing. Thus
our results allow e.g. establishing consistency of estimators for this model as well.

Let (X;);cr be an R¢-valued strictly stationary process defined on the canonical probability space
T—

(RNHR,.Z,P) with F = B((R)R). Then (X,)er is said to be ergodic if L [ P(ANS'B)dt "=
P(A)P(B), weakly mixing if - [ |P(ANS'B) — P(A)P(B)|dr "=~ 0 and mixing if

P(ANS'B) "= P(A)P(B) (1.1)

where (S),cR is the induced group of shift transformations on (RY)® (i.e. S (x;)ser = (Xs_¢)ser for
any (x)ser € (RY)® and t € R) and A, B € .%. It is obvious that mixing implies weakly mixing and
weakly mixing implies ergodic, respectively. However, the inverse implications are not true in general,
since in ergodic theory there are examples of flows (S"),cr that are weakly mixing, but not mixing
and ergodic, but not weakly mixing, respectively (cf. [10], [20]). Usually, the weak mixing property
is much closer to mixing than to ergodicity (cf. [24] Proposition 1]). However, Rosifiski and Zak [24)
Theorem 1] have proven the equivalence of weak mixing and ergodicity for real-valued stationary
infinitely divisible processes.

Recall that a stochastic process is said to be infinitely divisible (i.d.) if all its finite dimensional
margins are i.d. The description of the mixing property for univariate real-valued strictly stationary
i.d. processes can be characterized in terms of their Lévy characteristics. More precisely, in the fun-
damental paper [18], Maruyama showed that such a process (X;);cr is mixing if and only if

(M1) the covariance function r(¢) of its Gaussian part tends to 0 as 1 — oo,

(M2) tILm Vor(|xy| > 8) = 0 for every 6 > 0 and
(M3) tli_>l’£lof{0<xz+yz§1}xy Vor(dx,dy) =0

where Vyy is the Lévy measure of the distribution of (Xp, X;). This result has been essentially improved
by [15], where the implication (M2)=-(M3) has been established. However, condition (M2) is not very
easy to verify even for symmetric stable processes as mentioned in [23]. Therefore, [23, Theorem 1]
provides another useful criterion for mixing of i.d. processes: if vy, the Lévy measure of .Z (X)), has
no atoms in 277, then (X; ),cg is mixing if and only if th_}rg E[e!X—%0)] = ’E[eiXO] ‘2.



The outline of this paper is as follows. Below we briefly summarize some notation before we then
generalize Maruyama’s mixing condition and the condition of Rosifiski and Zak to the multivariate
case in Section[2] Interestingly, a multivariate i.d. process is mixing if and only if all bivariate marginal
processes are mixing. An alternative formulation of the mixing condition in terms of the codifference
for i.d. processes concludes that part. In the third section we briefly recall the definition of Lévy bases
and Lévy-driven mixed moving average processes, then show that these processes are always mixing
and finish with supOU processes as an example. The last section considers the multivariate supOU
type stochastic volatility model, recently introduced in [5], and mixing of the log-returns and the
integrated volatility process over an equally spaced time grid of that model, is established.

Notation

Given the real numbers R we use the convention R, := (0, ). For the minimum of two real numbers
a,b € R we write shortly a A b and for the maximum a V b. The real and imaginary part of a complex
number z € C is written as Re(z) and Im(z), respectively. The collection of n x d matrices over the
field R is denoted by M,,«4(R). We set M;(R) := My, 4(R) and define S;(IR) as the linear subspace
of symmetric matrices. The positive semidefinite cone is denoted by S (R), the transpose of A €
M, »4(R) is written as A’ and the identity matrix in M, (IR) shall be denoted by I,.

On K € {R,C} the Euclidean norm is denoted by | - | whereas on K¢ it will be written as || - ||. Recall
the fact that two norms on a finite dimensional linear space are always equivalent which is why our
results remain true if we replace the Euclidean norm by any other norm. A scalar product on linear
spaces is written as (-, -); in R4 and C4, we again take the Euclidean one. If X and Y are normed
linear spaces, let B(X,Y) be the set of bounded linear operators from X into Y and in particular we
equip M,xq(R) = B(R?,R") with the corresponding operator norm if not stated otherwise. If X is a
topological space, we denote by #(X) the Borel o-algebra on X.

For a random variable X defined on some probability space (Q,.%,P) the image measure X (PP)

(distribution of X) is written as .Z’(X). For two random variables X and Y the notation X Z Y means
equality in distribution. If we consider a sequence of random variables (X),),cn, we shall denote con-
vergence in distribution (weak convergence) of the sequence to some random variable X by X, — X.

2 Mixing of Multivariate Infinitely Divisible Processes

We denote the j-th component of an R?-valued stochastic process (X;);cr by (X,(j ) ) g Generalizing
[23l Theorem 1] we show the following:

Theorem 2.1. Let (X;);cr be an R -valued strictly stationary i.d. process such that Vo, the Lévy mea-
sure of £ (Xo), satisfies Vo ({x= (x1,...,x4) €RY: Fj€{1,....d},x; €2nZ}) = 0. Then (X;),cr
is mixing if and only if

(5 () _ (k) () (k)
lim E [e’<xf X )] :E[elxoj} -E[e—’xok} 2.1)

t—oo

forany jok=1,....,d.

Proof. We extend the proof of [23, Theorem 1] to the multivariate set-up.
“=": Let (X;);er be mixing which implies

o ei(Gl,Xo)+i<627X,)} o [ei<61,Xo>} E [ei<927Xo>}



for any 0;,60, € R? (see e.g. [10], [14] or [20]) and in particular, setting (8, 6;) = (—ex,ej), j.k=
.,d, with e; the j-th unit vector in RY, li holds.
“«<": Assume that (2.1]) holds for every j,k =1,...,d. Note first that then

( f) (k) 0 .
i | ()] =[] o] @2)
holds for every j,k=1,...,d as well (cf. [23| Theorem 1, Step 1]).
We now prove that (2.1)) and (2.2)) imply:
(M1) the covariance matrix function X(¢) of the Gaussian part of (X;);cr tends to 0 as t — oo and

(M2) tle vor(||x]| - [|ly|l > 8) = 0 for every 6 >0

where Vy, is the Lévy measure of .2 (Xp, X;) on (R??, 28(R??)). Having established (M 1) and (M2), we
will conclude with the upcoming Theorem [2.3| which shows that these two conditions imply mixing.

As to (M1), since (Xp,X;) has a 2d-dimensional i.d. distribution, its characteristic function can be
written, due to the Lévy-Khintchine formula, for every (61, 6,) € R x R4, as

E [ei<91 7X0>+i<92,Xr>]

—exp {i( (g;) 7 <Q>> - ;<<g;> = (g;>>

+ . ei(917x>+i(927y> — 1= (i<91,)€> + i<92,y)) ]1[0’1] (H (x’,y’)/ H) Vo;(d(x,y))} 2.3)

where 71,75 € RY, T € SJ(R) and vy is the Lévy measure of £ (Xp,X;) on (R*, (R>?)). Since
Z(Xo) = Z(X,), we observe that
r= (Z(O) Z( )> 2.4)

(1) 2(0)

with X(¢) being the covariance matrix function of the Gaussian part of (X;);cr. If we denote the
generating triplet of .Z(Xp) by (7,Z(0), vp), we can use [25] Proposition 11.10] in order to deduce

Nn=vy— / o1 (flxl) = Do, (] (¢ 7)’) H))V()t (d(x,y)) and (2.5)

=Y- / Lo, (1D — Lo, (]] (x J) H))Vm d(x,y))- (2.6)

Putting (2.3)-(2.6) together, the characteristic function of (Xo,X;) at the point (8;,6,) € R? x R? can
be written as

E[ei<91,Xo>+i<927Xr>]
1
—exp {01+ 60.7) 3 (10120000 + 2061, 20)60) + (62, Z0)8))
+/de e/ OH&Y) (0, x) 10 ) (|lx]]) — i(62,¥) L0 1 (IIy]]) VOt(d<xa)’))}- (2.7

By substituting (—eg,e;), (0,e;) and (—e,0), j,k=1,....,d, for (61, 6,) in (2.7) we get the descrip-
tion of (2.1)) in terms of the covariance matrix function of the Gaussian part and the Lévy measure vy,



namely

() _x (0) .y . -1
limE [el (-, )} (& [eer‘”} E [e*‘)‘ék)})
t—roo
— hm exp {ij _|_/ eiy(./') - e—ix(k) + 1) Vor (d(x,y))} =1

for arbitrary j,k =1,...,d, where oj(t) is the (k, j)-th element of X(z). Next, taking logarithms on
both sides and using the identity Re (ei(y_x) —e¥—e ™ 4+1) = (cosx— 1)(cosy — 1) + sinxsiny we
obtain

lim o (1) + /chl ((cosx(k) —1)(cosy) — 1) +sinx® siny(j)) Vor(d(x,y)) =0 (2.8)

[—ro0

forany jk=1,...,d.
Likewise, we get

lim —o (1) + /24 ((cosx(k) —1)(cosy) — 1) —sinx® siny(j)) Vor(d(x,y)) =0 (2.9)
R

oo

forevery j,k=1,....d.
Adding (2.8)) and (2.9) yields, due to the consistency of Lévy measures (see again [25, Proposition
11.10]),

i (k) _ () _ — 1 _ _ 1y yUk) _
;hrg Rm(cosx 1)(cosy ) vo(d(x,y)) = thnolo - (cosx—1)(cosy—1) v, (dx,dy) =0
(2.10)

forevery j,k=1,...,d, where v(gt.k) denotes the Lévy measure of Z(X ( () X Y .)) on (R?, Z(R?)).

Now fix j,k € {1,...,d} and observe that the family {3 ( 0 , )} cp 1s tight. Indeed, letting
B, :={(x,y) e R*: ¥ +y> < r?}, wehavebystatlonarltyIP’(( )géB) ( ‘ >7)+
(‘Xo > 7) and hence lim supﬂFD (( x7) ¢ B ) = 0. Thus, due to Prohorov’s Theorem, the

family is relatively compact (m the topology of weak convergence). Choose any sequence T, —
%0, 7, € R, and let Fj; be an accumulation point of {.Z (X" x\/) }oen: Then Fjy is an i.d. distri-
bution on R? with some Lévy measure Vi (cf. [25, Lemma 7.8]). Now let (#,),cn be a subsequence
of (7,)nen such that

2 (X0 X)) 5 Fyasn o, @.11)
Then, for every 6 > 0 with vj;(dBs) =0,

(Jk)

Vor, asn — oo (2.12)

B
which is an immediate consequence of [25, Theorem 8.7]. Since (cosx— 1)(cosy— 1) > 0, we deduce

0< / (cosx —1)(cosy —1) vjr(dx,dy) e lim / (cosx—1)(cosy—1) vé,{lk) (dx,dy)

n—soo

< lim [ (cosx—1)(cosy— )vét )(d d ) =0

T n—eo JR2



Since & can be taken arbitrarily small we infer that every Lévy measure vj is concentrated on
{(x,y) ER?*: xe2nZory € 2nZ}.

By the stationarity of the process and , the projection of vj; onto the first and second axis
coincides with V(gk) and v(gj ), respectively, on the complement of every neighborhood of zero. Hence,
by our assumption on Vg, we have for every m € Z, m # 0,

Vi ({2nm} xR) = vO ({27rm}) =VwWRX...xRx{2rm} xRx...xR)
k=1 d—k

Sv()({xERd: Elle{l,...,d},x1€27rZ}> _

and similarly v (R x {27tm}) = 0. This shows that every vj, j,k=1,...,d, is actually concentrated
on the axes of R? and on each of them coincides with v(gk) and v(()J ), respectively.

Now, observe that, for every ¢ € R,

1 (k) 1 2.0))
ey VIR (dx, dy) < vy (dx) + = vy (dy) < e (2.13)
/ o {xi<sy” O 2 Jyi<sy” O

for any positive € and any j,k=1,...,d, if only § is small enough Then (2.13)) yields, for every j, k =
.,d and any n, [ |sinxsiny| vét )(dx dy) < [g, %yl Vo: )(dx dy) < € for sufficiently small 6 > 0.

Since every Vv is concentrated on the axes of R?, (2.12) implies lim,, .. |, BS sinxsiny V(gz )(dx dy) =
Thus

lim [ sinxsiny v (dx,dy) =0 (2.14)

n—oo JR2
forevery j,k=1,...,d.
From (2.8), and we infer that 6 (,) = 0asn — oo forall j,k=1,...,d. Since (t,) is
a subsequence of an arbitrary sequence T, — oo, it follows that 6j;(t) — 0 as t — oo and thus X(¢) — 0
ast — oo, 1.e. (M1) holds.
To prove (M2), observe that, for any n € N,

X 5
w( I >87) < 3w (|02 3.

S— k_

By virtue of (2.12), we have limsup, _.., vot (’x } > S/d) < vjk(‘x(k)y(j)‘ > 6/d) = 0 for every
J.k=1,...,d and thus lim,_. Vo, (||x]| - HyH > 5) 0 for every 6 > 0. Again, since (z,) is a subse-
quence of any arbitrary sequence T, — oo, it follows that lim, ., Vo, (||| - ||[y|| > 6) = 0 for any & > 0,
i.e. (M2) is shown.

We can now conclude with the upcoming Theorem [2.3] 0

To establish Theorem [2.3| we need the following multivariate generalization of [15, Lemma 1].

Lemma 2.2.
Assume that limy,_.. Vo (||x|| - [|y|| > &) = O for every 8 > 0. Then one has

(M3) lim f{0<|\x“2+“y”2§1} [l - [y vor (d (x,)) = 0.

t—roo



Proof. Fix & > 0 and define for any & € (0,1) the sets Bs := {(x,y) € RY x R?: 1?4+ |y])* < 5%}
and Rs := B;\Bs. Then, for every 6 € (0,1),

Il Il o) = [ Il ol v o))+ ) el il (e )

=L+

[{0<IXI2+|y|2§1}

Taking advantage of stationarity of (X;);cr, we obtain

1 2 2 2 €
n< g [ P It = [ v < &
2 /s, ' THNED 2

for every 0 sufficiently small.
We fix such a § and set [ := min{8/2,&/8¢} with g := vy ({ x> > §2/2}) < o and C := Ry N
{{lx[[ - llyll > 7} Then

ol = [ Ll Il votdeon) + [l Iyl vodx) < 590(C)+ 4 voRe\O)

1 € 52 52 1 €
< 5@+ g o (117 > 5 ) v (117> 5 )] < el Dol > 0+ 5.

Since vy, (|x]| - ||ly|l > 1) < €/2 if only ¢ is large enough, we obtain

el - [1y]] vor (d(x,y)) < €

[{0<|x2+|y|2<1}
for sufficiently large ¢. Letting € ™\, 0 yields the desired result. O

The next theorem, which is a multivariate generalization of Maruyama’s mixing condition [18, Theo-
rem 6], shows that conditions (M1) and (M2) together imply mixing and thus concludes the proof of
Theorem

Theorem 2.3.
Let (X;);er be an R¥-valued strictly stationary i.d. process. Then (X;);cr is mixing if and only if

(M1) the covariance matrix function X(t) of its Gaussian part tends to 0 as t — oo and
(M2) zILm Vor ([|x]| - [[y|l > 0) = 0 for every § > 0.
Proof. We have already shown in the proof of Theorem that mixing implies (M1) and (M2).

Conversely, assume that (M1) and (M2) hold and note that, due to Lemma also condition (M3)
must hold. We now generalize the proof of [18, Theorem 6] to a multivariate setting. We shall denote

X:=(X{,,...,X{ ) forany T = (s1,...,5»)" € R". Then (cf. [18 (5.13)]) it is sufficient for (X;),cR to

be mixing that for all T = (sq,...,s,)", & = (u1,...,u,) € R™ and 71,7, € R™,
limIE[ei<zl’X’>+i<zz’Xﬂ+’>] = E[ei<Z"Xf>] -]E[ei<zz’x“>] (2.15)
[—ro0

where W +1:= (uy +1,...,uy +1).



The family of R?"-valued i.d. random vectors {(XT,X#H)} is tight since

teR

m

B (086 Xue0) # Bygm) < B> 1)+ (] > 1) =2m B 1001 =0

as r — oo, where B, := {x € R : ||x||* < r2}. Hence the family is relatively compact with respect
to the weak topology (i.e. the topology generated by weak convergence).

Let (y!,Z!,v!) and (y?,X2,v?) be the characteristic triplets of .-#(X;) and £ (X},), respectively.
Consider an arbitrary sequence 1, € R, 1, — o and an accumulation point F of the associated
sequence {.% Xf,X“H,n)} as n — oo, i.e. there is a subsequence (f,),en Of (1,)nen such that
< (XT,Xan) A Fasn— e where the accumulation point F is obviously (see [25, Lemma 7.8]) an
i.d. distribution on R*" with some generating triplet (7,X,v). We denote by (%,,%,, V,) the charac-
teristic triplet of . (X‘L'uX[.H-ln) for any n € N and by ®,(z1,22) its characteristic function at the point
(z1,22) € R™ x R™_ The logarithm of ®, can be written (cf. proof of Theorem as

AN AATERNE 21
e (a.z2) =it (%)= 50(2) o= (2))
+/ et — 1 — itz x) 1oy (|1x]]) = i(z2, ) Lo, 1y (1Y 1]) Va(d (x,))
{Ill<8. lyl| <3}

+/ Mty — 1 — iy x) U gy (|Ixl]) — (22, 3) Lo (Y1) Va(d(x, 7))
{lIxI=6 or [Iy[=6}
= h+hL+5+14.

We shall prove that log®,(z1,72) — log®;(z1) + log®,(z2) as n — oo for all 71,7, € R™ where &,
and @, are the characteristic functions of X; and X, respectively.
Obviously I; = i(z1, ') +i(z2,7*) and due to the assumption (M1) the second term I, converges to

—1/2(z1,2'21) — 1/2(22,X%22) as n — oo.
As to Iy, we have (cf. (2.12))

Iy njo/ el i) — 1 —itzy x) Loy (I|x]) — idz2, ¥) L.y ([Iy]]) v(d(x,))
{llxl|>8 or [[y|>5}

= @) 1 — iz, ) Lo (|x]]) v (d )+/ 22— 1 —i(z0,y) Lo, (Ilyll) v*(dy)
e i(z1,x) Lo 11(||x X e 1z2,y) Lo\l Y
e 0.1 {1125 0.1

!/

since, letting x = (x(l)/, .. ,x(’”)/>/ € (RY)" and y = (y(l)/,...,y(’”)/> € (RY)",

o _ Z’” , 0\ (M2)
v(|lx]| - |lyl| > &) hrll‘nloglf Vi ([Ix]] - ly]| > 8) hrll‘nloglfjlk:l VO, —s -+ <Hx i > 0

for any 6 > 0 which shows in particular that v(||x|| - ||y > 0) = 0.
Analogously to x and y we denote the j-th R?-component of z; and z, by zgj ) and zgj ), respectively.



Concerning 3, a simple Taylor expansion yields for any 8 > 0 small enough

2 2
- YACIND .
I 2 [/{|x|<5,y|<5} < 1 ) (j_Z1<Z2 sy >> Vo (d(x,y))

) () .
+2/{|x|<5 |y|<6}< A >> Veld(%.7))

Ms

~.
Il

Ms

+R

171

with
6[R| < / [(z1,%) + (22 y>!3 Lo <<Hx”2 Hyuz)3/2> v (d(x,y))
{IIxl1<8,|Iy|l<8} ’ ’ n 5

() ()] it
<2> H3 V2 </{o<|x<6} Il v ) +/{o<|y<6} ”y|2v2(dy)>

and thus 6 |R| < € for any positive € if only 0 is sufficiently small. Moreover, we obtain for every
j.k=1,...,mandany § € (0,12)

U) 0y 0 @8]y (g
/{|x|<6,|y|<a}‘<zl ) (25! Y1) va(d(x,y))
<[l 2" / D |y ® || va(d(x,
_HZI I sz H {HXH<5,HyH<6}Hx H Hy H (d(x,y))

D9 - D] - {]y* () kYY) e
<111 oy I o (02 50)) P50

<2

/{IXI<57 Iyl<8}

<2

by virtue of (M3). Finally

1/ 2 j . |
= (z1,%) vn(d(x,y))—l—/ ) 1 —i(zg,x) Loy (||x]) v (dx) | < Ji+
2 Jisf<s. Iyl <8) o<l <5} 0.1

with
/ ’1/ (21,2)? Va(d(x,y)) - ! (z1,%)* Va(d(x,))
1= |5 21, X, 21, n P
2 J{o<|ix| <8, lIyll<8} 2 Jio<|x<8}
S/ Z1,x2vndx,y < |z1 2-/ xzvl dx
{O<Hx‘|<5}< )" Va(d(x,y)) < lz1| {o<uxu<5}H 7 v (dx)
and

1 .
J = / —(z1, 2+ z(zl,x)_l_. : 1 vl d
’ ) <<y 20X e i(z1,x) Lo 1y ([Ix])) v (dx)

< a8 el v ().
{0<x<)

An analogous result is obviously true for the second addend of the first term of /3.



Putting all this together we obtain
lim log D, (z1,22) = log @y (z1) +log®s(z2) forall z1,20 € R™

and thus the desired result in (2.15)) which completes the proof. O
From Theorem [2.T| we can immediately derive the following corollary:

Corollary 2.4. A d-dimensional strictly stationary i.d. process X = (X;);cr with
vo({x=(x1,....xq) €R?: Fje{l,...,d},x; €27Z}) =0 (2.16)
is mixing if and only if the bivariate processes (X(j) ,X(k)), J,ke{l,....d}, j <k, are all mixing.

If we use the asymptotic independence of Xy and X; as a natural interpretation of the mixing prop-
erty, Corollary 2.4 means that pairwise asymptotic independence yields asymptotic independence for
strictly stationary i.d. processes which satisfy the technical assumption (2.16). This is in a way consis-
tent to the well-known fact that pairwise independence and independence are equivalent for random
vectors with i.d. distribution (cf. [25, Exercises 12.9 and 12.10]).

The next corollary can be seen as the multivariate generalization of [23, Corollary 3].

Corollary 2.5. Let (X;);cr be an R¥-valued strictly stationary i.d. process. Then, with the previous
notation, (X;),cr is mixing if and only if

tim {201+ [, (1A - Do) (e | =0, @.17)

Proof. Obviously (2.17) implies (M1) and (M2) and thus, due to Theorem [2.3] also mixing.
Conversely if (X;),cr is mixing, then (M1) holds (cf. Theorem . Moreover (cf. (2.12))

(Jk)

Vo ast— oo (2.18)

w
. — Vjk
B

B
for every 8 > 0's.t. vjx(dBs) =0 and any j,k = 1,...,d. From the proof of Theorem 2.1] we further
know that the Lévy measures v are concentrated on the axes of R?. Now choose § > 0 s.t. (2.13)

and (2.18) hold, then we have

limsup [ (1A ]xy]) vZ¥ (dx,dy) < & +limsup | (1A |xy|) v (dx,dy) = €.

t—oo  JR2 t—oo  JB§

Letting € \, 0 we deduce lim,_,e [ (1A |xy|) v(gtjk) (dx,dy) =0 forany j,k=1,...,d. Finally
d d d
Lo bl X ol Jvo@on < X [ (04 b)) vod(e)
B2 =1 = =

d .
= Y [ anlohvianay <o,
jk=1

This clearly implies lim; e, [aa (1 A ||x|| - ||¥||) Vor (d(x,y)) = 0 as well and hence (2.17) is shown. [

10



Let us conclude this section with an alternative formulation of Theorem Therefore recall that
the codifference 7(X,X>) of an i.d. real bivariate random vector (X1, X>) is defined as follows

7(X1,X2) := logE[e"(XI*XZ)] —logE [ein] —logE [e*"Xz].

If we now consider a univariate strictly stationary i.d. process (X;);cr, then 7(Xs,X;) = 7(Xo,X;—;) for
any s,¢ € R and hence we can define the function

T(t) = T(X(),Xt)v re Rv

which is positive semidefinite (see [24] Section 2]). We call 7 autocodifference function of (X;),cr.
Analogously to the univariate case we define the autocodifference function for an R?-valued strictly
stationary i.d. process (X;);er by 7(¢) = (T(jk) (t))j,kzl....,d with U0 (1) := T(Xék),X,(‘/)). Hence we
have the following mixing condition in terms of the autocodifference function:

Corollary 2.6. Let (X;),cr be an R?-valued strictly stationary i.d. process such that Vo, the Lévy mea-
sure of £ (Xo), satisfies Vo ({x= (x1,...,xq) €RY: Fj€{1,....d},x; €2nZ}) =0. Then (X;),cr
is mixing if and only if T(t) — 0 ast — oo.

3 Mixed Moving Average Processes

The central result of this section shows that mixed moving average processes are always mixing.

Let us first recall the definition of R?-valued Lévy bases, which are generalizations of Lévy pro-
cesses, and the related integration theory. For a general introduction to Lévy processes and i.d. distri-
butions see [25]]. Lévy bases are also called infinitely divisible independently scattered random mea-
sures (i.d.i.s.r.m.) in the literature. For more details on Lévy bases see [22] and [19]]. In the following,
S denotes a non-empty topological space, Z(S) is the Borel o-field on S and 7 is some probability
measure on (S, %(S)). The collection of all Borel sets in S x R with finite 7 ® A!-measure, where !
denotes the one-dimensional Lebesgue measure, is written as %y (S x R).

Definition 3.1 (Lévy Basis). A d-dimensional Lévy basis on S x R is an R¢-valued random measure
A={A(B): Be %y(S xR)} satisfying:

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

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

(iii) for any pairwise disjoint sets B, Ba, ... € By (S X R) with J,cny Bn € $o(S X R) we have, almost
surely, A(UnGN Bn) = ZnGNA(Bﬂ)‘

In this paper we restrict ourselves to time-homogeneous and factorisable Lévy bases, i.e. Lévy

bases with characteristic function
E[ei<ZfA(B)>] — pY(@I(B) (3.1)

for all z € R? and B € %y(S x R), where I1= 7 ® A is the product of the probability measure 7 on
S and the Lebesgue measure A! on R and

W@ =ilr2) - 3z + [ (650 -1 =itz (141D via)
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is the cumulant transform of an i.d. distribution with characteristic triplet (7,X,v). By L we denote
the underlying Lévy process associated with (y,Z,v) and given by L, = A(S x (0,7]) and L_, =
—A(S x (—1,0)) fort € Ry. The quadruple (7,X,V,) determines the distribution of the Lévy basis
completely and therefore it is called the generating quadruple. A definition of S;(R)-valued Lévy
bases on S x R follows along the same lines.

Regarding the existence of integrals with respect to a Lévy basis we recall the following multivariate
extension of [22, Theorem 2.7].

Theorem 3.2. Let A be an R?-valued Lévy basis with characteristic function of the form and let
f:SXR — M,,4(R) be a measurable function. Then f is A-integrable as a limit in probability in the
sense of Rajput and Rosinski [22)], if and only if

[ L@y [ s @on(rasi) - 1o (lh) vian|dsa(da) <

/S/RHf(AaS)Zf(A,S)’Hdsn(a’A) oo and
L[l viandsa(aa) < =

If f is A-integrable, the distribution of [ [p f(A,s) A(dA,ds) is infinitely divisible with characteristic
triplet (Yint, Zint , Vins) given by

oo = [ [ (FAs7+ [ 749x (W1 (A9)x1) = Loy (1) v(d) ) ds(dA)

Zim:/S/Rf(A,s)Zf(A,s)’dsn(dA) and

Vi (B) = / / 15(f(A,5)x) v(dx)ds w(dA) for all Borel seis B C R™\{0}.
SJR JR4

Before we prove that mixed moving average processes are always mixing, let us briefly recall the
definition of these processes.

Definition 3.3 (Mixed Moving Average Process). Let A be an R%-valued Lévy basis on S x R and
let f:SXR — M,«4(R) be a measurable function. If the process

X, ::/S/Rf(A,t—s)A(dA,ds)

exists in the sense of Theorem 3.2|for all t € R, it is called an n-dimensional mixed moving average
process (MMA process for short). The function f is said to be its kernel function.

MMA processes have been first introduced in [26] in the univariate stable case. Note that an MMA
process is an i.d. process and obviously always strictly stationary.
Now Corollary [2.5|immediately yields the following mixing condition for MMA processes.

Lemma 34. Let (X;)er Z (Js Ja f(A,t —s)A(dA,ds)), . be an MMA process where A is an RY-
valued Lévy basis on S x R with generating quadruple (y,X,v, ) and f: S X R — M, «4(R) is mea-

12



surable. Then (X;);cr is mixing if and only if

}Lfg{H/S/Rf(A,—s)Ef(A,t—s)’dsn(dA)H
+/S/R/Rd (LA (A, =s)x]|- Hf(A,t—s)xu)v(dx)dsn(dA)} —0. (3.2

Proof. Since we can write

()L onsn e

we immediately obtain the covariance matrix function of the Gaussian part of (X;);cr (cf. Theorem

3.2) by
://f(A,_s)Zf(A,t—s)’dm(dA), teR.
SJR

The Lévy measure vy, of .2 (Xo,X;) is given (see again Theorem 3.2)) by
Vor (B) = / / Lp(f(A ). f(A, 1 —$)2) V(dx) ds T(dA)
s Jr Jr

for all Borel sets B C R?"\{0}. Thus

L Al Iy vaddtes) = [ [ ] QAL =91 =) vids) dsm(aa)

and Corollary [2.5|completes the proof. O

The following theorem shows that the mixing condition of Lemma3.4]is indeed always satisfied for
MMA processes. Note that in the univariate moving average and stable mixed moving average case
this result is already known from [8, Section 7, Example 1] and [26, Theorem 3], respectively. The
multivariate case is, however, considerably more involved, because norms are only submultiplicative
whereas |f(a,—s)x| = |f(a,—s)| - |x| could be used for a proof of the general univariate case.

Theorem 3.5. Let (X;);cr Z (Js Jo f(A,t —s)A(dA,ds)),.p be an MMA process where A is an R?-
valued Lévy basis on S x R with generating quadruple (y,L,v,7t) and f : S X R — M,,»4(R) is mea-
surable. Then (X;),cr is mixing.

Proof. By virtue of Lemma [3.4] we have to show that

=)= | /S /R F(A,—)Zf (At —s) dsm(dA)| =50

and

L ATl vaddes) = [ [ ] QA=A =) vidn) dsm(aa) =5 o.

We first prove that ||£(¢)|| — O as t — co. Therefore, note that the existence of the MMA process

implies (cf. Theorem [3.2)
2
sJrR
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for any t € R, where 2 denotes the unique square root of ¥. Thus, for any ¢, the function g, : S xR —
R, (A,s) — || f(A,t — s)Z% H is an element of L*(S x R, Z(S x R), t® A'; R). Since the measure
n®A!is o-finite, every such L>-function can be approximated (in the L?-norm) by an elementary
function in

:{feLz(SxR,,%’(SxR),n@J?LI; Cf= Zc]leaH neN,
c,-eR,D,-e,%’(S),—oo<a,-<bl-<oo,i:1,...,n}.

Now fix an arbitrary € > 0 and choose g € & such that

1
2
o=l = ([ [ ootaoo)—ga. 9P asnian) ) <

Then, due to the Cauchy-Schwarz Inequality,

I2(1) |_H//f —s)2t (fA1—s) ) ds 7t(dA) H<//g0As - ai(A,s)ds (dA)

<ellis 481 (] [ lea) o s—t)lzdwr@lf‘))é
+ [ [184.98@,5—1)|dsn(da)

<e-[goll2 + (e +lgollz2) - €

for sufficiently large ¢. This yields ||X(7)|| — 0 as t — oo.

It remains to show that [pa. (1A ||x]| - [|¥]]) Vor (d(x,y)) — 0 as t — co. We fix again an arbitrary £ >0
and set B, := {(x,y) e R" x R" ; llx||* + [y|* < r*}. Note that in order to establish we did not
use the assumption that the process is mixing. Hence there is some R > 1 and some #p > 0 such that

sup vo (R*"\Bg) < €

>ty

Thus, for all t > 1o, we deduce [gan (1A [lx]| - [[¥]]) vor (d(x,¥)) < [p, (LA ] [[¥]]) vor (d(x,¥)) + €.
Since
min{|[ul - |[v]|, 1} < R-min{|[ul[,1} - min{{]v[|, 1},

provided that max{||u||,||v||} <R, we obtain
J, AT Iyl v ) <R- [ (Ul Iyl v (.3)

<R [ [ [ (A1 =s)x)- (LA If(A1 = 5)x]) v(do) ds(da)
Analogously to above, the existence of the MMA process shows that, for any ¢ € R, the function
he: SxRxRY — R, hy(A,s,x) := LA||f(A,t —s)x|| is an element of L*(S x R x RY, (S x R x

R?), 7@ A' @ v;R). Since every Lévy measure is o-finite, the product measure T®A' ® v is o-
finite as well and hence we can use the same approximation argument as above in order to show
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that

L L L aals=s- (1A Lf =il vid dsa(da) = o,
s JR JR
Consequently limy e [gon (1A [|x]] - ||¥]]) Vo (d(x,y)) = 0 and the MMA process (X;);cr is mixing. [

Example 3.6 (supOU Processes). Superpositions of Ornstein-Uhlenbeck-type (supOU) processes
provide a class of continuous time processes capable of exhibiting long memory behavior. The theory
of univariate supOU processes as introduced in [2] has been extended to a multivariate setting in
[4]. Intuitively supOU processes are obtained by “adding up” (i.e., integrating) independent OU-type
processes with different mean reversion coefficients.

Given an R-valued Lévy basis A on M (R) x R, where M (R) denotes the collection of all real
d x d matrices with eigenvalues having strictly negative real part, and given that the process

t
X, ::/ / "I A(dA, ds)
My (R) J —oo

exists for all € R, it is said to be a d-dimensional supOU process.
One easily verifies that supOU processes are MMA processes with special kernel function

f(A5) = e[y ) (s).

Consequently, (multivariate) supOU processes are always mixing by virtue of Theorem [3.5]

4 The supOU Stochastic Volatility Model

The well-known Ornstein-Uhlenbeck type stochastic volatility (OU type SV) model introduced in
[3] has recently been extended to a multivariate set-up in [21l]. Whereas the OU type SV model is
capable of reproducing most of the so-called stylized facts (stochastic volatility exhibiting jumps,
volatility clustering, heavy tails, ...) which are usually present in observed financial return series, it
is not capable of producing long memory in the volatility or log-returns. Therefore one could use a
(multivariate) supOU type SV model (see [S]]) where the volatility or instantaneous covariance matrix
is modelled via a positive semidefinite supOU process.

Let us briefly recall the definition of positive semidefinite supOU processes. Suppose we have given
an Sy(R)-valued Lévy basis A on M (R) x R with generating quadruple (7,0, v, ) with

Yoi=7— Il v(d) € S (R) (4.1)
{llxl<1}

and v being a Lévy measure on S;(R) satisfying

v(Sy(R)\S} (R)) =0, /{|x|>1}log(\|x\|)v(dx)<oo and /{|x|<1}|]x|]v(dx)<oo. 4.2)

Moreover, assume there exist measurable functions p : M (R) — R, and x : M, (R) — [1,00) such
that

H€SAH < k(A)e PAS Vs [0,00), m —almost surely, and 4.3)
K(A)?
7L(dA) < oo, (4.4)
/Mdaaa) p(A) (44)
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Then the process (X;);cr given by

t !
%, ::/ / TIAN(dA, ds) e A
My (R) )

is well defined for all + € R and strictly stationary. Moreover, with ® being the tensor (Kronecker)

product of two matrices and vec the well-known vectorization operator that maps the d x d matrices
2 . . . . .

to R by stacking the columns of a matrix below one another beginning with the left one, we have

t
vec(X,) :/M(R)/ o(1=5) AL+ ®A) vec(A)(dA,ds) (4.5)
4 —o0

and %, is positive semidefinite for all # € R (see [4, Theorem 4.1]). The process (X, );cr is said to be a
positive semidefinite supOU process.
We also recall the definition of a supOU type stochastic volatility model (cf. [5, Definition 3.1]):

Definition 4.1 (supOU Stochastic Volatility Model). Let W be a d-dimensional standard Brownian
motion and A be an Sq(R)-valued Lévy basis on M, (R) x R, independent of W, with generating
quadruple (7,0, Vv, 1) satisfying conditions -. Let, moreover L be the underlying Lévy process
of A and finally B,y € B(Sd(R),Rd). Assume that X = (X;);>0 is given by

dX; = (u+ BL,_)dt +r(X,—)dW; + y(dL,), X0 =0, (4.6)

for some [ € RY, a continuous function r : S} (R) — My(R) such that x = r(x)r(x)' and where
! !
Y= / / e A(dA, ds) e Vi € [0, 00).
M (R) J—eo

Then we say that X follows a multivariate supOU type stochastic volatility (SV) model with lever-
age.

When thinking about X as the log-price processes of d financial assets, it is clear that one typically
will observe neither X continuously nor the volatility process X, but only X at a discrete set of times.
In the following we assume that we observe X at an equally spaced time grid with given grid size
A > 0. Then one is typically interested in the log-returns Y = (¥,),cn over the grid intervals as well as
the integrated volatility V = (V,) e over them (for more background see [21]]). They are defined by

@9) nA nA
Yn = nA_X(nfl)A = ,,LA—’—B(/ E[_dt) +/ r(Z,_)th—i-l//(LnA—L(n,l)A) and
(n—1)A (n—1)A

nA

Va ::/ Y, dt, neN.
(n—1)A

Of course, we have to ensure that the stochastic integrals involving ¥ as integrand do indeed exist. To

this end we suppose throughout the whole section that the conditions of [4, Theorem 4.3 (ii) and (iii)],

namely

/ K(A)? T(dA) < oo, 4.7)
M, (R)

(A . o) <o
fyw iy e <[ AP <= @9
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are satisfied.
Our central result of this section is the following theorem:

Theorem 4.2. Both processes, the log-returns Y = (Y,),en over the grid intervals as well as the
integrated volatility V = (V,))yen over them are mixing.

Proof. Let (&,)nen be an i.i.d. sequence of N(0,1,)-distributed random vectors, independent of X and
L. Then using the independence between A and W we obtain

(Y)nen Z (HA+ BVo+ (Vi) &n + W(Las — Lin1)a)) - 4.9)

Now observe that the process G = (G;),>0 given by

L vec Et @ t—s) A®Id+ld®A)]]_[0,m) (l, —S)
G, = (VCC(L1+A L) ) / / < Il ap) (r—s) vec(A)(dA,ds), t€[0,e),

is a 2d*-dimensional MMA process with respect to the R%’-valued Lévy basis vec(A) = {vec(A(B)):
B € %y(M; (R) x R)} and hence it is mixing by virtue of Theorem 3.5} Using [[I, Theorem 3.2.7] we
easily deduce that the process

(ZS)SG[(n—l)A.nA] )
Hl’l n = d
( ) < <(Ls+A - LS)SG[(n—l)A,nA]

is mixing as well. Since (&,),cn is mixing and independent of (H,),cn We easily deduce from the

definition (1.1) that
H,
(Rn)neN = <8n>
"/ neN

is also mixing. Finally, condition (4.7)) ensures that the integrated volatility V,, can be seen w-wise as
a Lebesgue integral (cf. [4} Theorem 4.3 (ii)]), i.e. V, is a measurable transformation of H, for any
n € N and hence mixing. In the same way the right-hand side of is a measurable transformation
of R, and thus the log-returns (Y,),cn are mixing as well. ]
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