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MIXING CONDITIONS FOR MULTIVARIATE INFINITELY DIVISIBLE
PROCESSES WITH AN APPLICATION TO MIXED MOVING AVERAGES
AND THE supOU STOCHASTIC VOLATILITY MODEL

FLORIAN FucHS' AND ROBERT STELZER?

Abstract. We consider strictly stationary infinitely divisible processes and first extend the mixing
conditions given in Maruyama [Theory Probab. Appl. 15 (1970) 1-22] and Rosinski and Zak [Stoc.
Proc. Appl. 61 (1996) 277-288] 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 superpositions of Ornstein—Uhlenbeck (supOU) processes
or (fractionally integrated) continuous 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 [Math.
Finance 23 (2013) 275-296], 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. Particularly popular examples
include, for instance, multivariate CARMA processes (see [7,17]) or the increments of fractionally integrated
Lévy processes (see [6,16]). By allowing f to depend on an additional parameter and replacing the Lévy process
by a Lévy basis one arrives at so-called mixed moving averages. One example are the supOU processes of [2,4,11].
They are particularly interesting, 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
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of the strong mixing property of causal CARMA processes (see [17], Prop. 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 decaying autoco-
variance 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;)ier be an Revalued strictly stationary process defined on the canonical probability space

(RHE, 7, P) with .# = Z((R))®). Then (X;)ser is said to be ergodic if £ fOT P(ANS'B)dt "= P(A)P(B),
weakly mixing if 1 fOT [P(ANS'B) — P(A)P(B)|dt T2 0 and mixing if

P (AN S'B) "= P(A)P(B) (1.1)

where (S?)ier is the induced group of shift transformations on (RH)® (i.e. S*(24)ser = (Ts_t)ser for any
(75)ser € (RY)® and t € R) and A, B € .Z. 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 (¢f. [10,20]). Usually, the weak mixing property is much closer to mixing than to ergodicity (cf. [24],
Prop. 1). However, Rosiiiski 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 fundamental paper [18], Maruyama
showed that such a process (X¢)ter is mixing if and only if

(M1) the covariance function 7(t) of its Gaussian part tends to 0 as ¢t — oo,
(M2) tlim vot(lzy| > 0) = 0 for every § > 0 and

(M'?)) tllglo f{0<x2+y2§1} xry VOt(dxa dy) =0

where v is the Lévy measure of the distribution of (Xg, 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 £ (Xy), has no atoms in 27Z, then (X;)ier is
mixing if and only if tlgrolo E[el(Xt—X0)] = |E[e1X°]|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 Rosiniski 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 Ry := (0,00). 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
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is written as Re(z) and Im(z), respectively. The collection of n x d matrices over the field R is denoted by
M xa(R). We set My(R) := Mixqa(R) and define S4(R) as the linear subspace of symmetric matrices. The
positive semidefinite cone is denoted by S (R), the transpose of A € M, q(R) is written as A’ and the identity
matrix in My(R) shall be denoted by 1.

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 R? and C9, 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, xq4(R) = B(R? R™) with the
corresponding operator norm if not stated otherwise. If X is a topological space, we denote by Z(X) the Borel
o-algebra on X.

For a random variable X defined on some probability space (§2,.%,P) the image measure X (P) (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, )nen, we shall denote convergence 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¢)ier by (Xt(j )) Generalizing [23],

Theorem 1, we show the following:

teR’

Theorem 2.1. Let (X;)ier be an R¥-valued strictly stationary i.d. process such that vy, the Lévy measure of
Z(Xo), satisfies vy ({.Z‘ = (z1,...,7q) €R?: Fje{1,...,d}, z; € 27TZ}) = 0. Then (Xi)ter is mizing if and
only if

() () G o
lim E {el(xt —Xo )] =E[eX] B [e7X"] (2.1)

t—o0

forany j,k=1,....d.

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

E {ei<91,X0>+1<92,Xt>} too @ {ei(el,X())} F {ei(eg,X())}

for any 601,05 € R? (see e.g. [10,14] or [20]) and in particular, setting (61, 62) = (—ex, ;), 4,k = 1,...,d, with e,
the j-th unit vector in R?, (2.1) holds.
“<”: Assume that (2.1) holds for every j,k =1,...,d. Note first that then

o] gt e .
holds for every j,k=1,...,d as well (¢f. [23], Thm. 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) tlim vor (||| - |lyll > &) = 0 for every 6 >0
—00

where vy is the Lévy measure of Z(Xy, X;) on (R??, Z(R??)). Having established (M1) and (M2), we will
conclude with the upcoming Theorem 2.3 which shows that these two conditions imply mixing.
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As to (M1), since (Xo, X;) has a 2d-dimensional i.d. distribution, its characteristic function can be written,
due to the Lévy—Khintchine formula, for every (01,60:) € R? x R?, as

loersen] oo i (3). (1)) -5 (&) = (2))
+ / OO 1 (01, 2) +1(02,9) Lo (|| (@', w) ) um(d(x,y))} (23)
R2

where 71,72 € R%, ¥ € ST ,(R) and v, is the Lévy measure of £ (X, X;) on (R??, Z(R??)). Since .Z(X) =

Z(X}), we observe that
_ (Z00) X(t)
5= ( o E(O)> (2.4)

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

== [ o (toy Uel) = 10 (| (=9

o o A
== [ v (1o (o) = 1oy ([ )

)) vor(d(x, y)) and (2.5)

)) vor (d(z, ). (2.6)

Putting (2.3)-(2.6) together, the characteristic function of (X, X¢) at the point (61,62) € R? x R% can be
written as

E |:ei<91’X0>+i<92’Xf‘>:| = exp {1 <91 + 92, ’}/> — % (<91, 2(0)91> + 2 <91, 2(t)92> + <92, 2(0)92>)

+ /de MO ti020) 9 (01, 2) Loy (||2]]) — i (B2, y) Ljo,1) (lyll) voe (d(z,y)) }
2.7)

By substituting (—ex, ¢;), (0,e;) and (—eg,0), j,k = 1,...,d, for (61,62) in (2.7) we get the description
of (2.1) in terms of the covariance matrix function of the Gaussian part and the Lévy measure vy, namely

lim E {ei(xi”—xé’“’q (B[] B [0])

t—o0

= lim exp {Ujk;(t) + /Qd (ei(y(j),m(k)) i _gie® 1) VOt(d(x,y))} 1
R L

t—o0o

for arbitrary j,k = 1,...,d, where o;;(t) is the (k, j)-th element of X(¢). Next, taking logarithms on both sides
and using the identity Re (e/®=%) —el¥ —e™ 4 1) = (cosz — 1)(cosy — 1) + sinz siny we obtain

Tim (1) + /

y ((cosaz(k) — 1) (cos y ) — 1) + sing® siny(j)) vor(d(z,y)) =0 (2.8)
R

for any j,k=1,...,d.
Likewise, we get

Jim ~a5u(6) +

((cosm(k) - 1) (cosy(j) - 1) — sinz® siny(j)) vor(d(z,y)) =0 (2.9)
R2d

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

lim (cos z® — 1) (cos y) — 1) vor(d(z,y)) = lim [ (cosx —1)(cosy — 1) Vé{k) (dz,dy) =0 (2.10)
t—o0 R2d t—o0 R2
for every j,k =1,...,d, where ué{k) denotes the Lévy measure of X(Xék), Xt(j)) on (R?, B(R?)).
Now fix j,k € {1,...,d} and observe that the family {.i”(Xék),Xt(j))}teR is tight. Indeed, letting
B, = {(x,y) €ER?: 22 +9% < 7”2}, we have by stationarity P ((X(gk),Xt(j)) ¢ B,«> <P (|X(gk)|2 > g) +

P (’X(gj)|2 > g) and hence lim supP ((X(gk),Xt(j)) ¢ Br) = 0. Thus, due to Prohorov’s Theorem, the fam-
rT—00 teR

ily is relatively compact (in the topology of weak convergence). Choose any sequence 7, — 00, 7, € R, and

let Fj; be an accumulation point of {X(Xék),Xﬁi))}neN. Then Fjj is an i.d. distribution on R? with some

Lévy measure v, (cf. [25], Lem. 7.8). Now let (¢,)nen be a subsequence of (7, )nen such that

£ (Xék),Xt(f;)) % Fjp asn — oo. (2.11)
Then, for every 0 > 0 with v;,(0Bs) =0,
V(ggk) Rt Vjklge asmn — oo (2.12)

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

(2.12) lim (cosz — 1)(cosy — 1) Vé{f) (dz,dy)

0< / (cosz — 1)(cosy — 1) vj(dz, dy)
B§

2.10)

< lim (cosz — 1)(cosy — 1) Vé{f) (dz, dy) ( 0.

n—oo Jpo

Since § can be taken arbitrarily small we infer that every Lévy measure v is concentrated on {(m, y) € R?:
r€2nZ ory € 27TZ}.

By the stationarity of the process and (2.11), the projection of v, onto the first and second axis coincides
with z/ék) and z/éj ), respectively, on the complement of every neighborhood of zero. Hence, by our assumption
on vy, we have for every m € Z, m # 0,

vir ({2mm} x R) = v ({2rm}) = vo [R x ... x Rx {2rm} x R x ... x R
k—1 d—k
Syo({azeRd: Elle{l,...,d},aclEQﬂ'Z}):O

and similarly vj; (R x {27rm}) = 0. This shows that every v, j, k = 1,...,d, is actually concentrated on the
axes of R? and on each of them coincides with I/(()k) and I/éj ), respectively.
Now, observe that, for every ¢ € R,
[ ehiPan <5 [ @Paneg [ @ <e (2.13)
B; {lz|<8} 2 Jyi<sy
for any positive € and any j,k = 1,...,d, if only § is small enough. Then (2.13) yields, for every j, k =1,...,d
and any n, st |sin z sin y| z/éif) (dz,dy) < f135 |zy| z/éif) (dz,dy) < e for sufficiently small § > 0. Since every v

is concentrated on the axes of R?, (2.12) implies lim,, . Jgesinzsiny z/(gik) (dz,dy) = 0. Thus
5 n

lim sinxsiny l/(ng) (dz,dy) =0 (2.14)

n—oo [p2

for every j,k=1,...,d.
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From (2.8), (2.10) and (2.14) we infer that o (t,) — 0 as n — oo for all j,k = 1,...,d. Since (¢,) is a
subsequence of an arbitrary sequence 7, — oo, it follows that o;,(t) — 0 as ¢ — oo and thus X (t) — 0 as

t — o0, i.e. (M1) holds.
To prove (M2), observe that, for any n € N,

d
Z 2 7 G I WY i (’x(’”y“)!n) |
J.k=1

=27 (2®y@)?

By virtue of (2.12), we have limsup,,_, . Vé{f)(|x(k)y(j)| > 4/d) < Z/jk(|x(k)y(j)| > 4/d) = 0 for every j, k =

1,...,d and thus limy,_.o vor, (|| - |ly]| > d) = 0 for every 6 > 0. Again, since (¢,) is a subsequence of any
arbitrary sequence 7, — o0, it follows that lim; oo vor (||2] - |ly|| > ) = 0 for any § > 0, i.e. (M2) is shown.
We can now conclude with the upcoming Theorem 2.3. O

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

Lemma 2.2. Assume that lims_.o vor (||z]] - ||y|| > 0) = 0 for every § > 0. Then one has
(M3) tlggo f{o<\|z\|2+”y”2§1} - Iyl voe(d(z, y)) = 0.

Proof. Fix ¢ > 0 and define for any § € (0,1) the sets Bs := {(z,y) € R x R : [|lz|> + [|y|* < 6%} and
Rs := B1\Bs. Then, for every § € (0,1),

/{o<|x|2+|y|2§1} ol o) = [l Lol @) + [l o )

=1 + I>.

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

1
<5 [ el + Il o) = [l voldo) <
Bs {

g
2| <8} 2

for every ¢ sufficiently small.
We fix such a 6 and set | := min {6/2,/8¢} with ¢ := v ({ ||1’H2 > 6%/2}) < ocoand C := Rsn{|lz|| - |ly| > 1}.
Then

= [ el o) + el ol ) < 590(©) + oo (BAO)

1 € 52 52 1 £
< g€+ - o (ol > 5 ) oo (07 > )] < oo Gl ol >0+ 5

Since vor (||z]| - ||yl > 1) < e/2 if only t is large enough, we obtain

]l - [yl vor(d(, y)) <&

/{0<|x|2+|y|2§1}
for sufficiently large ¢. Letting £ \ 0 yields the desired result. d

The next theorem, which is a multivariate generalization of Maruyama’s mixing condition [18], Theorem 6,
shows that conditions (M1) and (M2) together imply mixing and thus concludes the proof of Theorem 2.1.



MIXING OF MULTIVARIATE I.D. AND MMA PROCESSES 461

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

(M1) the covariance matriz function X(t) of its Gaussian part tends to 0 as t — oo and
(M2) tlim vor (||z]| - [ly]| > d) =0 for every § > 0.

Proof. We have already shown in the proof of Theorem 2.1 that mixing implies (M1) and (M2). Conversely,
assume that (M1) and (M2) hold and note that, due to Lemma 2.2, also condition (M3) must hold. We now

generalize the proof of [18], Theorem 6 to a multivariate setting. We shall denote X = (X[ ,..., X )’ for
any 7 = (s1,...,8m) € R™. Then (c¢f. [18], (5.13)) it is sufficient for (X;)icr to be mixing that for all 7 =
(515, 8m)'s = (ur,...,un) € R™ and 21,25 € R™4,
lim E [oife X042 X0) | - el X0 | L g [l | (2.15)
t—o0

where g+t := (ug +t,..., Uy +t).
The family of R*™?-valued i.d. random vectors {(X, X, 1)}, is tight since

m

P (Xr, Xp14) ¢ Bgme) < O P (| X, || > 7) + P (|| Xuyre]| > 7) = 2m - P (| X0 >7) >0
j=1

as r — oo, where B, := {z € R4 2] < r2}. Hence the family is relatively compact with respect to the
weak topology (i.e. the topology generated by weak convergence).

Let (', X1, v1) and (4%, X2,1%) be the characteristic triplets of £ (X;) and £(X,,), respectively. Con-
sider an arbitrary sequence 7, € R, 7, — oo and an accumulation point F' of the associated sequence
{ZL (X7, Xptn,) b pen @8 1 — 00, i.e. there is a subsequence (t,)nen Of (n)nen such that 2 (X, X4, ) 2 F
as n — oo where the accumulation point F' is obviously (see [25], Lem. 7.8) an i.d. distribution on R?™¢ with
some generating triplet (v, 2, v). We denote by (vy, Xy, vy,) the characteristic triplet of £ (X, X4+, ) for any
n € N and by @,,(21, z2) its characteristic function at the point (21, 2z9) € R™? x R™?. The logarithm of &,, can
be written (cf. proof of Thm. 2.1) as

og 2 120 =1 ((2). (32) ) -5 ((2) = (2))

+/ etz 1 i (2, ) Loy (lll) — i (22, ) Lo,y (Ilyll) va(d(a, )
{llzll<s, llyll<a}

+/ e Ptz 1 —i (2, @) Lo,y (lell) — i (22, ) Lo,y (Ilyll) va(d(a, )
{llzl1=6 or [lyll =6}

=L+ 1+ I3+ 1.

We shall prove that log @,, (21, z2) — log @1 (21) + log @2(22) as n — oo for all 21, 2o € R™? where &; and &, are
the characteristic functions of X, and X, respectively.

Obviously I} = i{z1,7') + i(22,7?) and due to the assumption (M1) the second term I, converges to
—1/2(z1, Z121) — 1/2(29, X?%23) as n — oo.

As to I4, we have (cf. (2.12))

Iy — el FaIHE )l 1 — i (21, 2) Do 1) (||2]]) — 1 (22, 9) B0,y (ly]) v(d(z, y))
llall=6 or ly]| >}

- / GE1 1 i (2, 2) 1o (J2]) v} (da) + / 20 1 (g, y) oy (lyll) #2(dy)
{llz||>6} {llyll=d}
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! !
since, letting x = (;v(l)/, ce ,x(m)/> € (Rd)m and y = (y(l)/, ce ,y(m)/) € (Rd)m,

m
4 6
v (Ll Iyl > 8) < it v, (el Lol > 9) < timint 3 syepin, (o] <[] > 2 ) 70
for any 0 > 0 which shows in particular that v(||z| - |ly|]| > 0) = 0.

Analogously to z and y we denote the j-th R%component of z; and zo by z%j ) and zéj ), respectively. Con-
cerning I3, a simple Taylor expansion yields for any § > 0 small enough

2 2
1 m ) 4 m ) ]
h=-5/ 020 |+ (S 9) | vt y)
2 | Jqiizli<s. Iyl <5} ;< > ;< >
m
_|_2/ <z§j),x(j)><zék),y(m> vn(d(z,9)) | + R
fllzll<s, vl <s} \ ;5

with

3 2 2\ 3/2
lrr< [ e Gl o (1 1)) vt )

<))/ ()
2 {lleli<s, lyl<sy 1 \Y

3
<o (2)) v (f el vz + [ 1P v*(dy)
2 {0<|lz||<o} {0<lyll<s}

and thus 6 |R| < € for any positive ¢ if only 0 is sufficiently small. Moreover, we obtain for every j,k=1,...,m
and any ¢ € (0, 3V2)

/{|w|<5, e ‘<z§j)7gg(y‘>> (49, y(k)>’ v (d(z.9)

<[] |- | [0 - 5] va(ate. )
{Il=]I<d, [|yll<d}

N0 e grany [T B s (0 (52.)) =20
(o<l o)1)

by virtue of (M3). Finally

3 3

v (d(z,y))

1 ; .
5/ (1,0)" va(d(w ) + [ 1) 1 i (2,2) T (2l) v} (d2)| < Ji + I
{llz]|<9, llyll<d} {0<][z||<d}

with

o @)~ [ )

2 /{o<|x|<6, llyll<6}

< / (e1,2)? va(d( ) < o]l - / ]2 vt (dz)
{0<]|z|[<d} {0<]|z]|<d}

Ji =
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and
1 i .
Iy = / > (1,2 + ) 1= (g, 2) Ty () v (d2)
{0<liel<s)
< Jlzll®s- lz]|* v* ().
{0<]lz]|<6}

An analogous result is obviously true for the second addend of the first term of I3.
Putting all this together we obtain

lim log®,, (z1,22) =log @1 (z1) + log P2 (22) for all 21,22 € R™4
n—oo
and thus the desired result in (2.15) which completes the proof. O

From Theorem 2.1 we can immediately derive the following corollary:

Corollary 2.4. A d-dimensional strictly stationary i.d. process X = (Xy)ier with
vo ({2 = (21,...,2a) €R*: Fje{1,...,d}, zj €2nZ}) =0 (2.16)
is mizing if and only if the bivariate processes (XU, X®)) i ke {1,...,d}, j <k, are all mizing.

If we use the asymptotic independence of Xy and X; as a natural mterpretation of the mixing property,
Corollary 2.4 means that pairwise asymptotic independence yields asymptotic independence for strictly station-
ary i.d. processes which satisfy the technical assumption (2.16). This is in a way consistent 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;)ier be an Re-valued strictly stationary i.d. process. Then, with the previous notation,
(Xt)ter is mizing if and only if

s {501+ [ A el Tl mdate |} o (2.17)

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

4

w
ik| e 3 1 2.18
5 — I/]k|B§ as t — oo ( )

for every § > 0 s.t. v;,(0Bs) = 0 and any j, k = 1,...,d. From the proof of Theorem 2.1 we further know that
the Lévy measures vj;, are concentrated on the axes of R?. Now choose § > 0 s.t. (2.13) and (2.18) hold, then
we have

limsup/ (1A|xy|)ygg’“)(dx,dy)§e+1imsup/ (1A Jay|) v9P (da, dy) = e.
R2 ¢

t—o0 t—o0

Letting £ \, 0 we deduce lim; o [po (1A |2y]) Z/Ot (dx dy) =0 for any j,k =1,...,d. Finally

/. mzw Zlya v(d(a z/ (1 Ay ) vou(d(a, )

J,k=1

d
Z/ (IA |zy|) Z/Ot (dac dy) "=° 0.

J,k=1

This clearly implies limy oo [poa (1A [|2]] - [ly]]) v0¢(d(2,y)) = 0 as well and hence (2.17) is shown. O
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Let us conclude this section with an alternative formulation of Theorem 2.1. Therefore recall that the
codifference 7(X7, X3) of an i.d. real bivariate random vector (X1, X5) is defined as follows

7(X1, X2) :=1ogE {ei(Xl_X"’)} —logE [ein] —logE [e_iX"’].

If we now consider a univariate strictly stationary i.d. process (Xi)ier, then 7(Xs, X3) = 7(Xo, X¢—s) for any
s,t € R and hence we can define the function

7(t) =7 (Xo,Xt), teR,

which is positive semidefinite (see [24], Sect. 2). We call 7 autocodifference function of (X;):er. Analogously
to the univariate case we define the autocodifference function for an R%valued strictly stationary i.d. pro-
cess (X¢)ier by T(t) = (T(jk) (t))j,kzl,...,d with 70R) (t) .= T(Xék),Xt(j)). Hence we have the following mixing
condition in terms of the autocodifference function:

Corollary 2.6. Let (X;)ier be an R¥-valued strictly stationary i.d. process such that vy, the Lévy measure of
Z(Xo), satisfies vy ({.Z‘ = (z1,...,7q) €R?: Fje{1,...,d}, z; € 27TZ}) = 0. Then (Xi)ter is mizing if and
only if T(t) — 0 as t — 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 processes, and
the related integration theory. For a general introduction to Lévy processes and i.d. distributions see [25]. Lévy
bases are also called infinitely divisible independently scattered random measures (i.d.i.s.r.m.) in the literature.
For more details on Lévy bases see [19,22]. 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 ® Al-measure, where A\! denotes the one-dimensional Lebesgue measure, is written as % (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) : B € %y(S x R)} satistying:

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

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

(iii) for any pairwise disjoint sets By, By, ... € %o(S x R) with |J, oy Bn € %o(S x R) we have, almost surely,

A(UneN Bn) = ZneN A(Bn)~

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

characteristic function
E {euz,A(B»} — ¥()II(B) (3.1)

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

W) =iln2)— 5 (= 52) + / (P —1—i(,2) 1o (o)) ) v(da)

is the cumulant transform of an i.d. distribution with characteristic triplet (v, X,v). By L we denote the
underlying Lévy process associated with (v, X, v) and given by L; = A(S X (O,t]) and L_; = —A(S X (—t,()))
for t € Ry. The quadruple (v, X, v, w) determines the distribution of the Lévy basis completely and therefore it
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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 (3.1) and let f :
S X R — M,xqa(R) be a measurable function. Then [ is A-integrable as a limit in probability in the sense of
Rajput and Rosiniski [22], if and only if

FA v+ | (A s)z (Lo, (Il f(As s)z]l) — L y(llz]])) v(da)||ds w(dA) < oo,
S JR R4
/ / lf(A,8)Xf(A,s) ] dsm(dA) < oo and
s Jr

/S/R/Rd (LA [I£(A, 5)z]?) v(dz)dsm(dA) < co.

If f is A-integrable, the distribution of [q [, f(A,s) A(dA,ds) is infinitely divisible with characteristic triplet
(Yints int; Vint) given by

o= [ [ (fsm+ [ 1049 Qo702 = Lo el) vid) ) asw(aa),
Z‘mt:/S/Rf(A,s)Ef(A,s)'dsw(dA) and

Vint(B) = /S/R/Rd 1s(f(A,s)x)v(de)dsn(dA) for all Borel sets B C R™"\{0}.

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 xR and let f : S xR —
M, q(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 ¢ € 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 3.4. Let (X¢)ier 4 (fs Jo f(At—s) /1(dA,ds))tGR be an MMA process where A is an R%-valued Lévy
basis on S x R with generating quadruple (v, X,v,7) and f : S X R — M, 4(R) is measurable. Then (X;)ier is
mixing if and only if

lim {H/S/Rf(A,—s)Ef(A,t—s)’dsw(dA)H

t—o0

+/S/R/R (1AIf(A,—s)x|.||f(A,t—s)x||)u(dx)ds7r(dA)}:o. (3.2)
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(?)((2) = /S/R (f{fffji)) A(dA,ds), teER,

we immediately obtain the covariance matrix function of the Gaussian part of (X;)ier (¢f. Thm. 3.2) by

Proof. Since we can write

://f(A,—s)Zf(A,t—s)'dm(dA), teR.
S JR

The Lévy measure vy of £ (X, X¢) is given (see again Thm. 3.2) by

vot(B ///Rd 1s(f s)z, f(A,t — s)x)v(de) dsw(dA)

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

L antiel-la ) = [ [ @alsa sl 154 sl vid) ds(da)
and Corollary 2.5 completes the proof. O

The following theorem shows that the mixing condition of Lemma 3.4 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)z| = |f(a,—s)| - |z|
could be used for a proof of the general univariate case.

Theorem 3.5. Let (Xi)ier 4 (fs Jp f(At—s) A(dA,ds))teR be an MMA process where A is an R%-valued
Lévy basis on S x R with generating quadruple (v, X v,7) and f : S x R — M, xqa(R) is measurable. Then
(Xt)ter is mizing.

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

t—o0
—

150 = H [ [ a9z - o asntan

and
L antiel-la e = [ [ [ @Al —s)l - 1A= sl vida) ds(aa) =0

We first prove that ||X(¢)|| — 0 as ¢ — oo. Therefore, note that the existence of the MMA process implies

(¢f. Thm. 3.2)
S JR

for any t € R, where Xz denotes the unique square root of X. Thus, for any ¢, the function ¢g; : S x R —
R, (A,s) — || f(At — 5)Xz | is an element of L?(S x R, #(S x R), 7 @ A'; R). Since the measure 7 ® A! is
o-finite, every such L2-function can be approximated (in the L?-norm) by an elementary function in

dsm(dA) < oo

:{feLQ(SxR,%(SxR),ﬂ'(@/\l; s f= Zczllea“ neN,

¢ €R, D; € B(S), —oo<ai<bi<oo,i:1,‘..,n}.
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Now fix an arbitrary € > 0 and choose g € & such that

lgo — 3l = ( /S / lg0(A, 5) — G(A, 5) dsw(dA))é -

Then, due to the Cauchy—Schwarz Inequality,

15 ||_H//f 2% (A - 95 dsm(da) H //goAs (A, 5)ds m(dA)

E

<l + e ([ [ a0~ 3.5 — 02 asnian)
+ [ [l oA - o) dswad)

<e-llgolle + (e +llgollz2) - &

for sufficiently large ¢. This yields || X'(¢)|| — 0 as t — oo.
It remains to show that [po, (1A [lz]| - ly]) voc(d(z,y)) — 0 as t — oo. We fix again an arbitrary ¢ > 0 and

set B, := {(z,y) € R" x R" : Iz + [yl < r%}. Note that in order to establish (2.12) we did not use the
assumption that the process is mixing. Hence there is some R > 1 and some ¢y > 0 such that

sup Vot (Rzn\BR) <e.
t>to

Thus, for all t > to, we deduce [gon (1A || - [ly]]) voe(d(z, ) < [, (LA [zl - [ly]l) vor(d(z, y)) + e. Since
min{ [[uf| - flvf}, 1} < R - min{[Ju]|, 1} - min{[jof|, 1},

provided that max{|ju||, ||v]|} < R, we obtain

/ (LA 2] - lyl) vor(d(z, 4)) < R- / (LA Jl2ll) - (LA ) vor(d(z. v)
Br

<R / / / (LA NF(A, —s)all) - (LA | F(A, £ — s)z]) v(dz) ds m(dA).
Rd

Analogously to above, the existence of the MMA process shows that, for any ¢ € R, the function h; : S x RxR¢ —
R, hi(A,s,2) := 1A || f(A, t — s)x| is an element of L2(S x R x RY, Z(S x R x R?), 7 ® A\! @ v; R). Since every
Lévy measure is o-finite, the product measure 7 ® A' ® v is o-finite as well and hence we can use the same
approximation argument as above in order to show that

/ / / (LA NS (A —s)all) - (1A [ F(A,t — s)e]) v(dz) dsm(dA) =2 0
S JR JRA

Consequently limy .o [pon (LA |2 - [|ly|]) vor(d(z,y)) = 0 and the MMA process (X¢):er is mixing. O

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.
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Given an R%-valued Lévy basis A on M (R) xR, 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, = / / e=9)4 A(dA, ds)
My (R) J—oc

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(A,8) = e g 00 (5).

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 [21]. 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 [5]) 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 (v, 0, v, 7) with

wimy= [ ellvtds) e 57®) (4.1)
{llzlI<1}
and v being a Lévy measure on S4(R) satisfying
v (Sa(R)\SH(R)) =0, / log(|l])) v(dz) < 0o and / |zl v(dz) < o0 (4.2)
{ll=zlI>1} {ll=zll<1}
Moreover, assume there exist measurable functions p : M, (R) — R4 and « : M, (R) — [1,00) such that
||eSA|| < K(A)e PN Vs e [0,00),  — almost surely, and (4.3)
K(A)?
m(dA) < oo. 4.4
/Md_ (R) p(A) (44) 44

Then the process (X;):er given by

t
Y= / / =94 A(dA, ds) et
M7 (R) J—oo

is well defined for all t € 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 to R’ by stacking
the columns of a matrix below one another beginning with the left one, we have

t
vec (X4) :/ / e(t=9)(ABLa+La®4) yoc(A)(dA, ds) (4.5)
My (R) J —oo

and X is positive semidefinite for all £ € R (see [4], Thm. 4.1). The process (X;)tcr is said to be a positive
semidefinite supOU process.
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We also recall the definition of a supOU type stochastic volatility model (cf. [5], Def. 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 (v, 0, v, 7)
satisfying conditions (4.1)—(4.4). Moreover, let L be the underlying Lévy process of A and finally 3, ¢ €
B(Sq(R),R?). Assume that X = (X;)¢>0 is given by

dXt = (M + ﬁzt_) dt +r (Zt_) th =+ w (st) s XO = 0, (46)

for some p € RY, a continuous function r : SJ (R) — My(R) such that z = r(z)r(z) and where

t
X = / / (74 A(dA, ds) e~ vt € [0, 00).
M7 (R

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

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 = (Y,)nen over the grid intervals as well as the integrated volatility
V = (Vi)nen over them (for more background see [21]). They are defined by

46 nA nA
Yn = XnA—X("—l)A (:)MA+5 (/ th dt) +/ T(th) th"_w(LnA_L(n—l)A) and
(n—1)A (n—1)A

nA
V, = / S, dt, meN.
(n—1)A

Of course, we have to ensure that the stochastic integrals involving X' as integrand do indeed exist. To this end
we suppose throughout the whole section that the conditions of [4], Theorems 4.3 (ii) and (iii), namely

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

a (B)

(AlY Ds(A)? o e N
/Md(um p(A) (dd) < d /Md(R) 1A]lR(A)* m(dA) < oo, (4.8)

are satisfied.
Our central result of this section is the following theorem:

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

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

(Ydnen Z (A + BV +7 (Vo) n + 1 (Lna - Lin-1)4)) pen - (4.9)

Now observe that the process G' = (Gy)¢>0 given by

. vec (Xy) (4.5) (t=s)(ABla+la@A) 1 (¢ — s)
Gy = (vec (Liyn — Ly) ) / R)/ < Tl a0)(t—5) vec(A)(dA,ds), te[0,00),



470 F. FUCHS AND R. STELZER

is a 2d*-dimensional MMA process with respect to the R% -valued Lévy basis vec(A) = {vec(A(B)) : B €
PBo(M,; (R) x R)} and hence it is mixing by virtue of Theorem 3.5. Using [1], Theorem 3.2.7, we easily deduce
that the process

(Hn) (Es)se[(nfl)A,nA] )
neN

neN *— <(L5+A — LS)SE[(n—l)A,nA]

is mixing as well. Since (e, )nen is mixing and independent of (H,,)nen we easily deduce from the definition (1.1)

that
Hy,
(Rudueri= ()
"/ neN

is also mixing. Finally, condition (4.7) ensures that the integrated volatility V;, can be seen w-wise as a Lebesgue
integral (¢f. [4], Thm. 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 (4.9) is a measurable transformation of R,, and thus the log-returns
(Y3 )nen are mixing as well. O
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