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In this paper, we present some limit theorems for power variation of Lévy semi-stationary processes in
the setting of infill asymptotics. Lévy semi-stationary processes, which are a one-dimensional analogue of
ambit fields, are moving average type processes with a multiplicative random component, which is usu-
ally referred to as volatility or intermittency. From the mathematical point of view this work extends the
asymptotic theory investigated in (Power variation for a class of stationary increments Lévy driven mov-
ing averages. Preprint), where the authors derived the limit theory for kth order increments of stationary
increments Lévy driven moving averages. The asymptotic results turn out to heavily depend on the inter-
play between the given order of the increments, the considered power p > 0, the Blumenthal-Getoor index
B € (0, 2) of the driving pure jump Lévy process L and the behaviour of the kernel function g at O deter-
mined by the power «. In this paper, we will study the first order asymptotic theory for Lévy semi-stationary
processes with a random volatility/intermittency component and present some statistical applications of the
probabilistic results.

Keywords: high frequency data; Lévy semi-stationary processes; limit theorems; power variation; stable
convergence

1. Introduction and main results

Over the last ten years there has been a growing interest in the theory of ambit fields. Ambit
fields is a class of spatio-temporal stochastic processes that has been originally introduced by
Barndorff-Nielsen and Schmiegel in a series of papers [10—12] in the context of turbulence mod-
elling, but which has found manifold applications in mathematical finance and biology among
other sciences; see, for example, [2,8].

Ambit processes describe the dynamics in a stochastically developing field, for instance, a
turbulent wind field, along curves embedded in such a field. A key characteristic of the modelling
framework is that beyond the most basic kind of random noise it also specifically incorporates
additional, often drastically changing, inputs referred to as volatility or intermittency. In terms of
mathematical formulae, an ambit field is specified via

X,(x):u—i—/

Ar(x)

g(t,s,x,8)oy(§)L(ds, d§) +/ q(t,s,x,8&as(E)dsdg, (1.1)

Dy (x)

where ¢ denotes time while x gives the position in space. Further, A;(x) and D;(x) are Borel
measurable subsets of R x RY, g and g are deterministic weight functions, o represents the
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intermittency field, a is a drift field and L denotes an independently scattered infinitely divisible
random measure on R x R (see, e.g., [30] for details). In the literature, the sets A;(x) and D, (x)
are usually referred to as ambit sets. In the framework of turbulence modelling, the stochastic
field (X;(x)),>0 rcr3 describes the velocity of a turbulent flow at time 7 and position x, while
the ambit sets_A, (x), D¢ (x) are typically bounded.

In this paper, we consider a purely temporal analogue of ambit fields (without drift) (X;);eR,
defined on a filtered probability space (€2, F, (F;):eRr, P), which is given as

t
Xt=/ {g(t —5) — go(—s)}os—dLy, (1.2)

—00

and is usually referred to as a Lévy semi-stationary (LSS) process. Here L = (L;);cR is a symmet-
ric Lévy process on R with respect to (F;);ecr With Lo = 0 and without a Gaussian component.
That is, forall u € R, the process (L;4, — Ly)>0 is a symmetric Lévy process on R with respect
to (Ft+u)r>0- The process (07);cRr is assumed to be cadlag and adapted to (F;);cRr, and g and go
are deterministic continuous functions vanishing on (—oo, 0). The name Lévy semi-stationary
process refers to the fact that the process (X;);cR is stationary whenever go = 0 and (oy);cR i
stationary and independent of (L;);cRr. It is assumed throughout this paper that g, go, o and L
are such that the process (X;) is well-defined, which is in particular satisfied under the conditions
stated in Remark 3.3 below. We are interested in the asymptotic behaviour of the power variation
of the process X. More precisely, let us consider the kth order increments A}, X of X, k € N,
that are defined by

k
Al X = Z(—l)j <IJ<) XGi—jy/n> where i > k.
j=0

For instance, we have that A? X =X; — X1 and A7, X = X; —2X;-1 + Xi—. The main
functional of interest is the power variation computed on the basis of kth order increments:

[nt]

Vpik)p =Y |AL X", p>o. (1.3)
i=k

At this stage, we remark that power variation of stochastic processes has been a very active
research area in the last decade. We refer for example, to [7,23,24,29] for limit theory for power
variations of Itd semimartingales, to [3,6,18,22,28] for the asymptotic results in the framework
of fractional Brownian motion and related processes, and to [17,34] for investigations of power
variation of the Rosenblatt process. The power variation of Brownian semi-stationary processes,
which is the model (1.2) driven by a Brownian motion, has been studied in [4,5,20]. Under proper
normalisation, the authors have shown convergence in probability for the statistic V (p; k)} and
proved its asymptotic mixed normality.

However, when the driving motion in (1.2) is a pure jump Lévy process, the asymptotic theory
is very different from the Brownian case. In the recent work [13], the power variation of the model
(1.2) with constant intermittency o has been studied. The authors showed that the asymptotic
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behavior of V (p; k)7 is greatly affected by the Blumenthal-Getoor index 8 of the driving Lévy
motion as well as the behavior of the kernel function g at 0. The goal of this work is to extend
the result of [13] to LSS-processes with nontrivial intermittency process o. Such extensions are
important in applications, say in the framework of turbulence, since the intermittency is often the
main object of interest. Moreover, we show that the convergence holds functional with respect
to the Skorokhod M-topology in the setting of Theorem 1.1(i), and with respect to the uniform
norm in the settings of Theorem 1.1(ii) and (iii).

Throughout this article, 8 denotes the Blumenthal-Getoor index of the driving Lévy process,
which is defined as

1
B :=inf{r >0 :/ lx|"v(dx) < oo} €[0,2],
-1

where v denotes the Lévy measure of L. It is well known that ) cf0.11ALs |? is finite when p >
B, while it is infinite for p < . Here ALy = Ly — Ly_ where Ly_ = limy ¢y, <5 L,. We recall
that for a stable Lévy processes the Blumenthal-Getoor index matches the index of stability. The
authors of [13] impose the following set of assumptions on g, go and v, which we assume to hold
throughout this paper.

Assumption (A). The function g : R — R satisfies lim; o g(#)t™* = co for some o > 0 and
co # 0. There is a 6 € (0, 2], such that limsup,_, ., v(x : |x]| > 11 < oo and g — go is a bounded
function in L?(R,). Furthermore, g is k-times continuously differentiable on (0, 0o) and there
exists a 8 > 0 such that [g® (r)| < Ct*~¥ for all 1 € (0, §), and such that both |g’| and |g®| are
in L?((8, 00)) and are decreasing on (8, 00).

Assumption (A-log). In addition to (A), suppose that [ |g® (5)? log(1/]g® (s)) ds < oo.
Assumption (A) ensures, in particular, that the process X with o = 1 is well-defined, cf. [13].
When L is a B-stable Lévy process, we can and will always choose § = 8 in Assumption (A).
In addition to these assumptions, we use in our main result the following integrability condi-
tions on the stochastic process H; := g(k)(—s)os]l(_oo,_(;](s), s € R, where § is defined as in

Assumption (A).

Assumption (B1). There exists p > 0 with p <1 A0 and B’ > B with 8’ > p such that

v
E[(/ (|HS|pV|HS|I3/)dS> 2i| < 00. (1.4)
R

For 8 = 1 suppose in addition that we may choose p < 1 in (1.4).

]E|:/ |HS|’3ds] < 00.
R

For p <2 it is not difficult to show that (B1) is at least satisfied when we can choose 6 < 1
in (A), and the intermittency satisfies sup;¢ o _) Ef|og|"VF] < 00. Assumption (B2) will only

Assumption (B2). It holds that
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be used in the case where L is a B-stable Lévy motion (see Theorem 1.1(ii) below), and is e.g.
satisfied when SUPSE(—oo,—a]EHUng] < o0o. These stronger assumptions are satisfied in many
applications, as o is often assumed to be stationary.

Before we state our main theorem, we introduce some more notation. Let /i : R — R be given
by

k
hAx)zZ(—l)f('f)(x—j)“, xR, (1.5)
j=0 /

where y; = max{y, 0} for all y € R. Let F = (F;);>0 and (7;,)n>1 be a sequence of F-stopping
times that exhausts the jumps of (L;);>¢. Thatis, {T,(w) :m > 1}N[0,00) ={t >0: AL;(w) #
0} and T}, (w) # T, () for all m # n with T, (@) < oo. Let (U, )m>1 be independent and uniform
[0, 1]-distributed random variables, defined on an extension (R, 7, P’) of the original probabil-
ity space, which are independent of 7. By (D(R; R), M), we denote the Skorokhod space of
cadlag functions from R into R, equipped with the Skorokhod M1 -topology, making it a Polish
space. The M;-topology was originally introduced in [33]. We give a definition in Section 4,
a detailed account and many properties can be found in [35]. For stochastic processes Z", Z

Ly, —s
with cadlag sample paths that are defined on (€', '), we denote by Z" ZM 7 the functional

JF-stable convergence in law with respect to the Mi-topology. That is, Z" m Z means
that E'[¢(Z")Y] — E/[¢(Z)Y] for all bounded continuous functions ¢ : (D(R.; R), M;) — R,
and all bounded F-measurable Y, where E’ denotes the expectation on the extended space
(', F,P). By 2P, we denote uniform convergence on compact sets in probability. That is,

(ZH)i>0 Lepy (Z;)1=0 as n — oo means that P(supte[o’N] |Z} —Z;| > &) = O forall N e N and
all ¢ > 0.

The following extension of [13], Theorem 1.1, to include a non-trivial o process and functional
convergence, is the main result of this paper.

Theorem 1.1. Let X = (X;);>0 be a stochastic process defined by (1.2). Let (A) be satisfied and
assume that the Blumenthal-Getoor index satisfies B < 2.

(1) Suppose that (B1) holds and if 6 = 1 assume additionally that (A-log) is satisfied. Let
a<k—1/p, p>Band p>1.Then, as n — o0, the functional F-stable convergence holds

Ly, —s 0
nPV (P k) S eol” Y |ALg,0n,— 1PV where Vo= Y |hi(l + Un)|”.
m:T,,€[0,t] 1=0

(ii) Suppose that L is a symmetric -stable Lévy process with B € (0, 2) and scale parameter
y > 0. Suppose that (B2) holds and that o« <k — 1/ and p < B. Then as n — oo

X t
n=HPEHUD Yy (e oy 2Py /0 log|? ds.
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where m , = |c0|py1”(f]R |hi(x) |8 dx)P/PE[|Z|P1, where Z is a symmetric B-stable random vari-
able with scale parameter 1.

(iii) Suppose that (B1) holds, 0 > 1, >k —1/(BV p) and p > 1. If p = 0 assume addition-
ally that (A-log) is satisfied. Then, as n — oo,

t
n—”PkV(p;k)?ﬂ/ |Ful? du,
0
where (F,),cR is a version with measurable sample paths of the process defined by

u
F,= / g®w —s)oy_dL; a.s. forallu € R,
—0o0

. . . t
which necessarily satisfies fO |Fy|P du < 0o, almost surely.

Under the integrability assumptions (B1) and (B2), Theorem 1.1 covers all possible choices of
a>0,8¢€[0,2) and p > 1 except the critical cases where p =8, a =k—1/pora =k —1/8.
The two critical cases « =k — 1/p, p> f and o« =k — 1/8, p < B have been studied in [14]
in the case o = 1. We conjecture that analogous results hold for LSS processes with non-trivial
intermittency component, but will not pursue this theory in the paper.

First order asymptotic theory for Lévy semi-stationary processes can be used to draw inference
on the parameters «, 8 and on certain intermittency functionals in the context of high frequency
observations, see Section 2. Furthermore, this type of limit theory is an intermediate step towards
asymptotic results for general ambit fields of the form (1.1). We remark that, in contrast to the
Brownian setting, extending the first order limit theory presented in [13] to Lévy semi-stationary
processes with non-trivial o is a more complex issue. This is due to the fact that it is harder to
estimate various norms of X and related processes when the driving process L is a Lévy process.
To this end, we rely heavily on decoupling techniques and isometries for stochastic integral
mappings presented in the monograph [26] and [31], see Section 3 for more details.

This paper is structured as follows. Section 2 is devoted to various statistical applications of
our limit theory. In Section 3, we discuss properties of Lévy integrals of predictable processes and
recall essential estimates from [26] for those integrals. All proofs are demonstrated in Section 4.

2. Some statistical applications

We start this section by giving an interpretation to the parameters « > 0 and g8 € (0, 2). Let us
consider the linear fractional stable motion defined by

Y, = COA‘{{(I -1 — (=% }dLy,

where L is symmetric B-stable, and the constant ¢y has been introduced in Assumption (A). It is
well known that the process (Y;);>0 is well defined whenever H = « + 1/8 < 1. Furthermore,
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the process (Y;);>0 has stationary symmetric B-stable increments, Holder continuous paths of all
orders smaller than « and self-similarity index H, that is,

(Ym)tzoi (a"v,) forany a € R,.

t>0

We refer to for example, [15] for more details. As it has been discussed in [13,14] in the setting
o = 1, the small scale behaviour of the process X is well approximated by the corresponding
behaviour of the linear fractional stable motion Y. In other words, when the intermittency process
o is smooth, we have that

Xign —Ximor(Yion — 1)

for small A > 0. Thus, intuitively speaking, the properties of Y (Holder smoothness, self-
similarity) transfer to the process X on small scales.

Having understood the role of the parameters « > 0 and H =« + 1/8 € (1/2, 1) from the
modelling perspective, it is obviously important to investigate estimation methods for these pa-
rameters. We note that the conditions @ > 0 and H € (1/2, 1) imply the restrictions g € (1,2)
and o < 1 — 1/ max{p, B8}. Hence, the regime of Theorem 1.1(iii) is never applicable.

We start with a direct estimation procedure, which identifies the convergence rates in Theo-
rem 1.1(i)—(ii). We apply these convergence results only for # =1 and k = 1. For p € [p, p] with
p €(0,1) and p > 2, we introduce the statistic o

log V(p)"

S(n, p) = logn

with V(p)" =V (p; D}.
When the underlying Lévy motion L is symmetric §-stable and the assumptions of Theo-
rems 1.1(i)—(ii) are satisfied, we obtain that

ap : a<l—1/pand p > B,

2.1
pH—1: a<l—1/Band p < B,

S(n, p) —> Sap(p) = {

if the parameter is («, 8). Indeed, the result of Theorem 1.1(i) shows that

aplogn +log V(p)"* ®.0

aplogn +log V(p)" 5;0
logn logn

This explains the first line in (2.1), and the second line follows similarly from Theorem 1.1(ii).
At this stage we remark that the limit Sy g : [p, P]\ {8} — R is a piecewise linear function with
two different slopes. It can be continuously extended to the function Se,p i [p, Pl = R, whose
definition can be further extended to include all values o

(@ p) el :={@p) eR*:pe[l,2,acl0,1—1/p1}.

For estimation of («, 8), it is natural to minimise the L2-distance between the observed scale
function S(n, p) and the theoretical limit Sy g(p):

(@n, Bn) € argmin||S(n) — S, _ 2.2)
n Pn (a,ﬁ)e]” aﬁ“Lz([E,p])
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with S(n) := S(n, -). This approach is somewhat similar to the estimation method proposed in
[21]. For finite n, the minimum of the L2([ D P1)-distance at (2.2) is not necessarily obtained at

a unique point, and we take an arbitrary measurable minimiser (¢, B). Our next result shows
consistency of the estimator (&, 8,).

Corollary 2.1. Let (ag, Bo) € J°, where J° is the set of all inner points of J, denote the true
parameter of the model (1.2), and let L be a symmetric Bo-stable Lévy motion. Assume that the
conditions of Theorem 1.1(i) (resp. Theorem 1.1(ii)) hold when ag € (0,1 — 1/p) and p > By
(resp. ap € (0,1 — 1/Bo) and p < Bo). Then we obtain convergence in probability

AP
(&, Bn) —> (@0, Bo)-
Proof. Set ro = (ag, Bo) and 7, = (&, ,3,,). We first show the convergence

|S() — S, 0. 2.3)

[ L2([p. )

From (2.1), we deduce that S(n, p) LN Sry(p) for all p € [p, p]\ {Bo}. Furthermore, for any
p € [p, pl, it holds that

v < (v < ()L
Hence, we deduce the inequality

log V(p)"
logn

=

logV (p)"
logn

log V(p)"
logn

P
p

gmax{:-
p

|

Since |log V(p)"/logn)| LN plap+1/B09) — 1 and |log V (p)"/logn| E, aop, because p <
1 < By and p > 2 > By, we readily deduce the convergence at (2.3) by dominated convergence
theorem.

Now, we note that the mapping G : J — G(J) C L*([p, P]), r — S,, is a homeomorphism.

. P ~ P
Thus, it suffices to prove that || S5, — Sy, ll2(p, 51 —> O to conclude 7, —> ro. To show the
former, we observe that B

”S'f,, - Sr() ”Lz([E’ﬁD = || S(”) - S}’() ||L2([£,ﬁ]) + || S(n) - S’r\,, Lz(lg»ﬁl)

= ”S(”) = Sr ”LZ([g,ﬁ]) + Irnei?“S(”) =S “LZ([B,ﬁ])

<2||S() — S| L2([p,P]) 0.

This completes the proof of Corollary 2.1. [
In practice, the integral in (2.2) needs to be discretised. We further remark that the estimator

S(n, p) has the rate of convergence logn due to the bias V(p)/logn, where V (p) denotes the
limit of V(p)”".
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As for the estimation of the self-similarity parameter H =« + 1/8 € (1/2, 1), there is an
alternative estimator based on a ratio statistic. Recalling that 8 € (1, 2), we deduce for any p €
0, 1]

Zr'l=2|Xi —Xia|?
R(n, p) = : L L i)ﬂ’H

by a direct application of Theorem 1.1(ii). Thus, we immediately conclude that

N log R
A, .= ek ® oy
plog2

This type of idea is rather standard in the framework of a fractional Brownian motion with Hurst
parameter H. It has been also applied to Brownian semi-stationary processes in [4,5]. Theo-
rem 1.2(i) in [13], which has been shown in the setting o = 1, suggests that the statistic H,
has convergence rate n!=1/0-08 whenever p € (0, 1/2]. Furthermore, the rate of convergence
can be improved to /n via using kth order increments with k > 2 (cf. [13], Theorem 1.2(ii)).
However, we dispense with the precise proof of these statements for non-constant intermittency
process o. In a recent work [19], it was shown that for linear fractional stable motions the con-

vergence H, N H continues to hold for powers p € (—1, 0). This is particularly useful, since
choosing p negative ensures that the condition p < B of Theorem 1.1(ii) is always satisfied.
However, proving this result for a general Lévy semi-stationary process is a much more delicate
issue.

Another important object for applications in turbulence modelling is the intermittency pro-
cess o. First of all, we remark that the process o in the general model (1.2) is statistically not
identifiable. This is easily seen, because multiplication of o by a constant can not be distin-
guished from the multiplication of, say, Lévy process L by the same constant. However, it is
very well possible to estimate the relative intermittency, which is defined as

o los|P ds

DT 27 te( 1),
) 101P ds

RI(p) :=

for p € (0, 1]. The relative intermittency, which has been introduced in [9] for p =2 in the
context of Brownian semi-stationary processes, describes the relative amplitude of the velocity
process on an interval [0, 1]. Applying the convergence result of Theorem 1.1(ii) for p € (0, 1],
the relative intermittency can be consistently estimated via

Ri(n, p) = L2 E R,

V)

Again we suspect that the associated convergence rate is n!~!1/1=®# whenever p € (0, 1/2] as
suggested by [13], Theorem 1.2(i).
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3. Preliminaries: Estimates on Lévy integrals

To prove the various limit theorems, we need very sharp estimates of the pth moments of the
increments of process X defined in (1.2). In fact, we need such estimates for several different
processes related to X obtained by different truncations. When F : Ry — R is a deterministic
function, the estimates for integrals fot F; d L go back to Rajput and Rosiniski [30], Theorem 3.3.
Their results imply the existence of a constant C > 0 such that

t
E|: / FsdLg
0

where || - ||1,4 is a certain functional to be defined below (when L is symmetric and without
Gaussian component). The decoupling approach used in Kwapién and Woyczynski [26] provides
an extension of the results to general predictable F', see Lemmas 3.1 and 3.2 below. Before stating
the results precisely, we need the following notation.

Let L = (L;);cr be a symmetric Lévy process on the real line with Ly = 0, Lévy measure v
and without a Gaussian component. For a predictable process (F;);cr and forg =0or g > 1 we
define

q
}sann‘z,q,

Dy L(F):= /2 ¢q(Fsu)dsv(du), where ¢ (x) := |x|9L{x)> 1) + ¥ Lej<1)-
R

A predictable process F = (F});cR is integrable with respect to (L;);er in the sense of [26] if
and only if ®¢ ; (F) < oo almost surely (cf. [26], Theorem 9.1.1). The linear space of predictable
processes satisfying ®, 1 (F) < oo will be denoted by L9(dL). In order to estimate the gth
moments of stochastic integrals we introduce for all g > 1

1 Fllg,L = inf{k >0:P, L (F/A) < 1}, FeLi(dL). 3.
The following two results from [26] and [31] will play a key role for our proofs.

Lemma 3.1 ([26], equation (9.5.3)). For all ¢ > 1 there is a constant C, depending only on q,
such that we obtain for all F € LI(dL)

E[ / F,dL,
R

The above lemma follows by [26], equation (9.5.3), and the comments following it. Actually,
[26], equation (9.5.3), only treats the case where the stochastic integral in (3.2) is over a finite
time interval, say fé F; d L. However, the definition of the stochastic integral and the estimates
of the integral in [26], Chapters 8-9, extend to the case of fR F; dL; in a natural way.

For the next result, which is an immediate consequence of [31], Theorem 2.1, we use the
notation ||Z||g’OO =sup;.q APP[|Z| > A] for an arbitrary random variable Z. For ¢ < f it holds

that E[|Z|91Y4 < | Zlg.0c0 < (%)l/q]EHZW]l/ﬂ. In the literature, || - |4, is often referred to
as the weak L#-norm. However, | - || 8,00 satisfies the triangle inequality only up to a constant.

q
] <CE[IFI] .]- (3.2)
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Lemma 3.2 ([31], Theorem 2.1). Let (L;);cr be a symmetric B-stable Lévy process. Then there
is a positive constant C > 0 such that for all (Fy);er in LO(dL) it holds that

B
‘/Fdes sCE[/ IF}Iﬁds}.
R B,oo R

The next remark gives sufficient conditions for the process X introduced at (1.2) to be well-
defined.

Remark 3.3. Suppose that (A) is satisfied and define the two processes F(1) and F® by F, S(l) =
(g(—s) — go(—s))og and FY(2> = g'(—s)o; for s < 0. Then the process X given by (1.2) is well-
defined if there exists a 8/ > B such that

-8 . . ’
/_OO(|F§'>|91{|FS@|S” +FO1P 1 o) ds < 00 (3.3)

almost surely for i = 1, 2. To show the above we argue as follows: For any 8 € (8, 2] we deduce
from (A) and simple calculations the estimate

fR(wm2 A v(dx) < C(lulLgu<yy + lul? 1gu=1)).  ueR. (34)

Then, an application of the mean value theorem combined with assumption (3.3) yields that
<I>0,L(H(’)) < oo almost surely for all ¢ > 0, where Hs(t) = (g(t —s) — go(—s))o;. This guaran-
tees the existence of the process X due to [26], Theorem 9.1.1.

In our proofs, we will need the following properties of the functional || - || ,4 defined in (3.1).

(i) Homogeneity: Forall A e R, F e LY(dL), IAF |lg,L = |1 Fllg,L-
(i1) Triangle inequality (up to a constant): There exists a constant C > 0 such that for all
Fl, ..., F™ e Li(dL) we have

[P et P < OO+ + 1 E, ) 33

and the constant C does not depend on m or L.
(iii) Upper bound: For all F € L9(dL), we have

IFllg.L < ®,)/F(F)v @/1(F). (3.6)

Property (i) follows directly from the definition of || - ||z 4 in (3.1). To show property (ii) it
is sufficient to derive (3.5) for F!, ..., F"™ e LL.(dL), where LL.(dL) denotes the subspace of
nonrandom processes in L (d L). We will show that there is a norm || - ||;’ 7 on LI.(dL)andc >0
and C > 0 such that c||F||;’L <|Flgr < C||F||;’L, for all F e L .(dL), which then implies
(3.5). To this end, let

bg () := (2/q1x17 + 1= 2/q)L{xj=1) + x> Ly <1)-
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glearly, there exist ¢, C > 0 such that c$q (x) <¢g(x) < CqNSq (x) for all x € R. Since the function
¢, is convex, the functional

||F||;L=inf{kzo:/ aq(Fsu/x)dsu(du)gl}
: -

is anorm on LZ.(dL), called the Luxemburg norm (cf. [27], Chapter 1). Using convexity of aq it
follows by straightforward calculations that c||F||;’L <IFllgL < C||F||; ; forall F e LI.(dL).
This implies (3.5). Finally, property (iii) follows by the fact that ¢, (Ax) < A2 v A1)y (x) for all
A>0.

We conclude this subsection with a remark on the situation when the integrator is a non-
symmetric Lévy process (L;);cr With Lo = 0, Lévy measure v, shift parameter n, without a
Gaussian part, and the truncation function t : x = Lyx|<1} + sign(x)Lx>1;. That is, for all
0 eR,

E[emi'] _ eXp(i@n + f (emx 11— igf(x))’ﬁ(dx)>.
R

In this situation the modulars and norms defined above become much more involved and harder
to control, which is the main reason why we consider only symmetric Lévy motions as driving
processes. Moreover, assumptions (A), (B1) and (B2) are not sufficient to guarantee the existence
of the integral (1.2) if we consider non-symmetric Lévy processes, e.g. if L; = nt with n # 0. For
more details, we refer to [26], Chapter 9.1. For our purposes, the following integrability criterion
with respect to non-symmetric Lévy processes will suffice. For a predictable process (F;):er
define

\IIO’Z(F)z/“/ t(uFy) — t(w)Fsv(du) + nFs|ds.
RIJR

Then, the condition
CDO’Ij(F) + \Iloyz(F) <00 almost surely 3.7

is sufficient for the integral fR F dzs to exist, and we write F € LO(d Z). Indeed, this is a conse-
quence of [26], Theorem 9.1.1 and pp. 217-218, combined with the estimate [30], Lemma 2.8.

4. Proofs

In this section, we present the proofs of our main results. The proof of (i) is divided into two
parts and is similar to the proof of the corresponding result in [13]. First, we show the theorem
under the assumption that L is a compound Poisson process with jumps bounded away from
zero in absolute value by some a > 0. Thereafter, we argue that the contribution of the jumps
of L with absolute value < a to the power variation becomes negligible as a — 0. The proof of
Theorem 1.1(ii) relies on freezing the intermittency o over small blocks and then deducing the
result from [13], Theorem 1.1. A key step in the proof of Theorem 1.1(iii) is an application of a
suitable stochastic Fubini result that we introduce in Section 4.3.
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Throughout the proofs, we denote all positive constants that do not depend on n or w by C,
even though they may change from line to line. Similarly, we will denote by K any positive
random variable that does not depend on n, but may change from line to line. For a random
variable Y and g > 0, we denote ||Y |, =E[|Y|? 11/4. We frequently use the notation

k
gin(s) =Y (—1)/ ( .)g((z —/n—s),
— J
j=0
which allows us to express the kth order increments of X as
i/n
AﬁkX =/ gin(s)os—dLs.
—00
Recalling that |g®)(s)| < Cr** for all s € (0, 8) and |g*)| is decreasing on (8, 00) by assump-
tion (A), Taylor expansion leads to the following important estimates.
Lemma 4.1. Suppose that Assumption (A) is satisfied. It holds that
|8in®)| < Cli/n—5)*  forse[G—k/n.i/n].
lgin@)| <Cn (i —k)/n—s)""  forse(i/n—5,G—k/n),

and

|lgin(s)| < cn*k (Li(—k)/n—5.i/n—s1(s) + g(k)((i —k)/n = $)L(—oo,(i—k)/n—5)(5)),

fors € (—oo,i/n —6].

Applying a standard localisation argument (cf. [7], Section 3) we can and will assume through-
out the proofs that the process o is uniformly bounded by a constant on [—4§, 00).

We conclude this subsection with a definition and some brief remarks on the Skorokhod
M -topology. It was originally introduced by Skorokhod [33] by defining a metric on the com-
pleted graphs of cadlag functions, where the completed graph of f is defined as

Fp={(x, ) eRxRi:x=af(—)+ (1 —a)f(t), for some a € [0, 1]}.

The Mj-topology is weaker as the more commonly used J;-topology but still strong enough
to make many important functionals, such as sup and inf, continuous. It can be shown that the
stable convergence in Theorem 1.1 does not hold with respect to the Ji-topology. As M is
metrisable, it is entirely defined by characterising convergence of sequences, as we do in the
following. A sequence f, of functions in D(R4, R) converges to f € D(R4, R) with respect to
the Skorokhod M-topology if and only if f,(#) — f(¢) for all ¢ in a dense subset of [0, c0), and
for all 7o € [0, 00) it holds that

limlimsup sup w(fy,?,68)=0.

810 n—oo 0<r<te
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Here, the oscillation function w is defined as

w(f,1,8)= sup {lf@) = [f@D, f@3)]

OV (t—8)<t] <th <3 <(t+8) Al

b 4.1)

where for b < a the interval [a, b] is defined to be [b, al, and |a — [b, c]| :=infye[p ¢ la — d|.

4.1. Proof of Theorem 1.1(i)

For the proof of Theorem 1.1(i), we follow the strategy from [13], Theorem 1.1(i). We assume
first that L is a compound Poisson process with jumps bounded in absolute value away from
zero by some a > 0. Later on, we argue that the small jumps of L are asymptotically negligible.
In order to show functional F-stable convergence on D(R4; R) it is sufficient to show F-stable
convergence on D([0, t,]; R), for arbitrary but fixed 7o, > 0 (cf. [35], Chapter 3.3). Throughout
this subsection, we therefore fix a 7o, > 0, and denote by ID the space D([0, ts]; R) equipped with

L —¢
the Skorokhod Mj-topology, and by ﬂ—i) the F-stable convergence of D-valued processes.

4.1.1. Compound Poisson case

Suppose that (L;);cR is a symmetric compound Poisson process with Lévy measure v, satisfying
v([—a,a]) =0 for some a > 0. Let 0 < T; < T» < --- denote the jump times of (L;);>0 in
increasing order. For ¢ > 0, we define

Q. ={w e Q: forall m with T, (w) € [0, too] we have |T, () — Tu—1(w)| > &

and ALg(w) =0forall s € [—e¢, O]}.

We note that Q2. 1 2, as ¢ | 0. Letting

i/n—e

i/n
Mi,n,e 3=/ gi,n(S)Gsdes, and Ri,n,s 3=/ gi,n(S)Usdes?
i

n—e —0o0

we have the decomposition AY, X = M; , ¢ + R; »,¢. It turns out that M; ,, . is the asymptotically
dominating term, whereas R; , . is negligible as n — oo. We show that, on €2,

[nt]
Ly, —S
n? Ny \MinelP —— Z;,  where Zy=|col” Y |ALg,07,—"Vm, (42)
i=k m:T,,€(0,t]

where (Vj,)>1 are defined in Theorem 1.1(i). Denote by iy, the random index such that 7, €
((i;my — 1)/n, iy /n]. Then, we have on €2,

[nt]

A
n?y Mg el? =n? Y |ALTmoT,,,_|P(Z|gim+z,n<Tm>|”):=Vt“,
i=k

m:T,,€(0,[nt]/n] =0
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where the random index v} is defined as

[en] A ([nt] = im) if T — ([en] +im)/n > —e,

= m = {([sn] A (] = i) i Ty — (Ien] + im)/n < —c.

For the proof of (4.2) we first show stable convergence of the finite dimensional distributions
of V¢  Thereafter, we show that the sequence (V"),>1 is tight and deduce the functional

[,Ml s
convergence V"¢ —— Z.
Lemmad4.2. Forr>1and0 <t <--- <t, <to we obtain on Q2. the F-stable convergence
n,e n,e\ L£—s
(V,l’,...,Vtr’)—)(Z,I,...,Ztr), asn — oQ.

Proof. Let (U;);>1 be i.i.d. U([0, 1])-distributed random variables, defined on an extension
(', F',1P) of the original probability space, independent of F. By arguing as in [13], Sec-
tion 5.1, we deduce for any d > 1 the JF-stable convergence

(08t (T) ) g == {cohicll + U}, e

as n — 0o, where Ay is defined in (1.5). Defining

d
Vo d = nor Z |ALTm0Tm—|p<Z|gim+l,n(Tm)|p>,

m=<d:T, €(0,[nt]/n] =0
d

zl=lcol? ) |ALTmaTm_|P<Z|hk(l + Um>|”),

m=<d:T, €(0,] =0

the continuous mapping theorem for stable convergence yields

(Vi vy 22 (2

..,ZZ), forn — oo, 4.3)
for all d > 1. It follows by Lemma 4.1 for all [/ with k <[ < [n§] that
n®?|gi 4in(Tw)|" < Cll — k| @hp

where we recall that (« — k) p < —1. Consequently, we find a random variable K > 0 such that
forall r € [0, 1]

00
|th,a,d_vtn,a| §K< Z |ALTmUTm—|p+ Z Z |l—k|(a_k)p).

m>d: Ty, €[0,t0] m:Tu€[0,tec] I=v]" Ad

By definition, the random index v/" = v"(n, w) satisfies liminf,_, v/" (n, w) = oo for all w

with T}, () # t. Consequently, we obtain that limsup,_, . |V/"*% — V/"¢| — 0 almost surely as
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d — oo. It follows that on 2,

lim sup{ max  |V/"" — Vt"’e’d‘} — 0, almost surely, as d — oo. (4.4)

n—oo Uteflt],...tr}

By monotone convergence theorem we obtain that sup, o |z¢ — Z,| — 0 as d — oco. To-
gether with (4.3) and (4.4), this implies the statement of the lemma by a standard approximation
argument, see, for example, [16], Theorem 3.2. [l

Ly, —s
Recall that the stable convergence V™ —— Z is equivalent to the joint convergence in law

(VE)Y) i) (Z,7) for all F-measurable random variables Y, cf. [25], Proposition 5.33. Con-
sequently, Lemma 4.2 and the following result together with Prokhorov’s theorem imply (4.2),
where we recall that (D([0, t»]), M1) is a Polish space.

Lemma 4.3. The sequence (V'"%),>1 of (D([0, ts0]), M1)-valued random variables is tight.

Proof. The claim follows from [35], Theorem 12.12.3, if we verify that (V"»?), > satisfies the
conditions of the theorem. Condition (i) follows since the processes V"¢ are increasing in ¢ and
from tightness of {V,';’J‘S }neN, which follows from Lemma 4.2. For condition (ii) we need to verify
that for all ¢, & > O there is an n > 0 such that

IP’( sup w(V™%, 1,1) >$> <, for all n,

tel0,100]

where the oscillation function w was defined in (4.1). This follows since the processes V¢ are
increasing, and consequently w(V"™¢,t,n) =0 for all n, all ¢ and all 7. O

This concludes the proof of (4.2). Next, we show that

[ntoo]
2 S Ripel? — 0. 4.5)
i=k

Recalling that o < k — 1/ p, it is sufficient to show that

sup sup nk|R,-,n,g| < 00, almost surely.
neNiefk,...,[ntso]}

It follows from Lemma 4.1 that
n*[8in ()05~ | < C(1=s.151(5) + 8N (=) 05— [1(00,—8)(5)) := V5.

Let L = (Zt)teR denote the process defined by Zo =0and Z; — Zu is the total Ayariation of vi>
Ly on (u, 1] forall u <. Since L is a compound Poisson process, the process L is well-defined,
finite and it follows from [32], Theorem 21.9, that L is a Lévy process with Lévy measure
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V = 2vjr, and shift parameter n with respect to the truncation function 7 : x = xLx<1) +
sign(x)1{x|>1) given by n = fR 7(x)V(dx). Next, we use the following estimate:

nk|Ri,n,a| 5/ ) nk‘gi,n(s)os—|dzs 5/ 1,l/sdzs-
(—00, 5 —¢l R

The right-hand side is finite almost surely due to the following Lemma 4.4, and the proof of (4.5)
is complete.

Lemma 4.4. Let L be a symmetric compound Poisson process with Lévy measure v satisfying
V([—a, a]) =0 for some a € (0, 1] and let L and be~given as above. Suppose, in addition, that
(B1) is satisfied. Then the stochastic integral fR Vs d L exists and is finite almost surely.

Proof. To show that the stochastic integral fR Yed ZS is well-defined it is enough to prove that
Q)7 (V) + Wy 7 (¥) < oo almost surely (see (3.7) of Section 3). For some B > B, we have
from (B1) that

/R'I//‘Y|91{I1/fslsl} + Wl gy 51y ds < o0, as.

This implies that @, 7(¥) < co almost surely (cf. Remark 3.3). Next, we note that

VoL (V) = /R ' /R () — YD) + s | ds

:/'/ T(x¥s)v(dx)
RI/R

where the second equality follows by definition of 1 above. Hence, to show that Wy 1 () <
oo almost surely, it suffices according to (B1) to derive the following estimate. There exists a
constant C > 0 such that for all u € R

ds,

/ |2 [F(dx) < C(1ul? L=ty + Lguio1)- .6)
R

where p is as in assumption (B1). By the definitions of T and V we have that
/[r(ux)\i(dx)=|u|/ Ix[v(dx) + v(x e R: |xu| > 1). 4.7)
R {Ix|<lul =1}

We recall that limsup,_, o, v([t, oo))t? < o0o. Since v is finite, there exists Co > 0 such that
v([t, 00)) < Co/te for all # > a. Consequently, we obtain for all # > a and f(u) = 1;,00) (1)

/ " Feovdn < % / " Feox—dx,
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By monotone approximation, the inequality remains valid for all nondecreasing f : [a, c0) —
R . Therefore, the first term on the right-hand side of (4.7) is bounded by

] 71

|u|/ [x|v(dx) < (Co/9)ﬂ{‘u|5a71}|u|/ x| =% dx
x| <lu| =1} a

Jul®, 9 <1,
< Cllyjy1<q—1y § lul(log(1/ul) + log(1/a)), 0=1,

For the second term on the right-hand side of (4.7), we use the following estimate
~1\—6
v(x eR:lxul > 1) < C(Agu=1) + (ul™) " Lgui=n) = C(@ais1) + 1l Lju <)
for all u € R, which completes the proof of (4.6) and hence of the lemma. (]

Recalling the decomposition A;‘ «X =M ¢ + Ri e we obtain by Minkowski’s inequality

[ntso] 5
= (”ap Z |Rzn€| )

sup
1€[0,t00]

1
(n*PV (p; b)) ( “PZ|MM| )

Therefore, by virtue of (4.2) and (4.5), we conclude that

Ly, —s
n®Pv(p; k) —— Z; on 2.

By letting ¢ — 0, we conclude that Theorem 1.1(i) holds, when L is a compound Poisson process
with jumps bounded away from O.

4.1.2. Decomposition into big and small jumps

In this section, we extend the proof of Theorem 1.1(i) to general symmetric Lévy processes
(L¢)rer. We need the following preliminary result.

Lemmad4.5. Let g > 1 and a € (0, 1]. The function
‘ 2
E(y)=/ [yx["Lgyx)<ty + 1yx |9 L(yx|>1yv(dx)
—a

satisfies |&(y)| < C(|y|2]l{|y5]|} + |y|’3lvqjl{|y>1|})f0rany B’ > B, where C does not depend on a.

Proof. Use the decomposition £ = &1 4 &, with

a

Sl(y)=/ lyx[*Lyjyxj<1yv(dx), and %‘2()’)=/ [yx |7 L(yx>13v(dx).

—a



3134 A. Basse-O’Connor, C. Heinrich and M. Podolskij
We obtain
1
E1(M Ly <y = |y|2/ u(dx)gy<1).
-1

and &1 (V) Ly>1) < C|y|/3/vq 1yjy|>1y follows from (3.4), showing that &; satisfies the estimate
given in the lemma. For ¢ > 8, we obtain

a
£(y) =2|y|q11{\y|>1/a}/ Ix|?v(dx) < Cly["2yy|z1)-
11yl
If ¢ < B, we have similarly for any 8’ > B
/ a / /
s =2y’ 1{|y|>1/a}/ 1P v(dx) < ClylF Lyy=1y,
1/1yl

which completes the proof. |

Now, given a general symmetric Lévy process (L;);cgr, consider for a > 0 the compound
Poisson process (L;“);cr defined by

Li"=0,  Ly"—Lj"= ) ALlyaL,=a)

S<u<t

Moreover, let (L7"),cr denote the Lévy process (L, — L;%)ter. The key result of this section is
showing that

[ntoo]

apz

We make the decomposition

p

limsup|n — 0, asa — 0. 4.8)

n—oo

i/n
/ gi,n(s)gsfdllia

1

i/n
/ gi,n(s)as— dLEa = Ai,n + Bin,

—00

where

i/n -4
Ai,n :/ gi,n(s)os—dLsga and Bi,n :/ gi,n(s)ors—dL?l-
_s

—00
Lemma 3.1 shows that

[ntoo]

_—IZ

[nto]

_1 Z |Fln“pL<”]

[nto]

n°? Z |Aj.nl”

p

/ netPg; (s)os— dLZ
P
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where the process (F,i’”),eR is defined as Ff’" =ntPg; , ()L(_s,i/n)(t)0;—. Since the random
variable sup,¢[_s. ) |o¢| is uniformly bounded, we obtain by (3.6) and [13], equation (4.23),

i,n || P +1 P
E[|F")5 pza] = Cln** VP gindisipml)) <
2
=< C|q)p,LSa (n“H/pgk,n) |p/ Vv |ch,L5“ (n“+1/pgk,n)|
p/2
< c(/ |x|? ~|—x2v(dx)) v (/ |x|? +x2v(dx)>,
[x|<a [x|<a
foralln e Nandi € {k, ..., [nts]}. Since p > B by assumption, we conclude that
[ntoo]
limsup | n®” Y " |Ajal?| — 0, asa — 0. (4.9)
Next, we show that for all a > 0
[nts0]
limsup|n®” Y " |B;,|”|| =0. (4.10)

Introducing the processes (Yti’")teR and (Y;);cr defined as

Y =0t P g (1011 (—oo,—s1(1), and Y, =|g® (—1)0r_1(—oo,—s1(1)

we obtain by Lemma 3.1 that

ntso]

[
<cn” Y B[V ]
i=k

ntso]

[
n®? > " Bl
i=k

1

Moreover, recalling that |g®| is decreasing on (8, 00), an application of Lemma 4.1 shows that

i,n|| P +1/p—k P
E[JY™" | <] <n?@VPOR[YYD L],
for all i € {k,...,n}. Since ¢ + 1/p — k < 0, equation (4.10) follows if ]E[||Y||Z L<a]l < 00.

P
V5

Applying the estimate (3.6) shows that this is satisfied if E[¢p,L5a
sequence of (B1) and Lemma 4.5, where we used that p > 8. Now, (4.8) follows from (4.9)
and (4.10).

We can complete the proof of Theorem 1.1(i) by combining (4.8) with the results of Sec-
tion 4.1.1. To this end, let

(Y)] < oo, which is a con-

t t
X :=/ (g(t —5) — go(—s))os_dL;", X7 :=/ (g(t —5) — go(—s))os_dLi“,

—00 —00
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and let 7,;¢ =T, if |AL7, | > a, and T,,* = oo else. The results of Section 4.1.1 show that

Ly
c{pV(XNZ, P; k) —1> Z>ﬂ = Z |ALT’;uOTria,|‘”Vm
m:T,79€(0,¢]

m

for all a > 0, where V (X~“, p; k)} denotes the power variation of the process X~“. Making the
decomposition

(P V (p; k") P
= (v (X, ps )Y+ (0P V (ps )P = (nPV (X7, p3 k))VP)
=U+ U

we have by Minkowski’s inequality

lim limsupIF’< sup |U =

a—0 p—oco tel0,foo]

) < lim hmsupIF’( "‘pV(X . P k) . >ep) =0,

a—>0 p—soco

Ly —s
for all ¢ > 0, which follows easily from (4.8). Since U, S N Z7“ as n — oo, and

SUP; [0, 7,0 ] |Z;* — Z;| — 0 almost surely, as a — 0, Theorem 1.1(i) follows from [16], Theo-
rem 3.2.

n,>a

Remark 4.6. A popular technique for proving limit theorems for volatility modulated processes
is to freeze the volatility over blocks of length 1/x and derive a limit theorem for the resulting
simpler process. However, in the framework of Theorem 1.1(i) this approach is not applicable,
since the power variations of the two processes are not asymptotically equivalent if o and L jump
at the same times.

4.2. Proof of Theorem 1.1(ii)

Since t — V(p; k)} is increasing and the limiting function is continuous, uniform convergence
on compact sets in probability follows if we show

t
n—1+p(a+l//3)v(p; k)’t1 i}) mpf log|” ds
0

for a fixed ¢ > 0, which we will do in the following. A crucial step in the proof is to show that
the asymptotlc behavior of the power variation does not change if we replace A" X in (1.3) by
O(i—k)/n kG where the process (G;);>0 is defined as the integral in (1.2) W1th o = 1. Note
that Assumptlon (A) ensures that G is well-defined. Thereafter, we divide the interval [0, ¢] into
subblocks of size 1/1 and freeze o at the beginning of each block. The limiting power variation
for the resulting process can then be derived by applying part (ii) of [13], Theorem 1.1, on every
block. The proof of Theorem 1.1(ii) is then completed by letting I — oo. The following lemma



On limit theory for Lévy semi-stationary processes 3137

plays an important role for replacing A}, X in (1.3) by o(;—x)/n A} ; G. Here and in the following
we denote by v, the modulus of continuity of o defined as

Vo (s, ) =sup{loy — o, | 17 € [s —n, s + 7]}

Lemma 4.7. Let (07):er be a process with cadlag or caglad sample paths that is uniformly
bounded on [—§, 00). For any «, q € (0, 00) we have

[nt]
hm |:11msup( Z” Vo (i/n,€) “ )i|

Proof. Since v, is bounded and x > x“ is locally Lipschitz for @ > 1, we may assume w.l.o.g.
that < 1 and ¢ > 1. For ¥ > 0 we use the decomposition o = o < 4+ ¢=*, where

Z Aau]l{lAlfulzk}’
—d<u<s

and 0 = o, — o7*. Even though o is uniformly bounded on [, 00), 0= and o < might not
be. For this reason, we introduce the sets

Q= {a): |0S<K(a))| + |a§“(a))| <mforall s € [—8,1 + 8],
and o= (w) has less than m jumps in [—6, ¢ + 8]}.

Note that €2,, 1 €2, as m — oo. By triangular inequality, we have v, (s, 1) < vo=<« (s, n)1q, +
ve2e (s, n)lg,, + Clg, forall s € [0,¢],n <8 and m > 1. Since P(Q;,) — 0 as m — oo, we can
choose m sufficiently large such that

1 n 1 [nt]
- Y lvsti/n o < - Y (lvo=cti/n g, g + [vozei/n, o)1g, ;) +x, .11)
i=k

i=k

for all n € N and & > 0. We show that

[nt]
1
limsuplimsup(— E ||vg<x(i/n,8)]lgm |a) <2k“. 4.12)
n i=k 1

g0 n—>o0

In order to do so, we assume the existence of sequences (¢&;), (n;), (i;) with & — 0, n; — oo and
i;e{l,...,[tn;]} such that

lvo<sti/mi,enta, ||, > 2 4.13)

for all /, and derive a contradiction. Since (i;/n;);>1 is a bounded sequence we may assume that
i;/n; converges to some sp € [0, t] by considering a suitable subsequence (/x)x>1. For all w €
2y, it holds that limy, o vy<«(s0, ¥) = |A0§)K| < k. Therefore, by the dominated convergence
theorem, we can find a y > 0 such that [[vs<« (s, ¥)1g, % < 2«*. This is a contradiction to
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(4.13), since for sufficiently large / we have [i;/n; — €1,i;/n; + €11 C [so — ¥, s0 + y]. This
completes the proof of (4.12). Next, we show that

e—>0 p—oo

[n1]
1
lim lim sup(; > Jvoze(i/n. o)1, Z) =0. (4.14)
i=k

Recalling that g /o > 1, an application of Jensen’s inequality yields

[nt] a/q

1 [nt]
=) |voze(i/n, o)1,
n i=k

afa-1 % 3 (voe(i/n. £)1g,, )"

i=k

<
= P

o
q

1

foralln € N, ¢ > 0. Now, (4.14) follows from the estimate
[nt]

=Y (voze(i/n.e)lg,)? < sup  |AoS*|!N1g,2(e) < CmT (),
n = sE[—8,143]

for all n € N. Here N = N (w) denotes the number of jumps of o=* in [—§, 4 §]. Using (4.12)
and (4.14), the lemma now follows from (4.11) by letting k — O. U

The proof of Theorem 1.1(ii) heavily relies on the estimate given in Lemma 3.2. This lemma
assumes the role that Itd’s isometry typically plays in proofs of limit theorems for stochastic
integral processes driven by a Brownian motion. In order to apply Lemma 3.2, the following
estimates will be crucial.

Lemma 4.8. Suppose that Assumptions (A) and (B2) hold, and assume that « + 1/8 < k. For
& > 0 with ¢ <8 there is a constant C > 0 such that

]E|:/n |gi,n(s)as_‘ﬁdsi| +/; |gi,n(s)|ﬁds§Cn_“ﬁ_l, and
€ P&

i

n ¢ B %78 B
E[ / |gin ()| ds} + / |8in(s)|" ds <Cn™*P,
—00 —00
foralli €lk,...,n}.
Proof. By Lemma 4.1, we have that
. By .. .
}gz,n(sﬂ ]l[z/nfe,z/n](s)

. KB —k
<C(Gi/n— )P Uty m.iyn) (5) + 1 k (G—k)/n— S)(a )ﬁ]l[i/nfs,(ifk)/n](s))

Recalling that ¢ is bounded on [—§, 00), the first inequality follows by calculating the integral of
the right-hand side. The second inequality is a direct consequence of Lemma 4.1 and Assump-
tions (A) and (B2). O
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A crucial step in the proof of Theorem 1.1(ii) is showing that

[nt]
T HPCHUB S AL X — 0 A G — 0, (4.15)
i=k

as n — oo, where the process (G;);>o is defined as the integral in (1.2) with o = 1. We fix some
& > 0 and make the decomposition

A?,kX — O‘(i—k)/nA,r'ikG = A;l’s + Bl-rl"E + C;q,s’

where

i/n
A:'lyg = / gi,n(s)(as— - Ui/n—s)dLm
i

n—e

i/n
Bin,s = (Gi/n—s - G(i*k)/n)/ gin(s)dLy,
i/n—e

i/n—e i/n—e
C?YS = / gin(s)os_dLs — O'(ifk)/n/. gin(s)dLy.

—00 —00

We deduce (4.15) by showing that

[nt]
lim lim sup <n1+p(°‘+]/’3) > jaAre ||§> =0,

=0 pooo x

and the same for B"* and C!"*, respectively. For A!** we obtain by Lemma 3.2

[nr]
) 3 P
i=k

[nt]

i/n P p/B
< Ccn—Hple+l/p) Z{E[[ |gi’n(s)(os_ — ai/n_8)| ds“
i=k :

n—e
[nt] i/n P r/B
< Cp~ Pt/ Z” Ve (i/n, e+ 1/n)||g(/ }gi,n(s)| ds) .
i—k i/n—e
By Lemma 4.7 and Lemma 4.8, we conclude that

[n1]
i I —14p(a+1/8) AP ) = 0. 4.16
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For B!"* we apply Holder’s inequality with p’ and ¢’ satisfying 1/p’ +1/¢’ =1 and pq’ < B,
which is possible due to our assumption p < S. This yields

[nt]
p1Tptl/B) Z” Bl_"»g ”i
i=k
[nt]
< ptpe+1/p) Z” (Gt fn—e — O(i—k)/n) ”Zp’
i=k

p

i/n
/ 8in(s)dLy
i/n—e

/

prq

[nt]

<Cn 'Y uotifn e+ k/m)” .
i=k

Here we have used that, as a consequence of Lemma 3.2 and Lemma 4.8, whenever pq’ < B

there exists a C > 0 such that ||n®t1/# fii/:_g 8in(s)dLyll pg < Cforalln e N,i € {k, ..., [nt]}.
Thus, by Lemma 4.7

[n1]
i=

Moreover, by Lemma 3.2 and Lemma 4.8 it follows that for all £ > 0

[nt]
limsup<nl+p(°‘+l/ﬁ) Z” C?"g”ﬁ) < Climsup(np("‘“/ﬁ*k)) =0,
n— o0

n—00 :
i=k

which together with (4.16) and (4.17) completes the proof of (4.15).
By Minkowski’s inequality for p > 1 and subadditivity for p < 1, it is now sufficient to show
that

[nt] t
P
n‘”!’(““/ﬁ)E |o(i_1/n)A;{kG|P—>m,,/ los|? ds, (4.18)
N 0
i=k

in order to prove Theorem 1.1(ii).

Intuitively, replacing |A}; X| by |o(i—k)/n A ; G| corresponds to freezing the process (01)rer
over blocks of length 1/n. For the proof of (4.18), we freeze o now over small blocks with block
size 1/ that does not depend on n. This will allow us to apply [13], Theorem 1.1(ii), on every
block. Thereafter, (4.18) follows by letting [ — co. For [ > 0 we decompose

[nt] !
n”*”(““/ﬂ)Z|U(i—k)/nA?kG|p _mp/ log|? ds

. ’ O

i=k

[nt]
=n~ PP <Z|Aﬁk0|p(|6<z’—k>/nlp - Ia(,-,,,-_n/zl”))
i=k
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[r1+1
(Z il (17 3 N,kcv—m,,z‘))

i€l (j)

[11]
<mp Zl% 1>/ll”—mpf IUsI”dS)

=Dy +E,; + F.

Here, j;,; denotes the index j € {1, ..., [t]]+ 1} such that (i —k)/n e ((j —1)/{, j/{]and I;(j)
is the set of indices i such that (i —k)/n € ((j — 1)/, j/I]. We show that

lim limsupP(|D,; + En; + Fi| > €) =0

[—>00 p—soo

for any ¢ > 0. Note that F; 2% 0 as | — 00, since the Riemann integral of any cadlag func-
tion exists. For every [ € N, we have limsup,_, ., P(|E, ;| > &) = 0 by [13], Theorem 1.1(ii).
For lim;_, oo limsup,,_, oo P(| Dy,.;| > €) = 0, we argue as follows. Choose some p’ > 1 such that
pp’ < B andlet ¢’ be such that 1/p’ + 1/q" = 1. We find

I Dyill1 =

[n1]
n~ Pk l/p) (Z’Aﬁkﬂp(l%kwl” - |0<j1,n,,«1)/1|")>
i=k

1
[n1]
n Y AL G| o-iml” 1000,

i=k
(] 12 (1] 12
( B [V GHW> ("_1ZH|%'k)/nlp—lff(jz.n,f ? f,) :
i=k i=k

The first factor is bounded by Lemmas 3.2 and 4.8. For the second factor, we can apply
Lemma 4.7, since the process (|o;|”)ser is cadlag and bounded on [—4§, 00), and conclude
that lim;_, o0 limsup,,_, o, | Dn.1ll1 = 0. This completes the proof of (4.18), and hence of The-
orem 1.1(ii).

4.3. Proof of Theorem 1.1(iii)

For the proof of Theorem 1.1(iii), we show that under the conditions of the theorem the process X
admits a modification with k-times differentiable sample paths with kth derivative F, as defined
in the theorem. Then the result follows by an application of the following stochastic Fubini
theorem. For a proof, we refer to [1], Theorem 3.1, where a similar Fubini theorem was shown for
deterministic integrands. The generalisation towards predictable integrands is straightforward.

Lemma 4.9. Let f : R x R x Q — R be a random field that is measurable with respect to the
product o-algebra B(R) ® I1, where T1 denotes the (F;);cr-predictable o-algebra on R x Q.
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That is, 1 is the o -algebra generated by all sets A x (s, t], where s <t and A € Fs. Let (Ly)ier
be a symmetric Lévy process that has finite first moment. Assume that we have

]E|:/R||f(u,')”1’Ldu] < 00.

Then, we obtain

/(/ f(u,s)du)dLS=/</ f(u,s)dLs>du almost surely,
R\J/R R R

and all the integrals are well-defined.

The following auxiliary result ensures that the conditions of this lemma are satisfied in our
framework.

Lemma 4.10. Suppose that assumption (B1) holds. Let q € {1, p} which in particular im-
plies a« >k — 1/(BV q). If g > 1 assume additionally that the jumps of the Lévy process

L are bounded in absolute value by 1. For any t > 0, the random field f;(u,s) := g(k)(u —
§)0s—110,11 () L(—oo,u)(s) satisfies

[ B0l Ja <o

Proof. We decompose

t
[ Bl 1 Jau
t 13
< [ Bl tcanlf Jdo+ ¢ [ Bl 1ol Jdu
=1+ D,

and show that both summands are finite. For /; we use that o is bounded on [—4§, 00). Thus,
denoting e; (u, s) = g(k) (u — $)L[o,n ()L (—s,4)(s), we obtain using (3.6)

t
L<cC fo .1 (er(u, ) + 02 (1w, ) du = Cr(@y (61, ) + B (er(t, ),

where in the second inequality we used |e; (u, s)| < |e; (¢, s+t —u)|, and that ®, 1 (f) is invariant
under shifting the argument of the function f. For I; to be finite it is therefore sufficient to show
that the following term is finite

t
2
/ / |g(k)(t — s)x} ]l{|g<k)(,,s)x|51} + |g(k)(t — s)x|qﬂ{|g<k>(tfs)x|>1}v(dx) ds:=J;+ /.
—§JR
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We fix B/ e (BVv1,1/(k—a)) and g’ € [q,1/(k — «)) such that the Lévy process satisfies
E[|L4 |q/] < 00. Indeed, the former is possible by the conditions ¢« >k —1/(8V p)and p > 1 in
Theorem 1.1(iii). The latter is possible for ¢ = 1 by the assumption 6 > 1 in Theorem 1.1(iii),
and for ¢ = p > 1 by the assumption of bounded jumps in the lemma. Recalling that |g® ()| <
C|t|*~* for all € (0, 8), in order to show J; + J» < 00, it is then sufficient to show

t , t ,
11+ngc<1+f |,g<">(z—s)|’3 ds—l—/ lg® @ —5)|? ds). (4.19)
-5 -5

For g = p > 1, this estimate follows easily from Lemma 4.5, where we use the assumption that
L has jumps bounded by 1. For g = 1 the estimate follows for J; by (3.4). For J, we obtain

t 1 , t , 0 ,
J < / / |g(k)(t — s)x|ﬂ 1{‘g<k>(,,s)x|>]}v(dx) ds + 2/ }g(k)(t — s)|q ds/1 |x|? v(dx)
—5J-1 -5

t ’ I
= C/,;’g(k)(t =) L mgony + g0 )| ds,

which concludes the proof of (4.19) and of I} < oo. For I, we use that | g(k)| is decreasing
on (8, 00), which implies that I» < CtE[|| £;(0, )1 (—c0,—s] ”Z,L]' By (3.6), the latter is finite if

q
CIDIII’VL2 (f1(0, )l (—00,—5]) € L' (). This follows easily from Assumption (B2) (recall that g < p)
and (3.4). ([

With these preliminaries at hand, we can finally prove Theorem 1.1(iii). As remarked at the
beginning of Section 4.2, it is sufficient to show convergence in probability for a fixed ¢ > 0 in
order to obtain uniform convergence on compacts in probability. Therefore, the theorem is an
immediate consequence of the following result and Lemma 4.3 in [13].

Lemma 4.11. Under the conditions of Theorem 1.1(iii), there is a process (Z;):>o that satisfies
almost surely V(Z, p; k)] = V(X, p; k)} for all n e N and t > 0, has almost surely k-times
absolutely continuous sample paths and satisfies for Lebesgue almost all t > 0 that

akz !
(at)]f( :/—oog(k)(t —s)os_dLs:=Fy,

and F € LP ([0, tp]) for any ty > 0.

Proof. For ease of notation we only consider k = 1. The general case follows by similar argu-
ments. We let a € (0, 1] and define the processes (F7*),cr and (F,;*),cr by

u
F,f“:/ g'u—s)os_dLy", and F,"= Z g'(u—$)os_ AL;1{AL,|>a}»

- s€(—00,u)

where the process (L;);cR is the truncated Lévy process introduced in Section 4.1.2. We show
that both processes F7“ and F,;“ are well-defined and that they both admit a modification with
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sample paths in L? ([0, ¢]). Then, we define the process

t
Z; :=/ (F,f“—i—F,j“)du,
0

and show that it satisfies the properties given in the lemma.

We begin by analysing F>“. It is well-defined, since, as a consequence of Lemma 4.10,
Sio(u,8) =g' (u — $)05—-110,49] (1) L(—o0,u) (s) is integrable in s with respect to L=* for Lebesgue
almost all u. Applying Lemmas 3.1 and 4.10, we obtain F=* € L? ([0, t]), almost surely, since

t
]EU |Fe
0

For the process F,;“ we make the decomposition

t
pdui| gcfo E[] fitu, )|}, <o) du < 0.

>a __ >a,<—§ >a,>—8
Fu - Fu + Fu

= Z g/(u - S)OS—ALSJ]-{\ALS|>a} + Z g/(bt - S)GS—ALSJ]-{\ALS|>a}-

s€(—00,—§] se(—68,u)

We argue first that F>*=7% is well-defined and in L? ([0, t]) almost surely. Applying Lemma 4.4,
we obtain that

Z |g/(_S)OS—ALs|]]-{|ALS|>a} <0

s€(—00,—4]

almost surely. Since |g’| is decreasing on [§, 00), this implies that F>*=7% is well-defined and
uniformly bounded in u. For F,“>~°, we use that L has only finitely many jumps of size > a on
[—§, t]. Therefore, F>*>7% is well-defined and we find a positive random variable K < 0o such
that

t t
/0 |F;“’>7‘S|pdu < K./() Z |g’(u —s)oS_ALSJl{|ALS‘>a}|pdu

se(—68,u)

t
<K Z |O—S—ALS:H-{|ALS|>11}|p/ g’ —s)|" du,
se(—8.1) 0

which is finite since |g'(s)| < Cs* ! for s € (0, 8) and (o — 1) p > —1. All that remains to show
isthat V(X, p; 1)} = V(Z, p; 1)} for all n € N and all ¢ > 0 with probability 1. For any ¢ > 0, it
holds with probability 1 that

X,—X():/(/ ﬁ(u,s)du)dLS=/</ f,(u,s)dLS>du=Z,,
R R R R

where we have applied Lemmas 4.9 and 4.10. Consequently, it holds that P[X; = Z; 4+ X for
all € Q4] =1 which implies V (X, p; 1)} = V(Z, p; 1)} for all n € N and all ¢ > 0 almost
surely. ]
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