o w
SCHOOL OF ECONOMICS AND MANAGEMENT “ C R EAT E S

FACULTY OF SOCIAL SCIENGES Center_for Research in Econometric
AARHUS UNIVERSITY Analysis of Time Series

CREATES Research Paper 2009-60

Limit theorems for functionals of higher order differences
of Brownian semi-stationary processes

Ole E. Barndorff-Nielsen, José Manuel Corcuera
and Mark Podolskij

School of Economics and Management
Aarhus University
Bartholins Allé 10, Building 1322, DK-8000 Aarhus C
Denmark



Limit theorems for functionals of higher order differences of
Brownian semi-stationary processes *

Ole E. Barndorff-Nielsen José Manuel Corcuera *
University of Aarhus and CREATES University of Barcelona

Mark Podolskij®
ETH Ziirich and CREATES

December 21, 2009

Abstract
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smoothness parameter by means of using second order differences. We present the
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1 Introduction

Brownian semi-stationary processes (BSS) has been originally introduced in [7] for mod-
eling turbulent flows in physics. This class consists of processes (X;)tcr of the form

Xi=p+ / g(t — s)o W (ds) + / q(t — s)asds, (1.1)

—00 —00

where p is a constant, g,q : Rsg — R are memory functions, (0;)scr is a cadlag intermit-
tency process, (as)ser a cadlag drift process and W is the Wiener measure. When (o) ser
and (as)ser are stationary then the process (X;)ier is also stationary, which explains the
name Brownian semi-stationary processes. In the following we concentrate on BSS mod-
els without the drift part (i.e. a = 0), but we come back to the original process (1.1) in
Example 3.8.

The path properties of the process (X¢)ier crucially depend on the behaviour of the
weight function g near 0. When g(z) ~ 2 (here g(z) ~ h(z) means that g(x)/h(x)
is slowly varying at 0) with g € (—%,0) U (0, %), X has r-Holder continuous paths for
any r < 08+ % and, more importantly, X is not a semimartingale, because ¢’ is not
square integrable in the neighborhood of 0 (see e.g. [11] for a detailed study of conditions
under which Brownian moving average processes are semimartingales). In the following,
whenever g(x) ~ 2%, the index § is referred to as the smoothness parameter of X.

In practice the stochastic process X is observed at high frequency, i.e. the data points
Xin,,1=0,...,[t/A,] are given, and we are in the framework of infill asymptotics, that is
A,, — 0. For modeling and for practical applications in physics it is extremely important
to infer the integrated powers of intermittency, i.e.

t
/ |Us|pd37 p >0,
0

and to estimate the smoothness parameter 8. A very powerful instrument for analyzing
those estimation problems is the normalized multipower variation that is defined as

t/An]—k+1
MPV (X, p1,..opp)f = Dy ® 3 JARXP AT X (1.2)

i=1

where AT X = X;an, — X_pa,» P15+, Pk > 0 and pt = Zlepl, and 7, is a certain nor-
malizing sequence which depends on the weight function g and n (to be defined later). The
concept of multipower variation has been originally introduced in [8] for the semimartin-
gale setting. Power and multipower variation of semimartingales has been intensively
studied in numerous papers; see e.g. [6], [8], [9], [10], [14], [16], [18], [23] for theory and
applications.

However, as mentioned above, BSS processes of the form (1.1) typically do not belong
to the class of semimartingales. Thus, different probabilistic tools are required to deter-
mine the asymptotic behaviour of the multipower variation M PV (X, p1,...,pr); of BSS
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processes. In [4] we applied techniques from Malliavin calculus, which has been originally
introduced in [19], [20] and [21], to show the consistency, i.e.

t
-+ u.c.p.
MPV(X,p1,..,pr)¥ —p;“_’pk/ los|P ds ©% 0,
0

where pp is a certain constant and Y ““5 Y stands for SUPye(0,1] 1Y) — Y .o (for

"7pk
all T > 0). This holds for all smoothness parameters 3 € (—3,0) U (0, 3), and we proved

the associated (stable) central limit theorem for 3 € (—%, 0).

Unfortunately, the restriction to 8 € (—%, 0) in the central limit theorem is not satis-
factory for applications as, due to physical laws (e.g. Kolmogorov’s %-law) and empirical
findings, we usually have (3 € (0, %) The theoretical reason for this restriction is two-fold:
(i) long memory effects which lead to non-normal limits for § € (i, %) and more impor-
tantly (ii) a hidden drift in X which leads to an even stronger restriction [ € (—%, 0).

The main aim of this paper is to overcome both problems by considering multipower
variations of higher order differences of BSS processes. We will show the law of large
numbers and prove the associated central limit theorem for all values of the smoothness
parameter (3 € (—%, 0) U (0, %) Furthermore, we discuss possible extensions to other type
of processes. We apply the asymptotic results to estimate the smoothness parameter 3
of a BSS process X. Let us mention that the idea of using higher order differences to
diminish the long memory effects is not new; we refer to [13], [17] for theoretical results
in the Gaussian framework. However, the derivation of the corresponding theory for BSS
processes is more complicated due to their more involved structure.

This paper is organized as follows: in Section 2 we introduce our setting and present the
main assumptions on the weight function g and the intermittency o. Section 3 is devoted
to limit theorems for the multipower variation of the second order differences of BSS
processes. In Section 4 we apply our asymptotic results to derive three estimators (the
realised variation ratio, the modified realised variation ratio and the change-of-frequency
estimator) for the smoothness parameter. Finally, all proofs are collected in Section 5.

2 The setting and the main assumptions

We consider a filtered probability space (2, F,F = (F;)er, P) on which we define a BSS
process X = (Xy)ier without a drift as

Xe=p +/ g(t — s)osW(ds), (2.1)

where W is an F-adapted Wiener measure, ¢ is an F-adapted cadlag processes and g €
L2(Rsg). We assume that

¢
/ g2 (t — s)o2ds < 00 as.

— 00
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to ensure that X; < oo almost surely. We introduce a Gaussian process G = (Gy)ier, that
is associated to X, as
t
Gy = / g(t — s)W(ds). (2.2)
—0o0
Notice that G is a stationary process with the autocorrelation function
_ IS g(w)g(u+t)du

r(t) = corr(Gs, Gs4t) = T . (2.3)
L2

We also define the variance function R of the increments of the process G as
R(t) = E(|Gore — Gof?) = 2[|g]I72(1 = 7(t))- (2.4)

Now, we assume that the process X is observed at time points ¢t; = iA,, with A, — 0,
i=0,...,[t/Ay], and define the second order differences of X by

<>;7'X — XiAn _ 2X(1—1)An + X(i—Q)An' (25)

Our main object of interest is the multipower variation of the second order differences of
the BSS process X, i.e.

(/8- 2kt2 ko
MPVC(X,p1,....p)} = Au(m) 7 Y [T 108X P, (2.6)
=2 1=0

where (77)? = E(|O"G|?) and p* = Zle pi. To determine the asymptotic behaviour of
the functional M PV (X, p1,...,pr)" we require a set of assumptions on the memory func-

tion g and the intermittency process o. Below, the functions L, LE<4) v Lg, Ly : Rso — R

are assumed to be continuous and slowly varying at 0, f (k) denotes the k-th derivative of
a function f and 3 denotes a number in (—3,0) U (0, 3).

Assumption 1: It holds that

(i) g(z) = xﬁLg(:U).

(i) g = x5*2Lg(2) (z) and, for any ¢ > 0, we have g® € L2((¢,00)). Furthermore,
|g®| is non-increasing on the interval (a, co) for some a > 0.

(iii) For any t > 0
F, = / ]9(2)(3)\20,&3ds < o0. (2.7)
1

Assumption 2: For the smoothness parameter 5 from Assumption 1 it holds that
(i) R(z) = 22+ L(x).

(i) B (2) = 223 L (2).
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(iii) There exists a b € (0, 1) such that

. LP(‘Q (y)
limsup sup 7‘ < 00.
z—0 yelz,zb] Lﬁ(x)
Assumption 3-y: For any p > 0, it holds that
E(lo: — os|”) < Cplt — 57" (2.8)

for some v > 0 and C}, > 0.
Some remarks are in order to explain the rather long list of conditions.

o The memory function g: We remark that g(z) ~ z? implies ¢® () ~ 272 under
rather weak assumptions on g (due to the Monotone Density Theorem; see e.g. [12],
p.38). Furthermore, Assumption 1(ii) and Karamata’s Theorem (see again [12]) imply
that

1
/ lg(z 4+ 2A,) — 2g(x + A,) + g(z)de ~ 2P 3A% (2.9)
€

for any ¢ € [A,,1). This fact will play an important role in the following discussion.
Finally, let us note that Assumptions 1(i)-(ii) and 2 are satisfied for the parametric class

g(z) = a” exp(—Aax),

where (§ € (—%, 0) U (0, %) and A > 0, which is used to model turbulent flows in physics
(see [7]). This class constitutes the most important example in this paper. O

e The central decomposition and the concentration measure: Observe the decomposition

iAn
OrX = / g(iA, — s)osW(ds) (2.10)
(i-1)A,

+ /(i(i—l)An (g(iAn —s)—29((i —1)A, — 5)>03W(ds)

(i=2)An
b [T (o0 =9 = 290 = D8 = 5) gl = 2)80 = 5) )W (ds)

o0

and the same type of decomposition holds for ¢G7'. We deduce that
Ay A 2
2 = [ P@idns [ (gt An) - 29()) do
0 0

+ /000 (g(x +2A,) —29(z + A,) + g(:c))de.

One of the most essential steps in proving the asymptotic results for the functionals
MPV®(X,p1,...,pr)" is the approximation OPX a2 0(i—2)A, OG- The justification of
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this approximation is not trivial: while the first two summands in the decomposition (2.10)
depend only on the intermittency o around (i — 2)A,,, the third summand involves the
whole path (Us)sg(i—2) A,- We need to guarantee that the influence of the intermittency
path outside of (i —2)A,, on the third summand of (2.10) is asymptotically negligible. For
this reason we introduce the measure

2
B Ja (9(43 +24,) = 2g(z + Ay) + g(m)) dx

(m7)?

7o (A) <1, AeB([Rsg), (2.11)

and define 7° (z) = 75 ((x,00)). To justify the negligibility of the influence of the inter-

mittency path outside of (i — 2)A,, we need to ensure that

fﬁ(e) — 0

for all ¢ > 0. Indeed, this convergence follows from Assumptions 1(i)-(ii) (due to (2.9)).
g

e The correlation structure: By the stationarity of the process G we deduce that

() = corr(OTG, O G) (2.12)

n

_ —R((G +2)An) +4R(( + DAs) — 6R(jAR) +4R(|j — 1|An) — R(|j — 2|An)
()2 ‘
Since (77)% = 4R(A,) — R(2A,,) we obtain by Assumption 2(i) the convergence
' . _'+21+2ﬁ+4'+11+2,3_6‘1+2ﬁ+4'_11+2ﬂ_ i 9|1+28
o) = () = —U 2 G+1D J 7 =1 g =2
2(4 - 21+2B)

(2.13)
We remark that p® is the correlation function of the normalized second order fractional

noise (O?BH [/ var(OrBH )) oy where B is a fractional Brownian motion with Hurst
>
parameter H = 3 + % Notice that

0 (D]~ 72772,

where we write a; ~ b; when a;/b; is bounded. In particular, it implies that 22, | p°(5)] <
oo. This absolute summability has an important consequence: it leads to standard central
limit theorems for the appropriately normalized version of the functional M PV (G, p1,...,pr)"
for all 3 € (—=3,0)U(0,1). O

e Sufficient conditions: Instead of considering Assumptions 1 and 2, we can alternatively
state sufficient conditions on the correlation function 7$ and the measure 7¢ directly, as
it has been done for the case of first order differences in [4]. To ensure the consistency of
MPV®(X,py,..., pr)y we require the following assumptions: there exists a sequence h(j)

with
1/An]

[
Pl < hG),  An Y RE(j) =0, (2.14)
j=1
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and 75 (¢) — 0 for all £ > 0 (cf. condition (LLN) in [4]). For the proof of the associated
central limit theorem we need some stronger conditions: r> (j) — p©(j) for all j > 1, there
exists a sequence h(j) with

el < hG), Y R() < oo, (2.15)
j=1

maxi<;<i(pi), and there

Assumption 3-v holds for some 7 € (0,1] with y(p A1) > 5, p =
nd e, = AF we have

exists a constant A > 1/(p A 1) such that for all x € (0,1)

70 (en) = O(A?L“*“)). (2.16)

> 1
27
an

(cf. condition (CLT) in [4]). In Section 5 we will show that Assumptions 1 and 2 imply
the conditions (2.14), (2.15) and (2.16). O

3 Limit theorems

In this section we present the main results of the paper. Recall that the multipower
variation process is defined in (2.6) as

. [t/An]—2k+2 k-1
MPVO(X,p1,-,pe)f = Du(m) ™ Y [ I0K2X”

with 72 = E(|O?G|?) and p+ = 32, p;. We introduce the quantity

pron =E (H‘ z+2zG‘pl> (3.1)

Notice that in the case k = 1, p1 = p we have that p = E(|U[?) with U ~ N(0,1). We
start with the consistency of the functional MPVO(X Dly--y PP

Theorem 3.1 Let the Assumptions 1 and 2 hold. Then we obtain
MPVO(X,pt,. o)} — o0 / ol ds =% 0, (3:2)
Proof: See Section 5. a

As we have mentioned in the previous section, under Assumption 2(i) we deduce the
convergence 75 () — p®(j) for all j > 1 (see (2.13)). Consequently, it holds that

1
O 2lB b
'021,-~~,Pk = Ppi,pr E( ) it ), (3.3)
1=0 4/ var(Ol o, BH)

where B is a fractional Brownian motion with Hurst parameter H = 3 + % (notice that
the right-hand side of (3.3) does not depend on n, because BH ig a self-similar process).
Thus, we obtain the following result.
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Lemma 3.2 Let the Assumptions 1 and 2 hold. Then we obtain

t
u.c.p. +
MPV®(X,p1,. ., 06)F 5 Dpyreopn / |os|P" ds. (3.4)
0
Next, we present a multivariate stable central limit for the family (M PV (X, p{, e pi)")lg j<d

of multipower variations. We say that a sequence of d-dimensional processes Z" converges
stably in law to a d-dimensional process Z, where Z is defined on an extension (', 7', ')
of the original probability (€2, F,P), in the space D([0,7])¢ equipped with the uniform

topology (Z" R Z) if and only if
lim E(f(Z")V) =E'(f(Z)V)
for any bounded and continuous function f : D([0,7])? — R and any bounded F-

measurable random variable V. We refer to [1], [15] or [22] for a detailed study of stable
convergence.

Theorem 3.3 Let the Assumptions 1, 2 and 3-y be satisfied for some v € (0, 1] with
YypAl) > %, p = maxi<i<ki1<j<d(p!). Then we obtain the stable convergence

t t
-1/2 o j j ’ st 1/2
A (MPVO X = ol /0 0|77 ds)lggd_) /0 A4 (3.5)
where W' is a d-dimensional Brownian motion that is defined on an extension of the
original probability space (Q, F,P) and is independent of F, A is a d X d-dimensional
process given by
i ot
AT = pigloglPs ™, 1<dj<d, (3.6)

and the d x d matriz p = (pij)i1<ij<d s defined as

pi = lim A;lcov(MPVO(BH,pQ, P MPVO(BH ,pi)’;) (3.7)

n—oo

with B being a fractional Brownian motion with Hurst parameter H = 3 + %

Proof: See Section 5. O

We remark that the conditions of Theorem 3.3 imply that maxlgigk,lgjgd(pg ) > % since
v € (0,1].

Remark 3.4 Notice that the limit process in (3.5) is mized normal, because the Brownian
motion W’ is independent of the process A. In fact, we can transform the convergence
result of Theorem 3.3 into a standard central limit theorem due to the properties of stable
convergence; we demonstrate this transformation in Section 4 (see also [2] for more details).
We remark that the limit in (3.7) is indeed finite; see Theorem 2 in [4] and its proof for
more details. a
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Remark 3.5 In general, the convergence in (3.5) does not remain valid when pzj o is
1Pk

replaced by its limit Pyi i defined by (3.3). However, when the rate of convergence
1Pk

associated with (3.3) is faster than A, 1 2, we can also use the quantity Pyi. without
1r09Pk
changing the stable central limit theorem in (3.5). This is the case when the convergence

A2 () = p° (7)) = 0

holds for any j > 1. Obviously, the latter depends on the behaviour of the slowly varying
function Lz from Assumption 2(i) near 0. It can be shown that for our main example

g(z) = zP exp(—Az),

where 3 € (—%,0) U (0, %) and A > 0, pz. ,i can indeed be replaced by the quantity
1Pk
Pyi i without changing the limit in Theorem 3.3 (see [2] for more details). O
1o+ Pk

Remark 3.6 (Second order differences vs. increments) Let us demonstrate some advan-
tages of using second order differences O X instead of using first order increments A X.

(i) First of all, taking second order differences weakens the autocorrelations which leads
to normal limits for the normalized version of the functional M PV ®(G,p1,...,pr)" (and
hence to mixed normal limits for M PV (X,p1,...,pg)") for all B € (—1,0)U (0, 3). This
can be explained as follows: to obtain normal limits it has to hold that

o0
> PGP < o0
j=1

where p®(7) is defined in (2.13) (it relies on the fact that the function |z[? —E(|N(0,1)|P)
has Hermite rank 2; see also condition (2.15)). This is clearly satisfied for all 8 € (—3,0)U
(0,1), because we have that |p®(j)| ~ 3.

In the case of using first order increments A" X we obtain the correlation function p of

the fractional noise (B} — Bf’,);>1 with H = 3+ § as the limit autocorrelation function
(see e.g. (4.15) in [4]). As |p(4)| ~ 72%~1 it holds that

D PP < o0
j=1

only for 3 € (—3,0)U (0, 1). O

(ii) As we have mentioned in the previous section, we need to ensure that 7o (g) — 0,
where the measure 7° is defined by (2.11), for all € > 0 to show the law of large num-
bers. But for proving the central limit theorem we require a more precise treatment of the
quantity

2
J2 (9 +280) — 29(x + Ay) + g(0) ) da

(r7)?

mo(e) =
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In particular, we need to show that the above quantity is small enough (see condition
(2.16)) to prove the negligibility of the error that is due to the first order approximation
OrX = 03;—2)a,OfG. The corresponding term in the case of increments is essentially
given as

fgoo (g(fv +A,) — g(:n))Qd:L“

fn<€) = ) )
n

where 72 = E(|A?G|?) (see [4]). Under the Assumptions 1 and 2 the denominators (7,)?
and 72 have the same order, but the nominator of 7< () is much smaller than the nom-
inator of 7, (e). This has an important consequence: the central limit theorems for the
multipower variation of the increments of X hold only for § € (—%, 0) while the corre-

sponding results for the second order differences hold for all 8 € (—4,0) U (0, 3). O

Another advantage of using second order differences ¢I' X is the higher robustness to the
presence of smooth drift processes. Let us consider the process

YV, =X+ Dy,  t>0, (3.8)

where X is a BSS model of the form (2.1) and D is a stochastic drift. We obtain the
following result.

Proposition 3.7 Assume that the conditions of Theorem 3.3 hold and D € C*(Rxq) for
some v € (1,2), i.e. D € CYRxg) (a.s.) and D' has (v — 1)-Hélder continuous paths
(a.s.). When v — 3 > 1 then

t t
—1/2 o j j + st 1/2
An / (MPV (Y;p{a st 7p?g)? - :0;]1’7_._71)1 /0 |08|p] dS) 1<j<d - /O As/ dWslv

where the limit process is given in Theorem 3.3. That is, the central limit theorem is robust
to the presence of the drift D.

Proof: Proposition 3.7 follows by a direct application of the Cauchy-Schwarz and Minkovski
inequalities (see Proposition 6 in [4] for more details). O

The idea behind Proposition 3.7 is rather simple. Notice that O X = OP(AQJF%) (this
follows from Assumption 2) whereas ¢'D = Op(A}). It can be easily seen that the drift
process D does not influence the central limit theorem if v — 3 — % > %, because A, /2 4
the rate of convergence; this explains the condition of Proposition 3.7.

Notice that we obtain better robustness properties than in the case of first order
1
increments: we still have AT X = OP(AQJFQ), but now A?D = Op(A,). Thus, the drift

process D is negligible only when § < 0, which is obviously a more restrictive condition.

Example 3.8 Let us come back to the original BSS process from (1.1), which is of the
form (3.8) with

t
D, = / q(t — s)asds.

— 00
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For the ease of exposition we assume that

q(z) = $Bl{w6(0,1)}7 6> -1,

and the drift process a is cadlag and bounded. Observe the decomposition

t+e t
Dyyc — Dy = / q(t +¢e—s)asds + / (q(t+e—3s) —q(t — s))asds.
t

—00

We conclude that the process D has Holder continuous paths of order (3 + 1)J\ 1. Con-
sequently, Theoreln 3.1 is robust to the presence of the drift process D when g > (3 — %
Furthermore, for 6 > 0 we deduce that

D} = q(0)a, —I—/ q (s)as_sds.
0

By Proposition 3.7 we conclude that Theorem 3.3 is robust to the presence of D when the
process a has Holder continuous paths of order bigger than . O

Remark 3.9 (Higher order differences) Clearly, we can also formulate asymptotic results
for multipower variation of g-order differences of BSS processes X. Define

. [t/An]—qk+q k-1
MPVO(X,pr,.ope)f = An(n) ST JIAS x
i=q =0

where qu)nX is the g-order difference starting at iA,, and (7'7(;1))2 = E(|A5q)nG|2). Then
the results of Theorem 3.1 and 3.3 remain valid for the class M PV(@ (X, py,...,p)" with

Ppi....p, defined as
k-1
P
p;blv---vpk :E(H ‘ )
1=0

The Assumptions 1 and 2 have to be modified as follows: (a) ¢? has to be replaced by
g9 in Assumption 1(ii) and 1(iii), and (b) R™ has to be replaced by R i Assumption
2(ii).

However, let us remark that going from second order differences to g-order differences

with ¢ > 2 does not give any new theoretical advantages (with respect to robustness etc.).
It might though have some influence in finite samples. O

(@)n
Ai?kql G
7(Lq)

T,

Remark 3.10 (An extension to other integral processes) In [4] and [5] we considered
processes of the form

t
&:u+/aﬂ&, (3.9)
0
where (G5)s>0 is a Gaussian process with centered and stationary increments. Define

R(t) = E(|Gsys — Go|?)
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and assume that Assumption 2 holds for R (we use the same notations as for the process
(2.1) to underline the parallels between the models (3.9) and (2.1)). We remark that
the integral in (3.9) is well-defined in the Riemann-Stieltjes sense when the process o
has finite r-variation with » < 1/(1/2 — ) (see [4] and [24]), which we assume in the
following discussion. We associate 7° and M PV (Z,p1,...,pr)} with the process Z by
(2.6). Then Theorem 3.1 remains valid for the model (3.9) and Theorem 3.3 also holds if
we further assume that Assumption 3-v is satisfied for some v € (0,1] with v(p A 1) > %,

p =maxici<k1<j<d(P})-
We remark that the justification of the approximation O7'Z = o(;_g)a, OJ'G is easier

to provide for the model (3.9) (see e.g. [4]). All other proof steps are performed in exactly
the same way as for the model (2.1). O

Remark 3.11 (Some further extensions) We remark that the use of the power functions
in the definition of MPV®(X,p1,...,pr)? is not essential for the proof of Theorem 3.1
and 3.3. In principle, both theorems can be proved for a more general class of functionals

[t/ An]—2k+2 n on X
n % X i+2(k—1)
MPVO(X,H)" = A, Z H( S )

where H : R¥ — R is a measurable even function with polynomial growth (cf. Remark 2
in [4]). However, we dispense with the exact exposition.

Another useful extension of Theorem 3.3 is a joint central limit theorem for functionals
MPV®(X,p1,...,pr)? computed at different frequencies (this result will be applied in
Section 4.3). For r > 1, define the multipower variation computed at frequency rA,, as

. t/AR]—2k+2 k-1
MPV;"Q(X’pla e 7pl€)? = Aﬂ(ﬂ?,r)_p Z H |<>z+21r ’pl’ (310)

i=2r

where O""X = X;n, — 2X(i_a, + X(i—2na, and (77,)? = E(|O;""G|?). Then, under
the conditions of Theorem 3.3, we obtain the stable central limit theorem

AT1/2 MPVE(X,p1s o)} = il 0|"S| i/t\as\p+u1/2dw’ (3.11)
n MPVS(X,p1, . Dk)E = Ppi2.pn O\GSV’ ds 0 s

where W' is a 2-dimensional Brownian motion independent of F,

l
pZiT...7pk - E( H ) HQ ) )

and the 2 x 2 matrix p = (Mij)lgi,ng is defined as

iy = lim AL eov(MPVE(B™,py,...opi) T MPVS (B p, )t

with B¥ being a fractional Brownian motion with Hurst parameter H = 3 + % Clearly,

an analogous result can be formulated for any d-dimensional family (r;; p{, el pi)lgjgd.
O
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4 Estimation of the smoothness parameter

In this section we apply our probabilistic results to obtain consistent estimates of the
smoothness parameter 3 € (—%,O) U (0, ) We propose three different estimatorb for f3:

the realised variation ratio (RV R®), the modified realised variation ratio (RVR ) and the
change-of-frequency estimator (COF®). Throughout this section we assume that

A2 () = % (7)) — 0 (4.1)

for any j > 1, where r<(j) and p®(j) are defined in (2.12) and (2.13), respectively. This

condition guarantees that pp] ; can be replaced by the quantity Ppi,..p in Theorem 3.3
)

without changing the limit (see Remark 3. 5). Recall that the condition (4.1) holds for our

canonical example

g(x) = 27 exp(—Ax)

when 3 € (—%,0) U (0, %) and A > 0.

4.1 The realised variation ratio

We define the realised variation ratio based on the second order differences as

MPV®(X,1,1)}
MPV®(X,2,0)"

RVRS™ = (4.2)

This type of statistics has been successfully applied in semimartingale models to test for
the presence of the jump part (see e.g. [9]). In the BSS framework the statistic RV Ry™
is used to estimate the smoothness parameter (.

Let us introduce the function ¢ : (—=1,1) — (%, 1) given by
2 .
P(z) = = (V1 — 22+ zarcsinz). (4.3)
T

We remark that ¢(x) = E(U1Us), where Uy, Uy are two standard normal variables with
correlation z. Let us further notice that while the computation of M PV (X, py,...,pp)?
requires the knowledge of the quantity 77 (and hence the knowledge of the memory func-
tion g), the statistic RV RY™ is purely observation based since

t/Ap]—2
P2 jon x| o, X|

On
VR = =S WAT o

Our first result is the consistency of RV R{™, which follows directly from Theorem 3.1 and
Lemma 3.2.

Proposition 4.1 Assume that the conditions of Theorem 3.1 hold. Then we obtain
RVRy™ "% 4(p°(2)) , (4.4)
where p©(j) is defined by (2.13).
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Note that
—A120 4 4. 3120 6. 2120 4 4

p°(2) , (4 - 21+2ﬁ>

)

p°(2) = p§(2) is invertible as a function of 3 € (—3,0)U(0, ), it is positive for 8 € (—3,0)
and negative for 8 € (0, 3).

Obviously, the function 1 is only invertible on the interval (—1,0) or (0,1). Thus,
we can recover the absolute value of p©(2), but not its sign (which is not a big surprise,
because we use absolute values of the second order differences in the definition of RV R{™).
In the following proposition we restrict ourselves to 8 € (0, %) as those values typically

appear in physics.

Proposition 4.2 Assume that the conditions of Theorem 3.3 and (4.1) hold. Let €
(0,2), pg(Z) 1 (0,4) = (=1,0), ¢ : (=1,0) — (2,1) and set f = wopg(Z). Then we
obtain for h = f~1

R(RVRS™) “% 3, (4.5)

and

A (h(RVRE™) — B)MPV®(X,2,0)F
VB RV RE™)|(L~RV B (1, —RVR{™TMPVO(X, 4,0)7

4, N(0,1),  (4.6)

for any t >0, where p = (pij)i<ij<2 s given by

i = lim A;luar(MPVO(BH ,1,1)?),
pe = lim A;%av(MPVQ(BH,1,1)’11,MPV<>(BH,2,0)’11>,
g = lim Agluar(MPVO(BH ,2,0)?),

with H = 3+ 3.

Proposition 4.2 is a direct consequence of Theorem 3.3, of the delta-method for stable
convergence and of the fact that the true centering (> (2)) in (3.5) can be replaced by
its limit ¢ (p®(2)), because of the condition (4.1) (see Remark 3.5). We note that the
normalized statistic in (4.6) is again self-scaling, i.e. we do not require the knowledge
of 7, and consequently we can immediately build confidence regions for the smoothness
parameter 3 € (0,1).
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Remark 4.3 The constants 3;;, 1 <i,j < 2, can be expressed as

var(|Q1]|Qs]) +2 " cov(|Qu]|Qsl, | Q1 k|| Qs 1k]),

k=1

2581

pr2 = cov(Q3,1Q1]|Qs]) + 2 cov(QF, |Q11kl|Qs+k]),

k=0

pay = var(Q1)+2) cov(QF, Qi) =244 [p° (k)]

with Q; = O"BH /\/var(O?BH). The above quantities can be computed using formulas
for absolute moments of the multivariate normal distributions (see [2] for more details).
|

4.2 The modified realised variation ratio

Recall that the restriction 5 € (0, %) is equlred to formulate Proposition 4.2. To obtain
estimates for all values § € (— % 0) U (0, ) let us consider a modified (and, in fact, more
natural) version of RV RY™:

RVR," = Sily T opx o, X
t Z[t/An] ’<>nX|2 '

(4.7)

Notice that RVRt is an analogue of the classical autocorrelatlon estimator. The following
result describes the asymptotic behaviour of RVRt

Proposition 4.4 Assume that the conditions of Theorem 3.3 and (4.1) hold, and let
h = (pg(2))_1. Then we obtain

WRVE,™) “% 3, (4.8)
and, with MPV® (X, 1,1) = A, (r0) 2 2 onxon X,
AL (W(RVR™) — B)MPV®(X,2,0)} d

— - L N(0,1),  (4.9)
V3 (RVE,")|(1,~RVR, ")u(1, ~RVE, )T MPV® (X, 4,0)7

for any t >0, where p = (pij)i<ij<2 s given by

gy = lim A;luar(Mon(BH,l,l)?),
n—oo

4 = lim A;lcov<MPV<>(BH,1,1)’11,MPV<>(BH,2,0)’11>,
n—oo

ey = lim A;lvar(MPVO(BH,ZO)?),
n—oo

with H = 3+ 3.
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Remark 4.5 Note that Proposition 4.4 follows from Remark 3.11, because H(x,y) = zy
is an even function. In fact, its proof is much easier than the corresponding result of
Theorem 3.3. The most essential step is the joint central limit theorem for the nominator
and the denominator of Wf" when X = G (i.e. ¢ = 1). The latter can be shown
by using Wiener chaos expansion and Malliavin calculus. Let H be a separable Hilbert
space generated by the triangular array (O?G/ﬂ?)nzl,lgig[t A,] With scalar product (-, -)m
induced by the covariance function of the process (O7G/7))n>11<i<[t/a,)- Setting x7 =
OnG /1 we deduce the identities

[t/An]—2 [t/An]—2

AT Y (e —0%@) = RUM), SV =AY e,
=2 =2
[t/An] [t/An]
MY (WP 1) =BUP), AP =AY (),
i=2 =2

where I is the second multiple integral. The joint central limit theorem for the above
statistics follows from [20] once we show the contraction conditions

D @1 £V |ge2 — 0, £ @1 £ |ge2 — 0,

and identify the asymptotic covariance structure by computing 2 lim,,—, o ( éi), f,(Lj )>H®2 for
1 <i,j5 < 2. We refer to the appendix of [3] for a more detailed proof of such central limit
theorems. a

Remark 4.6 The constants 3;;, 1 <4, j < 2, are now much easier to compute. They are
given as

pin = var(QiQ3) +2)  cov(Q1Qs, QuixQs1k)

k=1

= 1+ 10°@P + 23 (pC (k)2 + p° (k +2)p° ([k - 2)),
k=1

pz = cov(Q3,@1Qs) + 2 cov(QF, QuirQssk) = 20p° (1> + 4 p°(k)p® (k +2),
k=0 k=1

par = var(Q}) +2) cov(QF, Q7 ) =2+4> |p°(k)],

k=1 k=1

with Q; = OPBH /, /var(OPBH). This follows from a well-known formula cov(Z1 Z2, Z3Zy) =
cov(Zy, Z3)cov(Za, Zy) + cov(Za, Zs)cov(Zy, Zs) whenever (21, Za, Z3, Z4) is normal. O

4.3 Change-of-frequency estimator

Another idea of estimating ( is to change the frequency A, at which the second order
differences are built. We recall that (7,°)% = 4R(A,) — R(2A,,) and consequently we obtain



Limit theorems for functionals of higher order differences 17

the relationship
(70)? = A2

by Assumption 2(i). Observing the latter we define the statistic

[t/An] | A2 312
Lo X

COF}' = ZZ[;;*AH]| i X : (4.10)
iz O X

that is essentially the ratio of MPV?(X,2,0)! computed at frequencies A, and 2A,,.
Recall that (17,)? = E(|O7*G|?) = 4R(2A,) — R(44,,) and observe

SN2
((7' n<,>2))2 _, 926+1
Tn

As a consequence we deduce the convergence

COFM 25 926+1,
The following proposition is a direct consequence of (3.11) and the properties of stable
convergence.
Proposition 4.7 Assume that the conditions of Theorem 3.3 and (4.1) hold, and let
h(z) = (log(z) — 1)/2. Then we obtain
h(COF") == B, (4.11)
and
Ax'P(h(COFP) = BMPVC(X,2,0);

~4, N(0, 1), (4.12)
V3R (COFP|(1,~COFP)u(1, ~COFF)TMPV® (X, 4,0)7

for any t > 0, where p = (wij)1<ij<2 s given by

i = Tim A7Mvar(MPVS(BY,2,0)7),
2 = lim A;lcov(MPVf(BH ,2,0)", MPV®(BH ,2,0)?),
poo = lim A;luar(MPVO(BH ,2,0)’;),

with H =3+ 1.

Let us emphasize that the normalized statistic in (4.12) is again self-scaling. We recall
that the approximation

(7—7?2)2 2

: B+l _ (Al/2

I 20+ = o(A/?),

which follows from (4.1), holds for our main example g(z) = z”exp(—Ar) when g €
(=3,0)U(0,1) and X > 0.
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Remark 4.8 Observe the identity
Xin, = 2X(-9)a, + X(i—a)a, = O/ X =207 | X + O L X.
The latter implies that

= 2427993 00 (k+2) — 4% (k + 1)+ 6p° (k) — 4p° ([k — 1)) + p° ([k — 2))]2,
k=1

pa = 27 (p%(1) = 1) + 2" "%k +2) — 20 (k + 1) + p° ()|,
k=0

o
par = 244 [p° (k)%
k=1

5 Proofs

Let us start by noting that the intermittency process o is assumed to be cadlag, and thus
o_ is locally bonded. Consequently, w.l.o.g. ¢ can be assumed to be bounded on compact
intervals by a standard localization procedure (see e.g. Section 3 in [6] for more details).
We also remark that the process F' defined by (2.7) is continuous. Hence, F' is locally
bounded and can be assumed to be bounded on compact intervals w.l.o.g. by the same
localization procedure.

Below, all positive constants are denoted by C or C), if they depend on some parameter
p. In the following we present three technical lemmas.

Lemma 5.1 Under Assumption 1 we have that
E(|OrX]|P) < Cp(n?)p , i =2,...,[t/Ay] (5.1)

for allp > 0.

Proof of Lemma, 5.1: Recall that due to Assumption 1(ii) the function ¢(® is non-increasing
on (a,o00) for some a > 0 and assume w.l.o.g. that a > 1. By the decomposition (2.10)
and Burkholder’s inequality we deduce that

E([0f X[) < Gy ((ﬂ?)p + E(/OOO (g(s +2A,) — 2g(s + Ay) + g(s))Qa(Qm)Ansds)p/z) ,

since ¢ is bounded on compact intervals. We immediately obtain the estimates

1 2
/ (g(s +2A,) —2g9(s + Ay) + g(s)) ‘7(21—2)An—sd5 <C(r2)?,
0
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a 2
/ (g(s +2A,) —29(s + Ay) + g(s)) 0(21-72)An75ds < CA? |
1

because g(?) is continuous on (0, 00) and o is bounded on compact intervals. On the other
hand, since g(® is non-increasing on (a, o), we deduce that

S 2
| (ot +280) = 2905+ 80) + 9(5)) 0% oy, o5 < A2Fi-aya,

Finally, the boundedness of the process F' implies (5.1). O

Next, for any stochastic process f and any s > 0, we define the (possibly infinite) measure

ony Ay Ja (Q(m +2A,) = 2g9(z + Ap) + g(:z:)>2 2 dx
e Gk ’

A € B(Rxy), (5.2)
and set ﬁ??(:ﬁ) =77 ({y: y>=z}).

Lemma 5.2 Under Assumption 1 it holds that

sup T (e) < CTo(e) (5.3)
s€[0,t] ’

for any € > 0, where the measure 5 is given by (2.11).

Proof of Lemma 5.2: Recall again that ¢(?) is non-increasing on (a,00) for some a > 0,
and assume w.l.o.g. that a > e. Since the processes ¢ and F are bounded we deduce
exactly as in the previous proof that

/:O (g(x +2A,) — 2g9(x + Ap) + g($)>2gg_$d$

= /: (g(:v +2A,) — 29(x + Ay) + g(:v)>2ff§—xdx

s [ (ol 280) — 2900+ A0) + 9(0) 2 e < ORI+ A2),

This completes the proof of Lemma 5.2. O

Finally, the last lemma gives a bound for the correlation function r< ().

Lemma 5.3 Under Assumption 2 there exists a sequence (h(j))j>1 such that

0

i (DI < hG), D h(j) < oo, (5.4)
j=1
for all j > 1.

Proof of Lemma 5.3: This result follows directly from Lemma 1 in [3]. Recall that
ro(5) — p®(j) and P |p°(§)| < o0, so the assertion is not really surprising. O

n

Observe that Lemma 5.3 implies the conditions (2.14) and (2.15).
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5.1 Proof of Theorem 3.1

In the following we will prove Theorem 3.1 and 3.3 only for k = 1, p; = p. The general
case can be obtained in a similar manner by an application of the Holder inequality.

Note that M PV°(X,p)? is increasing in ¢ and the limit process of (3.4) is continuous
in ¢t. Thus, it is sufficient to show the pointwise convergence

t
MPV®(X,p)f ——m, / o [Pds,
0
where m, = E(|N(0,1)”). We perform the proof of Theorem 3.1 in two steps.

e The crucial approximation: First of all, we prove that we can use the approximation
OrX = 0(;_2)a,©i'G without changing the limit of Theorem 3.1, i.e. we show that

[t/An]
_ n n P
M) S (107X = |02, OTGI) 0. (5.5)
1=2

An application of the inequality ||z[? — |y[P| < plz — y|(|z[P~! + |y[P~!) for p > 1 and
[|z[P — |yP| < |z —y|P for p <1, (5.1) and the Cauchy-Schwarz inequality implies that the
above convergence follows from

[t/An]
An(t9)72 D B(IO7X — 0(;_9)a, OFG|?) — 0. (5.6)

n
i=2
Observe the decomposition
OIX — 019, 07 G = A7 + B} + C}'°

with

(i—2)An
Bt = [ (0000 2900~ 180 )+ =20 =))W )
(i—2)An,
~ oon, /( 9180 — 5) = 29((i — 1)An — 5) + g((i — 2)An — )W (ds)

(i—2)Ap—¢
cme / (9(id — ) = 20((i ~ DA, — ) + g((i = DA, — 5) )0, W (ds)

(i—2)Ap—c
Chpa, / 9 — 5) = 29((i — 1)Ay — 5) + g((i — 2)A, — 5)W(ds)

—0o0
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Lemma 5.2 and the boundedness of o imply that

[t/An)
An(9)72 > EB(ICPEP) < 7l (e), (5.7)
=2

and by (2.9) and Assumption 2(i) we deduce that

/0]
An(ry) 2 Y E(CP

=2

2)_>0

I

as n — oo, for all ¢ > 0. Next, set v(s,n) = sup{|os — o,.]?| r € [~t,t], |r — s| < n} for
s € [—t, t] and denote by Ao the jump process associated with o. We obtain the inequality

/0] /0]
An(r)™2 D0 E(ATP) < An ) E(u((i — 2)An,24,)) (5.8)
=2 1=2

IN

A+ AE( Y 80Pl an ) =000 n)
sE[—t,t]

for any A > 0. We readily deduce that

lim lim sup (A, n) = 0.

-0 n—oo

Next, observe the decomposition B;"® = B!"*(1) + B;"(2) with

(i—-2)Ay,
B = [ (stie =) =200 = 18 —5) + (i =28 )

x (05 = 0@i—2)a, )W (ds)

B(2) = (0(-2)an—c — T(i-2)A,)

X

(i—2)An
[ a8 = 9) = 2006 = DAL~ 5) + 9((6 — DA, — W ().
(i—2)Ap—¢

We deduce that

[t/An] [t/An]
An(r)™ Y0 E(BIE(P) < An ) E(u((i - 2)A,¢)), (5.9)
i=2 i=2
[t/An] [t/An] )
An(r)72 D0 E(B(2)1P) < An Y E(u((i —2)An,)%)2.
i=2 i=2

By using the same arguments as in (5.8) we conclude that both terms converge to zero
and we obtain (5.6), which completes the proof of Theorem 3.1. O
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e The blocking technique: Having justified the approximation O X ~ o;_g)a, OFG in
the previous step, we now apply a blocking technique for o(;_sa,¢7'G: we divide the
interval [0,¢] into big sub-blocks of the length [=! and freeze the intermittency process o
at the beginning of each big sub-block. Later we let [ tend to infinity.

For any fixed [ € N, observe the decomposition

[t/ An]

t
MPVO(X,p)f = my [ [ouPds = An(e) ™ 3 (JO1XP = log2a, OGI) + By
0 i=2
where
l [t/ An] (7]
B = AP loa, OGE = Joua P S0 |orGP)
1=2 Jj=1 i€l (5)
[1t] (2]
N GRS ST LD
J=1 i€ (4) j=t
[1t] t
+ mp<l12|0'j71|p—/0 laslpds>,
j=1
and

L) = {i\ iA, € (% ﬂ} L >

Notice that the third summand in the above decomposition converges to 0 in probability
due to Riemann integrability of 0. By Theorem 1 in [4] we know that M PV (G, p)? =5
mpt, because the condition (2.14) is satisfied (see Lemma 5.3). This implies the negligibility
of the second summand in the decomposition when we first let n — oo and then | — oo.
As o is cadlag and bounded on compact intervals, we finally deduce that

lim limsupIP’(\Rf’” >e)=0,

l—00 n—oo

for any € > 0. This completes the proof of the second step and of Theorem 3.1. O

5.2 Proof of Theorem 3.3

Here we apply the same scheme of the proof as for Theorem 3.1. We start with the
justification of the approximation OF'X ~ o(;_2)a, <'G and proceed with the blocking
technique.

e The crucial approximation: Here we prove that

[t/ An]
AP ST (100X ~ |02, OTGIP) 0. (5.10)
=2
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Again we apply the inequality ||z[P —[y[P| < plz—y|(Jz[P~!+[y[P~") for p > L, [Ja[P - [y|P| <
|z — y[P for p <1 and (5.1) to deduce that

[t/An]
A2 70y Z E(’\oyx,p _ ,J(i_Q)AnO?G,pD, < AV2(70)=(onD)
=2

[t/An] o~
X Z (|OFX — 0(i—2)a, OFG|?)) 2

1

Now we use a similar decomposition as in the proof of Theorem 3.1:

() _(G+1)

ONX — 0, ONG = AT + B 4 3 o
i (i-2)A + +Z !

7=1
(1)
where A?, B]"*"  are defined as above, 0 < 553) < - <€ () < 6%“_1) oo and
() G+ (i-2)An <y’
n,&e & . . .
ore e / . (g(zAn —5)—29((i — 1)A, —s)+g((i — 2)A, — S))USW(dS)
(i—2)Ap—§ D

(i—2)Ap—e)
oaa, / "G — 5) — 29((i — 1)An — 5) + g((i — 2)A, — 5)W(ds).
(i—2)Ap—eld D

An application of Assumptions 1, 2 and 3-v, for vy € (0, 1] with y(p A 1) > %, and Lemma
5.2 implies that (recall that ¢ is bounded on compact intervals)

& ez v(pAL)—3
AP T (B(ATPR) T < oA (5.11)
=2
[t/An] pAlL
Ay S (BB ) < CATIEnY,
=2
[t/An] (J+1) %1 . pAL
A DY (E |>> < CAG V2| e 70 (D) — 70 ()"
=2
[t/An] L) 2o Al
AL2(70) ( (lcme \)) < OA;PR (D),
=2

for 1 <j <I1—1. In [4] (see Lemma 3 therein) we have proved the following result: if the

condition (2.16) is satisfied then there exist sequences 0 < 5%1) << 6,(1” < E%Hl) = 00
such that all terms on the right-hand side of (5.11) converge to 0. Set A = (3 —23)(1 — )
for some 6 > 0 such that A > 1/(p A 1). This is possible, because 3 — 23 € (2,4) and the
assumptions of Theorem 3.3 imply that p > 1/2. We obtain that

ﬁ§(€n) S CA?L(I_R)’
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for any e, = AF, k € (0,1), by (2.9) and Assumption 2(i). Thus, we deduce (2.16) which
implies the convergence of (5.10). O

e The blocking technique: Again we only consider the case d = 1, K = 1 and p; = p.
We recall the decomposition from the proof of Theorem 3.1:

t
A;1/2<MPVO(X,p)?—mp / \as\pds) (5.12)
0
[1E] [t/1AR]
= A7 1/2( pZya] P> ORGP —myl! Z £ 1|p)
iel;(j)
t/An] l
AR Y (JO1X P = [0 0)a, OFGI) + Ry
=2
where
[t/AR] [it]
RY = AL2(S ( Z 01—z, OFGIP — Z\aj 1Y \onG\p)
i€l (5)

[t4]

+ mpA, 1/2(l IZ]ajﬁ]p—/t\as\pds).
0

j=1
Note that the negligibility of the second summand in the decomposition (5.12) has been

shown in the previous step. The convergence

hm lim sup P(|R;” ] >¢e)=0,

=00 n—oo

for any £ > 0, has been shown in [3] (see the proof of Theorem 7 therein). Finally, we
concentrate on the first summand of the decomposition (5.12). By Remark 11 in [4] we
know that (Gt,A_1/2(MPV<>(G p)f —mpt)) = (G, /uW{), where p is defined by (3.7),
because 75 (j) — p®(j) and condition (2.15) holds (see again Lemma 5.3). An application
of the condition D" from Proposition 2 in [1] shows that

AZVHMPVO(G,p)} — myt) =5 /W]

Now we deduce by the properties of stable convergence:

(] [t/1An]

A,;W( pZya] ST [OPGI — myl ! Z £ 1yp)

i€l;(4)

[it]

\FZ o1 1|pAl w’,
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for any fixed [. On the other hand, we have that

[i2]

t
VI e AW £ i [ raw
j=1

as | — oo. This completes the proof of Theorem 3.3. O
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