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Abstract

Using multiple stochastic integrals, we analyze the asymptotic behavior of quadratic varia-
tions for Gaussian and non-Gaussian selfsimilar processes. We apply our results to the study of
statistical estimators for the selfsimilarity index.
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1 Introduction

A selfsimilar process is a stochastic process such that any part of its trajectory is invariant under
time scaling. Selfsimilar processes are of considerable interest in practice in modeling various
phenomena, including internet traffic (see e.g. [26]), hydrology (see e.g. [11] ), or economics (see
e.g. [10], [25]). In various applications, empirical data also shows strong correlation of observations,
indicating the presence, in addition to self-similarity, of long-range dependence. We refer to the
monographs [5] or [19] for various properties and fields of applications of such processes.

In this work we will focus our attention on a special class of self-similar processes which also
exhibit long range dependence, which appear as limits in the so-called Non Central Limit Theorem,
and belong to the class of so-called Hermite processes. We study the behavior of the quadratic
variations for such processes extending recent results by [13], [14], [12] and we apply the results to
the study of estimators for the selfsimilarity index both in the Gaussian and non-Gaussian case.
The Hermite processes were introduced by Taqqu (see [21], [22]) and by Dobrushin and Major (see



[4]). The Hermite process of order k > 1 can be written for ¢ > 0 as

1-H

t k 1
zhy = ettty [ [ Tl =) ) asawion)...aw) 1)
j=1

where 24 = max(z,0), the self-similarity (Hurst) index H belongs to the interval (1,1) and the
above integral is a multiple Wiener-It6 stochastic integral with respect to a Brownian motion
(W(y)),er (see [15]). Among its basic properties, we recall that

e it exhibits long-range dependence (the long-range covariances decays at the rate of the non-

summable power function n?7~2)

d d
e it is H-self-similar in the sense that for any ¢ > 0, (ZI’“{(ct))DO @ (cHZI@(t))DO, where
means equivalence of all finite dimensional distributions a a

e it has stationary increments, that is, the distribution of (ZF§(t +h) — Z}(h)) >0 does not
depend on h > 0. a

e the covariance function is

1
E | 2§ (026 ()] = 5 (P + 2 = s), st €l0,T)

consequently, for every s,t € [0,7] the expected squared increment of the Hermite process is

B|(Zh(0) - 25 = pr = 50, @

from which it follows by Kolmogorov’s continuity criterion that this process is almost-surely
Holdér continuous of any order § < H.

o if K> 2 then Z I’fl is non-Gaussian; the k-th Hermite process lives in the so-called k-th Wiener
chaos of B, since it is a k-th order Wiener integral; when k = 2, it is called the Rosenblatt
process; if k& = 1, the process is Gaussian, and one recognizes the covariance structure, as
well as the moving-average representation w.r.t. a Wiener process, of the fractional Brownian
motion (fBm), which is the best-known Hermite process.

The stochastic analysis of fBm has been intensively develop in recent years and its applications
are many. Other Hermite processes are less studied, but are still of interest because of their
long range dependence, self-similarity and stationarity of increments. The great popularity of
fBm in modeling is due to these properties, and that one prefers fBm rather than higher order
Hermite process because it is a Gaussian process, and its calculus is much easier. But in concrete
situations when empirical data attests to the presence of self-similarity and long memory without the
Gaussian property, one can use a Hermite process living in a higher chaos. The Hurst parameter
H characterizes all the important properties of a Hermite process, as seen above. Therefore,
estimating H properly is of the utmost importance. Several statistics have been introduced to
this end, such as wavelets, k-variations, variograms, maximum likelihood estimators, or spectral
methods. Information on these various approaches can be found in the book of Beran [1].

In this paper we will use the k-variations statistics to estimate H. Let us recall the context.

Suppose that a process (Xt)ic[,1) is observed at discrete times {0, %,...,%, 1} and let a be



a “filter” of length [ > 0 and p > 1 a fixed power; that is, a is an [ + 1 dimensional vector
a = (ag,a,...,a;) such that Zf;:o agq" = 0for 0 <r <p—-1and Zf;:o aqq? # 0. Then the
k-variation statistic associated to the filter a is defined as

L k

(%)

Vi (k,a) = _lz
; l
Va <N> :Zaququ.
q=0

When X is fBm, these statistics are used to derive strongly consistent estimators for the Hurst
index, and their associated normal convergence results. A detailed study can be found in [6],
[9] or more recently in [3]. The behavior of Vy(k,a) is used to derive similar behaviors for the
corresponding estimators. The basic result is that, if p > H + ; L then the renormalized k-variation*
VN (k,a) converges to a standard normal distribution. The eas1est and most natural case is that of
the filter a« = {1,—1}, in which case p = 1; one then has the restriction H < %. The techniques
used to prove such convergence in the fBm case in the above references are strongly related to the
Gaussian property of the observations; they appear not to extend to non-Gaussian situations.

Our purpose here is to develop new techniques that can be applied to both the fBm case and
other non-Gaussian self-similar processes. Since this is the first attempt in such a direction, we
keep things as simple as possible: we treat the case of the filter a = {1,—1} with a k-variation
order = 2 (quadratic variation), but clearly the method can be generalized; we further specialize
to the simplest non-Gaussian Hermite process, i.e. the one of order 2, the Rosenblatt process.

We will apply the Malliavin calculus, Wiener-Ito chaos expansions, and recent results on the
convergence of multiple stochastic integrals proved in [17], [8], [16] or [18]. The key point is the
following: if the observed process X lives in some finite Wiener chaos, then the statistics Vi can
be decomposed, using product formulas and Wiener chaos calculus, into a finite sum of multiple
integrals. Then one can attempt to apply the criteria in [16] to study the convergence in law of
such sequences and to derive results on the estimators for the Hurst parameter of the observed
process. The criteria in [16] are necessary and sufficient conditions for convergence to the Gaussian
law; in some instances, these criteria fail (e.g. the fBm case with H > 3/4), in which case a proof of
non-normal convergence “by hand”, working directly with the chaoses, will be employed. It is the
basic Wiener chaos calculus that makes this possible. Non-central limit theorem techniques which
have been used in the past for such convergences do not seem to work in this situation.

We now summarize the main results in this paper in some detail. As stated above, we use
quadratic variation with a = {1,—1}. We consider the following two processes, observed at the
discrete times {i/N}Y o: the fBm process X = B, and the Rosenblatt process X = Z. In either
case, the standardized quadratic variation, and the Hurst parameter estimator, are given by

<|X<'/N> - X (= )/N)P 1)

where

Vy =Vy (2,{-11}) = NZ (3)

i=1

N , . 2
iy = Hy(2,{-1,1}) = 5 - 2101gN oz 3 (X(%) - XC &1)>

i=1

N*QH

*Note that, unfortunately in this paragraph, to be consistent with the literature, the letter k is being used for the
order of the variation.



The H-dependent constants ¢ g (et. al.) refered to below are defined explicitly in lines (7), (9),
(12), (32), (46), (48), and (43). Here and throughout, L? (2) denotes the set of square-integrable
random variables measurable w.r.t. the sigma-field generated by W. This sigma-field is the same
as that generated by B or by Z. The term “Rosenblatt random variable” denotes a r.v. whose
distribution is the same as that of Z (1).

In this paper we prove that, as N — oo,

1. if X = B and H € (0,3/4), then ,/N/cl g Vn converges in L? () to a standard normal
(fin - 1)

random variable; so does v/N log(N) \/ﬁ

2. if X = B and H € (3/4,1), then \/N*4H /¢y Vv converges in L% () to a standard Rosen-
blatt random variable with parameter Hy = 2H — 1; so does N'=H log(N) m <HN H)

3. if X = B and H = 3/4, then \/N/ c’1 1 log N) Vi converges in L% (Q2) to a standard normal
random variable; so does \/NlogN\/_(I:IN(Q7 a) — H);

4. if X = Z and H € (1/2,1), then Nl_HVN(2 a)/ (4 d( )) converges in L? () to the Rosen-
(Hn(2,a) — H);

blatt random variable Z (1); so does 5 dl( i log (N)

5. if X = Z and H € (1/2,3/4), then \/\éi [VN(2 a) — N VoIl Z(1 )] converges in distribution to
a standard normal distribution; so does \/Q [ 2log (N) (Hy(2,a) — H) — ﬁZ( )]

6. if X = Z and H = 3/4, then \/‘éai [VN(2 a) — ﬁZ(l)} converges in distribution to a
standard normal distribution; so does \/‘L [ 2log (N) (Hn(2,a) — H) — ﬁZ( )]

Note that Z (1) is the actual observed value of the Rosenblatt process at time 1.

In the fBm case of points 1, 2, and 3 above, the indicated convergences for the standardized Vy’s,
at least in distribution, have been known for some time, in works such as [22] or [7]. In addition to
these results, we are able to treat the limit case H = % because our technology works directly, and
our convergences are stronger, in L? (Q). Another motivation to write here the proofs comes from
the fact that certain terms from the Gaussian case will appear also in the non-Gaussian case. We
also tackle the vectorial convergence of these quantities. The application to parameter estimation
was spelled out recently in the case of H < 3/4 in [3]. Our proof, however, is more elementary and
self-contained, and indicates what is left of this parameter estimation when H = 3/4 and H > 3/4;
in the latter case, the standardized estimator’s asymptotic normality is no longer available, one has
to deal instead with asymptotic Rosenblatt distribution.

In the Rosenblatt process case of points 4, 5, and 6, all results are new, for a subject that has
received too narrow a treatment in the literature, presumably because standard techniques inherited
from the Non Central Limit Theorem (and based sometimes on the Fourier transform formula for
the driving Gaussian process) are difficult to apply (see [4], [22], [2]). Our Wiener chaos calculus
approach allows us to show that the standardized quadratic variation and corresponding estimator
both converge to a Rosenblatt random variable in L? (). Here our method has a crucial advantage:
we are able to determine which Rosenblatt random variable it converges to; it is none other than



the observed value Z (1). This is where the fact we are able to prove L? () convergence, not
just convergence in distribution, is crucial. Indeed, when H < 3/4, substracting an appropriately
normalized version of this observed value from the quadratic variation and its associated estimator,
we prove that asymptotic normality does hold in this case. This unexpected result has important
consequences for the statistics of the Rosenblatt process, since it permits the use of standard
artillery in parameter estimation and testing.

Our asymptotic normality result for the Rosenblatt process was specifically made possible by
showing that V can be decomposed into two terms: a term in the fourth Wiener chaos and a
term in the second Wiener chaos; and while the second-Wiener chaos term always converges to the
Rosenblatt r.v. Z (1), the fourth chaos term converges to a Gaussian r.v. for H < %. We conjecture
that this asymptotic normality should also occur for Hermite processes of higher order k > 3, and
that the threshold H = 3/4 is universal.

Beyond our basic interest concerning parameter estimation problems, we would also like to
situate our paper in the context of some recent and interesting works on the asymptotic behavior
of p-variations (or weighted variations) for Gaussian processes, namely the papers [13], [14], [12]
and [20]. These recent papers study the behavior of sequences of the type

- <|X<z'/N> - X (- )/NP 1)

SR (X (i/N)) —

i=1

where X is a Gaussian process (fractional Brownian motion in [12], [13] and [14] and the solution
of the heat equation in [20]) and h is a regular deterministic function. In the fractional Brownian
motion case, the behavior of such sums varies according to the values of the Hurst parameter, the
limit being sometimes a Gaussian random variable and sometimes a deterministic integral. We
believe our work is the first to tackle a Non-Gaussian case, that is, when the process X above is
a Rosenblatt process. Although we restrict ourselves to the case when h = 1 we still observe the
appearance of interesting limits, depending on the Hurst index: while in general the limit of the
suitably normalized sequence is a Rosenblatt random variable (with the same Hurst parameter H
as the data, which poses a problem for statistical applications), the adjusted variations (that is to
say, the sequences obtained by precisely subtracting the portion responsible for the non-Gaussian
convergence) do converge to a Gaussian limit for H between % and %.

This article is structured as follows. Section 2 presents preliminaries on fractional stochastic
analysis. Section 3 presents detailed calculations and proofs of our results in the Gaussian case;
many of these calculations will be useful in the non-Gaussian case. Section 4 contains proofs of our
results for the non-Gaussian, Rosenblatt process. Section 5 establishes our parameter estimation
results.

2 Preliminaries

Here we describe the elements from stochastic analysis that we will need in the paper. Consider
(B )tclo,1) @ fractional Brownian motion with Hurst parameter H € (0,1) and denote by H its

canonical Hilbert space. If H = % then B2 is the standard Wiener process and in this case
H = L?([0,1]). Otherwise H is the unique Hilbert space of functions on [0, 1] extending the rule

<1[07s]; 1[0,t]>H = Ry (s,t) := 21 <SH + ¢ — |t — 5|H) .



Denote by I,, the multiple stochastic integral with respect to B¥. I, is actually an isometry
between the Hilbert space H®" equipped with the modified norm \/—177' I ||34e» and the Wiener chaos

of order n which is defined as the closed linear span of the random variables H, (B (p)) where
p € 'H and H,, is the Hermite polynomial of degree n. We will sometimes use the representation of
B = BH with respect to a standard Brownian motion W: there exists a Wiener process W and a
deterministic kernel K (t,s) for 0 < s < ¢ such that B (t) = I}¥ (K (t,-)) where I}V is the Wiener
integral with respect to W (see [15]).

We recall that any square integrable random variable which is measurable with respect to the
o-algebra generated by B can be expanded into an orthogonal sum of multiple stochastic integrals

F= ZIn(fn)

n>0

where f, € H®" are symmetric functions and Iy(fo) = E [F].
We will need the general formula for calculating products of Wiener chaos integrals of any orders
p, q for any symmetric integrands f € H®? and g € H®Y, is

PAg

L(NI(9) =) _r'CrCrlyig-20(f @1 g) (4)
r=0

as given for instance in D. Nualart’s book [15, Proposition 1.1.3]; the contraction f ®, g is an
element of H®®+9-2") defined by

o0

forg= D> (fien®...e)wlg e, ®. . e

015y ir=1

where (e;);>1 is an orthogonal system in H.
We now introduce the Malliavin derivative for random variables in a finite chaos. If f € H® is
symmetric then we will use the following rule to differentiate in the Malliavin sense

DI, (f) =nlp_1(fn(-,t)), te€]0,1].

It is possible to characterize the convergence in law of a sequence of multiple integrals to a
Gaussian random variable. We will use the following result (see Theorem 4 in [16], see also [17]).

Theorem 1 Let Fy, = I,(fi) be a sequence of square integrable random variables in the n th Wiener
chaos such that E(F,?) — 1 as k — oco. Then the following are equivalent:

i) The sequence (Fy)r>0 converges to the normal law N(0,1).

ii) One has E(F) — 3 as k — oo.

i) For all 1 <1< mn—1 it holds limy_o || fx ®; fr] HE*D — 0.

w) |DFy||3, — n in L*(Q) as k — oo, where D is the Malliavin derivative is with respect B.

Criterion (iv) is due to [16]; we will refer to it as the Nualart—Ortiz-Latorre criterion. A
multidimensional version of the above theorem has been proved in [18]; it will be used in Section 3
to study the vectorial convergence of our estimators.



3 The Gaussian data case

3.1 Strategy: try the Nualart—Ortiz-Latorre characterization

With a = {1,—1} and k£ = 2, with B = standard fractional Brownian motion (fBm), we begin
by using our tools to reproduce the results found in J.-F. Coeurjolly [3], seeking to show a central
limit theorem for the standardized quadratic variation. With the notation A; = 1(;_1)/n,/n) and
B(A;) = B(i/N) — B((i — 1) /N) so that Var [B (A;)] = N~ this variation, given in (3), can
be expressed as

N
Vy = N2-1Y <|B (A2 - N*2H) . (5)
i=1

To show it converges to the standard normal law A (0,1) after an appropriate scaling, instead of
employing Cceurjolly’s Gaussian method, we propose a Wiener chaos approach which can generalize
to higher order cases than fBm. The same tools will be used for non-Gaussian observation in Section
4, and some of the calculations there will be lifted from the current Gaussian section, which we
therefore present here in some detail. In fact, our tools allow some new results even in the Gaussian
case.

The strategy is to attempt to use the characterization of A/ (0,1) by Nualart and Ortiz-Latorre
[16, Theorem 4] as presented in the previous section: if {Fx = I, (fn): N € N} is a sequence of

nth Wiener chaos random variables, and E “F N|2] =|f N||${®2 converges to 1 as N tends to infinity,
then limy_,oo Fy = N (0,1) in distribution if and only if

2
lim E (DF 2 ) = 0.
Jin B[ (10Fvl —n) ] =0 ©)
In the next two subsections, we prove the following.

Theorem 2 Let H € (0,1) and B be a fractional Brownian motion with parameter H. Consider
the standardized quadratic variation Vi given by (5).

If H € (1/2,3/4), let
cLm ::2+Z(2k2H—(k—1)2H—(k+1)2H)2; (7)

k=1

Fy:=1/N/c1,aVn (8)

converges in L? (Q) to a standard normal random variable.

then

If H € (3/4,1), let
com =2H*(2H — 1)/ (4H — 3); (9)

FN = \/N4_4H/CQ7HVN (10)

converges in L? (Q) to a standard Rosenblatt random variable with parameter Hy = 2H — 1;
this random wvariable is equal to

(4H — 3)%/2 1 grH oKcH
AH (2H — 1) //01 (/Wsw(ws)w(uﬁ)d?i)dW(T)dW(S) (11)

then




where W is the standard Brownian motion used in the representation B (t) = I, (K (t,-)).

If H=3/4, let
= (2H(2H —1))> =9/16 (12)

~ N
Fy:=,———Vx. 13
N \/ ¢ glog N N (13)

Then En converges in distribution to a standard normal distribution.

and define

The Nualart-Ortiz-Latorre characterization is useful only when a Gaussian limit exists; other-
wise, which is the case when H > 3/4, a different argument will need to be used.
3.2 Expectation evaluation

Our first task is to evaluate E [VJ%] The product formula (4), in our present, nearly trivial, case,
yields

N
Vy = N2H-1 Z <|11 (A2 — N—ZH)
i=1

N
— N2H71 Z (IQ (Az X Az) + I(] (Al X2 Al) — N72H)
i=1

N N
= NI "I (4 ® A;) = N2, (Z A ® A,) .
=1

i=1

Now using the formula for the second moment of a second chaos r.v. (use (4) and/or see [15, page

8])7

N 2

E [yvNyQ] — N4 29 ;Ai ® A, )
N N

NN "N " (A @ Ai, A © Ay,
i=1 j=1
N N
= 2NN A, A | (14)

i=1 j=1

To calculate this quantity, we notice that (A4;, 4;),, = E[B (4;) B (A;)] can be calculated explicitly
using the covariance function Ry

. 2H
t—J

N

<Ai7Aj>H =921 (2

This expression is close to H (2H — 1) N~2|(i — 5) /N|*72, but we must take care whether the
series ), k=4 converges or diverges. Let us consider first the case of convergence.



Case 1: H < 3/4. In this case, isolating the diagonal term, and writing the remaining term as
twice the sum over ¢ > j, we can write

N N Z._jQH Z._]‘_12H Z._j+12H 2
E|:|VN|2] :N4H_22_1ZZ 2 T - T - T
i=1 j=1
— N4H722N74H+1
N N—1 2H 2H 2H\ 2
k k—1 k+1
NAH-2 9| & LA _|Ft+L
e s (o o - R - [

—2/N+N23 (N —k) <2k2H (k-1 —(k+ 1)2H)2.

Thanks to Lemma 16 in the Appendix, the above series converges, and we have proved the limit

2
lim E “\/NVN‘ } = e,

N—oo

| N
FN = —VN (15)
C1,H

and, in the next subsection, we will try to apply the criterion (6). We also record, for latter use,
the result

In this case, we therefore set

N N

Z Z ‘(A“ Aj>7‘[‘2 = 271017HN174H + o0 (N174H) (16)
i=1 j=1

Case 2: H > 3/4. In this case, we will instead compare the series in E [|VN|2] to an integral. Our

first task is to do away with the tridiagonal term. Therefore let us first consider the sum in (14)
for |i — j| < 1:

S A, f= N2 (~2 12 - 22 NP = g 2N (1)
Z’vjzlv"WN;'i*j'Sl

The corresponding term in (14) is thus equal to 2*/=!N~1. On the other hand, we immediately
get by Lemma 17 in the Appendix that N? Zi,j=1,---,N;\z¥j\21 !(Ai, AJ>H‘2 compares to a Riemann
sum in such a way that it converges to H?(2H — 1)/ (4H — 3). This also shows that the non-
tridiagonal term, which is of order N =2, dominates the tridiagonal term (17), because it is of order
N4 « N=2 (since H > 3/4). Thus we have the following result, which we record for further
use below:

, 9o H?(2H —1)
lim N2 Z ‘<A25A]>H| :T_g,

N—o0 .
7/7]:17... 7]\[

(18)

In conclusion when H > 3/4, according to (14), this result translates as

lim E [|N*27Vy[*] = con.

N—oo



In this case, we will therefore set

Fy = N?"yy/ /oo (19)

and try to apply the criterion (6).

Case 3: H = 3/4. This case must be treated separately. In this case in the usual way, we have

, 9 1 Nl )
E|(Vv)’] = e > (2R — (b= 12— (4 1))
1 N-1 = )
— 7 2 kR = (k= )M — (k4 1))
k=0

and since 2k* — (k —1)2# — (k +1)?H behaves as (3/4) k=1/2 we get E [(VN)z] ~¢c) i (log N)/N.

~ 12
Thus, limy_. E UFN‘ } — 1 where ¢, ;; = 3/16 and

1

- N 2
Fy=|——F—] Vn. 20
N (ciHlogN) N (20)

3.3 Derivative calculations
We now attempt to show that [|[DFy|3, converges in L2 () to n = 2, where Fy is given by (8),
(10) or (13) depending on whether H is bigger or smaller than 3/4 or equal to 3/4.

We first calculate the Malliavin derivative of Vi, and investigate the expectation E [HDFNH%]

to check that, at least, it converges to 2. We use the rule D,.I5(f) = 2I; (f(-,r)) when f is
symmetric. We have

N
D,Vy = N¥-1p. 1, (Z A ® A,)

=1
N N
= 2NN (A @ A (7)) = 2NN DA () T (A)
i=1 =1

Hence

N
IDViv |3, = AN*72 N " 1y (A) I (4;) (A Aj),, (21)
ij=1

and therefore

N
B[ IDVxl3] = N2 37 (i A
1,7=1

We note immediately from (14) that E [HDVNH?{} = 2E [VZ]. From the results of the previous

section, whether in the case H < 3/4, H = 3/4 or H > 3/4, we then automatically get that

. 2
m B [I0r1 =2

10



Thus it is now sufficient to show that HDFNH% —E {HDFNH%{] converges to 0 in L? (). For

this calculation, we will use the following convenient Malliavin-derivative tool, which can be found
in [24, Chapter 9].

Lemma 3 Let Y be a centered random variable in the space DY2 relative to By. Then for any
m=1,2,3,---, there exists a constant c,, depending only on m such that

E[[Y["] < cn B [|| DY 7]

To simplify the calculation, consider first

Y = Zh Aj) (Ais Aj)y,

1,7=1

We calculate

N
DY = (I (A) A5 (r) + T (A7) Ai (7)) {Ai; Aj)y,

ij=1
N i
=23 N B(A) A (r) (A Aj)yy -
i=1 j=1
Thus
N i
IDY13, =4 )" B(A)B(A)Y Y (Ais Ag)y (Ais Ajr)y, (Aji Ajr)y,
ii'=1 j=1j/=1

We can calculate the expectation of this expression immediately:
E [|DY3,] =4 Z Z Z Aii Ay (A Ay (A Ag ), (As A, (22)
i,i/=1j5=1j5'=1
Case 1: H < 3/4. In this case, using the scaling Fy = NY/?Vy/, /c1 i and the expression (21)

which yields HD HDVNHHH (ANY-2)*|| DY |13, (22) becomes

_9\2
[HDHDFNHHH ] (crm) "2 N2 (4N*-2)2 | DY |2,
16 sn
= 5 NY2 DY |3,
“LH

_ NSH 2 Z ZZ (Ai; A )y (Ass Aj) gy <Ai/§Aj/>7—[ <AJ;AJ'>H (23)

i,i/=1j=1j5=1

11



2
By Lemma 18 in the appendix, the conclusion is that E [HD HDFNH?{HH} is asymptotically equiv-

alent to a constant multiple of N87~6 By Lemma 3, for some constant ¢ we get that
2
E [(HDFNH% - 2) } < eNBH=6

which, together with the calculations in Section 3.2, is the Nualart—Ortiz-Latorre necessary and
sufficient condition (6) for Fy to converges in law to a standard normal, i.e.

]\}im \/NVN 2/\/’(0,617]{) .

Convergence in L? () can also be established, using techniques similar to those in Case 2; the
details are left to the reader.

Case 2: H > 3/4. In this case, using the scaling Fy = N2*2HVN/,/027H and the expression
HDHDVNHHH (AN4H-2)2 | DY'||?, from (21), we have in (22):

64N

it Ai gy (Ais Ay (A Agr )y (Aji Agr),,

B|[oorl )] -
i,i/=1j=1j4'= 1

A calculation of the same nature as in Lemma 18 proves that the above is asymptotically equivalent

to
16 |H (2H —1)|*

2
CoH

/[0 " (2 —a') (@ —y) (&' = o) (y — /) "2 dada’ dydy'.

This is a positive constant depending on H only. Therefore, the Nualart—Ortiz-Latorre condition
is not met, which proves that N2~2# V) does not converge to a Gaussian distribution.

In order to find the limit of N272#V}y, we calculate the second Malliavin derivative of Fy,
and investigate its limit. It turns out that the limit of the normalized Vi is a Rosenblatt random
variable. In order to prove this, we will use the representation of the Rosenblatt process with respect
to standard Brownian motion, and because of this, we now consider the Malliavin derivative D with
respect to the standard Brownian motion W underlying the fBm process By. In other words, such
a W exists such that

Fy :NCQ,ZQiI} (/L@Az)
=1

where I, is the double Wiener integral w.r.t. W and, with By (t) = fg K (t,8)dW (s) (see for
instance [15, Chapter 5] for a formula for K1), A; is defined by

_ 1+ 1
We thus have
D? Fy =2Ne, WZA (25)

12



We claim that, up to a constant, the function (r,s) — ﬁ%sﬁ}v converges in L? ([0,1]?) to

202_ ZZL where L is the function

1 H H
oK oK
, L(r,s):= , ,7) du. 26
(r,s) — L(r,s) /r\/s 5 (u, s) 5 (u,r) du (26)
This fact is proved in Lemma 19 in the Appendix. B
Now, since Fy is a second-chaos variable, we can write Fy = Iy (fn) for some symmetric

function fy in L? ([0,1]%). By basic properties of the derivative, we have fy = 2-1D2Fy. Now

define the following Rosenblatt random variable with parameter Hy = 2H — 1:

Y =d(Hy) I (L) = d (Hy) //[o,u? </i ag{uH (u, s) 8;7 (u,7) du) AW (r) dW (s),

where

d(HO) = (H(] + 1)71 (2 (2H0 _ 1) /H0)1/2
= (4H — 3)1/2(2H _ 1)—1/2/ (\/§H>

Therefore we have, by the isometry property,

_ ~ 2 ~ e — 2
E “FN — eyl (L)‘ ] = H2—1D?FN - c;}{QL(

L2([0,1)2)’

which, by the previous claim, proves that Fy converges to the Rosenblatt random variable Y =

¢y T2 (L) in L? (Q).

Case 3: H = 3/4. In this final, limit case, we get

N
IDVN |1, = AN " 1 (A L (A7) (A, Aj)
ij=1

N
= AN*—2 Z [IQ(AZ X AJ) + <A2, Aj>'H] <Ai7Aj>H
ij—1

and we obtain, by the evaluation of mean square of Vi, the limit as N — oo

N
= N -1 -
E |||DF}] = gy () AN ST (4 A 2

)

ij=1

Therefore it is sufficient to check that the sum

N N N
N D bAoA
8 ij=lij=1

13
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converges to zero in L?(Q) as N — oo. Indeed, its L? norm is given by

NSH—Z
= > (A ® Aj, A ® A)ren(Ai, Aj)n Ak, A)n
(log N)? 2=,
7/7]7 b
N8H72
=—Q A A Ay A (A A ( Ak, A -
Tog V)2 2 (Ai, Ap)r(Aj, Ar(Ais Ay (Ar, Ann
Z7j7k7l
The sum has already been evaluated. The last expression’s behavior is of order (leoggiN_)Q and so its
goes to zero as N — oco. As a consequence ||DyEy /|2, converges to 2 in L%(Q). This finishes the

proof of Theorem 2. |

Remark 4 For every H € (0,1) it holds that Vn(2,a) converges almost surely to zero. Indeed, we
already showed in this Section 3 the L?(Q2) convergence to zero as N — o0o; to obtain almost sure
convergence we only need to use an argument in [3] (proof of Proposition 1) for empirical means
of discrete stationary processes.

3.4 Multidimensional convergence of the 2- variations

This section is devoted to the study of the vectorial convergence of the 2-variations statistics. We
will restrict ourselves to the case H < % in which the limit of the components are Gaussian random
variables. We make this choice in order to benefit from some recent results in [18] that characterize
the convergence in law of a vector of multiple stochastic integrals to a Gaussian vector. Our strategy
is based on the following result (Proposition 2 in [18]).

Proposition 5 Let d > 2, and fix n > 2 as well as a collection of kernels
k k
{(fl( Vo f ’) k> 1}

such that fj(k) € H" is symmetric and for every k > 1 and every j = 1,...,d, and

lim Hf](’”HZ@n =0y, Vi=1,..d (28)
lim E [I,f (f}’”) X (fj’”)} — 0y, Vi<i<j<d.

Then, the following conditions are equivalent:

(i) as k goes to infinity, the vector <Ir)f <f1(k)> s IX <fék)>> converges in distribution to a d-

dimensional Gaussian vector Ny (0,Cy) = (N1, ..., Ng) with covariance matriz Cg;

(ii) for every j = 1,....d, I;X (f](k)) converges in distribution to N;, that is, to the law of a centered
Gaussian random variable with variance Cj;;

Now, define the following filters constructed from the filter a = {1, —1}:

a' = {1,-1},a®> = {1,0,-1},a® = {1,0,0,-1}, ...a™ =(1,0,0,... — 1}

14



where M is an integer at each step p, the vector aP has p—1 zeros. Note that for every p=1,..., M,
the filter a? is a p 4+ 1 dimensional vector.

Consider the statistics based on the above filters (1 < p < M)

(2, = 5 >

i=p
N
1 D —2H
() e
i=p
where we denoted by
Aivpzl[i*_ﬂi 1<p<M,p<i<N.

N ’N]’

We have the following vectorial limit theorem.

Theorem 6 Let B be a fBm with H € (0,3/4) and let M > 1. For 1 <p,q < M define

1 2
Cpa.H *= —oH Z (W2H +k—p+q" =k —p" — |k + q‘QH) , and Cp H = Cpp H
(Pg)* =
and
Fn(aP) :=VNe, 1 Viv(2, ap). (29)

Then the vector (En(a'),..., Fx(aM)) converges as N — oo, to a Gaussian vector with covariance
matriz C = C; j where Cp 4 = \/%

P, q,

If H= %, define
dpquH = (pq)QH 1_67 and dva = dp7p7H7

and

= N 1

Py — [ P

Fy(aP) = logNdva VN (2,aP).
Then the vector (Fy(a'),..., Fx(a™)) converges as N — 0o, to a Gaussian vector with covariance

dp,g.H

matrix D = D; ; where Dy, 4 =

\ dp,qu,H '
Proof. Let us estimate the covariance of two such statistics
E [VN(2’ ap)VN(2’ aq)]

NAH 1 N N
T (N-p(N -9 (pq)2H2 Z Z<Aivp ® Aip, Ajg @ Ajg)Hen

i=p j=¢q

NAH 5 NN )
O ) G 2 2 i @ A

i=p j=q

15



The next step is to compute the scalar product

<Ai7P ® Aj7q>H = <1[iz_\rp7%]’ 1[1%7%971
1 z—j2H+i—j—p+q Ci—g=p" |i—i+a
2 N N N N
Assume that p > q. We need to estimate the sum
if) i i —pta Jig—p it
i £ N N N N
i=p j=¢q
1 e 2H 2H 2H 2H 2
= < o (=P +li—j—p+aP =i =i =P = li—j +q*")
J=q i=p
1 L C9H e oH 1. °H ;- 2H\2
w2 2 (=P li— g —p+alP =i = pP" i = j +q*")
Jj=p i=p
9 N N—j )
= v 2 D (KPT + 1k —p+ g = [k —pl — |k + ")
Jj=p k=1
N—
2 ! 2H 2H 2H 2H)2
= a2 (N =k =p) (" + [k —p+a™ =k —p[*" = [k +q[*")
k=1
N—p
2 1
= v 2o (N = k= p)k'g()*
k=1

where we denoted by

glz) =1+ (1= (p— @a)*" — (1 — pa)*" — (1 + qz)*".

By the asymptotic behavior of the function g around zero, we obtain for large k

1 1
g(g) ~2H((2H — 1)pq—

k2
We distinguish again the cases H < % and k = % and we conclude that
1 3
E[VN(2,a?)VN(2,a7)] ~Nooo Cpa,H 7 for H < 1
and loe N 5
E [V (2, a")V (2, a9)] ~N—oo dpgsi—or  for H = -

where the constant ¢,z and b, 4y have been defined in the statement of the theorem.

conclusion then follows from Proposition 2 in [18].

16
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4 The non-Gaussian data case

Here we enter the non-Gaussian realm. Our observed process is now a Rosenblatt process (Z(t))e[o,1]
with self-similarity index H € (3,1).

Recall that this process is self-similar with stationary increments, and lives in the second Wiener
chaos. Our goal, as before, is to estimate its H from discrete observations of its sample paths. As
far as we know, this direction has seen little or no attention in the literature, and the classical
techniques (e.g, the ones from [21], [22] or [4]) do not work well for it. Therefore, the use of
Malliavin calculus and multiple stochastic integrals is of interest.

In a natural extension of the Rosenblatt random variable exhibited in the last section, the
Rosenblatt process can be represented as (see [23])

Vo ou

t t t H' H’
2ty =) | [ [ [ B <u,y2>du] W)W ) (30
Y

where (W, t € [0,1]) is some standard Brownian motion, K is the standard kernel of fractional
Brownian motion (see any reference on fBm, such as [15, Chapter 5]),

H+1
H = T+ (31)

and

NI

1 H \~
AH) = 7 (2(2}1 - 1)) ' (82)

We will denote the kernel of the Rosenblatt process with respect to W by

L oKt oK™
9 (u,y1) 9 (u,yz)dU] Lio,2 (Y1, 92)- (33)

1Vy2

Li(y1,y2) :== d(H) [/
y

JFrom this point on, we will use the same technical strategy as we introduced at the end of
the subsection on derivative calculations, which is to write all stochastic integrals directly with
respect to W, and all Malliavin derivatives with respect to W as well. Abusing and simplifying
the notation (dropping any tildes), D now denotes the Malliavin derivative and I,, denotes the nth
Wiener integral, both with respect to W. In other words, in particular, for every ¢

Z(t) = Ia (Ly(+)) -

Consider now the filter a = {—1,1} and the 2-variations given by

Recall the product formula for multiple Wiener-It6 integrals (4) to obtain

I(f)2(g9) = Li(f @ f) +4L(f @1 f) + 21o(f ®2 f);

17



overriding the notation A; in the previous section, we set

Ai:=Li — Li-; (34)
N N

we can thus write

. . 2
(26~ 25D) = (natany

and this implies that the 2-variation is decomposed into a 4th chaos term and a 2nd chaos term:

V ( N2H 12 I4 +4IQ(AZ ®1 Az))

=Ty + T5.

A detailed study of the two terms above will shed light on some interesting facts: H < % the
term T continue to exihibit “normal” behavior (renormalized, it converges in law to a Gaussian
distribution), while the term 75, which turns out to be dominant, never converges to a Gaussian law.
One can say that the second Wiener chaos portion is “ill-behaved”; however, once it is subtracted,
one obtains a sequence converging to N (0, 1), which has an impact for statistical applications.

4.1 Expectation evaluations

Let us first estimate the L? norm of the term denoted by Ty. By the isometry formula for multiple
stochastic integrals

N N
_ — 2
E(Tf) = AIN*H 2 Z <Az &® Ai,A]‘ ® Aj>L2[O,1]4 = JIN*H =2 Z |<Au Aj>L2[O,1}2‘ .
i,j=1 i,j=1

The scalar product (A;, Aj>%2[0 12 computes as

|(Ai, Aj) L2[01]2 // (Y1, Y2) Aj (Y1, y2)dy1dys

/ / dy1dys

¥ OKH OKH v oKH OKH
</y 8—u( Y1)~ B (Uay2)du—/y W(uayl)W(uayQ)du>

1Vy2 Vs
x oOKH oK' N oKH oK'
</91Vy2 v W) 75, v (v 2)dv - /ylvm ov (v’yl)w(v’?ﬁ)dv

% % uAv 8KH’ 8KH’ 2
= d(H)? [_1 ﬁl dudv [/0 5y (W) — (W y)dyr|
N Y N

Note the following fact, with a (H) = H' (2H' — 1) =H (H +1) /2

uAv 8KH’ aKH/ -
| T ) G o = el — o (3)

18



this will be used repeatedly, and in this case it gives
(Ais Aj) 2] = d(H)2a(H)2/ / lu — v[* 2 dudv

where we used the notation I; = (%, %]
We finally obtain

i—j—1"
N

i—j+1"
N

. 2H
()
N

(A, Aj) 120,1)2

- H(2H —1) 2

’ d(H)2a(H)? 1 [

] (36)

and this expression has already been studied in the previous section. With the constants c1 g, c2 i,
and c’L  given respectively in (7), (9), and (12), using Lemmas 16, 17, and the analogous result for
H = 3/4, we get, asymptotically for large NV,

1 d(H)*a(H)* 1 3
E(T?) ~ —4! - H<= 37
T~ N mer - EaeH Ve (37)
E(12) ~ Nt I Vla(H)" >3 (38)
4 (H(2H —1))2 2% 4
and d(H)*a(H)* log N
3
E(T2) ~ 4! a ;08 =2

Let us evaluate now the mean square of the second term

N
Ty = N2H*14Z I (A; ®1 A;);
i=1

the contraction 4; ®1 A; is given by

1 1
(A; ©1 A)) (g1, y2) = /0 /0 A, ) A, )

1
— d(H)’ / da
0
x 9KM OKH' v OKH OKH'
du — d
</x/\y1 o (u,z) o (u, y1)du /my1 0 (u, ) 0 (u,y1) u)
~ oKH oKH' i_TlaKH’ oK H
dv — d
</x/\y2 90 (v,2) 9 (v,y2)dv /gﬁ/\y2 E. (v, x) 50 (v,92) v)

) oK oK' oK'
//dudv (/ dz 5 (u,x)w(v,x)> W(u,yﬂw(v,yz)

and we obtain, using (35)
: aKH/ oK
(A1 Ao, =l [ o o2 T ) Z g, (40

19



Then

N
E(T22) = N4H7216 - 21 Z <Al ®1 A, Aj &1 Aj>L2[O,1}2
ij=1
where

(A; ®1 Aiy Aj @1 Aj) 1210,1)

/ / dy1dys(A; @1 Ai)(y1,y2) (A5 @1 Aj) (Y1, v2)

/ / dyrdyn / / / /Hdu o/ dudv

oK oK™
(Uyl) o (v,92) ou’ (u ayl) o' (v ay2)

////]u o 2 — o P 2 — o P20 — o P20 do dudu
E(T3) = N*172324(H) //// (41)
1,j=1

x Ju— o 2 — o P2 — P2 — P20 d dodu

!
| ’U|2H 2| |2H’ 26KH

and so

By Lemma 20 in the Appendix, we conclude that

2
1 1 /
2-2H 4 4 B L 2H'—2
]\}LI%OE(TQ )N = 64a(H)*d(H) ( +1> /[0,1]2 lu — v| dudv (42)

1 1

_ 2 4 _

= G4a(H)2d(H) < - 1)

= 16d (H)* == c3.11. (43)

Taking into account the estimations (37) and (42), we see that E [T7] is of order N~!, which
is smaller than E [TQQ] which is of order N¥~1; therefore the mean-square behavior of Vi is given
by that of the term 7% only, which means we obtain for every H > 1/2

lim E

N—oo

<N1H VN (2,0) \/clg_H>2] = 1. (44)

4.2 Normality of the 4th chaos term 7, when H < 3/4
We proved above that limy_.., E(G%/) = 1 for H < 3/4 where

= VNNl ] (ZA ®A> (45)

and

Ald(H)*a(H)*c1n
€1,H

H = H(2H — 1))? (46)



Similarly, for H = %, we showed that limy_.. E(Gy)? = 1 where

~ . N 2H—-1
Gy = ,/ngN es 1l (ZA ®A> (47)

d(H) a(H)" ,

Using the criterion of Nualart and Ortiz-Latorre, we prove the following asymptotic normality for
Gy and Gy.

and

o= Al (48)

Theorem 7 If H € (1/2,3/4), then Gy given by (45) converges in distribution as

Jim Gy = N(0,1). (49)

If H = 3/4 then Gx given by (47) converges in distribution as

lim Gy = N(0,1). (50)

—00

Proof. Step 0: setup and expectation evaluation. Using the derivation rule for multiple stochastic
integrals, the Malliavin derivative of Gy is

D,Gy = VNN?H-1¢ 1/24213 )
and its norm 1is

DG [y = N~ 16e; Z/ drIy(A; © A) () I3 (A; ® Aj)(r).
i,7=1

The product formula (4) gives

IDGN 72101 = N 116er Z / dr 16 ((Ai @ Ai)(-,m) ® (A; ® A;) (7))
t,j=1
+91, ((Az ® Ai)('ar) ®1 (Aj ® Aj)('vr))
+91, ((Az ® Ai)('ar) @2 (Aj ® Aj)('vr))
+3Uo ((A; @ A)(-,7) ®3 (A; @ Aj)(-,7))]
=Jg+ Jy+ Jo + Jp.

First note that, for the non-random term Jy that gives the expected value of the above, we have

Jo = 16e1 i N*7 13! Z /01] (Y1, y2) Ai (Y3, ya) Aj (Y1, y2) A (Y3, ya)dyr dyadysdys
i,7=1

2

L2[0,1]2

= 96N e ] Z [(Ai, A7)
t,j=1
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This sum has already been treated: we know from (37) that Jy/4 converges to 1, i.e. that

lim, E[HDGNH%Q[OM] = 4. This mean, by the Nualart-Ortiz-Latorre criterion, that we only

need to show that all other terms Jg, Jy, J2 converge to zero in L?(Q2) as N — oo.

Step 1: order-6 chaos term. We consider first the term Jg:

N 1
Jg = N4H711661ﬁ}{ Z / drlg ((Al ®1 Az) ® (AJ M1 Aj(-,T‘)))
0

i,j=1
N
= N 16erh S I (A @ Aj) © (4 @1 A;(7)).
i,j=1

We study the mean square of this term. We have

N 2
E || Y I (4@ 45) ® (4 @1 4;(-,7)))
2,j=1
=61 > (A ® A)) @ (A @1 A;(-,7)), (A @ A)) @ (A @1 A7)
1,7,k,1
=61 > (As, Ar)r2po 12 (Aj, A r2o,2(Ai ®1 A, Ap ®1 Ar) 20,172
1,9,k,l
1 1
= 6! Z (A, Ak) 210,12 (Aj5 Al) £2[0,1)2 /0 /0 dy1dys
1,7,k,l

o OK oK’
H ly — o|2H'~2
] vt — o O ) T )

o OK! oK™
2H'—2
X /Ik /Il dv'du'a(H)|u — v| 5 (W, yl)W(v/, y2)

We get
E [J@?] = cst - N33 Z <Az‘,Ak>L2[o,1]2<Aj,Al>L2[0,1}2
i3,k

x/du/ dv/ du’ dU,’u—U’QH/_QIU,—U,/’QH/_QIU—UI‘ZHI_Z‘U,—U, 2H' -2
I; I; I, I

s i— kP ik 1T ik P
N N N
N N N '

Lemma 21 in the Appendix then proves that
E [J§] ~ cst- N6 (51)

and this goes to zero as N goes to co because H < %.
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Step 2: chaos terms of order 4 and 2. To treat the term
i st NS [t (asm a0 8 (40 4 ),
i,j=1
since I4(g) = 14(g) where g denotes the symmetrization of the function g, we can write
N
Jy=cst- N4 Z <Ai7Aj>L2(O71}2 (A; ® Aj)
ij=1

N
+ cst - N1 Z (A; @1 Aj) ® (A; ®1 Aj)'
i,j=1

Both terms above have been treated in previous computations. One can show that
E [J7] ~ cst- N30
which tends to zero for H < %. A similar behavior can be obtained for the last term .J

E [J3] ~ cst. N®1—6

(52)

(53)

Step 3: conclusion. Putting (51), (52), (53) and (27) together, and recalling the convergence result
for E [Tf] proved in the previous subsection, we can apply the Nualart—Ortiz-Latorre criterion,

and use the same method as in the case H < % for H = 3/4, to conclude the theorem’s proof.

Remark 8 The convergences in Theorem 7 also hold in L*(12).

It is also possible to prove a multidimensional version of the above limit theorem. For every
p=1,..., M let us consider the 4th chaos term appearing in the decomposition of Vi (2, a”) where

aP is the filter of length p + 1 constructed from the initial filter a = {1,—1}

with

Theorem 9 Assume H < %. Define, for 1 <p < M,

d(H)?a(H)? 1
H(2H —1) 2 (pq)

€p,q,H =
E>1

and

Gn(a?) = VNe, [ *Ty(a?) = 1/2214 (Aip ® Aip) .
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Then the vector
(GN(al, cel GN(aM))

converges to a centered M dimensional Gaussian vector with covariance matriz E = E; ; where

E = _CpaH
p,q [€p . HCq, H
If H= %, define
d(H)*a(H)??>1 1 9
= = 2H(2H — 1 =
IpaH H(2H — 1) 9 (pq)gg (2H( ), IpH fopH

and

= N 1)
Gy = \/ log N /pt T4(@"):

(GN(al, ey GN(aM))

converges to a centered M-dimensional Gaussian vector with covariance matriv F' = F; ; where

Fpg = —Apeti
P \/fp,qu,H

Proof. This is a consequence of the result in [18] and the estimation of the covariances. For
example, if H < % we have

Then the vector

lim B [Gn ()G (a%)] = epqm

and if H = % then

lij{an [GN(QP)GN(GCI)] = fp.q.H-

4.3 Anormality of the second chaos term 75, and limit of the 2-variation

This paragraph studies the asymptotic behavior of the term denoted by T5 which appears in the
decomposition of Vy(2,a). Recall that this is the dominant term, given by

N
T = 4N2H_1_[2 (Z(Al &1 Al)>

=1
and, with ¢z g given in (43), we showed that
1o\ 2
Jim E [(NlHTgc&}f) ] —1.

The following proposition, which can be proved using straightforward calculation which we omit,
shows by the Nualart—Ortiz-Latorre criterion that 75 cannot converge to a normal distribution.

Proposition 10 With Ty := N'"HTyc; 112, then, in L2(Q), imy oo [|DTx||221 = 2 + ¢ where

c is a strictly positive constant.

[0,1]

However, it is straightforward to find the limit of T, and thus of Viy, in L? (Q) in this case. We
have the following result.
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Theorem 11 For all H € (1/2,1), the normalized 2-variation N*""Vy(2,a)/ (4d (H)) converges
in L? (Q) to the Rosenblatt random variable Z (1). Note that this is the actual observed value of
the Rosenblatt process at time 1.

Proof. The proof proceeds exactly as in the proof of the case H € (3/4,1) in Theorem 2.
Since we already proved that N'~™HT; converges to 0 in L2 (), it is sufficient to prove that
N=HT,/(4d (H)) — Z (1) converges to 0 in L? (). Since Tb is a second-chaos random variable,
i.e. is of the form I, (fx) where fx is a symmetric function in L? ([0, 1]?), it is sufficient to prove
that fy converges to Ly in L? ([0,1]?), where Ly is given by (33). We have already calculated fy
fairly explicitly in (40): we have that

op g OKH’ oK
u

N
o n2H-1 2 _
In (y1,y2) = 4N a(H)d(H) ;:1 //IixlidUdv‘u vl 5 (u,91) 9 (v,y2)

where the summand is zero if i/N < y; V ya. The detailed approximation arguments go exactly
as in the proof of Theorem 2./ We give t/he main lines here only. On the interval I; x I;, we may
replace the evaluation of agj and agf at w and v by setting u = v = i/N. We then get that
fn (y1,y2) is asymptotically equivalent to

!

2H-1 2 al OK™ . oK™ 2H'—2
4N a(H)d(H) Zli/N<y1Vy2W(Z/N7yl) ) (i/N,y2) o dudv [u — v|
=1 i X1y

v
P g OKH’ OKH'
=ANHld(H) N;hm%vww(z/myl) 5 (i/N,12).

The above series normalized by N~! is equivalent to a Riemann integral proportional to L; (y1,92);
this justifies that N'=H fy converges in L? ([0,1]?) to 4d (H) Ly, which finishes the proof of the
theorem. -

Remark 12 As in Remark 4, one can show that the 2-variations Vy(2,a) converge to zero almost
surely as N goes to infinity.

4.4 Normality of the adjusted variations

According to Theorem 11 which we just proved, in the Rosenblatt case, the standardization of the
random variable Vy(2,a) does not converge to the normal law. But this statistics, that can be
written as Viy = Ty + T has a small normal part, which is given by the asymptotics of the term
Ty, as we can see from Theorem 7. Therefore, Viy — T, will converge (under suitable scaling) to the
Gaussian distribution. Of course, the term 75 which represents an iterated stochastic integral is
not practical because it cannot be observed. But, replacing it with its limit Z(1) (this IS observed)
one can defined an adjusted version of the statistics Vy that converges, after standardization, to
the normal law.

Theorem 13 Let (Z(t),t € [0,1]) be a Rosenblatt process with self-similarity indez H € (3,1) and
let previous notations for constants prevail. Then, in distribution,

. 3
’lfH< )

VN (2,a) — SH
N—oo +/€1.H N ’ Nl_H

Z(1)| = N(0,1),
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QH
=
Il

o

\/N/log N
lim Y V/108 ¥ [VN(2,a) - Nf?jgzu)] = N(0,1)
N—oo ,/637[{
Proof. Step 0: setup. We have
\/g VN(27a) - NT?ZZ(U} - \/g [VN(zva) —I+ T - %Z(l)}

VN T+ VN /G H [Nl_H
Jaia | yesaNYE | G

We have already proved that \/N/es g1y converges in law as N — oo to the standard normal law
N(0,1). It then suffices to prove that

Ty — 2(1)] .

1 leH
lim NH~2 [ Ty — Z(l)] = 0in L*(Q). (54)
N—oo \/C3,.H

In fact /¢34 = 4d(H). Let us estimate the difference

Nl—H
o Z(1).

As in the proof of Theorem 11 we can write Th = I5(fn) where

N

o OKH oK’
— AN2H-1, (H H)2 // L 2H -2 .
In (Y1, 92) a(H)d(H) ; Ll dudv |u — | 90 (u, 1) o (v,92)
Then ) )
leH leH
—T5—Z(1 = 2! H—fN—L1
[ 4d(H) ( ) H 4d(H) LQ([OJP)

where L is the kernel of the Rosenblatt process at time 1 (see (33)).
For every y1,y2,

Nl—H
4d(H)fN(y1,y2) — Li(y1,92)

N
= NHa(H)d(H) Z // dudv |u — v[2H’72
i=1 IZ'XL;

oOKH' OKH' i i
X )

W(U, yl)W(va Y2) — 31KH/(N, y1)31KH/(N, Y2

N . .
’_ 7,1 1
+ Na(H)d(H) ) (// dudv [u —v[*" 2) K" (Nayl)alKH (§792) = Ly, 92)
i=1 I,’XI,’

= A (y17y2) + B (y1,y2) :
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Step 1: estimating the term A. We will show that
2
— 0 as N — oc. (55)

H—L1
B[N | Al 2o,
By repeating some previous calculations, we obtain
E|N73 HA|1L2<012

< N1 N2H ////dudvdudv|u VP 2| — o P2

3,j=1

< [lu Ry - 22y Ly
n

T o _ T o _ 1 ]
_‘u/__‘QH Q‘UI_E‘QH 2+’N N’2H 2:|.

The change of variables u = (u — ﬁ) N (and similar operations for the other integrals) imply

_1 2
E| N5 Al 2 o,

S N2H71 N 2H Z / dudvdu/dvl|u _ ’U|2H/72|'U1/ _ ’U/ 2H'—2

X []u — —|—i—j\2H _2]1) - —i—i—j]QH,_Z —|jut+i—j— 1]2H’_2]v +i—j— 1\2H/_2
i 1P i 1|2HL2 +i _]-|2H’72] .

We need to study the non-diagonal part which is again the dominant part. This is equal to (modulo
constants ¢(H))

N

1 / /

g (N —k) / dudvdu'dv’|u — v|?H 72|/ — /| 2
=1 [071]4

k
% [|u o+ k|2H’—2|v o+ k|2H’—2 Cut k- 1|2H/—2|v Tk — 1|2H/—2
| — k- 1’2H’—2‘U/ e 1’2H’—2 n WQH’—Q]
1
==Y (N- k)k2H2/ dudvdu! dv'|u — v/ 2|/ — o' P 2F, o (k)
N — [0 1]4 y Uy
A study of the asymptotic behavior of F), , . (k) show that it converges to the constant % for
every u,v,u’,v'. Therefore & Zgil(l\f — k)k?*H72F, v (k) will be of the order of N?7~2 and an

application of the dominated convergence theorem gives (55).

Step 2: estimating the term B. Recall that

B := N"a(H)d( (// dudv |u —v[* 2) O KHI(Nayl)alK (N’y2) Li(y1,v2)
I;x1;
N . . 1 H o'
1 0K 0K
= Nd(H) Z 1y1\/yz§%alK (Nayl)alK (N,y2) d(H)/y vy a—u(uayl)W(uayQ)du'
=1 1VYy2
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We recognize here the difference between a Riemann sum and its associated integral, implying that
the above term goes to zero for fixed y; and ys. But we need more, that is, to control the speed of
this convergence. We will show
2
lim E NH_%B‘ —0. (56)
N—o0

One can write

n—1 . . H' H’
_ o K (L w o o OK7 i
B_d(H)Z%/fm llylvyggﬁaﬁ( (7 I (0 2) = =5 = (s y1) =5 = (u, y2)du
and then
E(NH—%B
N
= Z//du'du
=171 2
; j 2H'—2 ; 2H'—2 j 2H'—2
7 ey R _12H'—2
[N N ‘N U U N + |u — v ]
= ¢(H)N*H~1 2111,,_2 122/ dudu’
N N i,j [071]2

The behavior for large N of the above expression will be given by

NH-2 Z(N — k) [szuz ~u+ k|2HL2 - k|2H’—2 Flu—d + k|2H’72]
k

and since (N — k) {kQH/_Q — w4+ kP2 — o — B2 4 — o+ k:|2H,_2] is equivalent to

, 2
N2H' =1 = NH it holds that E ‘NH_%B‘ behaves as N2#~2 and this clearly implies (56). |

5 The estimators for the self-similarity index

In this part we construct estimators for the self-similarity exponent of a Hermite process based on
the discrete observations of the driving process at times 0, %, ..., 1. It is known that the asymptotic
behavior of the statistics Vy(2,a) is related to the asymptotic properties of a class of estimators
for the Hurst parameter H. This is mentioned for instance in [3].

We recall the setup of how this works. Suppose that the observed process X is a Hermite
process; it may be Gaussian (fractional Brownian motion) or non-Gaussian (Rosenblatt process or

even a higher order Hermite process). With a = {—1,+1}, the 2-variation is denoted by

svza) =5 3 (X - x(5H) 57)

Recall that E[Sy(2,a)] = N2/ By estimating E[Sy(2,a)] by Sy(2,a) we can construct the
estimator

_log Sn(2,a)

Hy(2,0) = 2log N

(58)
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To prove that this is a strongly consistent estimator for H, we begin by writing
14 Vn(2,a) = Sy(2,a)N?H
where Vy is the original quantity defined in (3), and thus

log (1 + Vn(2,a)) =log Sn(2,a) + 2H log N
= —2(HN(2,a) — H)log N.

Moreover, by Remarks 4 and 12, Vi (2, a) converges almost surely to 0, and thus log (1 + Vx(2,a)) =
VN (2,a)(1 + o(1)) where o (1) converges to 0 almost surely as N — oo. Hence we obtain

Vn(2,a) = 2(H — Hy(2,a)) (log N) (1 + o(1)). (59)
Relation (59) means that Vi’s behavior immediately give the behavior of Hy — H.

Specifically, we can now state our convergence results. First, the Gaussian case.

Theorem 14 Suppose that H > % and assume that the observed process is a fBm with Hurst

parameter H. Then strong consistency holds for fIN, i.e. almost surely,
lim Hy(2,a) = H (60)
N—o00

and

e if H € (%, %), then, in distribution as N — oo,

VN log(N) <ﬁIN(2, a) — H) — N(0,1)

C1,H

e ifH € (%, 1), then, in distribution as N — oo,

N'H log(N) (HN(z, a) — H) ~Z

VC2,H
where Z is the law of a standard Rosenblatt random variable (see 11).

o if H= %, then, in distribution as N — o0,

Proof. This follows from the relation (59) and Theorem 2. ]

In the Rosenblatt data case, the renormalized error Hy — H does not converge to the normal
law. But one can obtain from Theorem 13 an adjusted version of this error that converges to the
normal distribution.
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Theorem 15 Suppose that H > % and the observed process is a Rosenblatt process with self-

similarity index H. Then, strong consistency holds for Hy, ie. almost surely,

lim Hy(2,a) = H. (61)

N—oo

In addition, we have the convergence in L? (),

1-H .
Jim S o (V) (A (2.0) — H) = Z(0), (62)

where Z (1) is the observed process at time 1. Moreover,
o IfH< %, then, in distribution as N — 00,

VN
VeLn

[—ng (N) (Hn(2,0) — H) — Y21 Z(l)] — N(0,1)

e and if H = %, then, in distribution as N — oo,

VN
\/637H10gN

Proof. This follows from Theorem 13, Theorem 11 and relation (59). |

[—QIOg (N) (Hy(2,a) — H) - ¥ figzu)} — N(0,1)

6 Appendix
Lemma 16 When H € (0,3/4), 5, (2k:2H — (k-1 — (k+ 1)21{)2 is finite

Proof. Since 2k27 —(k — 1) —(k + 1)2H = }2H f (1), with f(z) := 2—(1—2)*" — (1+2)*" being
asymptotically equivalent to H(2H — 1)x? for small x, the general term of the series is equivalent
to (2H)% (2H — 1)? k*1—4, Therefore the series converges to a constant depending only on H. m

2
H . 2H
S i .
N ‘ > con

2H .. 2
_|izg=1

ij
N

Lemma 17 When H € (3/4,1)), N> 32, i) . nuji_jj>2 <2
verges to H? (2H — 1) / (H — 3/4) as N — oo.

Proof. Let us write z = |i — j| /N, a = 2H, and h = 1/N. Thence using a mean value theorem of
order 3, we have

22% — (x — h)* — (z + h)* = —h%a (a — 1) 292 4 ch3¢*™3

for some & € (x — h,z + h) and some constant c. Under the restriction x > 2h, we have /2 < z—h,
which implies that the above correction term ch? |¢ |°{73 < /3293 for some other constant ¢. Now
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we can write the series of interest as

2H

2

5 <2i—j‘2H i—j—1 i—j+12H> (63)

=tz ALY N N
i— i 4H—4
< 3 N4 120 (2H - 1)? |2 (64)
i |
+2 Z d'N—5 ~ ‘ (65)
i _j 4H—6

—|— Z C”]\[_6 T (66)

i,j=1,- ,N;|i—j|>2

where ¢’ is another constant. Replacing the + signs in lines (65) and (66) by — signs, we obtain
the opposite inequality in line (64). We will show that the terms in lines (65) and (66) are of a
lower order in N than the term in line (64). This will imply that >, ;. .. n.ji—ji>2 |(4, AJ>H‘2 is
asymptotically equivalent to the right-hand side of line (64).

Using a limit of a Riemann sum, we have

1
lim N-2 . N4H—4:// M g .
dm N7 > - E=3)/N] [01]2’9” vl YW= o —1) (aH — 3)
17]:17"'7]\[;‘@7.]'22 ’

Therefore the term on the right-hand side of line (64) is asymptotically equivalent to the expression
N~2H?(2H — 1)/ (4H —3). On the other hand, for lines (65) and (66), the series cannot be
compared to Riemann sum. Rather, they converge (indeed, 4H — 5 < —1). We have

N-1

> i —j|"0 =2N Y " k0 < 2Ney;
i,j=1,,N;|i—j|>2 k=2
N-1

> i — "0 =2N Y " K0 <aNdy.
i,j=1,,N;|i—j|>2 k=2

Therefore both terms in lines (65) and (66) are smaller than a constant times N'=#7 which in our
case is negligible compared to N~2. In conclusion, we have proved that N? times the series (63)

converges to (511{—(?)]1(’4_1}!2) = Hj}%g/;l), which concludes the proof. [
Lemma 18 With H € (0,3/4),
‘ . 2H . 2H
_1 11— 1—j5—1 1—j5+1
(Ais Ajyy =2 (2 N B N N ’

as N — oo, we have

N i
NBH=2 Z Z Z (A Air)gq (Ais Aj) oy (Ais Aj/>H (Aj; Aj'>H- =o(N7%).

ii'=1j=1j'=1
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Proof. We can deal with the diagonal terms first. With ¢ = ¢’ and 7 = j/, and thanks to the
asymptotics in (16), the corresponding contribution is of order

N
_ _ 2 91— _
NSH 2ZN 4H|<A17AJ>H| >_\/]\[4[‘[ 2—1 4H:N 1.
1,7=1

It is trivial to check that the terms with : = ¢/ and j = 5/ £ 1, as well as the terms with s =4 &1
and j = j' £ 1 yield again the order N~!. By changing the roles of the indices, we also treat all
terms of the type |i —4'| <2 and |j —i| < 2.

Now for the hyperplane terms with ¢ = ¢’ and |j — j/'| > 2, |7 —i| > 2, |7/ —i| > 2, we can use
the relations of the form

(Aj Aj)y < 22721 H (2H — 1) N72|(i — j) /NP2,

holding also for the pairs (,j') and (4, j'), to obtain that the corresponding contribution in (23) is
of the order

N
NSH—ZZ Z N—ZHN—6|(Z_J)/N|2H72‘(Z_J/) /N‘QH—QKJ_]/) /]\7‘213’—2
=1 =5 12235 -] 225057 — 1] >2
N
= Ny > N7 = 4) /NP2 (= 7) NP G ) NP

i=1 |j—5'|>2;|5—1|>2;|5' —i|>2
= NOH=5 « N—1/2

where we used the fact that the last summation above converges as a Riemann sum to the finite
integral f[071}3 l(z —y) (x — 2) (y — 2)|*" " dadydz, and then the fact that H < 3/4. The hyperplane
term with ¢ = + 1 and |j — j'| > 2, |j —i| > 2, |7/ —i| > 2, the calculation is identical.

Lastly, and similarly to the case just treated, when all indices are distant by at least 2 units,
we can again use the upper bound N=2|(i — j) /N[** 72 for (Ai; Aj),, and all other three pairs,
obtaining a contribution of the form

2H-2 - 12H—-2

=]
N

.y 2H=2 2H -2

t—7
N

i—i i—7
N

N

N8H—2 Z N—8

i— > 2] — | > 2|5 —i|> 23] —4|>2
j—J J J

- NSH—6/ {(x _ x/) (z —y) (x’ — Z) (y — z)‘ZH_Q dx'dxdydz;
[

1]4

)

since H < 3/4, we have 8H — 6 < 0, and the above goes to 0 as well, albeit slower than the other
terms. -

Lemma 19 With H € (3/4,1), and
- _ . gft+1 . gt
A;(s) = 1[07%1] (s) K (T’S> — 1[0,% (s) K <N,S> ,
we have that Nzij\il A; (1) A; (s) converges in L? ([0,1]%) to the function
b oK*H K"
(r,s) — L(r,s):= /\/s 5 (u,s) 5 (u,r) du.

T
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Proof. A; (s) can be rewritten as

where §; = &, (s) depends on s but is nonetheless in the interval [i/N, (i +1)/N]. Using this formula
in (25) yields square-type terms with B; (s) B; (r) and C; (s) C; (r), and a cross-product term. This
last term is treated like the term involving C; (s) C; (r), and we leave it to the reader. Now, using
the fact that K (t,s) < ¢ (t/s)7712 (t — s)T71/% we write

// drds
[0,1]2

P 1\TY2 g\ 2
2 2-4H
<4N02H// drdsg g 1%% s) %7%}(7“)(NS> <N7°> N

2
2N021/2ZC

1= 1] 1
1\ H-1/2 1\ H-1/2
< 4N?- 4HC2H// dtduZZN <1+—> <1+—,>
[0,1]2 P v J
2—4H —1
<8N Co -

Since H > 1/2, this proves that the portion of D?Fy corresponding to C; tends to 0 in L2 ([O, 1]2).
For the dominant term, we calculate

2Nc, 1/2ZB s) — 2¢y 1/2L(7‘,s)
_ aKH aKH L ogKH OKH
1/2 Z 1 0,41 (rvs) 50 & (r),r)— (fz (s),s) — . o (u, s) 50 (u,r)dul.

This converges to 0 pointwise as a limit of Riemann sums; since H > 1/2, the kernel’s derivative
% (u,s) is of constant sign and integrable on the unit square, so that by dominated conver-
gence, the above convergence to 0 occurs also in L? ([0, 1]2). We have proved our claim, and the

1/2

multiplicative constant is 2c¢, 7. [

Lemma 20 For all H > 1/2, with I; = (54, 4],

N
lim N2H § : / / / / ‘u . U’QH/_Q‘U, . U,‘QHI_QIU . ul‘QH’—le . UI,QH’—Qdu/dvldvdu
N—oo ij=171i /1 V1 VI

= 2a(H)"? (% — %ﬂ)

33



Proof. We make the change of variables

1—1
N

)N

u=(u—
with da = Ndu and we proceed similarly for the other variables v/, v,v". We will obtain

E(T3)

1
:N4H7232a(H)4d(H)4N4 N8H/ / / / / dudvdu’ dv’

1,j=1
« |u ’U|2H/_2|u,—’U,|2Hl_2|u—u,—|—’L—]|2HI_2|’U—UI—|—’L'—j|2H,_2.
Since 8H' — 8 = 4H — 4,

E(T3)

~Ltany S [ [ [ [ wtaras

1,j=1
> ‘u _ U’2H’72‘u/ —v ‘2H 2’u — +Z~_j‘2H’72’U v+ _j’2H’72.
This sum can be divided into two parts: a diagonal part containing the terms ¢ = j and a non-
diagonal part containing the terms i # j. As in the calculations contained in the previous sections,
one can see that the non-diagonal part is dominant. Therefore the behavior of E(T%) will be given

by
Ty = —32a H)'d(H QZ/ / / / dudvdu’ dv’
1>)
X’ —U‘QHI_QIU/—U ’2H 2\u—u'+i— "2H/_2‘?}— o+ ‘_j‘QH’—Q
N N—i
= —32a 4d QZZ/ / / / dudvdu’ dv’
1=1 k=1
X| |2H’72|ul_ |2H 2|u—u'+k:|2H 72|v_vl+k|2H’72
:—32a H)'d(H QZN k) / / / / dudvdu'dv’
x |u— o*H 2| —v[2H 2lu— o+ kP 2o — o + kP2
Note that
1 N
sz u/+k’2H 72‘?}—1)/4-/{:’211 -2
N
H — 1 u’ k / ’U—U/ k ’
_ NZ _’2H —2’ ¥ + _‘QH -2
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Because the terms of the form (u — u') /N are negligible in front of k/N for all but the smallest
k’s, the above expression is asymptotically equivalent to the Riemann sum approximation of the
Riemann integral

1
/ (1—z)z**=1/(2H —1)—1/(2H)
0
where we used 2H' —2=H — 1. ]
Lemma 21 . For H € (1/2,3/4), we have E [JZ] ~ cst - N37=6.

Proof. With the notation as in Step 1 of the proof of Theorem 7, making the change of variables
4 = (u— 5})N and similarly for the other integrands, we obtain

E [Jg]

1 1 1
— cst - N8H2 — § dudvdu’ dv’
H'— 4 AH
N8H'-8 N4 N Ao

X |lu—v+1 —j|2H/_2|u—u'—i—i—k:|2H/_2|u’ —v+7 —k:|2H/_2|v—v'—i—k:—l|2H/_2
X (2|¢—k|2H—|¢—k+1|2H—|¢—k—1|2H) <2|j—l|2H—|j—l+1|2H—|j—l—1|2H)

1 / ‘o
=cst- — dudvdu’ dv
N2 i%l [071}4

> ]u—v—i—i—j[2H{72\u—u'+i—k]2H/*2]u'—v—i—j—k:]zH/*Q\v—v/—i—k:—l\QH/*z
X (Z\i—k\ZH—]z’—k+1]2H—\z’—k—1\2H) <2\j—l!2H—\j—l+1\2H—]j—l—l]QH)

Again we use the fact that the dominant part in the above expression is the one when all indices are
distant by at least two units. In this case, up to a constant, we have the upper bound |i — k|?7=2 for

the quantity <2 li— kP2 — i —k+ 12 =ik — 1]2H). By using Riemann sums, we can write

1 1 i j ko1 " _
21 _ 8H'—8 n74H—4
E [ J] = est: N2 | N4 Z f(N’N’N’N) N N
i?j7k7l

where f is a Riemann-integrable function on [0,1]* and the Riemann sum converges to the finite
integral of f therein. The lemma follows. ]
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