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Abstract: In this paper, we study almost sure central limit theorems for sequences of function-
als of general Gaussian fields. We apply our result to non-linear functions of stationary Gaussian
sequences. We obtain almost sure central limit theorems for these non-linear functions when
they converge in law to a normal distribution.
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1 Introduction

Let {X,}n>1 be a sequence of real-valued independent identically distributed random
variables with E[X,,] = 0 and F[X?] = 1, and denote

1 n
S, = — X,
ﬁ; ‘

The celebrated almost sure central limit theorem (ASCLT) states that the sequence of
random empirical measures, given by

1 1
)
logn;k S

converges almost surely to the .47(0,1) distribution as n — oo. In other words, if N is a
A(0,1) random variable, then, almost surely, for all z € R,

1
logn

1
Zgl{sk@} — P(N <z), asn— oo,
k=1
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or, equivalently, almost surely, for any bounded and continuous function ¢ : R — R,

n

1o;n ; %@(Sk) L E[p(N)], asn — oo (1.1)

The ASCLT was stated first by Lévy [[§] without proof. It was then forgotten for
half century. It was rediscovered by Brosamler []] and Schatte [PI] and proven, in its
present form, by Lacey and Philipp [[4]. We refer the reader to Berkes and Cséki []] for
a universal ASCLT covering a large class of limit theorems for partial sums, extremes,
empirical distribution functions and local times associated with independent random vari-
ables { X, }, as well as to the work of Gonchigdanzan [[0], where extensions of the ASCLT
to weakly dependent random variables are studied, for example in the context of strong
mixing or p-mixing. Ibragimov and Lifshits [[3, [[I] have provided a criterion for ([[.1])
which does not require the sequence {X,} of random variables to be necessarily indepen-
dent nor the sequence {S,} to take the specific form of partial sums. This criterion is
stated in Theorem B.J] below.

Our goal in the present paper is to investigate the ASCLT for a sequence of functionals
of general Gaussian fields. Conditions ensuring the convergence in law of this sequence
to the standard .#7(0,1) distribution may be found in [Id, [ by Nourdin, Peccati and
Reinert. Here, we shall propose a suitable criterion for this sequence of functionals to
satisfy also the ASCLT. As an application, we shall consider some non-linear functions of
strongly dependent Gaussian random variables.

The paper is organized as follows. In Section 2, we present the basic elements of Gaus-
sian analysis and Malliavin calculus used in this paper. An abstract version of our ASCLT
is stated and proven in Section 3, as well as an application to partial sums of non-linear
functions of a strongly dependent Gaussian sequence. In Section 4, we apply our ASCLT
to discrete-time fractional Brownian motion. In Section 5, we consider applications to
partial sums of Hermite polynomials of strongly dependent Gaussian sequences, when the
limit in distribution is Gaussian. Finally, in Section 6, we discuss the case where the limit
in distribution is non-Gaussian.

2 Elements of Malliavin calculus

We shall now present the basic elements of Gaussian analysis and Malliavin calculus that
are used in this paper. The reader is referred to the monograph by Nualart [I§ for any
unexplained definition or result.

Let $ be a real separable Hilbert space. For any ¢ > 1, let $®7 be the gth tensor
product of $ and denote by $H®? the associated gth symmetric tensor product. We write
X ={X(h),h € $H} to indicate an isonormal Gaussian process over ), defined on some
probability space (€2, F, P). This means that X is a centered Gaussian family, whose
covariance is given in terms of the scalar product of § by E [X(h)X(g)] = (h, ).

For every ¢ > 1, let H, be the ¢gth Wiener chaos of X, that is, the closed linear subspace
of L*(Q2, F, P) generated by the family of random variables { H,(X (h)), h € 9, [|h||¢ = 1},
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where H, is the gth Hermite polynomial defined as

Fl

o (e 7). (2.2)

The first few Hermite polynomials are Hi(z) = x, Hy(z) = 2° — 1, Hs(x) = 2® — 3.
We write by convention Hy = R and [y(z) = z, x € R. For any ¢ > 1, the mapping
I,(h®%) = H, (X (h)) can be extended to a linear isometry between the symmetric tensor
product $H? equipped with the modified norm ||-|[q0, = V¢! [|-[ge, and the gth Wiener
chaos H,. Then

E[L,(F)14(9)] = 0pq X PUS, 9)sy2r (2.3)

where §, , stands for the usual Kronecker symbol, for f € 9 g € H9? and p,q > 1.
Moreover, if f € H%9, we have

H,(x) = (~1)%

1,(f) = I,(f), (2.4)

where f € $¢ is the symmetrization of f.

It is well known that L?(Q, F, P) can be decomposed into the infinite orthogonal sum
of the spaces H,. Therefore, any square integrable random variable G € L*(Q,F, P)
admits the following Wiener chaotic expansion

G = FIG]+ Y 1,(f,) (25)

where the f, € $®9, ¢ > 1, are uniquely determined by G.
Let {ex, k > 1} be a complete orthonormal system in §). Given f € H*P and g € H“9,

for every r = 0,...,pAq, the contraction of f and g of order r is the element of $®P+a=27)
defined by
F@g= Y (fen®. . .e)s ®(ge, ... Qe )gor (2.6)

U0y ir=

Since f ®, g is not necessarily symmetric, we denote its symmetrization by f®,g €
HOP+a=2)  Observe that f ®y g = f ® ¢ equals the tensor product of f and g while, for
p=4q, [ ®, 9= (f, g)geq, namely the scalar product of f and g. In the particular case
$ = L*(A, A, ), where (A, A) is a measurable space and y is a o-finite and non-atomic
measure, one has that 4 = L2(A7, A% ;®9) is the space of symmetric and square
integrable functions on A?. In this case, (.6) can be rewritten as

(f ®r g)(tl, e >tp+q—2r) = f(tl, e atp—m Sty Sr)
AT

X g(tp—T—l-h s 7tp+q—27"7 S1y0 0y Sr)dlu’(sl) oo d/'l/(sr>7

that is, we identify r variables in f and g and integrate them out. We shall make use
of the following lemma whose proof is a straighforward application of the definition of
contractions and Fubini theorem.



Lemma 2.1 Let f,g € 99 Then ||f @1 gl3e: = (f @1 f,9 @1 g)se2.

Let us now introduce some basic elements of the Malliavin calculus with respect to
the isonormal Gaussian process X. Let S be the set of all cylindrical random variables of
the form

G=p(X(h),...,X(h,)), (2.7)

where n > 1, ¢ : R” — R is an infinitely differentiable function with compact support
and h; € $. The Malliavin derivative of G with respect to X is the element of L*(, )
defined as

DG —
¢ i=1 0z

(X(h1), .., X (hn)) ha. (2.8)

By iteration, one can define the mth derivative D™, which is an element of L?(€, §©™),
for every m > 2. For instance, for G as in (.7), we have

D*G = X(h1),...,X(hp))h; ® h,.
- 182['2825']( ( 1)7 ’ ( )) ® J
For m > 1 and p > 1, D™P denotes the closure of S with respect to the norm || - ||,

defined by the relation

m

IG5, = ENGII+ Y E(ID'Gllge) - (2.9)

1=1

In particular, DX (h) = h for every h € §. The Malliavin derivative D verifies moreover
the following chain rule. If ¢ : R” — R is continuously differentiable with bounded partial
derivatives and if G = (G1,...,G,) is a vector of elements of D'?, then ¢(G) € D'? and

Let now § = L*(A, A, i) with p non-atomic. Then an element u € §) can be expressed
as u = {uy, t € A} and the Malliavin derivative of a multiple integral G of the form [,(f)
(with f € $99) is the element DG = {D,G, t € A} of L?(A x Q) given by

DG = Dy[1,(£)] = aly1 (£, 1) (2.10)

Thus the derivative of the random variable [,(f) is the stochastic process ¢/,_1 ( f(, t)),
t € A. Moreover,

DL = ¢ / Tos (f( )2 ().
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For any G € L*(Q, F, P) as in (B.), we define
=1
L7'G ==Y =L(f). (2.11)
q=1 q
It is proven in [[] that for every centered G € L*(Q, F, P) and every C' and Lipschitz
function A : R — C,
E[Gh(G)] = E[N(G)(DG, —~DL*G)g]. (2.12)
In the particular case h(z) = z, we obtain from (Z:19) that
Var[G] = E[G?] = E[(DG,—~DL'G)g], (2.13)

where ‘Var’ denotes the variance. Moreover, if G € D*? is centered, then it is shown in

[[7] that
Var[(DG, —DL™'G)] < gE[HDGHg%E[HD?G ©1 D?G%e:]2. (2.14)

Finally, we shall also use the following bound, established in a slightly different way in
[[7, Corollary 4.2], for the difference between the characteristic functions of a centered
random variable in D?* and of a standard Gaussian random variable.

Lemma 2.2 Let G € D** be centered. Then, for anyt € R, we have
) t 1 1
B~ < 1 BI7) + MV BID*G 0 DGR EQIDGISE. (215)

Proof. For all t € R, let o(t) = e!"/2E[e!C]. Tt follows from (B.19) that
o (t) = te P E[e"C] 4 ie” P E[Ge™C) = te”"?E[e"¢ (1 — (DG, —DL™'G)s)].
Hence, we obtain that

[o(t) = ¢(0)] < sup |¢'(u)] < |t E[|1 = (DG, —DL7'G)s|].

uelo, ]
which leads to
|E[e"] — e 2| < |t| B[]l — (DG, —~DL™'G)g]].
Consequently, we deduce from (T3) together with Cauchy-Schwarz inequality that
|E[e"C] — e 2| < |t]|1 - E[G*)] + |t| B]|E|G?) — (DG, —~DL™'G)|],
< ||t~ BIG)| + [t]y/Var((DG, ~DL1G)s).

We conclude the proof of Lemma B.9 by using (2.14).



3 A criterion for ASCLT on the Wiener space

The following result, due to Ibragimov and Lifshits [[J], gives a sufficient condition for
extending convergence in law to ASCLT. It will play a crucial role in all the sequel.

Theorem 3.1 Let {G,} be a sequence of random variables converging in distribution
towards a random variable G, and set

n

At = — 3 %(e“’Gk _ B(e"9~)), (3.16)

logn —

If, for all r > 0,

2
sup Ela.@F < 0, (3.17)

t<r 57 N logn

then, almost surely, for all continuous and bounded function ¢ : R — R, we have

"1
logn Z k ©(Gr) — Elp(Gx)], asn — oo,
k=1

The following theorem is the main abstract result of this section. It provides a suitable
criterion for an ASCLT for normalized sequences in D*%.

Theorem 3.2 Let the notation of Section B prevail. Let {G,} be a sequence in D>
satisfying, for allm > 1, E[G,] =0 and E[G?] = 1. Assume that

(Ao) Slill)E[HDGang] < 00,
and
E[|D*G, ®1 D*G,||§e2] — 0, asn — oo.

Then, G, N ~ A(0,1) as n — oo. Moreover, assume that the two following
conditions also hold

1 1
(A1) > Z T BlID*Gy @1 D*Gil5e2]* < o0,

=n log®n

w5

Then, {G,} satisfies an ASCLT. In other words, almost surely, for all continuous and
bounded function ¢ : R — R,

Z |E( GkGl .

nlog n e

1
lognZEw(G” — Elp(N)], asn — oo.
k=1



Remark 3.3 If there exists a > 0 such that E[|| D*Gj,® D*Gy[§e.] = O(k™*) as k — oo,
then (A) is clearly satisfied. On the other hand, if there exists C,a > 0 such that
‘E[GkGlH <C (%)a for all k£ < I, then, for some positive constants a, b independent of n,
we have

RSN L e
anog?’anZT S CZ ;l“a;k L

3
n>2 =1 = k=1 n>2n10g oz
1 "1 1
o oylay 1
~ 3 ~ 2 )
= nlog®n [ = nlog”n

which means that (As) is also satisfied.

Proof of Theorem B.3. The fact that G, LAY\ (0, 1) follows from [[7, Corollary
4.2]. In order to prove that the ASCLT holds, we shall verify the sufficient condition
(BI3), that is the Ibragimov-Lifshits criterion. For simplicity, let g(t) = E(e'™) = e=#*/2,
Then, we have

E|A, () (3.18)
1 1

- > SB[ = g(1) (7 — g(1))]

2
log”n Py

= logzn kzl::l% [E(eit(Gk—Gl)) _ g(t) (E(eitGk) + E(e—itGl)) +gz(t)} ’

n

= 1 Z % [(E(e’it(Gk—Gl)) —g2(t)) _ g(t) (E(eitGk) _ g(t)) —g(t) (E(e—itG’l) _ g(t))} ‘

2
log”n P

Let t € R and r > 0 be such that |t| < r. It follows from inequality (BI7) together with
assumption (Ag) that

[B(5) — g(0)] < " VIO B DGy 1 DGifal? (3.19)
where § = sup,,-,; E[HDGanﬁ]i. Similarly,

[B(e) — g(6)] < " VIO E[ID°G: @4 D*Gilfyer]t (3.20)
On the other hand, we also have via (R.13) that

)

‘E(eit(Gk—Gl)) — g (1] = ‘E(e“ﬁckﬁcl) —g(V21)

< \/57"1 — %E[(Gk — Gl)z]‘ + Tf\/gE[||D2(Gk — Gl) &1 D2(Gk — Gl)H%@z]%,
< V2| E[GhGY)| + 16 V5 E[|| DX (G, — Gy) ©1 DX(Gy — Gy) || Zee] 7.
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Moreover
|D*(Gy, — G1) @1 D*(Gy — G))|[502 < 2||D?Gy @1 D*Gyl|5ee + 2| D*Gy @1 D*G |50
+4||D*Gy @1 D*G||502-
In addition, we infer from Lemma P.1] that

E[| DGy @1 D*G|3s2] = E[(D*Gi ®1 D*’Gy, D*Gy @1 D*Gy) ge2],

2

< (BlID*Ge e D*Gilen) ) (E[ID*Gr @1 D*Gullhea] ),

1 1
< §E[||D2Gk ®1 D*Gyl[5e2] + 5E[||D2Gl ®1 D*G)|§e2] -

Consequently, we deduce from the elementary inequality (a + b)% < at 4 b1 that
| B (@ =C0) — g*(¢)] (3.21)
1 1
< V2r|E[GrG)| + V10 (E[||D2Gk ®1 D*Gyl[502] " + E[||D*G @1 D*Gy|502) )

Finally, (B-I7) follows from the conjunction of (A;) and (As) together with (B-Ig), (B-19),
(B:20) and (B-21), which completes the proof of Theorem B.3. 0

We now provide an explicit application of Theorem .2}

Theorem 3.4 Let X = {X,},ez denote a centered stationary Gaussian sequence with
unit variance, such that ) _, |p(r)| < oo, where p(r) = E[XoX,]. Let f : R — R be a
symmetric real function of class C%, and let N ~ A°(0,1). Assume moreover that f is
not constant and that E[f"(N)*] < co. For anyn > 1, let

1 n
G = f(Xe) = ELf(Xk)
where o, is the positive normalizing constant which ensures that E[G?] = 1. Then, as

n — oo, Gy YN and {G,} satisfies an ASCLT. In other words, almost surely, for all
continuous and bounded function ¢ : R — R,

1
logn

ST e(G) — Blp(N)), asn— o

Remark 3.5 We can replace the assumption ‘f is symmetric and non-constant” by

> S )’ Sl < o0 and SEU )’ S oty >0

Indeed, it suffices to replace the monotone convergence argument used to prove (B.29)
below by a bounded convergence argument. However, this new assumption seems rather
difficult to check in general, except of course when the sum with respect to ¢ is finite,
that is when f is a polynomial.



Proof of Theorem B.4. First, note that a consequence of [[7, inequality (3.19)] is that
we automatically have E[f'(N)*] < oo and E[f(N)*] < co. Let us now expand f in terms
of Hermite polynomials. Since f is symmetric, we can write

f=E[f(N)] + ZCZqH?q’

where the real numbers ¢y, are given by (2q)!co, = E[f(N)Hz4(N)]. Consequently,

7= 3 Covlf(X0), SN = 30,20 D plk — 1),

n
kl=1 g=1 e l=1
|
22}%%23) G——l{w
TEL

Hence, it follows from the monotone convergence theorem that

o2 — o2 2024 2q)! Zp 2 asn — o0o. (3.22)

rez

Since f is not constant, one can find some ¢ > 1 such that cy; # 0. Moreover, we also
have Y, p(r)* > p(())zq = 1. Hence, 0, > 0, which implies in particular that the
infimum of the sequence {o,},>1 is positive.

The Gaussian space generated by X = {Xj}rez can be identified with an isonormal
Gaussian process of the type X = {X(h) : h € H}, for § defined as follows: (i) denote
by £ the set of all sequences indexed by Z with finite support; (ii) define $ as the Hilbert
space obtained by closing £ with respect to the scalar product

(u,v) g = Z upvp(k —1). (3.23)

k,leZ

In this setting, we have X (gx) = Xy where e = {041 }1ez, Or standing for the Kronecker
symbol. In view of (B.§), we have

I <,
DGn = O‘n\/ﬁ ;f (Xk)é?k

Hence

DX (X)) er s = —— Y F(X0)F(X)p(k = 1),

nY k=1 k=1

2
PG5 =

so that

n

IDG s =~ S FOGF )7 (X7 (Xpli — )k~ 1)

" ivjvkvlzl




We deduce from Cauchy-Schwarz inequality that

|ELF(XG) f/(5) F/(X) £(X0)]) < (BLF(N))T,
which leads to

ElIDGI1E < — (BIf(V))° (Z |p<r>|) . (3.24)

n

On the other hand, we also have

DG, =

1 n
"(Xk)er ® e,
an\/ﬁ; (Xk)

and therefore

n

DG, @, D*G,, =

5 "(Xe) [ (X)) p(k = Der @ e
ozn
k=1
Hence
E[||D2Gn ®1 D2Gn“?§®2:|7

n

= 041n2 S B[f(X0) (X)) (X £1(X)] plk = Dp(i — §)p(k — i)p(l — j).
n i,jk,l=1

< EPDL S papliowlistwlip-u+ v +w)l,

S (E[f”(];fii)4||p||m (ZIMT)\) < 0. (3.25)

By virtue of Theorem B.9 together with the fact that inf, >, o,, > 0, the inequalities (B.29)

and (B29) imply that G, v N Now, in order to show that the ASCLT holds, we shall
also check that conditions (A;) and (Az) in Theorem B.9 are fulfilled. First, still because
inf,>1 0, > 0, (A1) holds since we have E[|D*G,, @1 D*G,[|%:.] = O(n™") by (B29), see
also Remark B.3. Therefore, it only remains to prove (A;). Gebelein’s inequality (see e.g.
identity (1.7) in [f]) states that

|Cov[f(X3), f(X;)]| < E[X;X;]y/ Var[f(X;)]/ Var[f p(i — j)Var[f(N)].

Consequently,

1
UkUz\/_

~ Varf(N)] = © Var|f
B O’kO'l\/7 Z :Z |P(T)| 010 \/72|

Finally, via the same arguments as in Remark B3], (A42) is satisfied, which completes the
proof of Theorem B.4.

|E[GkGl]| =

10
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The following result specializes Theorem B.3, by providing a criterion for an ASCLT
for multiple stochastic integrals of fixed order g > 2. It is expressed in terms of the kernels
of these integrals.

Corollary 3.6 Let the notation of Section B prevail. Fiz q > 2, and let {G,} be a
sequence of the form G, = I,(f.), with f, € 9§°1. Assume that E[G?] = q!||fn||%®q =1
for all n, and that

| fo @ fullge2amn — 0 asn— oo, foreveryr=1,....,q—1. (3.26)

Then, G, LY, N o~ N(0,1) as n — oco. Moreover, if the two following conditions are
also satisfied

n

1 1
(41) Z Z—ka Qr frllge2a-n <00 foreveryr=1,...,q—1,

2
el log”n k

(A;) Z 1 Z }(fk;Z)ﬁ@’Q} < 00

3
n>2 nlogn k=1

then {G,} satisfies an ASCLT. In other words, almost surely, for all continuous and
bounded function ¢ : R — R,

1 1
— — FElo(N — 0.
g 22 £ #(G0) — BV, asn— o

Proof of Corollary B.g. The fact that G, BN N~ N (0,1) follows directly from
(B:24), which is the Nualart-Peccati criterion of normality. In order to prove that the
ASCLT holds, we shall apply once again Theorem B.3. This is possible because a multiple
integral is always an element of D**. We have, by (B.13),

1
1 = E[G}) = E[(DGy, —DL™'G})s) = gE[HDGkH%],

where the last inequality follows from —L~'Gy = [ G, using the definition (R-IT)) of L™,
In addition, as the random variables [[DGy[3 live inside the finite sum of the first 2¢

Wiener chaoses (where all the LP norm are equivalent), we deduce that condition (Ag) of
Theorem B3 is satisfied. On the other hand, it is proven in [[[7], page 604] that

q—1 4
q—2
B(ID*Guss D Gullen] < a*la=1) =% (1) a-2-2011 0 il
r=1
Consequently, condition (A}) implies condition (A;) of Theorem B-3. Furthermore, by
(B3), E[GvGi] = E[L(fe)1,(f))] = q¢'{fr, f)sea. Thus, condition (A}) is equivalent to
condition (As) of Theorem B.2, and the proof of the corollary is done.
11
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In Corollary B.G, we supposed ¢ > 2, which implies that G,, = I,(f,) is a multiple
integral of order at least 2 and hence is not Gaussian. We now consider the Gaussian case
qg=1.

Corollary 3.7 Let {G,} be a centered Gaussian sequence with unit variance. If the
condition (Ay) in Theorem [3.3 is satisfied, then {G,} satisfies an ASCLT. In other words,
almost surely, for all continuous and bounded function ¢ : R — R,

1
logn

Z%SD(G’@) — Elp(N)], asn — oo.
k=1

Proof of Corollary B.7. Let ¢ € R and r > 0 be such that || < 7, and let A, (t) be
defined as in (B.16). We have
1 ~ 1 itG —t2 —itG —t2
E|A 0] = ZHE[(etk_et/z)(e tl—et/Q)],

2
log”n Py

n

_ 1 Z % [E(eit(Gk—Gl)) - e—tﬂ ’

2
log”n Pyt

n +2

2
log”n P

<

r2er i ‘E(GkGl)‘
log®n P! kl ’
since [e” — 1| < el*l|z| and |E(GG))| < 1. Therefore, assumption (Ay) implies (B:17), and

the proof of the corollary is done. 0

4 Application to discrete-time fractional Brownian
motion

Let us apply Corollary B.7 to the particular case G,, = BX /nfl where B is a fractional
Brownian motion with Hurst index H € (0,1). We recall that B¥ = (B}!);> is a centered
Gaussian process with continuous paths such that

1
E[BY B! = E(ﬁH v |t sPH), s, >0,

The process B is self-similar with stationary increments and we refer the reader to
Nualart [I§] and Samorodnitsky and Taqqu [B0] for its main properties. The increments

Y, =By — B, k>0,

12



called ‘fractional Gaussian noise’, are centered stationary Gaussian random variables with
covariance

p(r) = BlViess] = 5 (r + 177 4 r = 1P = 27), 7 ez (4.27)
This covariance behaves asymptotically as
p(r) ~ H2H — 1)|r|*" 72 as |r| — oo. (4.28)
Observe that p(0) = 1 and
1) For 0 < H < 1/2, p(r) <0 for r # 0,

> lp(r)] < o0 and > plr)=0.

reZ rez

2) For H=1/2, p(r) =01if r # 0.
3) For1/2 < H < 1,

> lp(r)] = co.

reZ

The Hurst index measures the strenght of the dependence when H > 1/2: the larger H
is, the stronger is the dependence.

A continuous time version of the following result was obtained by Berkes and Horvath
Bl via a different approach.

Theorem 4.1 For all H € (0,1), we have, almost surely, for all continuous and bounded
function o : R — R,

1 1
_ BH H . B N - .
logn,;k‘sp( k /BT [p(N)], asn — o0

Proof of Theorem @.1. We shall make use of Corollary B7]. The cases H < 1/2 and
H > 1/2 are treated separately. From now on, the value of a constant C' > 0 may change

from line to line, and we set p(r) = 3 (|r + 1?7 + [r — 12 =27 "), r € Z.
Case H < 1/2. For any b > a > 0, we have
b2H—a2H:2H/b_aL <2H/b_ad—$ = (b—a)*.
o (v +a)2H . pi2d
Hence, for [ > k > 1, we have [/ — (I — k)* < k?2 5o that
|\E[BY B = l(k;”f + P — (1= k)T <K

2
13



1 < |E[GhGY]| 1 E[BH BH]
7Z| < B anog nZlHHZ‘ k1+Hl ’
Z le+HZk1 H’

n>2
n

<Oy <O <

n>2 =1 n>2 log™n

N

nlog n

nlog n
Consequently, condition (As) in Theorem B.3 is satisfied.

Case H > 1/2. For | > k > 1, it follows from (.27)-(.23) that

k—1 1—

BBy = 2. BB - BB, - B]| <

J

>_A
[y

Il
o

=0 j
-1
< k lp(r)| < Ok

r=—[+1

The last inequality comes from the fact that p(0) = 1, p(1) = p(—1) = (22 —1)/2 and,
ifr>2,

p(=r)| = |p(r)| = |E[(B™, — BE)BM) = H2H — 1) / du / w22

< H(2H —1) /1(7“ — )2 du < HQ2H — 1)(r — 1)*#72,

Consequently,
n l n l

1« [EG:GY| 1 1 |E[BF BF]|
;nlog3n — [ ; k ;nlog3n ; [1+H ; | A

n l

1
<0 Z 7>
n>2nlog n 4= —
KW TSI

peelll og®n — = nlogn

Finally, condition (As) in Theorem B3 is satisfied, which completes the proof of Theorem

[} -
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5 Partial sums of Hermite polynomials: the Gaussian
limit case

Let X = {Xj}rez be a centered stationary Gaussian process and for all r € Z, set

p(r) = E[XoX,]. Fix an integer ¢ > 2, and let H, stands for the Hermite polynomial of

degree ¢, see (B.3). We are interested in an ASCLT for the ¢g-Hermite power variations of
X, defined as

Vi=> Hy(Xy), n>1, (5.29)
k=1

in cases where V,,, adequably normalized, converges to a normal distribution. Our result
is as follows.

Theorem 5.1 Assume that ) _, |p(r)|? < oo, that Y _, p(r)? > 0 and that there exists
a >0 such that -, |p(r)|? = O(n=*), as n — oco. For anyn > 1, define

Va
Op /1
where V,, is given by (p-29) and o,, denotes the positive normalizing constant which ensures

that E[G2] = 1. Then G, 25 N ~ 47(0,1) as n — oo, and {G,} satisfies an ASCLT.
In other words, almost surely, for all continuous and bounded function ¢ : R — R,

G, =

1
logn

Z % o(Gr) — Elp(N)], asn — oo.
k=1

Proof. We shall make use of Corollary B.g. Let C' be a positive constant, depending only
on q and p, whose value may change from line to line. We consider the real and separable
Hilbert space $) as defined in the proof of Theorem B.4, with the scalar product (B:23).
Following the same line of reasoning as in the proof of (B.29), it is possible to show that
o2 — ¢!, cpp(r)? > 0. In particular, the infimum of the sequence {0, },>1 is positive.
On the other hand, we have G,, = I,(f,), where the kernel f,, is given by

1 n
§ : ®q
= &
fn O'n\/ﬁ p k

with e, = {0k }iez, O standing for the Kronecker symbol. For all n > 1 and r =
1,...,q— 1, we have

n

1 r_@(g—r) o _®(q—r)
fn®rfnzﬂzp(k_l)€k ®El .

n Y k=1

15



We deduce that

n

1 . AN\T . —r - -Tr
1 fn @y fn’|?5®(2qf2r-) = i Z plk = 1) p(i = 3) p(k — )" p(l = 5)"".

nt k=1
Consequently, as in the proof of (B:2]), we obtain that || f, ®, an%@(zq,m < A, where

1 r r —r —r
A= S Pl ™ o+ v+ w)]
" ww,wEDy

with D,, = {—n,...,n}. Fix an integer m > 1 such that n > m. We can split A, into
two terms A, = B, ,, + C, », where

1 r r —r —r
Bom = —— > e p@)]"p(w)|* | p(—u+ v+ w)|* T,

w0, wED,

1 r r —r —r
Com = == X @ o) ow)l™ ol +0 4wt

u, 0, WE Dy,
[u|V]v|V|w|>m

We clearly have

Cm?

1
B < —=llplZ(2m +1)° <
in
On the other hand, D, N {|u| V |v| V |[w|] > m} C Dypmu U Dypmoy U Dy Where the
set Dy = {|u] > m, |v| < n,|w] < n} and a similar definition for D,, ., , and D, ..
Denote

1 L, .
Comu=== > |p(@)l1p()[ ()| |p(—u+ v+ w)]"

n
w0, WEDp m u

and a similar expression for C,, ,,,, and C,, ;,, . It follows from Holder inequality that

r 1—T
q q

Y Ip)llp)) Y e p(—u+ v+ w)|”| . (5.30)

U,U,weDn,m,u u,’l),’LUEDn,m,u

1

Cn,m,u X T
a,n

However,

Yo p@lp@)f < 2n+1) Y Ipw)* Y |p(0)T < Cn Y [p(u)]”.

U,V WE Dy |u|>m vEZL |u|>m

Similarly,

S lpw)lp(—ut v+ ) < a1 1) S lo(w)lt < O

w,0,WEDn mu vEZ wEZ
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Therefore, (p.30) and the last assumption of Theorem p.I] imply that for m large enough

q

Crmu < Z lp(u) <COm™ .

|u|>m

We obtain exactly the same bound for C, ,,, and C, ;... Combining all these estimates,
we finally find that

3
ar

. m
an ®7‘ fn’|%®(2q72r') < C X 1Ilf {_ _'_ m a } < CTZ 3q+ar
m<n

n

by taking the value m = n3ar. It ensures that condition (A}) in Corollary B.g is met.
Let us now prove (A}). We have

!
oroVk zljl

mf > ot

o (A}) is also satisfied, see Remark B-J, which completes the proof of Theorem p-1].

(fr, fi) 9

O

The following result contains an explicit situation where the assumptions in Theorem
are in order.

Proposition 5.2 Assume that p(r) ~ |r|PL(r), as |r| — oo, for some 3 > 1/q and
some slowly varying function L. Then ) _, |p(r)|? < oo and there exists o > 0 such that

Z‘Tbn ‘p(r>|q = O(n—a); as n — oo.

Proof. By a Riemann sum argument, it is immediate that >, |p(r)|? < oo. Moreover,
by [, Prop. 1.5.10], we have >, [p(r)|? ~ 545 2-n'P1L9(n) so that we can choose

= 1(Bg —1) > 0 (for instance). O

6 Partial sums of Hermite polynomials of increments
of fractional Brownian motion

We focus here on increments of the fractional Brownian motion Bf (see Section 4 for
details about Bf). More precisely, for every ¢ > 1, we are interested in an ASCLT for
the ¢-Hermite power variation of B¥, defined as

Vo=) Hy(Bi\ly—By), n>1, (6.31)

17



where H, stands for the Hermite polynomial of degree ¢ given by (E.3). Observe that
Theorem [L.1] corresponds to the particular case ¢ = 1. That is why, from now on, we
assume that ¢ > 2. When H # 1/2, the increments of B are not independent, so the
asymptotic behavior of (£.31)) is difficult to investigate because V,, is not linear. In fact,
thanks to the seminal works of Breuer and Major [, Dobrushin and Major [§], Giraitis
and Surgailis [l] and Taqqu [BJ], it is known (recall that ¢ > 2) that, as n — oo

e [f0O< H<1— then

2q’
V law
G, = 7 B 4(0,1). (6.32)
° Iszl—ﬁ,then
V’I’L aw
Gpi= ————— % 470,1). (6.33)

onv/nlogn

° IfH>1—2i,then
q
G, = na-m-1y I o (6.34)

where G, has an ‘Hermite distribution’. Here, o, denotes the positive normalizing con-
stant which ensures that E[GZ] = 1. The proofs of (£-:39) and (p-33), together with rates
of convergence, can be found in [[d] and [H], respectively. A short proof of (6.34) is given
in Proposition [f.]] below. Notice that rates of convergence can be found in [[. Our proof
of (6.39) is based on the fact that, for fized n, Z, defined in (6.33) below and G,, share
the same law, because of the self-similarity property of fractional Brownian motion.

Proposition 6.1 Assume H > 1 — é, and define Z, by
n—1
Zy = n N H (0" (Bl — Bll)), n>1 (6.35)
k=0

Then, as n — oo, {Z,} converges almost surely and in L*(Y) to a limit denoted by Z,
which belongs to the qth chaos of B.

Proof. Let us first prove the convergence in L?(2). For n,m > 1, we have

3
,_.
,_.

m—

E(Z,Z,) = )it Bty = Biyn) (Bl ym — Bilw) )"
0 =0

B
Il

Furthermore, since H > 1/2, we have for all s,t > 0,
t s
E[BPBl) = H(2H — 1)/ du/ dv|u — v[*" 2.
0 0

18



Hence
1 otmol (k+1)/n (I+1)/m q
E[Zan] = q!Hq(QH— 1)‘1 X — nm/ du/ dv|v _ u|2H—2 ‘
k l

Therefore, as n, m — 0o, we have,

ElZ,Z,] — ¢ H(2H — 1)‘1/ lu — v|®H =2 qudo,

[0,1]2
and the limit is finite since H > 1 — i. In other words, the sequence {Z,,} is Cauchy in
L?(€2), and hence converges in L?(Q) to some Z..

Let us now prove that {Z,,} converges also almost surely. Observe first that, since Z,
belongs to the gth chaos of B for all n, since {Z,} converges in L*(2) to Z,, and since
the gth chaos of B is closed in L?(2) by definition, we have that Z,, also belongs to the
gth chaos of B. In [f, Proposition 3.1], it is shown that E[|Z, — Z,|?] < Cn?1~172H
for some positive constant C' not depending on n. Inside a fixed chaos, all the LP-norms
are equivalent. Hence, for any p > 2, we have E[|Z, — Z,|P] < CnPla=1/2=4H)  Since
H>1-— é, there exists p > 2 large enough such that (¢—1/2—¢qH)p < —1. Consequently

> Bl Zy — Zul") < o0,

n>1

leading, for all € > 0, to

> Pl Zn = Zso| > €] < 0.

n>1

Therefore, we deduce from the Borel-Cantelli lemma that {Z,} converges almost surely
t0 Zoo.
> O

We now want to see if one can associate almost sure central limit theorems to the
convergences in law (B-32), (F-39) and (6-34). We first consider the case H < 1 — o=

2q°

Proposition 6.2 Assume that ¢ > 2 and that H <1 — 2—1q, and consider

Va
on\/n
as in ([0-33). Then, {G,} satisfies an ASCLT.

Proof. Since 2H — 2 > 1/q, it suffices to combine (2§), Proposition p.4 and Theorem
b1 5

Next, let us consider the critical case H = 1 — é. In this case, > ., |p(r)|? = oo.

Consequently, as it is impossible to apply Theorem p.1], we propose another strategy which
relies on the following lemma established in [{].

G, =
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Lemma 6.3 Set H =1 — é. Let $) be the real and separable Hilbert space defined as
follows: (i) denote by & the set of all R-valued step functions on [0,00), (ii) define $) as
the Hilbert space obtained by closing & with respect to the scalar product

(Lo L)) = E[B!'B'].

For any n > 2, let f, be the element of H defined by

-1

fo = nlog Z Gt (6.36)

k=

where o, is the positive normalizing constant which ensures that q!|| ful|3e, = 1. Then,
there exists a constant C' > 0, depending only on q and H such that, for alln > 1 and
r=1,...,g—1

||.fn R anS’J@(?q*?T') < C(log n)_1/2‘

We can now state and prove the following result.

Proposition 6.4 Assume that ¢ > 2 and H =1 — —q, and consider

Va
onvnlogn

as in ([6-33). Then, {G,} satisfies an ASCLT.

G, =

Proof of Proposition [6.4. We shall make use of Corollary B.g. Let C' be a positive
constant, depending only on ¢ and H, whose value may change from line to line. We
consider the real and separable Hilbert space $) as defined in Lemma [6.J. We have
G = I1,(f,) with f, given by (p-3§). According to Lemma [.3, we have for all £ > 1 and
r=1,...,q— 1, that | fz ® frllseee2n < C(logk)""/2 Hence

n n

1 1 1 1
nz: D) ZEka@Tkaﬁ@(quZr) < CZ 5 Z/{:\/@’

>27110g (B >2nlog (B
CZ

Consequently, assumption (A}) is satisfied. Concerning (Aj}), note that

N

n log

k—

0% \/71{ Tog Ry Thog1 2= 2710 ~ 1)

J

,_.

-1

(fr, f1) g00 =




We deduce from Lemma [.5 below that 02 — ¢ > 0. Hence, for all [ > k > 1

o e .
|(frr 1) g2a| < WW;;‘P(]—Z)

C k—11-1—3 .
= e 2 2 0]

!
k klogl
oS ) 8!,

Vlog k+/llogl =, [log k

The last inequality follows from the fact that Ziz—z } p(r)}q < C'logl since, by (E23), as

7| — oo,

p(r) ~ (1 - é) (1 - 2_1(1) [~V

Finally, assumption (AY}) is also satisfied as

‘fk’fl g0 | 1 G | (fe, f1) goa
anog nkzl:2 < 2;nlog3n;; ki '
I Vgl 1
< C ;
n%; nlog®n zz:; 13/2 kz:; Elogk
1 1 1
S C;nloggngj Cn>2nlog2n<oo

In the previous proof, we used the following lemma.

Lemma 6.5 Assume that ¢ > 2 and H =1 — iq. Then,

1\? 1?
ai—>2q!<1——) (1——) >0, asn— oo.
q 2q

Proof. We have E[(B,, — B{)(B/L, — B/")] = p(k—1) where p is given in ([L27). Hence,

n—1 n—1
BV = Z E(Hy(By, — By )Hy(Bj}, — Bl')) = ¢! Z p(k—1)%,
Je,1=0 k,1=0
n—1n—1—1
= @) D A =y (e 1= frl)elr)”
=0 r=-—I |r|<n
= g [ n ) p(r) =" (Irl+1)p(r)”
7| <n Ir|<n
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On the other hand, as |r| — oo,

(-3 (-2

Therefore, as n — oo,

r|<n <|r|<n
and
1\? 1\ 1\? 1\
Z(|r|+1)p(r)q~<1——) <1——) 1~2n<1——) <1——) .
[r|<n 2(] q [r|<n 2q q

Consequently, as n — oo,
E[V? 1\ 1\?
O’ZIMHQQ!(l——) (1——).
nlogn q 2q

Finally, we consider
G, = nit-H-1y, (6.37)

with H > 1 — 2—1q. We face in this case some difficulties. First, since the limit of {G,} in
(B33) is not Gaussian, we cannot apply our general criterion Corollary B.f to obtain an
ASCLT. To modify adequably the criterion, we would need a version of Lemma P.9 for
random variables with an Hermite distribution, a result which is not presently available.
Thus, an ASCLT associated to the convergence in law ([.34) falls outside the scope of this
paper. We can nevertheless make a number of observations. First, changing the nature
of the random variables without changing their law has no impact on CLT's as in (£.34),
but may have a great impact on an ASCLT. To see this, observe that for each fixed n,
the ASCLT involves not only the distribution of the single variable G,,, but also the joint
distribution of the vector (Gy,...,G,).

Consider, moreover, the following example. Let {G,} be a sequence of random vari-
ables converging in law to a limit G.. According to a theorem of Skorohod, there is a

sequence {G}} such that for any fixed n, G ' @, and such that {G?} converges almost

surely, as n — 0o, to a random variable G%  with G% faw Gs. Then, for any bounded
continuous function ¢ : R — R, we have ¢(G}) — ¢(G%,) a.s. which clearly implies the
almost sure convergence

1
logn

- 1 * *
> 1e(Gi) — pl(C).
k=1
This limit is, in general, different from E[p(G%))] or equivalently E[p(Gw)], that is,
different from the limit if one had an ASCLT.
Consider now the sequence {G,,} defined by (6.37).
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Proposition 6.6 The Skorohod version of

n—1

Gy =n"""N " H (B, — BYY) (6.38)
k=0
18
n—1
G = Zp =0 DN " H (0" (Bl 1ym — Birn)), (6.39)
k=0

Proof. Just observe that G =4 G, and G converges almost surely by Proposition b.1]. 0

Hence, in the case of Hermite distributions, by suitably modifying the argument of
the Hermite polynomial H, in a way which does not change the limit in law, namely by
considering Z, in (f.39) instead of G, in (B.3§), we obtain the almost sure convergence

n

1 1
S (7 7).
logn;kw( 1) — 9(Zo0)

The limit p(Z4) is, in general, different from the limit expected under an ASCLT, namely
Elo(Z)], because Z, is a non-constant random variable with an Hermite distribution
(Dobrushin and Major [§], Taqqu [BZ]). Thus, knowing the law of G,, in ([.39), for a fixed
n, does not allow to determine whether an ASCLT holds or not.
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