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LIMIT THEOREMS FOR U-STATISTICS OF BERNOULLI DATA

DAVIDE GIRAUDO

ABSTRACT. In this paper, we consider U-statistics whose data is a strictly stationary sequence
which can be expressed as a functional of an i.i.d. one. We establish a strong law of large
numbers, a bounded law of the iterated logarithms and a central limit theorem under a dependence
condition. The main ingredients for the proof are an approximation by U-statistics whose data
is a functional of ¢ i.i.d. random variables and an analogue of the Hoeffding’s decomposition for
U-statistics of this type.

1. INTRODUCTION AND MAIN RESULTS

1.1. Context. Let (X;),., be a strictly stationary sequence, in the sense that the vectors (Xi);_,
and (Xix);_, have the same distribution for all n and k > 1. The U-statistic of kernel h: Rx R — R
and data (X;);, is defined as

U= > h(XiX;), n>2 (1.1)

1<i<j<n

The study of the asymptotic behavior of the sequence (Un)n>2 properly normalized is a question of
interest in probability theory and the applications. We will be interested in the following three limit
theorems.

(1) Law of large numbers: let 1 < p < 2; the following convergence holds

1

SRy (Un —E[Un]) > 0a. s; (1.2)
(2) Bounded law of the iterated logarithms: the random variable
1
sup ———|U, — E[U,]| (1.3)
n>1n3/24/LL (n)

is almost surely finite, where L: Ry — Ry is defined by L (z) = max {lnz,1} and LL (z) :=

Lo L (x).
(3) Central limit theorem: there exists a o > 0 such that
# (Un —E[Uyn]) — oN in distribution, (1.4)

where N is a standard normal random variable.

Usually, the conditions for guaranting this kind of limit theorems are on the dependence of the
sequence (X;) i1 and also on the kernel A, for example by requiring some integrability conditions on
h (X1, X2). We will first review a few results for the case where the data (Xj),,, is i.i.d. and the
kernel h is symmetric.

(1) f1<p<2and h (X1, Xz) € LP, then (1.2) holds [11].
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(2) Tf h (X1, X2) € IL?, then the random variable defined by (1.3) is almost surely finite. Moreover,
for all 1 < p < 2, according to Theorem 2.5 in [5], the following inequality holds:

]U h £y (€)iez) =B [Un (b, fo(€)sez) ||| < Collb (X1, Xo)l, - (1.5)

P
(3) The convergence (1.4) has been established in [13].

The extension of these results to the case of stationary dependent data is a challenging problem.
The law of large numbers has been established under a S-mixing assumption in [3,10]. In the case
p = 1, the independence assumption can be replaced by a 4-dependence assumption, that is, for all
4-uple of distinct integers (i1, 42, 3,44), the collection of random variables (Xik)izl
the sequence (Xj),-, is identically distributed, then the law of large numbers hold (Theorem 1 in [4]).

is independent. If

The question of an equivalent of the ergodic theorem when the data is any strictly stationary sequence
was considered in [1]. The question of the law of the iterated logarithms was also adressed in [9] where
the data is allowed to be a-mixing or a functional of a S-mixing sequence. A central limit theorem
has been established under a S-mixing assumption in [2] and under an a-mixing condition in [8].

In this paper, we will be interested in establishing the law of large number, the law of the iterated
logarithms and the central limit theorem when the data can be expressed as a functional of an i.i.d.
sequence. In a similar context on the data but for weighted U-statistics, the central limit theorem was
investigated in [14].

Let us precise the context. Let (&) be an independent identically distributed sequence with

i€
values in R*, k > 1. Given measurable functions h: R* x R¥ — R and f: (]Rk)z — R, we are

interested in the asymptotic behavior of the U-statistic of order two defined by

Un (h £, (€)ien) = Y b (F ((mthen) s f ((E5-0)ie)) (1.6)
1<i<j<n
that is, letting X; = f ((5J*k)kez)v U, is a U-statistic of kernel A and the data is the strictly
stationary sequence (X )j21. More precisely, we are interested in conditions involving the kernel A
and the sequence ( f ((ej, k)L eZ))Dl which guarantee the previously mentioned limit theorems.

In all the paper, the kernel h is supposed to be symmetric in the sense that h (z,y) = h (y, z) for
all z,y e R.

The paper is organized as follows. In Subsection 1.2, we will introduce a measure of dependence
of a U-statistic whose data is a functional of an i.i.d. sequence. In Subsection 1.3, we formulate an
analogue of the Hoeffding decomposition for such U-statistics. Subsections 1.4, 1.5 and 1.6 are devoted
respectively to the statements of the law of large numbers, the bounded law of the iterated logarithms
and the central limit theorems for U-statistics of Bernoulli data. In Subsection 1.7, we give examples of
kernels h for which the measure of dependence can be estimated only with the help of the dependence
of the data. Section 2 is devoted to the proofs of the previously mentioned results.

1.2. Measure of dependence. The extension of the results of the i.i.d. case requires a measure of
wez De an iid. sequence, f: R? — R a measurable function and h: R x R — R.
In order to deal with the dependence which comes into play in U, (h, Iy (es) ieZ)’ we need the following
notations. Denote X; := f ((ej,i)

dependence. Let (g4)
ieZ) and define the random vectors

Vie = (eu)it5 . (1.7)
The random variable E [X; | V} (] can be writen as a function of V; ; and by stationarity and Lemma A.G,
the involved function does not depend on j. Therefore, we write

E[X; | Viel = foe (Vje)- (1.8)



We then define for p > 1 and £ > 1 the coefficient of dependence

Ocp = sup 1A (fe (Vo,e) s fe (Vie)) — B (fe—1 (Voe—1) , fe—1 (Vie=1))l,, (1.9)
iz
and for £ =0, 6o,p = sup;>, A (fo (Vje) . fo (Vo,e))ll,,-

In particular, finiteness of » +>1 Oep allows to write

Un (b f(e)icz) = Y D h(fo(Vio) s fo (Vi)

1<i<j<n £21

+ ) (e (Ve fe (Vi) = h (feor (Vigma)  feor (Viemr)), (1.10)

1<i<j<n

where the convergence takes place in LP and almost surely. The interest of the decomposition (1.10)
is that it reduces the treatmeant of the original U-statistic to that of U-statistics whose data is
a strictly stationnary sequence which is a functional of 2¢ 4+ 1 independent identically distributed
random variables. Nevertheless, this task requires some work in order to be reduced to U-statistics of
independent data.

1.3. A generalized Hoeffding’s decomposition. A usefull tool to establish limit theorems for U-
statistics with i.i.d. data is the Hoeffdings’s decomposition [13]. Let h: R+ xR¥ — R be a symmetric

measurable function and (Xj) be an i.i.d. sequence. We write decompose h in the following way:

j€L
h(z,y) =6+ hi (x) + hi (y) + h2 (2,9), (L.11)
where 0 = E [h (X1, X2)],
hi(z) =E[h(X1,z)] — 0 and (1.12)
s (a,9) = h () — ha (2) — i () — 0. (113)

In this way, the following equality holds

> h(Xi,Xj)—<Z)9+nih1(Xi)+ S ha (X0, X)), (1.14)

1<i<yj<n 1<i<y<n

The part involving ha can be treated by martingale techniques, since the sequence ( z;ll he (Xi, X j))j21
is a martingale differences sequence with respect to the filtration (o (Xu,u < j)) and the terms
3;11 h2 (Xi, X;) can be treated thanks to a reverse martingale differences property.
We would like to extend this to the setting mentioned in 1.1, that is, X; := f ((ej,k)kez), where

(€u) ez is an ii.d. sequence. We introduce the following notation

UR (b (e)icz) = Y, hleies), (1.15)

1<i<j<n

where (€;),c, is an i.i.d. sequence of random variables with values in R* and h: R* x R = R is a
measurable function.

One naturally expects the decomposition to be more complicated as in the independent case. Let us
point out the major differences and common points. Like in the independent case, the decomposition
of the centered U-statistic involves a stationary sequence and a degenerated U-statistic. But in the
context of Bernoulli data, one get a series involving stationary sequences and a series of degenerated U-
statistics. An other difference is that we also have remainder terms which are not directly associated
to the involved stationary sequences or degenerated U-statistic. The origin of these terms will be
explained during the proof.
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Proposition 1.1. Let (¢u),, be an i.i.d. sequence of random variables, (5;)uez an independent copy
of (eu)yez and f: R% — R be a measurable function. Let Vi := (zsu):frf€ o and Vi 4 = (5;):2?4.
Let fo: R**1 5 R be a function such that

fe (Vo) =E [f ((Er—u)yez) | Vi) as. (1.16)

Let h: R x R — R be a symmetric measurable function. Assume that the following convergence holds
almost surely for all 1 < i < j:

Jim b (fe (Vi) fe (Vi) = b (£ ((Eimaduez) »  ((E5-w)ues)) - (1.17)
Then the following equality holds:

Un (b £, (€0)se2) —E [Un (B £, (80),e2) ] —nZE (fo (View) s fo (Vo)) | Vo] U (A, (20),) +

> @+ {461 1J Z E [k (fe (Vi) s fe (Vo)) | Vie] =B [A (fer (Vi) , feo1 (Voe-1)) | Vase—1]

DD (hff},,(jb))+Rn11+Rn12+ZRM, (1.18)

€21 a,be[46+2]

where for each £ > 1 and all a,b € [40 4 2], the U-statistic Ui’ﬁj (hff;ﬂ ( &> b)) has independent data
2¢

and is degenerated, and the remainder terms are defined as
n j—1
Roga=Y_ > > 1Y (1.19)

51 gt |41 i) 4 1

4042 E=ake!

Ropz=Y_ Y Z > HG ke (1.20)

€21 a= 1y (4E+Z)L4E+2J+1 k=0

\.4(#»2

Bn2:= Z Z Z Hu(4£+2)+a w(40+2)+b (1.21)

£>1 u=0 a,bel4£4-2]

a<b
4£”+2J -1
© ()
Z Z (Ha,'u(4€+2)+b + Hb,'u(4€+2)+a) (122)
1 v=1 a,be[40+2]
0<a—b<(20+41)—1
l o)1
— (0) (0)
Rna = Z Z (Ha,(v+1)(4l+2)+b + H(4€+2)+b,v(4l+2)+a) (1.23)
1 a,be(40+2) v=1
(20+1)<a—b<(40+2)—1
| oz ]2
— 0 (£)
Rns = Z Z (Hu(4l+2)+a,(u+1)(4Z+2)+b - Hu(4€+2)+a,2m(2€+1)+b) (1.24)
21 a,be40+2] u=0
(20+1)<a—b<(40+2)—1
(£) (£)
Bne = Z Z (Hb,v(4l+2)+a HU(42+2)+b u(4e+2)+a) ) (1.25)

1 a,be[40+2] v
(20+1)<a—b< (464+2)—1

o




with

HY) = h(fe (Vi) s fo (Vi0)) =B (fe (Vi) s o (V)]
= (h(fe=1 (Vie—1) s fo—1 (Vie=1)) = E[h (fe—1 (Vie=1), fe—1 (Vje—1))]) . (1.26)

1.4. Law of large numbers. We first present a result on the Marcinkievicz law of large numbers for
U-statistics of i.i.d. data. In order to extend it to the context of functional of i.i.d., we need a control
on a maximal function.

Proposition 1.2 (Marcinkievicz-Zygmund law of large numbers). Let (£;),., be an i.i.d. sequence

i€z
with values in R? and let h: R x R? — R be a measurable function. For 1 < p < 2, define

1 in.
My = ilgl) n2/e |U" ! (h7 (Ei)iEZ)‘ : (1.27)

Assume that E[|h (0,€1)|"] is finite and that for all x € R%, E[h(c0,x)] = 0. Then the following
statements hold:
(1) the sequence (nfz/p ‘U,i;‘d (h, (Ei)iEZ) |)n
(2) for any positive x,

., converges to zero almost surely ;
>

2"P{M, > v} < m,E|h (0, 61) "], (1.28)
where Ky s bigger than 1 and depends only on p.

Corollary 1.3. Let (£:);c, be an i.i.d. sequence with values in R? and let h: R x RY — R be a

measurable function. For 1 < p < 2, define
1 ind
M, = il;}jl) ey |Un (h7 (gi)iez)‘ . (1.29)

Assume that E[|h (c0,€1)|7] is finite and E[h (e0,£1)] = 0. Then the following statements hold:

(1) the sequence (nil*l/p ‘Uflnd (h, (5i)iez) |)
(2) for any positive x,

converges to zero almost surely ;
n>1

2"PAM, > v} < m,E|h (0, 61) "], (1.30)
where kp s bigger than 1 and depends only on p.

The previous Proposition gives a control in terms of the weak-L"-semi-norm, defined as || X|[, ,, :=
Sup, o (PP {|X] > z})*?, p > 1. However, the triangular inequality may fail, which is not convenient
in view of the decomposition obtained in Proposition 1.1. For this reason, we introduce the weak-ILP-
norm, defined as

IX], = sup P(A)" T E[X]|14]. (1.31)
A:P(A)>0

Notice that for all fixed p > 1, there exists constants ¢, and Cp such that for all random variable X,
ep 1 XMy < IXN, .00 < CpllX]l,,- Moreover, the observation that for any sequence of non-negative

random variables (Y,), -,
>

sup Y,
n>1

P
< Ivale, (1.32)
p,w n>1
will be useful in the sequel.

We are now in position to present our first result, which gives a control on the maximal function
of a U-statistic whose data is a functional of an i.i.d. sequence.



6 DAVIDE GIRAUDO

Theorem 1.4. Let (eu),, be an i.i.d. sequence, f: R%Z = R and h: R — R be measurable functions.
Let p € [1,2). Then

sup %1/1) ‘Un (h7 f7 (gu)ueZ —E [Un (h’ f’ (5u)uez)] ) ‘

n>1 n

<o <eo,p +>° é““ﬂ%,,,) . (1.33)
p,o0

1

The second result of this Subsection is a Marcinkievicz law of large numbers.

Theorem 1.5 (Marcinkievicz law of large numbers). Let (€u),c, be an i.i.d. sequence, f: R = R
and h: R — R be measurable functions. Let p € [1,2). Suppose that

> 0P, < oo, (1.34)
£>0

Then the following almost sure convergence holds:

1+1/p ’U h f (Eu)uez E [U” (h’ £, (Eu)uez)} )’ — 0. (1-35)

1.5. Bounded law of the iterated logarithms. Let us present our next result concerning the
bounded law of the iterated logarithms. Like in the independent case, one can control the moments
of order p € (1,2) of the maximal function of U-statistic with the normalisation n®/? LL (n).

Theorem 1.6. Let (¢u),, be an i.i.d. sequence, f: R%Z R and h: R — R be measurable functions.
Let p € [1,2). For all1 < p < 2, the following inequality holds:

yUn (B fy (€ucs = E [Un (1 £ (eu)ucs)]) |

< ¢p (00,2 + 261/292,2> )
P

>1

n>1 n3/2\ /LL (n

where ¢, depends only on p.

(1.36)

1.6. Central limit theorem. Let us present our result concerning the central limit theorem. We
will make essentially three assumptions on the dependence of our U-statistic. The first and second one
involve the coefficients §.,2 and 60,1 respectively and the third condition is imposed is summability of
the family of covariances of a strictly stationary sequence which comes from the generalized Hoeffding
decomposition of Proposition 1.1.

Theorem 1.7. Let h: R? — R be a measurable function, f: RZ — R be a measurable function and
(€u)yey e an i.i.d. sequence. Let

X;i=f ((-m)pez) s Uni= Y (X, X)). (1.37)
1<i<j<n
Suppose that
Zﬂl/zee,z < +o0; Zézee,l < +o0 (1.38)
€20 €20
and that
> " [Cov (Yo, V)| < +o0, (1.39)
keZ

where the random variable Yy, is defined by the following L2 -convergence
Yi= lim E (A (fe (Vi) s fe (Vo)) | Vie] =E[h(fe (Vo) s fe (Vo)) (1.40)

and Vi, o = (Eu)ﬁii%, Vie= (5;)525;4, where (E;)uEZ is an independent copy of (€u),cz-



Then the following convergence in distribution holds:

where

1

7% (Un —E[U]) = N (0,0%), (1.41)
0% =) Cov (Yo, V). (1.42)
keZ

Remark 1.8. It is not clear to us whether the condition (1.38) guarantees (1.39). Nevertheless, condi-

tions of the type

D B [0 (ewu< O] = E[Y; | 0 (ewu < =Dl < o0 (1.43)

320

guarantee (1.39) and are not too hard to check for the choices of kernel involved in Subsection 1.7.

1.7. Applications. In this Subsection, we give examples of kernels h for which the measure of de-

pendence defined by (1.9) can be estimated.

(1)

Uniformly continuous kernel
Let h: R? — R be a measurable function. We assume that there exists a non-negative
function w: Ry — Ry which is increasing, satisfies w (0) = 0 and for each z,z’,y,y’ € R,

|h(z,y) —h (2 )| <w(|z—2|) +w (ly—v]). (1.44)

Then the following inequality holds:

A (fe (Vo,e) s fe (Vie)) = R (fe—1 (Vo,e=1) , fe—1 (Vi)

< lw (1fe (Vo,e) = fee1 (Vo,e-0) DI, + llw ([fe (Vie) = fe1 (Vie=0)DIl, - (1.45)

Since (Vj,¢, Vj,0—1) has the same distribution as (Vo.¢, Vo,e—1), the two terms of the right hand
side of (1.45) are equal hence

Oep < 2||lw (| fe (Vo) = fe—r (V0,£71)|)||p . (1.46)

In particular, if h is a-Holder continuous for some a € (0,1), we can choose w: t +— ¢t for

some constant ¢ and in this case, the estimate (1.46) becomes
Oep < 2¢|| fe Vo,e) — fe—1 (‘/0,271)”;:& , (1.47)

which can be rewritten as
95,7, g 2c HE [Xo | Vo’g] —E [Xo | Vo)g,1]|‘za . (1.48)

Variance estimation. Consider the kernel h: R? — R defined by h (z,y) := (z —y)* /2. The
associated U-statistic is (after normalization) the classical variance estimator. For this choice
of kernel, one can estimate the measure of dependence defined by (1.9). One need to control
the L”-norm of the difference of the square ot two random variables Y and Z. SInce

1/2

V2= 22| =Ky - 2P |Y + ZP) <E[|Y — 2] E v + 2] (1.49)

we derive that

V2 = 2| <IIY = Zlly, (1Y llz, + 11 Z1l5,,) - (1.50)
We use this for a fixed £ > 1 to Y = f; (Vo,e) — fe (Vo) and Z = fo—1 (Vo,e—1) — fe—1 (Vje—1).
Accounting the following bounds (which are a consequence of stationarity):

YV llap + 12115, < 201fe (Vo,0)llap, + 211 fe (Vo,e-1)ll5, < 411 Xolly, » (1.51)

we get that

Orp < 2| Xolly, [|IE[Xo | Vo,e] — E [Xo | Vo,e—1]] (1.52)

-
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2. PROOFS

2.1. Proof of the generalised Hoeffding’s decomposition. Let us explain the idea of proof of
Proposition 1.1. First, we write Uy (h, f, (5i)iez) as a series (index by £) of U-statistics. For the term
of index ¢, the data of the corresponding U-statistic is a function of 2¢ 41 i.i.d. random variables. We
then decompose this a sum of 4 (2¢ + 1) U-statistics of independent data.

We divide the proof in two steps:

(1) First we treat the case where X; = f ((Eu)iiéil) and h: R x R — R a symmetric function.
(2) Then we write the mentioned U-statistic a sum of U-statistics tractable with the work of step

, plus a remainder term.

Step 1: we decompose a U-statistic whose data is a function of 2¢ + 1 i.i.d. random variables as a
sum of 4¢ + 2 U-statistics of i.i.d. data plus remainder terms.

R2Z+1 % R2Z+1

Lemma 2.1. Let £ > 1 be an integer, h: — R be a measurable function, let (€u)

be
u€”Z
an i.i.d. real-valued sequence and (€,), ., an independent copy of (€u),c,. Define Un (h, (5u)uez) =
j+2
Zléi<j§n V;" V Zl<1<]<n 4,35 where ‘/J = (Eu)iij*f and Hi’j =h (V;"‘/J)
Then

6
Un (b (e)yez) = D U, (Pas (55°°)) + ) B, (2.1)
k=1

a,be40+2]
where

o the function hap: R¥*T2 x RY**2 & R is defined for 0 < a —b < 20 by
ha ((@)i507 9)3507) = h ((@iea )20 )750) +h (Woran)i20 (@)2Y)  (22)
and for (204+1) <a—-b< (40+2)—1 by

hap ()22, (5);5)7)

20+1 2041
=h ((mi+afbf(2f+1>)i:1 (Y5 )QZH) +h ((yj+a b— (2z+1)) 7(5171')?511) »(2.3)

e the random vectors €& are defined by

b +1)(4€42)+b—€—1 .
en’ = () T 0<a— b < 26 (2.4)

ab | u+1)(4442)+b+2 .
e’ = () S 20+ 1) <a—b< (40+2) - 1 (2.5)

o the remainder terms are defined (with the convention that Z;ﬁl =0,k<0) by

Rnyl = Z Hi,j — Z Hi,j; (2.6)

1<i<j<n 1<6<5<(40+2) | 25 |
L4ET<LF2
n 2= Z Z Hu(4€+2)+a w(4€+2)4bs (27)
u=0 a,be[46+2]
a<b
Z (Ha,v(42+2)+b + Hb,u(4z+2)+a) ; (2.8)
v=1 a,be[40+2]
0<a—b<(20+1)—1
L4£+2 -1
Rna= Z Z Hg (vt1)(40+2)+b + H(4Z+2)+b,v(4£+2)+a) ; (2.9)
a,be[46+2] v=1

(20+1)<a—b< (46+2)—1



|77 ] -2

Rn5 = Z Z (Hu(4e+2)+a,(u+1)(4e+2)+b - Hu(4z+2)+a,2m(2e+1)+b) ; (2.10)
a,be[4€+2] u=0
(2041)<a—b< (4042)—1
Luﬁzj -1
Rne = Z Z (Hb,v(4l+2)+a - HU(4Z+2)+b,v(4Z+2)+a) . (2.11)
a,be[40+2] v=1

(20+1)<a—b< (46+2)—1

Proof. Before going into the details of the proof, let us explain the general idea, which will also explain
the origin of the remainder terms. First, it turns out that it would be more convenient that n is a
multiple of 4¢ + 2. However, it has no reason to be the case and we should also take into account the
difference between U,, and U,,; where n’ is a multiple of 4/ 4+ 2 close to n. The control of the difference
of these two terms is precisely R,,1. Now that we are reduced to the case where n is a multiple of
40 + 2, we look that the terms H; ; and the remainder of 4 and j by the Euclidian division by 4¢ + 2.
If these remainder are closed enough, then we can write the corresponding sum as a U-statistic whose
data are independent vectors of length 4¢ 4 2. If the remainders are too far way, we have to add and
substract a term to be reduced to the previous case, and this leads to the definition of R, x, 3 < k < 6.
If the quotient in the Euclidian division by 4¢ + 1 of i and j are the same, then the corresponding sum
is Rn’z.
From the equality U, (hz7 f, (Ei)iEZ) = El<i<j<n H; ; we get by (2.6) that

U, (hg7 (Ei)ieZ) = Z Hi,j + Rn,1. (2.12)
1<i<5<(4042) | 125 |

=
For simplicity, let us denote by I the set [4¢ + 2] and m := Lﬁf With these notations and in view

of (2.7), the following equality takes place

> o

1<i<<(4e+2)| 743

= Z Z (Hu(4€+2)+a,v(42+2)+b + Hu(4l+2)+b,v(4€+2)+a)
ou<v<m—1 a,bel
0<a—b<(2041)—1
+ Z Z (Hu(42+2)+a,v(42+2)+b + Hu(42+2)+b,v(4l+2)+a) + Rn2. (2.13)
ou<v<m—1 a,bel

(20+1)<a—b< (464+2)—1

Let us treat the first term. For a,b € I such that 0 < a — b < 24, in view of the definitions (2.2) and
(2.4) and the symmetry of ha, the following equaliy holds

b _ab
ha,b (EZ o ) = Hy(4042)+a,0(40+2)+b T Hu(4042)+b,20(404+2)+a (2.14)
hence
Z Z (Hu(4l+2)+a,v(4€+2)+b + Hu(4€+2)+b,v(4l+2)+a)
ou<vm—1 a,bel

0<a—b<(264+1)—1
ind b
=Un (ha,zn (% )UGZ) + Rps. (2.15)

Let us treat the second term in the right hand side of (2.13). Adding and stubstracting the terms
H o (4042)+a,(o+1)(a0+2)+b and H(y11)(4042)+b,0(40+2)+a gives, after having rewriten the corresponding
sums as double sums and exploited a telescoping of the inside sum,
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Z (Hu(4€+2)+a,v(4l+2)+b + Hu(4€+2)+b,v(4l+2)+a) =S8+ Rn5 + Rns, (2.16)

S = Z (Huae+2)+a,(o+1)@e+2)+b + Ha(us1)(2041)+b,0(4042)+a) (2.17)
ou<vm—1

We express S as a U-statistic of independent data. Noticing that 0 <a—(b+ (20+1)) < (20+1)—1,
we are in a similar situation as in the case 0 < a — b < (20 + 1) — 1, with b replaced by b+ (2¢ + 1).
Therefore, in view of (2.5), (2.3) and (2.9), we obtain that

ind b
S =unrd, (ha,ln (e2°) EZ) + Rpa. (2.18)
Collecting these terms gives
Z Z (Hu(4z+2)+a,u(4z+2)+b + Hu(4z+2)+b,u(4z+2)+a)
a,bel ou<v<m—1
(20+1)<a—b< (40+2)—1
= > Unm<, (ha,b, (sﬁ’b)uez) + Rna+ B+ Rng. (2.19)
a,bel
(2041)<a—b< (40+2)—1
We end the proof of Lemma 2.1 by combining the equalities (2.13), (2.15) and (2.19). O

Now, we can apply the Hoeffding decomposition to each U-statistic of i.i.d. data and rewrite the
remainder term in a more tractable form.

R2Z+1 % R2Z+1

Lemma 2.2. Let £ > 1 be an integer, h: — R be a measurable function, let (€.)

be
UEL
an i.1.d. real-valued sequence and (ey,), o, an independent copy of (€u),cz. Define Uy (h (e )uEZ) =

i ¢
Zl<z<g<n (Vi, Vi) = E[h (Vi, V)] Zl<z<g<n ij;» Wwhere Vj = (Eu)iiéfw Vj, = (Eu)i+g ¢ ond
Hij = h(Vi,V;) —E[Vi,Vj].

Then
n (@64+2) ([ a2 |)+1
k=1
- Z Uitni"ﬂj (hfiv () ) ZRn K, (2.20)
a,be(4642)

where the function hqp: R**2 5 R*+2 5 R is defined

Bty = has (@057, (0)2)%)

i=1 > j=1

— hayp ((xl)fltz , €0’ ) — ha, ((yj);uﬁz ,€0° ) +E [ha,b (50 ,e0" b):| (2.21)

and
o the function hqp: R*F2 x R¥*+2 5 R s defined for 0 <a—b < 20 by
hap ((20):57 0)727) = h ((@ira—0)i 5" @)F5) + ((Wirae)i 2 (@0)25) (2.22)
and for (204+1) <a—-b< (40+2)—1 by
hab ((xl)zlt27 2:1 )

2041

20+1
( xl+a*b*(2e+1))i:1 (s )%H) +h ((Z/y+a b— (2z+1))

: (m)?ﬁl) . (2.23)
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e the random vectors €& are defined by

b +1)(4€42)+b—€—1 .
en’ = () vt T 0<a—b < 24 (2.24)

ab | u+1)(4442)+b+2 .
e = () S 20+ 1) <a—b< (A0+2) - 1 (2.25)

e the remainder terms are defined (with the convention that Z;L =0, k<0) by

n j—1

Rnan = Z Z H; (2.26)

J=(a0+2)| g5 | +1i= (46+2) | 4= L+
4042 =1kt
Rni2 = Z Z Z H4042)k+a,55 (2.27)
a=1 J+1 k=0
\_4£+2 -1
Z Z H\(4042)+a,u(4042)+b (2.28)
u=0  a,be[46+2]
a<b
Z (Ha,v(42+2)+b + Hb,u(4z+2)+a) (2.29)
v—1 a,be[46+2]
0<a—b<(2041)—1
L= 1
Rua= Z Z (Ha,(u+1)(4z+2)+b + H(4Z+2)+b,v(4£+2)+a> (2.30)
a,be40+2] v=1
(2041)<a—b< (464+2)—1
| 2752 -2
Rns = Z (Hu(4l+2)+a,(u+1)(4£+2)+b - Hu(4e+2)+a,2m(zz+1)+b) (2.31)
a,bel4£4-2] u=0
(2041)<a—b< (4642)—1
+2]
Rns = Z Z (Hb,v(42+2)+a — v(4£+2)+b,u(4(+2)+a) ) (2.32)
a,be[46+2] v—1

(2041)<a—b< (4642)—1
To sum up, the centered U-statistic whose data is a function of 2¢ + 1 i.i.d. random variables can

be decomposed as a partial sum of a strictly stationary sequence, a sum of degenerated U-statistics

plus a remainder term.

Proof of Proposition 1.1. By the assumption (1.17), the following equality holds almost surely:
—+oo

Un (h, £, () uez) = Un (B, fo, (eu) uey) + Z (Un (hy fo, (2u) uez) = Un (B, o1, (2u)uey)) - (2:33)

=1
Since U, (h7 fo, (Eu)uEZ) is a U-statistic of independent identically distributed data, it can be treated
by the classical Hoeffding’s decomposition written in (1.14).
To proceed, we need to decompose for a fixed £ > 1 the term U, (h7 fe, (Eu)uez) —U, (h7 fo—1, (Eu)uEZ).

To this aim, we apply Lemma 2.2 in the following setting: the function h is replaced by Rt R x
R**! — R, which is defined by

B w:);2))

=h (fe ((@)250) e (W)350)) = h (o1 ((@)75,) s foor ((03)3,)) - (2:34)
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In this way,

Un (h’ fe, (5“)ueZ) = Un (h’ fe-1, (Eu)ueZ) = Z h ((Ei*“)ﬁzfz ) (51‘%)5:4) (2.35)

1<i<j<n

and with the notation V; ¢ = (e4) i+t

wei_g» Lemma 2.1 gives

Un (hy fo, (eu)uez) = Un (Bs foo1, (€u) yez) — B [Un (hy fo, (Eu)uez) — Un (B foo1, (€u) yez) ]
@e+2) | g | +1
=(40+2) | —— E|h (Va,e, Vo) | Viee| —E h (Vi Vo) | Viee
7l X (] |-=] /)

ind T(2) ab
DR (hayb, & ) ZRM, (2.36)

a,be[40+2]

Observe that

E [ﬁ (Vi,es Vooe) | Vk,e] =B [h(fe (Vi) fe (Vo)) | Vie] =B [h (foor (Vie—1), foor (Voe-1) | Vie)]
(2.37)
and using Lemma A.5, this equality becomes

E [ﬁ (Vi Vo) | Vk,£:| =E [h(fe (Vi) fe (Vo)) | Vine] =E [A (fer (Vaem1) s fer (Vo)) | Vie—1]
(2.38)
Moreover,

ol (AL ) = N (e YL YL (239)

4042
1Su<vg \_

4@7}#2J

where

Y&év = h (fe (Viaes2yurare) » fo (Viaeryorne)) = E [b (fo (Viaeryusare) s fo (Vore)) | Viaer2yutane]
—E [h (fe (Viaesyosne) » fo (Vo)) | Viaeszyorve] +E [B(fe Vo), fo (Vo)) - (2.40)

We conclude by collecting all the terms. O
2.2. Proof of the results of Subsection 1.4.

Proof of Proposition 1.2. It will be more convenient to work with dyadics, since the martingale prop-
erty will be useful to handle the maximums. First observe that M, < QI/T’M,',7 where

M}, := sup 27 *M'? max ‘Ujlnd (h7 (Ei)iez) —E [Ujlnd (h7 (Ei)iez)} ‘ . (2.41)

N>1 2<n<2N

For a fixed integer n, consider the event

Ay = {22N/p max |UX (b, (g1),0,) | > 2} (2.42)

2<n<2N

It suffices to prove that there exists a constant ¢, (depending only on p) such that

+oo
> P(Ax) < E | (0,1)[7] - (2.43)

Indeed, item 1 follows from an application of (2.43) to h/e for a positive € and the Borel-Cantelli
N . P(Ay) and we apply (2.43) to
h/x for each positive x. Consequently, we focus on establishing a satisfactory bound for P (Axn).

lemma. In order to prove item 2, we notice that P {M,’, > 2} <
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Define for j > 2 the random variable D; := 23;11 h(ei,e5). Let F; denote the o-algebra generated
by the random variables e, 1 < k < j. Define

Dj == D;1{|D;| <2*V'"} —E [D;1{|D;| < 2>/} | F;_1] and (2.44)

D} = D;1{|D;| > 2*"/?} —E [D;1{|D;| > 2*"/?} | F; 4] (2.45)

Since E[D; | Fj—1] =0, it follows that D; = D} + D} hence Ay C Ay U Ay, where

k
D)
j=2

Ay = {24N/p max

2<k<2N

> 1} and (2.46)

Ay = {24”/p max

2<k<2N

k
1"
>0
Jj=2

Let us bound p)y := P (Ay). Markov’s inequality entails

> 1} . (2.47)

k 2

D

=2

(2.48)

py <27W/PE | max
2<k<2N

and since (D;-)j> ) is a martingale differences sequence, we obtain by Doob’s inequality and orthogo-

nality of increments that

2N N

Py <27NPN TR [Dﬂ <2"™PN TR DI {|Dy < 2V} (2.49)
j=2 Jj=2
Now, we use
22N/p
E[Dj1{|D,| < 2°"/7}] :2/ tP{t <|D;| < 2*V/*} dt (2.50)
022N/p

— 2/ tP{|D,| > t}dt — 2*V/PP{|D;| > 2*"/P} (2.51)
0
92N /p
< 2/ tP{|D;| > t}dt (2.52)
0

and after the substitution s = 272V/P¢, we get

1
E[D:1{|D;| <2*"7}] < 2“4”/1’/ sP{|D;| > 2°"/Ps} ds. (2.53)
0

We thus obtained the estimate

oN 1
Py < 82/ sP{|D;| > 2*"/7s} ds. (2.54)
j=2"0
In order to bound p7; := P (A%), we start by Markov’s inequality to get
2N 2V

P <27V TR[|DF|] <2V R (D1 {|Ds| > 22V/P)] (2.55)

Jj=2 Jj=2
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Since there exists a constant C, depending only on p such that
—+oo

E[|D;|1{|D;| > 2*"/*}] = 2°V/PP {|D;| > 2*"/*} +/ P{|D;| > t}dt
22N/p

—+oo
< Cp/ P{|D;| > t}dt, (2.56)
2

2N/p—1

we derive after the substitution ¢ = 22V/Ps that

2N +o00
N < CP2Z/ P{|D;| > 2*"/7s} ds. (2.57)
=2 J1/2

The combination of (2.54) with (2.57) yields

oN +o00
P(An) < CPZ/ min {1, s} P {|D;| > 2*"/7s} ds. (2.58)
j=2"0

We are thus reduced to control the tail of D;, which will be done by using Proposition A.1. Our
particular setting permits some simplification of the involved terms.

We first observe that D; has the same distribution as Zz;ll h (€0, i) (since the vectors (e1,...,€5-1,€;)
and (e1,...,£j-1,€0) are identically distributed). Define d; := h (£0,&;). Since E[h (eo,z)] = 0 for
all z € R?, the sequence (d; )‘f 1 is a martingale differences sequence for the filtration (G;)}_, where
G: is the o-algebra generated by ei, 0 < k < i. We apply Proposition A.1 to z = 22™/?s for a fixed
positive s and ¢ = 2p. let i € {1,...,7 —1}. By Lemma A.5 applied to Y = d;, F = o (e0) and
G=o(e1,...,€i—1), we have

E(|dil? | Gi-1] = E[|h (20,;)|” | o (e0)] - (2.59)
Using Lemma A.6 with Y =¢;, Z =€ and f = h, we derive that
E{ldil” | Gi—1] = E[[h (e0,e1)|” | o (20)] - (2.60)

Using this equality combined with the fact that the random variables d;, 1 <7 < j — 1 have the same
distribution as d; , one gets

1
]P’{|Dj| > 22N/p5} <a(j-— 1)/ ]P’{|d1| > ac22N/puscz}uq71du
0

+c /Ol]P {(J —D)YP(E[Ih (e0,21)[" | o (£0))"" > 2V P sucy }“qild“' (2.61)

In view of (2.58), we derive that

+oo 1
P(ANn) < 0122N/ / ]P’{|d1| > m22N/psu02} u*?"'dumin {1, s} ds

+oo
+ci2 / / E[|h (c0,e1)|” | o (c0)])*/? > 2N/psu62} uw’P " 'dumin {1, s}ds.  (2.62)
Summing over N, we get (2.43) in view of the inequality
> VP (v > 22NP) < 2R [v7] (2.63)
N>1

for a non-negative random variable Y and the convergence of the integrals f 01 uP~1du and f 0+°° min {1, s} s”Pds.
This ends the proof of Proposition 1.2. d



2.2.1. Treatment of Rn1,1 and R, 1,2. Recall that

H) = h(fe (Vi) , fo (Vi) = E[R (fe (Vire), fe (Vi)

= (h(fo=1 (Vie—1) s fo—1 (Vie=1)) = E[R (fe—1 (Vie=1), fe—1 (Vie—1))]) -

and
n j—1
Rn,l,l = Z Yn,l; Yn,é = Z Z Hz(,zj)

1 J=(4042) | 7 |+ i=(ae42) | 45 |+
4042 n =]

4_ . ._ (£)

Rni2:= ZZn,Z7 Ly = Z Z Z Higoioykta,y
21 a=1 j:(4g+2)L4er2J+1 k=0

For a fix £ > 1, we evaluate the contribution of of Y, and Z, ,.

Lemma 2.3. Let £ > 1. The following inequalities hold:

1-1/p .
sup 1+1/ |Yn72| < Cpe / 0271’)
n p
nzl Pp,00
Lz < el 70
sup 1+1/ | ”»Z| X 6 4,py
n p
n>1 p,00

where ¢, depends only on p.

15

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

Proof. First observe that Y, ¢ is a sum of at most (4¢ + 2)2 random variables whose weak-LP-norm

does not exceed 6, hence by cutting the supremum where n is between two consecutive multiples of

40 4 2 gives

Yn,fl

1 1/p
p
< (ZHW'Y’“' M)
p,00 n>1 ’
1/p
< (40 +2)F 1 (Zn”’> Oc,p,

n=1

-
sup ————
n>1 n1+1/P

In order to treat Z, ¢, we decompose it as Z,, , + Z,, ,, where

4042 n 451

— (0) (£)
Zn.e = Z Z (H(4€+2)k+a,j -E [H(4e+2)k+a,j | Vj,eD

e e

4042 n 5]

0o )
Zne = Z Z E {H(4Z+2)k+a,j | VM] :

0 jmaern) g+

Using (1.32), it follows that
1/p
P
p,oo>

1 /
- <Z H nl+1/p |20l
p,00 n>1
(464+2)(N+1)—1

<|wvrracsy S 1z,

N>1 n=(404+2)N

1 /
Sup ———— ’Z,M‘
n>1 n1+1/P

p\ 1/p

(2.69)

(2.70)

(2.71)

(2.72)

(2.73)

(2.74)
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and for all n such that (40+2)N <n< (40+2) (N +1) -1,

4042 \_4£”+2J -1
(©) (£)
‘ n ‘H Z Z (H(4e+2)k+a,j —-E [H(42+2)k+ay | VMD (2.75)
a=1 j=(40+2) | 75 | +1 k=0 oo
4042 (46+2)(N+1) ||[N—-1
(¢ (0)
< Z Z Z (H(4e+2)k+aa E [H(42+2)k+a3 | VMD (2.76)
a=1 j=(4¢+2)N+1 || k=0 proo
hence
# VA | <
ii‘f nit+i/p |Zn.e - =
4042 (40+2)(N+1) [|N—1 7\ P
1 (0 (0
Z N7P72 (404 2)” Z Z Z (H(42+2)k+a,j —E |:H(4Z+2)k+a,j | V”Z})
N>1 a=1 j=(40+2)N+1 || k=0 proo
(2.77)
For all fixed j, we notice using Lemma A.5 that (H((:;H)Mra i E [H((:;H)Mra i | V',e}) is a
’ 0<k<N—1

martingale differences sequence with respect to the filtration (.7-'116)0@1&1\,71 where
Fr=0(Vie)Vo (‘/(42+2)i+a,j77: < k)
hence by Burkholder’s inequality,

N-1
(£) (©) :
Z (H(4l+2)k+a,j —E |:H(4Z+2)k+a] | VlD

2

P

(£) (£)
<o HH(4£+2)k+a,j —E |:H(4Z+2)k+a j | Vj,z]

p,o0

2ep Z HH<4Z+2)k+a,J

P

e, NOY  (2.78)

and plugging this estimate into (2.77) gives

’
Z7L,Z|

1
sup nl+1/p ‘

1/p
<Gy < NP7 (404 2)777 1 (40 +2)% (Ne;’,p)”>
p,00 N>1
<Ot P (2.79)

In order to treat the contribution of Z) ,, we observe that E |:H(2+2)k+a,j | Vje} is independent of k
hence

4042

Zie= Z | s [ B [ 1] (2.80)

a=1l j= (4e+2)\_4e+2j+1

Consequently, the control of the contribution of sup,,»; n —1-1/p |Z” z‘ can be done thanks to Propo-
sition A.2.
This ends the proof of Lemma 2.3. d
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(0) O]
2.2.2. Treatment of terms of the form H, 402y and o H(4Z+2)u+a,(42+2)L4["+2

I+

Lemma 2.4. For all¢ > 1 and all a,b € [4€ + 2], the following inequality holds

| 7=
1 0) —1-1/
D it i/p Z H, (aet2yuss Sep(40+2) 0. (2:81)
i u=1

p,o0

Lemma 2.5. For all? > 1 and all a,b € [4¢ 4 2], the following inequality holds

. | =]
O] < ~1-1/p
f}i‘f n3/2 Zl H(4£+2)u+a,(4e+2> | s |40 Sop(0+2) Oc.p- (2.82)

p,00

These two lemmas are the consequence of the following observations.

(1) We first assume that 0 < a — b < 2¢; if not we add and substract H (4z+2)(u+1)+b and use
telescoping to treat instead Z “HJ H(l:z4e+2)(u+1)+b (where we will apply the previous case

tod =aandb=b+20+ 1). A similar method can be used to treat the sum involved in
Lemma 2.5.

(2) The supremum involved in the statement can be restricted to the integers n with are a multiple
of 4¢ + 2.

(3) For all integer N and all sequence of random variables W ;, i,5 > 1, we write

Sn = Z VVi,j7 S,,.L = Z Wi,j. (2.83)

1<i<j<n 0<i<j<n

With the choice Wi ; := H')

(40420, (40+2)+b7 the following equality holds:

4€+2J

Z Ha (46+2)utb — = Sy — Sw, (2.84)

when n = (40 +2) N. Since Sy and Sy can be both expressed as U-statistics of i.i.d. data,
we can use Corollary 1.3 to treat these terms.

Lemma 2.5 can be done in a similar way: we express this time the involved sum as Sy —
SN-1.

2.2.3. Treatment of terms of the form Z H(4K+2)u+a,(4£+2)u+b

Lemma 2.6. For all? > 1 and all a,b € [4¢ 4 2], the following inequality holds

]
(©) -1-1/
Sl;[; 7 Z H 4 2)utar (e 42)uts < cp (M +2) POy p. (2.85)
nz u—=1

p,00

This follows from the fact that (H ® forms a two-dependent sequence.

(42+2)u+a,(42+2)u+b) w1

2.2.4. Proof of Theorem 1./ and Theorem 1.5. Theorem 1.4 is a consequence of the combination of
Proposition 1.1, the estimates of Lemmas 2.3, 2.4, 2.6 and 2.5.
In order to prove Theorem 1.5, we start from the decomposition

Un (h, f,(ei)sez) —E [Un (R £, (50)ie2) ] = An,p + Bnr, (2.86)
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where for a fixed L, A, r is the sum for the indexes ¢ smaller or equal to L (viewing the terms
associated to Vo as the corresponding ones for ¢ = 0) and B,,; the remaining term. We have to
prove that for each positive ¢,

. 1
Jlim P {SER —i7 |Un (R £, (80)ie2) —E [Un (R £, (€0)ie2) ]| > 25} =0. (2.87)

Using (2.86) and the fact that A, 1 consists of sums of terms which can be treated by Lemmas 2.3,
2.4, 2.6 and 2.5, we derive that for all fixed L,

N—+oco n>N N—+oco n>N

1 1
lim sup]P’{sup sy ’Un (h7f7 (Ei)iez) —E [Un (h7 1 (E,—)iez)” > 25} < limsup P { SUp — |Br,L| > 5}.

(2.88)
Bounding the latter probability by e ||supn>1 ﬁ |B"’L|||Z » and using Lemmas 2.3, 2.4, 2.6 and
2.5, we can see that for some constant C' depending only on p,
|Bn, L

1
sup ————
n>1 n1+1/P

<CY oy, (2.89)

P, >L

which can be made arbitrarily small.

2.3. Proof of Theorem 1.6. Like for the results on the strong law of larger numbers, we have to
control the contribution of the extra-terms in the decomposition obtained in Proposition 1.1.

2.3.1. Treatment of Rn1,1 and R, 1,2. Recall that

HY) = h(fe (Vi) s fo (V30)) = E R (fe (Vi) , o (V)]
= (h(fe=1 (Viye—1) s fo—1 (Vje=1)) = E[h (fe—1 (Vie=1), fe—1 (Vje—1))]) . (2.90)

and

n j—1

R = ZYM; Yoo o= Z Z Jigy (2.91)
=1 J=(442) | s |+ i=(042) | I |1
40+2 n 451
‘
B2 = ZZ”"’; Zne = Z Z Z H((4z+2)k+a,j' (2.92)
£21 a=1 j:(4g+2)|_TTjr2J+1 k=0

For a fix £ > 1, we evaluate the contribution of of Y,, ; and Z, ,.

Lemma 2.7. Let £ > 1. The following inequalities hold.

1 1-1/p
sup ——————= Y0 < cpf 0y, 2.93
sup — e Yo , ) (2.93)
p,00
1 2
SUp —————=|Zn ¢ < cplOpp. 2.94
sup — e | 0, (2.94)
p,00

Proof. First observe that Y;, ¢ is a sum of at most (4¢ 4+ 2)® random variables whose weak-LP-norm
does not exceed 6, hence by cutting the supremum where n is between two consecutive multiples of
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40 4 2 gives
» 1/p
1 1
ap—— <[] i (2.95
n>1n3/2,/LL(n) o = n3/2,/LL (n) o

1/p
<c(dl42) e <Z n3”/2> Or.p- (2.96)

n>1
In order to treat Z, ¢, we decompose it as Z,, , + Z,, ,, where

4042 n | &z |2

— (© ©
Zne = Z Z (H<4e+2>k+a,j —E [H<4e+2>k+a,j | VJ’»‘ZD (2.97)

oy  a B

4042 n =]

£
z.=% Y E[H{) apras | Vie] (2.98)

o e [ [0 A0

We first use (1.32) to get

» 1/p
1 1 ’ ‘
sup ————— |7}, (| < SN (2.99)
n>1 n3/2,/LL (n) oo nz% n3/2,/LL (n) oo
(4042)(N+1)—1 P\ /P
S DR R D SR Y I
N>1 n=(40+2)N ’
(2.100)
and for all n such that (40+2)N <n< (40+2)(N+1) -1,
4042 n [ ]-1
/ (£) (O]
HZ”»pr,oo < Z Z (H(4Z+2)k+a,j —E |:H(4Z+2)k+a,j | V'»ED (2.101)
a=1 j=(4042) | 5 |+1 k=0 oo
4042 (404+2)(N+1) ||N-1
(£) (£)
<> > > (H(4Z+2)k+a,j —E {H(4Z+2)k+a,j | VMD (2102)
a=1 j=(40+2)N+1 || k=0 Ppyoo
hence
1 p
swp——|z.]| <
n>1 n3/2,/LL ’
n3/2,/LL (n) o
4642 (4042)(N+1) ||[N—1 P
—p—1 —3p/2 (0) (O]
Z NP (45"‘ 2) v/ Z Z Z (H(4Z+2)k+a,j —E |:H(4Z+2)k+a,j | V'*ZD
N>1 a=1 j=(40+2)N+1 || k=0 pLoo
(2.103)

. . . - ¢ ¢ .
For all fixed j, we notice using Lemma A.5 that (H((4z+2)k+a’j —E [H((4z+2)k+a’j | V',e}) ens is a

martingale differences sequence with respect to the filtration (.7-'116)0@1&1\,71 where

Fri=0(Vje)Vo (‘/(42+2)i+a,j77: < k)
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hence

P

N-1

) )
Z (H(4Z+2)k+a,j —E [H(uu)km,j | VMD
k=0

p,00

N—-1

(e) )
Z (H(4f+2>k+a,j -k [H(4€+2)k+a,j | VMD
k=0

N—-1
(£) (£)
(S (e, [ 115
k=0

and plugging this estimate into (2.103) gives

P
<

2

) p/2
) < epNP/267,  (2.104)
, :

1 /
- - |z
ilg n3/2,/LL (n) ‘ nl’

N>1

1/p
<Gy <Z NTIP/2 (40 4 2)73P/242 (40 4 2)%P N0§7p>
p,o0
< Chbe2lM?. (2.105)
We control the contribution of Z,, , by noticing that E {H(Z)

(46+2)k+a,j
k.

This ends the proof of Lemma 2.7. g

| Vje} is actually independent on

(0) O]
2.3.2. Treatment of terms of the form H, 402y and o H(4z+2)u+a,(4e+2)\_4[12j+b'

Lemma 2.8. For all ¢ > 1 and all a,b € [40 + 2], the following inequality holds

. | 7=

© —3/2
sup —————— E H, “ <ep (M +2) Oe,p- (2.106)
w1 n3/2, /LL (n) (n) — J(40+2)u+b P P

p,o0
Lemma 2.9. For all ¢ > 1 and all a,b € [40 + 2], the following inequality holds

| 7=

1 0] ~1-1/
B E H < 40 + 2 PO, 2.1
il;rl) n3/2,/LL (n) u= (4842)uta,(4642) Lulzj*b Cp ( * ) o ( 07)

p,00

The proof follows exactly the same idea as the proof of Lemmas 2.4 and 2.5, where the use of
Corollary 1.3 is replaced by that of Proposition A.4.

‘
2.3.3. Treatment of terms of the form Eu H((42+2)u+a,(42+2)u+b'

Lemma 2.10. For all £ > 1 and all a,b € [40 + 2], the following inequality holds

L=
(0) —3/2
SUp > H(syusa a2y <cp (40+2)72 0, . (2.108)
nz u=1

p,00

This follows from the fact that (H ©

(404+2)uta (4z+2)u+b> forms a two-dependent sequence.
! u>1
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2.4. Proof of Theorem 1.7. Let us explain the idea of the proof. The convergence is essentially due

to the partial sums of strictly stationnary sequence (Yk)]6217 where

Yi=Yeo+ Z Yie — Yie—1 (2.109)
>1
and
Yie :=E [h (fe(Vie) s fe (Vo)) | Vi) =B [k (fe (Vi) fe (Vo)) - (2.110)

We can establish the convergence of (n71/2 Z:Zl Yk) o1 by showing the convergence of (n71/2 22:1 Yk,L)
for a fixed L and by controlling the remainder. We have to prove that all the terms in the decomposition

n>1

obtained in Proposition 1.1 converge to zero in probability. To sum up, we start by writing

U (1 1, 0,cz) ~ B [0 (£, ,c2)] = o DO Ye 4 U (4, 2,) +
k=1

7
n3/2 > > un (hfﬂ,,( gb)) + RBoig+ Rga+ Y Rug, (2111)
k=2

€21 a,be[46+2]

7

where for each £ > 1 and all a,b € [4¢ + 2], the U-statistic Ui[‘ij (hffé, ( & b)) has independent data
2¢
and is degenerated, and the remainder terms are defined as

Jj—1

Rnaa = # > zn: > HY (2.112)

€21 j=(a042) | g5 | 1 i=(a042) | 455 | +1

4042 | 4511

Bz = 3/2 Z > Z ; Hist ioypsa s (2113)

BT 0= =) i |41

4l+2

R = n3/2z Z Z Hu<4z+2)+au<4e+z>+b (2.114)

21 u=0 a bE[4€+2

. (0) (£)
Rus = n3/2 Z Z Z (Ha,v(4€+2)+b + Hb,v(4€+2)+a) (2.115)

£>1 v=1 a,be[444-2]
0<a—b<(2041)—1

! © )
R4 = n3/2 Z Z (Ha,(v+1)(42+2)+b + H(4l+2)+b,u(4€+2)+a) (2.116)

1 a,be[40+2] v=1
(2041)<a—b< (40+2)—1

=] -2
_ 0) )
Rns = n3/2 Z Z Z (Hu(4l+2)+a (ut+1)(40+2)+b Hu(4l+2)+a 2m(2€+1)+b)
1 a,be40+2] u=0
(2041)<a—b<(40+2)—1
(2.117)
=1
(£) (£)
Bono = 3/2 Z Z Z (Hb,u(4e+2)+a - HU(4E+2)+b,v(4e+2)+a> s (2.118)
>1 a,be[46+2) v=1

(20+1)<a—b< (46+2)—1
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=1
(“40+2) | g5 | +1 n
n
RY, = (40 +1) M—HJ S (e Yiee) =0 Y (Ve — Vi) (2119)
k=1 k=1

with

H) = b (fe (Vie) s fe (Vi) =B [h (fe (Vie) s fe (Vie))]
= (h(fe—1 (Viye—1) s fo1 (Vjo=1)) = E[h (fe—1 (Vie—1) , fe—1 (Vie—1))]) - (2.120)
We then follow the steps :

(1) we show that (nfl/ 2 Z::1 Yk)n>1 converges to a centered normal distribution with variance

(2) We show the convergence in probability to zero of all the terms Ry 1,1, Rn,1,2, Rnk, 2 < k < 7.

2.4.1. Convergence of (n*l/2 22:1 Yk)n>1' We use Theorem 4.2 in [6], which states the following.
For Lyn e N, Z,,Z, 1, Wi, and Z are real-valued random variables defined on a common probability
space (2, F,P). We assume that

(1) for all L € N, Z,,;, — Wy in distribution as n — oo;

(2) Wi — Z in distribution as L — oo, and

(3) for each € > 0, limz o0 limsup,,_,oo P{|Zn, — Zn| > e} =0.
Then Z, — Z in distribution as n — oo.

We will apply the result in the following setting;:

1 n
Znpi=—Y Y, (2.121)
i

W1 a centered normal variable with variance 0% = Zfsz Cov (Yo,r, Yr,r) and W a centered normal
variable with variance o2 = ZkEZ Cov (Yo, Y).
The first item follows from the central limit theorem for (2L + 1)-dependent random variables;

the second one from the convergence of (0%) to o2, which can be seen by writing Yo —Yr =

L>1
Z >L (Yi,e — Yi,e41) and using Cauchy-Schwarz inequality:

L L L
Z COV(YE),L7Y1€,L)—COV(Y07Y1€) < Z |COV(Y0,L7Y1€’L—Y1€)|+ Z |COV(Y0,L—Y07Y1€)|
k=—L k=—L k=—L
<2L|[Yorly, Y Oe2+ 2L [Vell, 0o (2122)
> 2L

and the quantities ||Yo .||, and ||Y%||, are bounded independently of L and k.
For the third item, we start from Chebytchev’s inequality:

P{|Zn,r. — Zn| > e} < 2| Zn,p — Znll3 (2.123)
and
1 n
1Zn,z = Zall, < NG > (Viw = Yieon) (2.124)
L k=1 2
and ‘ ﬁ Z:zl (Yi,e — Yi,e—1) ’ does not exceed a constant times 51/295,2 hence
2

2
limsupP {|Zn,1, — Zn| > e} <& ° <Z 61/20572> . (2.125)

n—+oo (>L
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2.4.2. Convergence in probability of Rn1,1, Rnji,2 and Ry, 2 < k <6 to 0. Observe that

n Jj—1
E[|Rn,1,1]] < #Z Z Z HHZ(fj) )

, (2.126)
21 j=(a042) | gz |+ i=(40+2)| I | +1
that HH l(? < 0¢,1 and that the number of terms in the two inner sums is of order £? hence
ol
1 2
EflRn1al] < REYE) Zé Oc,1. (2.127)
1

We use the same method for the terms Ry 1,2 and R, x, 2 < k < 6.

2.4.3. Treatment of Ry,7. First we rewrite R, 7 as a double sum, namely, as
1
Rn77 = —n3/2 Z Z (Yk’g — kaefl) Cn k0 (2.128)
1 k>1
where
n n
= —_— < _— - < .
Cnes = (40 +2) LMHJ [k < (40+2) LMHJ +1} nlk<n, (2.129)

with the notation [P] = 1 if the assertion P holds and 0 otherwise. Write n as (4¢ + 2) N + r, where
0<r<44+1. Then

Cnke=—qk < N@A+2)+1] —n[N(4+2)<k<n], (2.130)
hence
(4042) | g2 | +1 "
Barl< =t 3 G-Vt om | Y (e Yie)| (2131)
21 k=1 21 (ae42) | s |41

and taking the expectation give that

1Ruzlly < 20772 " €01, (2.132)

=1

A. APPENDIX

In this appendix, we collect some fact about partial sums of martingales or functional of independent
sequences that we will need in the proof.

The first is a probability inequatlity for martingales; PropositionA.2 andA.3 give a control of
the maximal function involved in the strong law of large numbers, respectively for martingales and
functionals of a fixed number of i.i.d. random variables. We end the Appendix by two lemmas on
conditional expectation.

Proposition A.1 (Theorem 1.3 in [12]). Let 1 < p < 2 and q¢ > p. Then there exists constants ci

n
i=1

to a filtration (F;);_,, then for each integer n and each positive x,

n n 1
]P{ Zdi > m} < 012/ P{|d;| > zucs} u? 'du
i=1 i=170
1 n 1/p
+cl/ P <ZE[|di|p|}1~1]> > zucy pul tdu. (A1)
0 i=1

and c2 depending only on {p,q} such that if (d;) is a martingale differences sequence with respect
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The next Proposition gives a control of the maximal function involved in the strong law of large
numbers. A control on the r-th moment for r < p was obtained in the proof of Theorem 4.1 in [17].
The control on the weak-LP-moment was explicitely established in [7], p. 324, under a stationarity
assumption, but the proof work for martingale with identically distributed increments.

Proposition A.2. Let (d; ) i>1 be an identically distributed martingale differences sequence with respect
to the filtration (F;);5q- Then for all1 <p <2,

>

Proposition A.3. Let £ > 1 and (Xj),, be a sequence such that X; = f ((Eu)f:rlj 2) where (€4)
is i.1.d. and X1 is centered. Then for all 1 <p < 2,

sup ——
n>1 nl/p

<cpldall,- (A:2)

p,o0

UEL

-1
s P ZXa <l V7|, (A3)
Proof. We first notice that
n 1 Lf]
SUp | nl/p Z Xl < Z Sup 77, Z X(4t4+2)k+a (A4)
j=1 aclaer2 "7t =1
and we apply Proposition A.2 to the sequences (X(4e+2)k+a)k>1 for all fixed a € [4¢ + 2]. O

The next Proposition give a control of the weak-LLP-norm of the maximum function involved in the
bounded law of the iterated logarithms for partial sum of stationary sequences. When the involved
sequence is i.i.d. and centered, this reduces to Théoréme 1 in [15]. This can be extended to the
context of the functional of 2¢ + 1 i.i.d. random variables by the same method as in the proof of
Proposition A.4.

Proposition A.4. Let £ > 1 and (X;),,, be a sequence such that X; = f ((eu)jtz. ), where (u), ¢4,

u=jg—~
is i.i.d. and X1 is centered. Then for all 1 <p < 2,

sup ———— <epl? X4, - (A.5)

n>1 nLL

p;00

Lemma A.5 (Proposition 2 p. 1693 in [16]). Let Y be a real-valued random variable and let F and G
be two sub-c-algebra such that G is independent of the o-algebra generated by Y and F. Then

E[Y | FVG =E[Y | F]. (A.6)
Finally, the next lemma is well-known.

Lemma A.6. Let Y and Z be two independent random variables with values in R?. Let f: RxR? — R
be a measurable function. Then

Elf(Y,2) o (2)] =9(2), (A7)

where g: R — R is defined by g (z) = E[f (Y, 2)].
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