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tributed (i.i.d.) random vectors taking values in RF x RY, for some integers
k and d. Given z € R? we provide a nonstandard functional limit law for
the sequence of functional increments of the compound empirical process,
namely
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Provided that nhy, ~ clogn as n — oo, we obtain, under some natural
conditions on the conditional exponential moments of Y | Z = z, that

Anc(hn,z,-) ~ I’ almost surely,

where ~» denotes the clustering process under the sup norm on [O,I)d.
Here, T" is a compact set that is related to the large deviations of certain
compound Poisson processes.
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1. Introduction and statement of the results

Let (Y;,Z;)i>1 be a sequence of independent, identically distributed (i.i.d.)
random vectors taking values in R¥ x R?, for some integers k and d. Given

s,t € R? with respective coordinates si,...,sq and ty,...,tq, we shall write
[s,t] :=[s1,t1] X -+ X [Sa,td], [$,t) := [s1,t1) X -+ X [84,tq) and given a € R we
set [a,t] := [a,t1] X -+ X [a,tq]. For each integer n > 1, define the compound

empirical distribution function as:

n

Z 1(_oos(Z))Y;, s €RY (1.1)

=1

1
Up.e(s) := —
nels) =
Here the letter ¢ stands for “compound”. In this paper, we are concerned with

the asymptotic behaviour of the functional increments of U,, ., namely, for fixed
h >0 and z € RY,

1 2 Zi —Z
An)[(h,Z,S) = Ezl[o’s) (W)Y;, ERS [0,1)d (12)
i=1

Note that, in the particular case where k = 1 and Y7 = 1, the A,, ((h, z,-) are
no more than the functional increments of the empirical distribution function,
which have been intensively investigated in the literature (see, e.g., [4, 5, 10,
11]). Among these investigations, Deheuvels and Mason ([4, 5]) have established
nonstandard functional limit laws for the A, ((h,z,-) when k = 1, d = 1,
Y1 =1 and Z; is uniformly distributed on [0, 1). To cite their results, we need
to introduce some further notations. We shall write

[| s ||k:=max{| s1|,...,]| sk |}

for s € R*, and we define B ([0,1)?) as the space of all mappings from [0,1)¢
to R¥ that are bounded. We shall endow By ([0, 1)¢) with the usual sup-norm,
namely | g [x:= sup,ecpo,1ya | 9(s) [x . Given a convex real function b on R¥,
we define the following functional on By([0,1)?): whenever a function g satisfies
g(0) = 0 and admits a derivative ¢’ with respect to the Lebesgue measure, set

o= [ vigonas (13)

and set Jy(g) := oo if it is not the case. We also write, for any ¢ > 0,
To(c) i= {g € Bul(l0, )%, Jylg) < }. (1.4)
Now define the following (Chernoff) function on [0, 00):
zlogx —x+1, fora > 0;

hi(z) :=<¢ 1, for x = 0; (1.5)
0, for z < 0.
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A sequence (f,,) in a metric space (E, p), is said to be relatively compact with
limit set equal to K when K is (non void) compact and the following assertions
are true

Tt d(fu. f) = 0, (1.6)
VfeK, lirr_1>infd(fn,f) =0. (1.7)

We shall write this property z,, ~ K.
Throughout this article, we shall consider a sequence of constants (h,),>1
satisfying the so called local nonstandard conditions, namely, as n — oo,

(HV) 0<hy, <1, hy L0, nhy, T o0, nhy/logen — ¢ € (0,00).

Here we have set log, n := log(log(n V 3)), with the notation a V b := max{a, b}.
In a pioneering work, Deheuvels and Mason [4] established a nonstandard func-
tional law of the iterated logarithm for a single functional increment of the
empirical distribution function. With the notation of the present paper, their
theorem can be stated as follows.

Fact 1.1 (Deheuvels and Mason, 1990). Let (hy)n>1 be a sequence satisfying
(HV) for some constant ¢ > 0. Assume that k=1,d =1, Y1 =1, and that Z;
is uniformly distributed on [0,1). Then, given z € [0,1), we have almost surely

An,c(hna Z, ) ~ Fhl (l/C)

Later, Deheuvels and Mason [6] extended the just mentioned result to a more
general setting, where d > 1 and with fewer assumptions on the law of the Z;,
considering the A,, ((hy, 2, -) as random measures indexed by a class of sets. The
aim of the present paper is to extend the above mentioned results to the case
where the random vectors Y; are not constant, but do satisfy some assumptions
on their conditional exponential moments given Z = z. From now on < -,- >
will always denote the Euclidian scalar product on RF and A stands for the
Lebesgue measure. Define C as the class of each C' € R? which is the union of d
hypercubes of R?, and with A\(C') > 0. The two key assumptions that we shall
make upon the law of (Y1, Z1) are stated as follows.

(HL1) There exists a constant f(z) > 0 satisfying, for each C € C

lim h~'P(Z; € z + h'/4C) = N(O) f(2).
h—0

(HL2) There exist two mappings Ly : R¥ — [0,00) and L}y, : R [0, 00)
such that, for each ¢t € R* and ¢ € R and C € C, we have
lmE(exp(< 1, Yi >)|Z1 € 2+ h1/10) = Ly (),

—

lim E(exp(t' | Y1 [x)| 21 € = + WAC) = Ly, (t).
—

Remark 1.1. Assumptions (HL1) and (HL2) seem to be the weakest that we
can afford in this context, in regard to the methods we make use of in this
paper. Note that (H L2) implies that Ly is infinitely differentiable on R*. Some
straightforward analysis shows that these assumptions are fulfilled when the Y;
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are bounded by a constant and when Z; admit a (version of) density f which is
continuous at z. Another interesting case where (HL1) and (HL2) are fulfilled
is a general semi parametric setting which appears in the following proposition.

Proposition 1.1. Assume that there exist a o-finite measure v on R¥ and an
application fy from R* x RY to [0,00), such that

1. There exists a neighborhood V of z such that, for each z' € V, the law of
Y | Z' = z is dominated by v, with density fy (-, z").

2. For v-almost all y, the function z — fy(y,z) is continuous on V.

3. For each 2/ €V, and each t € RF we have

/ exp (< t,u>)fy(u,2)dv(u) < oo.
Rk

4. Z has a version of density (with respect to the Lebesque measure \) which
is continuous on V.

Then the random vector (Y, Z) fulfills (HL1) and (HL2).
Proof. The proof is a straightforward application of Schéffé’s lemma. O

Remark 1.2. Roughly speaking, assumption (HL2) imposes that the Laplace
transform of the law Y | Z = z is finite on R¥. One could argue that this
assumption could be weakened. However, it seems that, when this assumption
is dropped, Theorem 1 (see below) does not hold anymore under the strong
norm || - ||z. A close look at the works of Deheuvels [3] and Borovkov [2] on
the functional increments of random walks leads to the conjecture that the
appropriate topology when L is finite only on a neighborhood of 0 seems to
be the usually called weak star topology (see, e.g. [3]). This topic is however
beyond the scope of this article, and shall be investigated in future works.

Notice that Ly and L)y, are positive convex functions when they exist. We
now introduce by (resp. by, ), which is defined as the Legendre transform of
Ly —1 (resp. Ljy|, — 1), namely:

by (u) == sup < t,u>—(Ly(t)—1), u € R¥ (1.8)
teERF

f)‘y|k($€) = supt'z — (£|y‘(t) — 1), r eR. (1.9)
t'ER

Recall that the constant ¢ > 0 appears in assumption (HV) and that 'y, (1/¢(2))
has been defined by (1.4) and (1.8). Our result can be stated as follows.

Theorem 1. Under assumptions (HV), (HL1) and (HL2), we have almost
surely

f(z)ilAnﬂ(Zv b, ) ~ Fby(l/cf(z))'

A consequence of this result is the following unconsistency result, for which
no proof has been yet provided to the best of our knowledge: let K be real
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function on R? with bounded variation and compact support. The Nadaraya-
Watson regression estimator of r(z) := E(Y | Z = z) is defined as:

Theorem 1 entails that, under (HV), (HL1) and (HL2), the pointwise strong
consistency of r, does not hold.

Corollary 1.1. Under (HV), (HL1) and (HL2), and assuming that Y % 0, we
have almost surely
limsup | 7, (2) — 7(2) |> 0.
n—roo

Proof. We may assume without loss of generality that K vanishes outside [0, 1)%.
Consider the random vectors Y; := (Y;, 1), taking values in R¥*!. Some straight-
forward computations show that Y, Z satisfy (HL1) and (HL2), and that, writ-
ing m := VL (0), we have

by (m) = 0. (1.10)

Moreover, assuming without loss of generality that Y has a second moment
matrix which is strictly positive, we have V2£)~, > 0 (strictly positive matrix)
on R**! which ensures that

t=to

is a O diffeomorphism from R**! to an open set O > m. And hence admits an
inverse that we write Vﬁ;l. We deduce that

by (2) =< 2, VL (2) > —(,c17 (VL (@) 1)
is continuous in x, which implies, that, for e > 0 small enough we have

1
sup | by (z) 1< (1.11)

TERF cf(z)

[le—mlle<e/f(z)

For g € Br11([0,1)%), we shall write g = (gx, gr+1), where g1 denotes the last
coordinate of g and g, € By([0,1)?) is equal to g without its last coordinate.
We shall also write, for a Borel set A and for £ = (¢1,...,4;) € By([0,1)%)

0(A) = (/Rd 1Adel,...,/Rd lAdék). (1.12)

which is well defined as soon as either 14 or each g; has bounded variations on
R?. Consider the following mappings:
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U (Bea (0Dl ) = R
g - <fse[0,1)d gr([s, 1])dK (s),
Sreoays grs1(ls, NAE ().

v (B ()] ) = R
g — <fs€[0,1)d f[s,l] gk (w)dA(u)dK (s),
Srefoye oy 1 (AWK () )

T: REx (R—{0}) — R

(1, . Tk, Tpg1)  — z;“ (z1,. .. 2k).

Also consider

By, (1/ef(2)) = {g € (0.0, [

[0,1)¢

by (9) < 1/c}.

We obviously have W(f(2)Ty.(1/cf(2))) = \If'(f(z)fh?(l/cf(z))) As K has
bounded variations, ¥ is continuous and so is 7' o ¥. Applying Theorem 1, we
then deduce that, almost surely

rn(z)zTo\IJ(Amc) ~o To\IJ(f(z)l"b?(l/cf(z)))
> T oW (£(2)Ty (1/ef () N Braa(0,1))).

It hence remains to show that T o \If'(f(z)fh? (1/cf(2)) N Br11([0,1)%)) has non
empty interior, which shall obviously imply that, almost surely, r,(z) 4 7(z)
as n — oo. It is well known that, as ¥’ is continuous, surjective and linear from
the Banach space (Byy1([0,1)%),]] - ||x) to R¥+L W/(0) is open for every open
set O. Hence, it is sufficient to show that f(z)fb?(l/cf(z)) N Br11([0,1)%) has
nonempty interior in (By41([0,1)%),|| - ||x). Consider e > 0 that appears in
(1.11). Writing g,, := m € B+1([0,1)%), we have, by (1.11)

Il f(2)g = f(2)gm k< e = e by (9) < 1/c(2),

which concludes the proof. |

The remainder of our paper is organised as follows. In §2, we introduce an
almost sure approximation of A, ¢(z, hy,-) by a sum of compound Poisson pro-
cesses. This approximation is largely inspired by a lemma of Deheuvels and
Mason [6]. We then focus on these “poissonised” processes and provide some
exponential inequalities on their modulus of continuity. In §3, we establish a
Large Deviation Principle (LDP). Then §4 and §5 are devoted to proving points
(1.6) and (1.7) of Theorem 1 respectively.
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2. A Poisson approximation

Recall that z € R? is fixed once for all in our problem. For ease of notation we
write

Ay c(z,h,s) Zl[o S)( i/ )Yi, se0,1)% h>0. (2.1)

Throughout this article, we shall refer to a generic stochastic process U, usually
called compound Poisson process. It is defined as follows: consider an infinite
iid array (9ij, 3ij)i>1, j>1 having the same law as (Y1, Z1), as well as a Poisson
random variable with expectation equal to 1 fulfilling n 1L (), 3i;)i>1, j>1 (here
1 denotes stochastic independence). Now define

n
Z 1 [0,s) 31] fyzg (22)
j=1

Note that the law of U is entirely determined by the following property:

For each p > 1 and for each partition Aq,..., A4, of [0, 1)4 we have:
P
E(exp (Z < tj,U(Aj) > ))
j=1
P
= exp (ZP(Z —zE Aj)(ﬁyMj (tj) — 1)), (tl, . ,tp) S (Rk)p (23)
j=1

where Ly 4,(t) = E(exp(< t,Y > [Z -2 € Aj), j=1,...,p, t € RE. Recall
the expression U(A) is understood according to (1.12). The following propo-
sition enables to switch the study of the almost behaviour of the sequence
(Apc(2, by, ))n>1 to that of a sequence with the following generic term

n

1/dg d
AL, (h, ) : nhf Z (hs), s €[0,1)%, n>1, (2.4)

where the U; are suitably built independent copies of U. This result is in the
spirit of Deheuvels and Mason (see [6], Lemma 2.1, or [4], Proposition 2.1).

Proposition 2.1. On a probability space rich enough (2, A,IP) we can con-
struct an i.i.d. sequence of processes (U;);>1 having the same law as U and an
sequence (Yi1, Zi)i>1 having the same law as (Y, Z;)i>1 such that, considering
the Ay, (2, hn,+) as built with the sequence (Yi1, Zi1)i>1 we have almost surely

limsup (nhy,) || Anc(2, hn, ) — AL, [(hn, ) [|< oo, (2.5)

)
n—r00

with AL, (-, -) defined in (2.4).
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Proof. Denote by U a process having the same law as in (2.2). Set V; := z +
hl/d[O 1) pi = P(Zl S Vl), and let (Y(l) Z‘(‘l))iZI,th (Y(Q) Z(2))i21)j21,

1y g VA

(bi)i>1, (Ui*('))iZI and (v;);>1 be families of random elements such that

(2) P(v,\", 2)) € B) =P((Y1,21) € B|Z1 € Vi), B Borel set, i,j > 1.

ij
(b) P(Y?,2)) € B) = P((Y1,Z1) € B|Z1 ¢ Vi), B Borel set, i,j > 1.
(c) For each i > 1 we have P(v; = 0) = 1 —p; (1 — e P) and P(v; = k) =
(k)~'pFleri k=1,2,....
(d) B(bi =1) =1 P(b; = 0) = pi, i > 1.
(e) The U} are independent copies of U defined in (2.2).
(f) The union of these five families of random elements is a stochastically

independent family.

In (e), equality in law is understood as an equality with respect to the o-algebra
To of (Br([0,1)9),]] - ||x) spawned by the open balls. In (f), stochastic inde-
pendence is understood with respect to a suitably chosen product o-algebra
where each factor is either 7, the Borel o-algebra of RF x R?, or the subsets
of {0,1,2,...}. First, notice that n} := v;b; is a Poisson random variable with
expectation p; for each ¢ > 1, and that

Vi>1, P(n; =b;) >1—p?. (2.6)

In fact, 7 and b; are a coupling of a Poisson and Bernouilli random variables
(1, b) with expectation p; such that the probability P(n = b) is maximal. Sec-
ond, notice that the following random vectors

(Yis, Zij) = 1o (V, Z0) + 16,0 (P, 2), i 21, 21, (27)

1] ? 1] ? 1]

are i.i.d. with common law equal to (Y1, Z1). Moreover, the following assertions
are true with probability one, for each i > 1:

A%
Vs € [0,1)7, 1[05)( 7 )Yy 21[08)( ll/d'z) v (28)

We now define, for each 7 > 1,

n;
Ui(s) == Uy ([0, s)N{Vi — z}c> +3 1.9(25) - 2)v Y. (2.9)
j=1

Here, V¢ denotes the complement of a given set V C R?. Some usual com-
putations on characteristic functions show that the processes U;(-) fulfill (2.3),

and hence are distributed like U. Moreover since hl_{i[() )4 C h;/ d[O, 1)? for
1> 1, ¢ >0, we have almost surely

Z0
pL/d < 1
U, (hi]%s) § 1[05)( _ l/d)ig§.>,se[0,1)d. (2.10)
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It follows from (2.6), (2.8) and (2.10) that, for each i > 1,

Zi —Z *
P(Ui(h;fr’é . ) = 1[0),)(—h1/d )Yil for each ¢ > O) > ]P(ni = bi) >1-pl
itq
(2.11)

Since p, = f(2)hn(l + 0(1)) as n — oo, and by assumption (HV), we have
Y p? < oo, which entails, by making use of the Borel-Cantelli lemma, that (2.5)
is true with respect to our construction. O

By Proposition 2.1, proving Theorem 1 is equivalent to proving a version of
Theorem 1 with the process A, (2, hy,-) replaced by their Poisson approxia-
tions AIL, ((h,-). This will be the aim of §3, §4 and §5. In each of these three
sections, we shall require the following exponential inequality for the absolute
oscillations of All, ., which are defined as the oscillations of the following pro-
cess:

1 no M Zi‘—Z 4
AHn,c(h,S) = W;;l[oys) (W) | Y;] |k, s € [071) , n 2 1

(2.12)
Recall that by, has been defined by (1.9).

Lemma 2.1. Given 6 € (0,/2 — 1] and x > 0, there exists h, > 0 such that,
for each 0 < h < hy and for each n > 1, we have

]P’( sup AHnﬁc(h, s) - AHnﬁc(h, s’) > 2d5:17>
s,s'€[0,1)4 1
[s'—s]a<d
d
< (%) exp (-~ dnnf(oyy, (@), (2.13)
P(AT<(h 1) 2 @) < exp (= nhf ()b, (2)). (2.14)

Proof. Given s and s’ € [0,1)%, we write s < s’ whenever each coordinate of s
is lesser than the corresponding coordinate of s’. Obviously, the AIL, .(h, s) are
almost surely increasing in each coordinate of s. First fix § > 0 and set

A4:1+[R5%Tﬁ} (2.15)

We then discretise [0,1)? into the following finite grid:
--l"e{01 M—1}¢ (2.16)
si = 7ol 1 1 . .

By construction, for each s and s with | s’ — s |¢4< §, there exists iy €
{0,1,...,M — 1}¢ fulfilling s;, < s and | s — si, [4< 1/M, which entails
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| 8" —si, |<1/M + 6. Hence we can write

P sup
s,8’€[0,1)4

|s'—sla<d

All, ¢ (h,s) — All, ¢ (h, s")

) > 2d6$>

< P( U { sup ‘AHn,[(h, s') — Al (h, s3)

. i<s’
0,1,....,M—1}4 818,
l€{ } |S’75i‘d§6+1/M

) > 2d5w}>

< M1 max P sup ‘Aﬂnyc(h,s’) — AHnﬁc(h,si) . > 2d5:17>.

iE{O,l,...,M—l}d si=<s’,
‘S/—SiIdS(;-'rl/M

Now notice that, for each n > 1, we have

n

—_— 1 Zl —Z
(AHn,c(h,s))se[Oﬁl)d =r (W Zl[o,s)(w) | Y5 [k )Se , (2.17)

i=1 [0,1)¢

where 17, is a Poisson random variable with expectation n and independent of
(Yi, Zi)i>1 (here =, stands for the equality in law for processes). For a Borel
set B C [0,1)4, write

AllL, (h, B) := / 15(s)dAIL, ((h, s)
[0,1)4

S i1 (Zi_z)|Y-| (2.18)
= nhf(z) - B h,l/d ik - .
By the triangle inequality we have almost surely
sup ‘Aﬂnﬁc(h, s’) — AHnyc(h, si)
1

si=<s’,
ISI_Si‘dS(SJFl/M

1 n’Vl Z _ Z
< e S (1o — Lo, (—) Y,
S g & G ~lew) () 1Yk
IS’—Si‘d§6+1/M
1 I Zi —z
< nh(2) ; (1[075i+) - 1[0,5,-.)) (W) | Y [k, (2.19)

where s;" is defined by adding M ~!([M¢] + 2) to each coordinate of s;. Line
(2.19) is a consequence of the fact that, if s; < s’ and | &' — s |4< d + 1/M, then
si < 8’ < si+. We shall now write B; := [0, ;") — [0, s;). Now choose t = #(z)
fulfilling

tr — (Lyy|(t) = 1) = Sy, (2). (2.20)

N | =
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By Markov’s inequality we have
N

1 Z; —
P(W(z); (Lot = 1[oysi>)( i/ ) | Y5 k> 2d6w>

exp ( — 2d0nhf(2)t {exp( 213( ) 1Y m)]

exp ( — 2donhf(z)tz) exp (n(ﬁhyi(t) - 1)), (2.21)

IN

IN

with
Lha(t) = E[exp (tlBi(%) Ban )}

Note that (2.21) has been obtained by conditioning with respect to 7,,. Now, by
conditioning with respect to Ejj, := {h~/4(Z; — 2) € B;}, and writing

Lh,5(6) = B[ exp (¢ | Y3 | )| B, (2.22)
we obtain
Lai(t) =1 = P(Ei) Lhs(t) + (1 - P(Ein) ) — 1
= P(E; h)( () - 1). (2.23)
Note that assumptions (HL1) and (HL2) readily entail

( )(£2h1( )_1)
f(2)A ( Dh(Lyy) () =

Choose h; > 0 small enough so that the quantity involved in (2.24) is lesser that

v/2—1 and notice that for each i we have A(B;) < d(641/M) < /2d6 by (2.15).

By combining (2.19), (2.21) and (2.23), we conclude that, for all 0 < h < hy,
i€{0,1,...,M—1}4 si<s’,

> 2d6$>
k
|S’75i‘dS5+l/M

< exp ( — 2dénhf(z)(tx — Ly, (t) + 1)), (2.25)

whence, by (2.20) we get

]P’( sup
s,s'€[0,1)4
|s’—sla<d

< Mexp (= donhf(2)hyy, (2))

< (1 + ﬁ)dexp ( — d5nhf(z)f)|y‘k(:zr))

d

< (2 exp (— donh (), ().

This concludes the proof of Lemma 2.1. O

lim ma;
h—0 i€{0,..., M 1}

- 1} —0. (2.24)

max P sup ‘AHn,[(h, s') — Al (R, s)

AHnﬁc(h, s) — AHnﬁc(h, s’)

. > 2d53:)
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3. Large deviations for AIL, (hxy,*)

In this section, we establish a Large Deviation Principle (LDP) for the sequence
of processes All,, ¢(hp,-). For the definition of large deviations for sequences
for bounded stochastic processes and of a (good) rate function, we refer to
Arcones [1].

3.1. Some tools in large deviation theory

We begin this subsection with some well known properties (see, e.g., [3], Lemma
2.1, or Borovkov [2] just above the main Theorem) of by and b}y, given in (1.8)
and (1.9) respectively.

Fact 3.1. The functions by and by, are positive convex. Moreover, since Ly
is finite on RF, we have

by (u)

lulk—oo | U |k B

3

Arcones (see [1], Theorem 3.1) has established a very useful criterion to es-
tablish a LDP for processes in By ([0,1)?) (actually only with k& = 1 but the
extension of his results to k > 1 is straightforward). We cannot make a di-
rect use of his Theorem 3.1 and shall make use of a slight modification of it.
To state this modification, we shall introduce some more notations. For each
integer p > 1, consider a finite grid

Sp={simi€ 1,27}
= {2—111, je {1,...,2P}d}. (3.1)
and consider its associated partition of [0,1)?% into hypercubes, namely
Cip = [2”’0 - 1),2*”.1), je{l,...,27 (3.2)

Here we have written j — 1 = (j1 — 1,...,ja — 1). Now for each integer p > 1
and for each g € B ([0,1)9) write

g(p)(s) = 9(Sjp), € Cjyp, jE{L,.. .,2p}d. (3.3)

The following proposition is a straightforward variation of Theorem 1 of Arcones
[1], and is written according to the notation of that theorem (in particular, we
refer to [1] for a definition of the outer probability P*).

Proposition 3.1. Let (X,)n,>1 be a sequence of stochastic processes and let
(€n)n>1 be a sequence of constants fulfilling €, > 0, n > 1 and ¢, — 0 as
n — co. Assume that the following conditions are satisfied.
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1. The sequence of stochastic processes (X,(lp))nzl satisfies the LDP for (e;*)n>1

and for a rate function J, on (Bk([0,1)%),]] - ||x)-
2. For each 7 > 0 and M > 0 there exists an integer p > 1 satisfying

lim sup €, log (P*( max  sup | Xn(s) — Xn(s5p) > T)) < -—M.

n—00 je{l,...2r} seq;,

Then (X, )n>1 satisfies the LDP for (e,}),>1 and for the following rate function.

J(Q)F:SUPJ%(QQ»)a£7€«quofud)

p>1

Proof. The proof follows the same lines as in the proof of Theorem 3.1 of Arcones
[1]. We omit details for sake of briefness. O

For g = (g1,---,9x) € Bx([0,1)¢) and A Borel set, we shall write

g(A) = (/[071)11 1a(s)dgi(s),. .., /[071)'1 1A(s)dgk(s)>, (3.4)

which is valid as long as 14 or each ¢; have bounded variations. We shall now
consider the following (rate) functions on (B ([0,1)%),|| - ||x) that will play the
role of successive approximations of Jy, : given p > 1 and g € B([0,1)%) we set

T = Y MGy (MCia) 9(C))- (3.5)

The following fact is a straightforward extension to the multivariate case of
Proposition 2.1 in [12]. Recall that Jy, has been defined through (1.3) and (1.8).

Fact 3.2. For any g € Bi([0,1)%) we have

Joy (9) = lim JP(g). (3.6)

p—o0
As a consequence, Jy, is lower semicontinuous on By ([0,1)%).

Our next lemma states that the function Jy, (recall (1.3)) is a “rate” func-
tion.
Lemma 3.1. The sets I'y, (a), a > 0 are compact subsets of (Bi([0,1)9),
| - |lx). In other words, Jy, is a rate function in (B([0,1)%),]| - ||x)-
Proof. By Fact 3.1 we have | 2 [x<| = |x 1z),<am A Jpy for some M > 0 and

for each x. Hence, for any g € I'j, (a) we have (recall that A stands for the
Lebesgue measure)

/ |jhw=/) |jmﬁ+/ Joy (¢')dA (3.7)
[0,1)4 lg' k<M |9’ [k >M

< M +a, (3.8)

from where we conclude that I'j, s relatively compact in By (0, D). It is

also closed in By([0,1)?) by a combination of Fact 3.2 and (3.8), which proves
Lemma 3.1. O
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3.2. A large deviation principle

In this subsection, we state and prove a large deviation principle that will play
a crucial role in the sequel of our proof of Theorem 1. This LDP is stated as
follows:

Proposition 3.2. Under assumptions (HV), (HL1) — (HL2), the sequence
(ATL, (hn, ))n>1 satisfies the LDP in Bi([0,1)%) for (6, )n>1 = (nhnf(2)) 1 n>1

and for the rate function Jy, .

Proof. As we shall make use of Proposition 3.1, we have to check conditions 1
and 2 of that proposition, which will be the aim of the following lemmas. Notice
that, almost surely, we have

non; _
Ally,c(h,C) : nhf lel ( hl/d )YJ,CBorel

with AIL, ((h, C') defined according to (1.12). Our proof is divided in two steps,
where we shall respectively verify conditions 1 and 2 of Proposition 3.1.

Step 1: To check condition 2 of Proposition 3.1, we shall make use of Lemma 2.1,
which readily entails, for fixed p > 1 and 7 > 0, and for all n > n(p, 7):

P( max sup | AHn C( ) - AHn,i(hnu Sj,p) |k2 T)
Jell,m2r}d secy

< 10927 exp (= d2 Pnh, f(2)byy, (471207 17)).
Now fix M > 0 and 7 > 0. By Fact (3.1), we have, for all large p:
L G
d—12r—1r

which implies that condition 2 of Proposition 3.1 is verified.

> 4MT,

Step 2: To check condition 1 of Proposition 3.1, we shall require the following
preliminary lemma. O

Lemma 3.2. For any sequence (hy)n>1 fulfilling h, — 0 and nh,, — oo, and
P
for any fixed p > 1, the sequence of random vectors of R

(AHm(hn, Cy), je{1,.. .,zp}d) (3.9)

n>1

satisfies the LDP for the sequence (€;')n>1 = ((nhnf(2))"1)n>1 and the fol-

lowing rate function
J® . (RMY 5 R
’ -1
T Y MGy (MCip) )

je{t,.2rya

Here we write x = (x3, j € {1,...,2P}%), with x5 € R¥ for eachj € {1,...,2P}4.
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Proof. The proof of Lemma 3.2 is divided into three steps. The two first steps
deal with a single component of the random vectors written in (3.9).

Step 1: In our first step, we make an additional assumption on Ly, which allows
us to make a full use of the Gértner-Ellis theorem (see, e.g., [7], p. 44).

(Hp) : Vx € RF fulfilling by (z) < oo, In € R¥, 2 = VLy(n).

Lemma 3.3. Assume that (Hy) is true in addition to the assumptions of The-
orem 1. Then, for each p > 1 and j € {1,...,2P}?, the sequence

(AHm(hn, cj,p))

n>1

satisfies the LDP for the sequence (nh,f(z))~' and the rate function
/\(Ojﬁp)bY(/\(qup)il')-

Proof of Lemma 3.3. We shall first show that, for each ¢ € R*, we have

. 1
nlgxgo i) log (E(exp < t,nhy, f(2)AIL, (Cjp, hn) > ))

= A(C1) (v (MC50) 7). (3.10)

To show this, we start from the equality (2.17) to obtain by convolution:
log (E(exp < t,nhyn f(2) AL, (Cjp, hn) > ))

= nlog (E(exp < t,nhnf(z)U(h}L/de,p) > ))

Recall that U has been defined in (2.2). Next, we use the characterisation (2.3),
which is applied to the simple partition (h}/dC’j_’p, [0,1)4 — h,ll/dOj_’p). Using that
relation with ¢ =t and t5 = 0, we obtain

log (E(exp < t,nhn f(2)AIL, (Cjp, hn) > ))
= nP(Z ~ 2 € hl/'Cy, )E(exp (< t,Y > )’Z —z € ha €2+ /1Cy,)) 1),

Hence (3.10) follows from assumptions (HL1) — (HL2).

By Lemma 2.3.9 in [7], p 46, we know that (Hj) implies that the set of ezposed
points of hy is equal to {z € R*, h(x) < oo}, from where the proof of Lemma
3.3 is concluded by an application of the Gértner-Ellis theorem (see, e.g., [7],
p. 44). O

Step 2: In our second step, we shall get rid of assumption (Hy), which is unfor-
tunately not verified in all situations (for example, take k = 1, Y = 1, which
leads to Ly (t) = exp(t), t € R and hy(0) = 1, but (Hp) is not satisfied for
x =0).
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Lemma 3.4. Lemma 3.3 is true without making assumption (Hy).

Proof of Lemma 3.4. First notice that the “closed sets” part of the LDP stated
in Lemma 3.3 can be proved by making use of the Gartner-Ellis theorem, with-
out making assumption (Hp). Only the “open sets” part of Lemma 3.3 needs
assumption (Hy), since it implies that the set of exposed points of by is equal to
{x € R*, hy(x) < oco}. We only need to prove that, without assumption (Hp),
for any open set O C R* with hy (O) < oo (nontrivial case), we have

1
liminf - log <P(Ann,c(0j,p,hn) e o)) > by (0). (3.11)
To achieve this goal, we shall slightly modify the Y; ; by adding small Gaussian
random vectors. Fix O C R¥ open, with by (O) < oo, and § > 0. There exists
x € O and §; € (0,0) such that B(x,261) C O and hy(O) < by (B(z,261)) <
by (z) < by (O) +6 < §;'. Here B(x,¢) denotes the open ball with centre
and radius e. Now introduce an array (;;); j>1 of R* valued standard random
vectors, that are independent of the array (Y ;, Z; ;)i jen. Also define

n

AH;,c(Cijhn) = — f lellcjp( 1/d )Czw
i=1j

n

AL (G ) = nh f ZZlCJ p( Ul/d )(Yla +01Gij)

i=1 j=1

= AHnﬁc (Ojﬁp, hn) =+ (ﬁAH;’c (ijp, hn)

We shall first show that the vector Y + ¢ fulfills assumptions (Hy). To prove
this first notice that Ly ¢ = Ly L, which holds since Y and ¢ are independent
conditionally to Z. Obviously we have, since (17,

1
Loy =exp (5111 ).
which shows that ¢ fulfills (Hy). Moreover, by Jensen’s inequality we have
Ly (t) > exp( <my,t > ), t € Rk,

where my = E(Y|Z = z), which leads to

Ly i52¢(t) Zexp(<my,t>+ |t|k) (3.12)

Now consider 2 € R¥, and define the function g(t) =< x,t > —(Lyts2¢(t) = 1).
By (3.12) we have g(t) — —oo as | t |r— oo. Hence, the continuous and
differentiable function g admits a maximum at some n € RF fulfilling 0 =
Vg(n) =y — VLyi¢(z). This proves that the vector ¢ fulfills (Hy) and hence,
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by Lemma 3.3 we have:
1 1"
hmmfi()log P(AIL, (Cjphn) €0) ) = = byi520(0), (3.13)

n—oo N nf
>0t ) —  inf
Lz < pothasy "<

< -6t (3.14)

A

11?%S£pmlog< (HAH CJp,h )

The last inequality holds for §; > 0 small enough, by Fact 3.1, replacing Y by
C. Hence, by the triangle inequality, we have for all large n:

P(AHM Gy hin) € 0)
IP’(HAHM Gy i) — ka < 261)

P((HAH (Cs.ps hn) — ka<51)— (62HAH (C5.p )

> %)

> exp ( —nhy,f(z) ((5 + by +¢(Bl(z, (51)))> — exp ( - nhnf(z)éfl)
> exp < —nh, f(z) (5 + [)y(a:))) — exp ( — nhnf(z)éfl) (3.15)
> % exp < ~ nhof(2) (25 + by(O))). (3.16)

Note that (3.15) is a consequence by ¢ < by, which follows directly from L, >
1. Also, (3.16) is a consequence of hy(z) < hy(O) + § together with &;*

by (O) + 26, which is true by the choice of d;. The proof of Lemma 3.4 is then
concluded since O and § are arbitrary. O

Step 3: The proof of Lemma 3.2 by a tensorisation argument brought by Lynch
an Sethuraman. Since, for each n, the collection

AHn,c(hn, CJ), J S {1, ceey 2p}d

is independent, and since each sequence (AIL, ((hy,Cj))n>1 satisfies the LDP
with the rate function A(Cj,)bhy (M(Cjp)~"). Then Lemma 3.2 is proved by
applying Lemma 2.8 in [9]. O

A direct consequence of Lemma 3.2 is that condition 1 of Proposition 3.1 is
satisfied, as shows our next lemma.

Lemma 3.5. If h,, — 0 and nh,, — oo, then the sequence of processes

(Ansf,Z(hn, -))

n>1

satisfies the LDP for €, := (nh, f(2))~". and for the rate function Jé{;).
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Proof. The proof is a straightforward application of the contraction principle
(see, e.g., [1], Theorem 2.1), considering, for fixed p, the following application,

d
from R**" to (Br([0,1)D);]] - [|x) (here we write z = (=3, j € {1,...,2P}9),
with each x; belonging to R¥)

Ryp(z) = [0, 1)d

—  [0,00)
- ZIi. O
Cj,pC[0,51] %X [0,5p]

We conclude the proof of Proposition 3.2 by combining Step 1 and Step 2 with
Proposition 3.1. |

4. Proof of point (1.6) of Theorem 1

We shall make use of some usual blocking arguments along the following subse-

o g = {exp (k exp (— \/@))], (4.1)

with associated blocks Ny := {ng_1 + 1,...,n,}. Here, [u] denotes the only
integer fulfilling [u] < u < [u] + 1. We point out two key properties of (ng)r>1:
logy 1

My B g =1 2

Nk

For any € > 0 and A C By ([0,1)), we shall write:
€ .__ d : )
AC = {geBk([O,l) ). nf [lg—g ||k<e}. (4.3)

Now, recalling the definition of AII, . in (2.4), we define the following normalised
Poisson processes that will play a crucial role in our blocking arguments.

> Ui(hn,s), k=1, n € Ny, s €[0,1) (4.4)

i=1

1

Hols) = DT

Fix € > 0. We shall proceed in two steps: first, we will prove that, we have
almost surely, ultimately as n — oo,

Mo €Ty, (1/cf(2)™, (4.5)
then we shall show that almost surely:

lim max || Hp() — ALy, (A, ) [[< 3e. (4.6)

k—o0 meNg

Step 1: We first prove (4.5). In order to make use of usual blocking arguments
along the blocks N we shall first show that

lim maX]P’( | Ha () = ALy e (Bny ) [J1> e) ~0. (4.7)

k—oo neENg
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To prove this, choose k > 1 and n € Ny, arbitrarily. A rough upper bound gives
(excluding the trivial case where n = ny,).

Pa = P( | Hal) = Allay clliny, ) 16> €)

neg—n 1

<p( ; ; [ Yig o> e (g = m)h, ()
= P(ﬁnk—n,c(h’nm ) > Enkni TL) (48)

Now making use of point (2.14) of Proposition 2.1 with = := eny/(ny —n) we
get, for all large k and for each n € Ny, with n # ng,

P, SeXp(_enkhnkf(Z)nk_nh\Y\k( o )) (49)

ENE N —n

Now, as ny —n > ni — ng—1, ng/(ng — ng—1) = oo and by Fact 3.1 we readily
infer (4.7).

We are now able to make use of a well known maximal inequality (see, e.g.,
Deheuvels and Mason [5], Lemma 3.4) to conclude that, for all large £,

Pjo i= IP’( U #a 1%

neNy
< 2P(Hn, ¢T5, )
- 2P(Al'lnk,[(hnk, ) ¢ rghy). (4.10)

Applying proposition 3.2 to the closed set F := By ([0,1)9) — (thy)e, which
satisfies Jy, (F) > (1 4 3a)/cf(z) for some o > 0 (by lower semi continuity of
Jpy ) we get, ultimately as k — oo,

Nghn, (1 + 20
B < 2exp (- M)
< exp (— (1 + a)loglogny), (4.11)

where (4.11) is a consequence of assumption (HV'). By (4.2), we conclude that
(Pk,2)k>1 is summable, which proves (4.5) by making use of the Borel-Cantelli
lemma.

Step 2: To prove (4.6) we shall make use of the following almost sure equality

AlL, ¢ (hy, s) := o

Hp (2 s). (4.12)

nh,,
By (4.2) together with (HV') we straightforwardly infer that

nk hnk

lim max
nhy,

k—o00 meNg

hn
—1‘:0, lim max 2% =1, (4.13)

k—o0o nENy hn
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Moreover, making use of (3.8), we infer that

lim  su Tg(p) — g() ||n= 0. 4.14
T%ngeriy | Tg(p-) —g(-) [|x (4.14)

Hence, (4.6) follows from a combination of (4.13), (4.14) and (4.5) together with
the triangle inequality.

The proof of point (1.6) of Theorem 1 is concluded by combining (4.5) and
(4.6) and recalling that ¢ > 0 was arbitrary. O

5. Proof of point (1.7) of Theorem 1
We introduce the following subsequence
e = k2F, k> 1.
Obviously, Ty satisfies the following properties:
log, Ty, = log k + logy k 4+ log2, g /Tr_1 = e 2k 2(1 + o(1)). (5.1)

we also shall write v, := Ty, — ip—1. Now define the sequence

o 1 i 1 (Zi_z)Y-
BT whn f(2) AT )
np_1+1 Nk

Now choose € > 0 and g € T'y, (1/cf(2)) arbitrarily. We shall prove that, with
probability one

hmsupHH;c - gH < 2, (5.2)
n—oo
which would conclude the proof of point (1.7) of Theorem 1 by a classical com-
pactness argument. Obviously ¢ satisfies

lim [ 9(p) = 9() [lx= 0. (5:3)
Some routine analysis also shows that, for some a > 0 we have J(¢¢) < (1 —

2a)/cef(z). By (5.1) we have vihs, — oo as k — oo. Hence, by Proposition
(3.2), which we apply to the open ball g¢ we obtain, for all large k

(- L1 10

exp(—logk+log2k+log2),

Y

P(H; € gf)

Y

where the last inequality is a consequence of (5.1). As the (H}.)x>1 are indepen-
dent, the Borel-Cantelli lemma entails, almost surely,

|| Hj — g ||x< € for all large k. (5.4)
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To conclude the proof, notice that

Mp—1

, Vk 1 Zi—z
= — _— E 1ol ———)Y:
Hk ng Hk + ﬁkhﬁkf(z) (0] ( l/d )

i=1 T
=: ?’H; ~+ Ck- (5.5)
Tk
Hence, if we show that || (x ||z— 0 almost surely, then (5.2) will follow by
noticing that v/ — 1 and applying both (5.3) and (5.4). Noticing that

Nk—1
Gl P AT (1)

we readily infer, by (5.1) and point (2.14) of Lemma 2.1, that P(|| (i |[x> J) =
O(k=2) for any d > 0. This concludes the proof of point (1.7) of Theorem 1.
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