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INFINITE DIMENSIONAL FUNCTIONAL CONVERGENCES IN RANDOM
BALLS MODEL *

JEAN-CHRISTOPHE BRETON! AND RENAN GOBARD!

Abstract. We consider a weighted random ball model generated by a Poisson measure. The macro-
scopic behaviour of the weight amassed on this model by a configuration has recently received attention.
In this paper, we complement the previous finite dimensional distribution fluctuation results and pro-
pose functional convergences of such functionals on the set of configurations.
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1. INTRODUCTION

We consider a generalized random balls model in R¢ generated by a Poisson point process Ny on R* x Ry x R
with intensity

ny(dx,dr,dm) = AdxF(dr)G(dm), (1.1)

where A € Ry and F, G are probability measures respectively on Ry and R. The most natural way to deal
with the triplets (x,7,m) is to see them as weighted random balls with center x, radius r and weight m. The
parameter A stands for the intensity of the number of ball since the mean number of balls in, say, a measurable
bounded set A C R? with Lebesgue measure 1 is E[Ny(A4 x RT x R)] = A\. Random balls models of this type
are typically used to represent spatial communication networks where the centers x are antennas transmitting
a signal with a range of emission 7. The weight m then represents the intensity of the signal (see [6,13]). From
a modeling standpoint, it is natural to consider that the signal fades out when it goes away from its emitting
station x. Representing such a fading effect by a shape function h, the signal of intensity m emitted in x is
received in some y with intensity mh (T*I(x — y)), in this picture the quantity r plays now the role of the rate
of the fading. If we assume that no interference occurs between the different stations, the quantity of signal
received in some y € R? is then given by:

My(y) = /Rde meh (r_l(y - X)) N (dx,dr,dm). (1.2)
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Extending the quantity defined in (1.2) to a configuration represented by a measure u, we consider now

M) = [ Mwtay) = [l ] Nafdxdr,dm) (1.3)

where we set 7 h(y) = h(r ' (x—y)) and p[f] = [z f(y) p(dy), see [3]. Since there is no restriction to
consider only positive measures, we consider configurations p in the set Z(R?) of signed measures on R? with
finite total variation. Recall that the total variation ||u|l7y = sup sepray [1£(A)| defines a norm on Z(R%) and
that equipped with this norm, Z(R9) is a Banach space. This model is the one studied in [3]. When h = 15(0,1),
we recover the setting of [1,2,9].

We specify now the hypotheses on G, F and h. The measure G drives the behaviour of the weights, it
is assumed to be in the domain of attraction of an a-stable law with a € (1,2], see [10]. According to ([5],
Sect. XVIL5), this is equivalent to the following estimate on the characteristic function ¢¢ of G:

we(0) =140 — o®|0]” (1 + ibe(0) tan(mar/2)) + o(|0]), as 6 — 0, (1.4)

where €(f) = 1if 0 > 0, e(f) = —1if § < 0 and £(0) = 0. In the case « € (1,2), a typical choice for G is a
heavy-tailed distribution while for & = 2, G may be any distribution with finite variance. Observe that since we
consider o > 1, the measure G has a finite moment of order 1. The probability measure F' drives the behaviour
of the radius r (actually the fading rate in the model described above); we assume F' has a regularly varying
tail with index 3 € (d, ad), that is:

+oo
F(r) = / Fdu) ~p oo Cy 7P, (1.5)

The condition (1.5) ensures that the mean volume of the random balls is finite and so is the expectation of
M (u) for every p with a finite total variation, see [3]. On the contrary, § < 2d implies that the variance of the
law of the volume is infinite.

Since in our interpretation, the shape function h represents a fading effect, it is natural to consider that
h is radial and (radially) decreasing. The function h thus generalizes the range of the emission. As discussed
above, the choice h = 1p(q,1) recovers the classical setting of random ball B(x,r) with weight m as investigated
in [1,2,9]. However, from a mathematical standpoint, it is not required to assume that h is decreasing or radial
and more complex interfering phenomena can thus be investigated.

In what follows, we are interested in the macroscopic analysis of such model. It consists in investigating the
behaviour of M, (u) when a zooming-out is performed, i.e. apply the change r — pr in the model and consider
the resulting changed field

MA,IJ(/’(‘) = / mM[Txﬂ"h] NA,I)(an dTa dm)a (16)
RExR4 xR

where Ny , is the Poisson random measure with intensity ny , = AddxF,(dr)G(dm) and F, is the image measure
of F' by r +— pr. When the intensity \(p) is adapted accordingly to the rate p of zooming-out, [3] describes
two limiting behaviours obtained when a centering and a suitable normalization n(p) are applied to My, ,(1)-
Actually, due to the linear structure of My, ,(x) in j, the limits are obtained in the finite dimensional distri-
butions (fdd) sense (see Sect. 2 for precise conditions). For the two scaling regimes, functional convergences are
also obtained in [3] but only for a finite dimensional subfamily of configurations p. The goal of the present note
is to complete the results of [3] for configurations in an infinite dimensional family A C Z(R?) and to provide
functional convergences in the space C(A) of continuous functions in A. Since fdd convergences are already
proved in [3] for smooth configurations, the present note really focuses on tightness and to that purpose we will
assume that

A is a compact subset in L*(R?) N L*(R%) for the || - ||y topology, (C0)
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where we shall (abusively) note L!(R?) N L®(R?) the space of smooth measures u(dy) = ¢, (y) dy such that
¢, € LY(RY)NLY(R?). Remark that for configurations in L!(R%), the L' norm corresponds to the total variation
norm. The note is organized as follows: Section 2 contains our main conditions and results. The proof is given
in Section 3 and discussions on our hypotheses are provided in Section 4 with examples. Technical results are
postponed in Appendix A.

2. MAIN RESULTS

First, we recall the fdd results obtained in [3]. The shape function h is assumed to be continuous almost
everywhere and such that

h*(x) == sup {|h(rx)| r > 1} € L'(R%) n L*(RY). (H)

Note that this implies h € L*(R%) N L*(R%) and note that if h is radially non-increasing, then h* = h. Through-

out, we note 1% the convergence in finite-dimensional law in L!(R%) N L%(R?). Proposition 2.1 in [3] gives the
limiting behaviour, when p — 0, of

My (1) = n(p) ™ (Magey (1) = E[Magpy (1)) ).

(1) (Large regime) If A\(p)p? — +o0, then, setting n(p) = (A(p)pﬁ)l/a, we have:

when p — 0 and where Z, is the stable field
Zol) = [ slrrh] Ma(dx,dn
RdXR+

with respect to the a-stable measure M, with control measure e*Cgr~1=# dxdr and constant skewness
function b, where o and b are related to G by (1.4).
(2) (Intermediate regime) If A(p)p® — a for some a € (0, +00), then, setting n(p) = 1, we have:

M,() 22 7.(), (2.2)

when p — 0 and where .J, is the compensated Poisson integral
Ja (1) :/ mu[rx.rh] Np.o(dx,dr,dm)
RIXRXRy

with respect to the compensated Poisson random measure J\Nl'g,a with intensity aCgr=?~1 dxdrG(dm).

In order to reinforce (2.1) and (2.2) into functional convergences in C(.A), we shall assume the following uniform
control of the measures p € A by some measure p*(x) dx:

sup (/Rd 1 (rH y = %)) [” Ml(d}’)> < /Rd |h (r Yy —x))|” 6" (y)(dy) )

pneA

for all x € R? and all r > 0, with ¢* € L'(R%) N L*(R?) and p > 1. A discussion on (C,) is given in Section 4.
More precisely, we assume below that (C),) holds true for p = 1 and for p equal to some (arbitrary) v € (1, a).
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Our main result states as follows:

Proposition 2.1. Assume that the family A of measures satisfies (C0) and (Cp) for p € {1,v} for some
1 < v < « and that the shape function h satisfies (H).

(1) (Large regime) If M(p)p” — +oo, then:

M) €4 Z.(), p—o. (2:3)

(2) (Intermediate regime) If A(p)p® — a for some a € (0, +0c0), then:

My() 22 7.0, p—o. (2.4)

Another interesting finite-dimensional result is Proposition 2.13 in [2] which states that when a — +00, we have

a Vo g,() 24 z.0). (2.5)
We can again reinforce (2.5) into functional convergence:

Proposition 2.2. Under the same hypotheses as in Proposition 2.1, we have:

a Vo r, ()22 Z,0), a— +oo. (2.6)

Remark 2.3. When the shape function h is bounded (which is typically the case when h is radially non-
increasing), we can assume condition (C,) only for p = 1 in Propositions 2.1 and 2.2 (no (C) for some
v € (1, ) is required). To see this, observe that in the proof below (Sect. 3), (C) is used only in the proof of
(1) in Lemma A.1 which can be replaced by (2) in Lemma A.1 when A is bounded.

As a consequence of our results, for all continuous functional f on C(A), we have

5 (M) = 1 (Za()). p—0 (2.7)

or

F (M) = (), p—0 (2.8)

depending on the regime considered. For instance, with f(z) = sup,c 4 |z(p)| we can use (2.7) and (2.8) to
detect excessive fluctuations in the model.

3. PROOFS

Proof of Proposition 2.1. It is well known that the functional convergence is equivalent to the combination of
the fdd convergences and tightness. Since the fdd convergences is known (cf. (2.1) and (2.2)), it remains to
prove the tightness of (Mj(u)) ¢ o Thanks to Prohorov’s theorem, this is equivalent to relative compactness
and this will be obtained, using Arzela—Ascoli’s theorem for C(A), by showing the following control of the
uniform modulus of continuity (see [8], Thm. A2.1):

Ve >0, limsupP sup ‘Mp(m) — Mp(/,(,g)‘ >e| =0. (3.1)
6—0p>0 lpr—pzllrv <6
Hi,p2€A

We derive (3.1) with Markov’s inequality by proving that for 1 < v < « given in Proposition 2.1:

— — ¥
lim sup E sup ‘MP (1) — M, (p2) ‘ =0. (3.2)
070920 | flua—pz ]| v <6

p1,p2€A
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Our argument to prove (3.2) exploits moment bounds obtained in [3] for such random field (Mx (1)) ,c 4- We
use in particular the following expression of a fractional moment from [12]: if X is a random variable with
characteristic function ¢x (t) = E[exp(itX)], then for 1 < v < 2:

+oo
E[|IX]"] = A(7) / (1 [px(8)) 6717 b (3.3)

where
-1

AQy) = ( /O T cos(w))xl"’dx> < +oc.

In order to be in position to exploit (3.3) for the fractional moment in (3.2) we need to specify the corresponding

characteristic function. To that purpose, we first bound supjj,, — 5|7y <5 ‘Mp(ul) — Mp(ﬂg)‘ as follows:
ni,pu2€A

sup | My(m) = Mp(ua)| < sup | My,(n(p) 7 (1 — p2))|

lpr—p2llrv <6 lp1—pz|lrv <6
1,pu2€A pi,u2€A
—1
FE|swp Mo, (n() M ) || (3.4)
lp1—pzllrv <6
p1,p2€A

Since for v > 1
E[(IX]+E[X)"] < 2°E[|X]"], (3.5)

we shall establish (3.2) by applying (3.3) to

X = sup My, (”(P)fl(m - Mz) ’ (3.6)

lpr—pallrv<é
fp1,p2€A

We have

sup M (nl) 1 1)) | < 3T, (n() ) = [l (o) e ] Vg, (i, i )

[l —p2llrv <8
p1,p2 €A

where

ms [ lhl] = sup Jpn — | [ [R]] (3.7)
[[1—p2|lrv <6
H1,p2€A

(observe that ms is not a measure a priori). Since J\//fp (n(p)~*my;) is a (non centered) Poisson integral, its
characteristic function is given by:

PRI, (n(p)~1mg) (0) = XD (/Rdxﬂh v (n(p) ™ 0ms[r|l]) A(P)dpr(Ol?”))
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with ¢ (u) = [5(e™™l —1)G(dm). Note also ¥ (u) = [, (™™ —1—iu|m|)G(dm) and observe that Re(¥g) =
Re(1¢) (to be used below in (3.8)). Hence,

1-— ’goﬁp(n(p)_lmé)(ﬁ)lz =1—exp (/R 2Re (&’7(; (n(p)_19m5 [Tx’r\hﬂ)) )\(p)dpr(dr)> (3.8)

<1-—exp (—2 /Rde |We (n(p)~'0ms [r,r|B]]) | )\(p)dpr(dT)>

dxRy

dXR+

<1-exp (—2C<G>n<p>ax<p>|e|a / s [ ]| dx&(dr)) (3.9)

using the local behaviour (1.4) of ¥ in 0. Using Lemma A.3 in the Appendix with v := « > /d therein, we

have
ad—p8

[ e il dxEy(ar) < (o5 (3.10)
RExR4

where

d—§3 (O[ _ 1) (ad—B)a

¥\ _ 97a-T)d d * — w1/ (R
C(¢") = 288500 oo (16 allbll) B (6737 Alla)

Plugging the bounds (3.9) and (3.10) into (3.3) with X asin (3.6) and combining with (3.4) and (3.5), we obtain

—~ — ! +oo i
B| s [ V-8 | <40 [T (1o (-20@n0) M@ I8 ) ) 01 ap
Hui?i!éngé 0
= A()A(e,7) (n(p) *Mp)p®) """ C(G)C(#)V/ 6“5 (311

with a straightforward change of variables to derive (3.11) and where

+o00
Ala,y) = /0 (1 —exp(—0%))6~*~7 db

which is finite for v < a.

In the large regime n(p) = (A(p)pﬁ)l/a and the bound (3.11) entails (3.2) while in the intermediate regime
n(p)~*A(p)p® = A(p)p? is bounded so that (3.11) still entails (3.2). In both cases, this concludes the Proof of
Proposition 2.1. O

Proof of Proposition 2.2. In order to prove Proposition 2.2, we follow the same lines of reasoning as in the
previous proof. Set

I, (w) :/ a_l/am,u[Tx’rh] N3 o(dx, dr,dm),
RIXRXR 4

where Ng , is the Poisson random measure with intensity aCgr="~1dxdrG(dm), and

I, () :/ ail/o‘m,u[Tx’rh] N,@’a(dx, dr,dm).
RIXRXRy

We obtain:

sup I, (1 — p2) ’ < fa(mg) = / Im|a= *my [7x,r|1|] N3, (dx, dr, dm)

lp1—pzllrv <6
p1,p2€A
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and

1— ez, (mé)(G)\2 <1-—exp (—20(G)Cg|9|a/ ms [7x,r|B] ‘adxr_ﬁ_ldr> . (3.12)
’ R

dxRy

Using Lemma A.3 with v := « and plugging it with (3.12) into (3.3) with

X= sup Iy (1 — p2) |
I —pzllrv <6
1,p2€A
we obtain
5
~ ~ oy o Led=08)
Bl swp |Lle) —TaGm)|| | < A0)A()@CG)CC0M) 6", (3.13)
|1 —p2llrv <6
1,2 €A

This allow to conclude the Proof of Proposition 2.2 like previously for Proposition 2.1. O

4. DISCUSSION AND EXAMPLES

4.1. Fading function

In this section, we shortly discuss the choice of the fading function h satisfying (H). Note that from a
modeling point of view, it is natural to consider that the fading funtion A is radial and non-increasing. In this
case, h is bounded and condition (C,) for some v € (1, ) can be removed from our main result as explained
in Remark 2.3. This is typically the case for the fading function h = 19,1y which recovers the classical setting
investigated in [1,2,7]. A general discussion of such fading effect is given in [6].

4.2. Discrete configurations

Our main results Propositions 2.1 and 2.2 are stated only for smooth configurations. Actually, when the
configurations considered are discrete, typically u = d, there is no hope to obtain functional convergence.
Heuristically, the dependence between M, (dy,) and M,(dy,), y1 # y2, is given by the sum of the weights of the
balls containing both points y; and y2 using the so-called covariation (see [10], Sect. 2.7). But at the limit when
p — 0 (in the so-called zoom-out case), the rescaled balls turn to be very small and typically no ball contains
simultaneously y1 and y2. This provides independence at the limit and we have:

no(p) ™ (M, (8y) — EIM,(8y)]) 2% Wa(sy). vy e R,

where W, (dy), y € R%, are iid So(cV'/*, b, 0)-distributed. Since the field (Wa(dy))y cpa consists of independent
marginals, there is no hope for functional regularity. A similar remark can be fomulated when the configurations
live in the space of measures p with finite support. From a more technical point of view, Remark A.2 below
indicates that our strategy, indeed, can not encompass discrete configurations.

4.3. Compactness of the configurations

In this section, we discuss the condition (C0). Since Propositions 2.1 and 2.2 are valid only for smooth
configurations p(dy) = ¢, (y) dy with ¢, € L'(R?)NL*(R?) the compactness of the set A of such configurations
is characterized by the following result (see [4]):

Theorem 4.1 (Fréchet-Kolmogorov). Let p € [1,+oc[ and S be a subset of LP(RY). The set S is relatively
compact if and only if:

(1) S is bounded;
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(2) im0 [ s [F(X)|P dx = 0 uniformly on S;
(3) and lima_ |[|7af — fll, = 0 uniformly on S, where Ta f(x) = f(x — a).

A typical example is a family of uniform configurations on balls included in some fixed bounded ball B € R¢:
Ap = {p(dx) = 15y, (x)dx : B(y,r) C B}. (4.1)

The compactness in L'(R?) N L*(R?) comes from the Fréchet—Kolmogorov theorem since 1p(y ) < 1p and
1 € LY(R%) N L*(RY) ensures (1) and (2) therein and (3) comes from that for all B(y,r) C B, and p = 1, «,

ITalsiy,r) — 1By, = /Rd 150y +a,) (%) = Lpgy,n (x)|"dx
= |B(y +a,7)AB(y,r)| =2|(B+a)\ Bl — 0, a— 0.

Another example with unbounded support configurations is

Ax = {plx) = e lax ;e 23]} (4.2)

with 0 < A < X\ < 400. The compactness in L*(R?)N LY(R?) comes from the Fréchet-Kolmogorov Theorem 4.1.
Indeed, e Ml < e=Alxll ¢ L1(R?) N L¥(R?) ensures (1) and (2) in Theorem 4.1 and (3) therein comes for

p — 1’ a, from
p /R
= .,

_ / (el - e—wx—an)p dx 4+ / (e el - e—Mle>p dx
IxI<Ix—al Ix—all<[x|

< / GEE efxnxnfxuan)” dx 4+ / (el efxnxn)f’ "
Jall<lx—al Ix—al| <|x|

_ 1\ _
< (Mel - 1)" / oIl g — (‘ZA ){B'Bdm,n (Mol —1)" — 0. a0,
R4 AP

P
HTae*A“'“ _ e o Aix=al _ o=Alxll|” 45

for all A € [A,] since (1—eMal) < (Mal - 1) < (oMl - 1),

4.4. Uniform control of the configurations

In this section, we discuss the uniform control encapsulated into (Cp), p = 1,7 for some v € (1, ). Several
sets of sufficients condition allow to satisfy (C),) easily.

In the standard case, we have h = 1g(0,1) (see [2,7]), and (C)) rewrites |u|(B(x,7)) < p*(B(x,7)) for all ball
B(x,r) and p € A. First, here are some examples of measures p for which the conditions (C1) and (C,) are
met:

More generally, (C,) derives from |u|(A) < p*(A) for all Borelian set A C R? by approximating
|h (r 'y —x)) ’p by positive simple functions ), a;14,(y) with a; > 0.

If the densities ¢, of the measures p satisfy sup ¢ 4 |$.] € LYRY)N LY(R?) then (C}) hold true. For instance,
the conditions are satisfied if the measures p are uniform measures with all their supports in a fixed bounded
set. This covers Example 2.1 in [3].

The condition (C,) can also derive from a domination for a particular order associated to h: for instance if h
is positive and convex, (C)) is obtained if all 1 € A are dominated by p* for the convex-positive order (see [11]).
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4.5. Typical examples
Typical examples where all the conditions are met are the following:

e 1 = 1pg,1) recovers the setting of [1,2,7].
e h is bounded and the set A of configurations is made of uniform measures on balls all included in a fixed
bounded set, cf. (4.1).
e 1 is bounded and the set A of configurations is given by (4.2).
APPENDIX A.

In this section, we prove technical bounds for ms [’Tx,r‘h” in terms of § under different sets of condition. These
bounds are the key point to derive the tightness of our processes. All along, we assume (C0) and (C7) and we
assume also (C) for some 1 < v < o unless h is bounded in which case (C) is relaxed. Recall that mg |7,/ h|]
is defined in (3.7).

Lemma A.1. Let v > 1.

(1) Assume the family A satisfies (Cy) and h € L7(R?). Then
/Rd ms[7x,|R]]Tdx < 257_1rd||h||§ w(RY). (A1)
(2) Assume the family A satisfies (C1) and h € L>(R?) N LY(R?). Then
/Rd mg[7e,r | Bl] dx < 268779 |R[|IH Al gt (RY). (A.2)
(3) Assume the family A satisfies (C1) and h € L*(R?), ¢* € LY(R%). Then
/Rd m [T 1]V dx < 07| % 7|17 (A.3)

Proof. First, for (1): using below the Holder’s inequality, Condition (C;) and the Fubini’s theorem in (A.5), we
have:

ms [T [R]]7 dx < sup [h (e~ y = %)) (i1 = p2])(dy) ) (1 = p2l) (R ) dx
I A (VA ) )

a1 —p2||rv <8

H1,p2E€A
<2t [ s ([ =) ultay) ) e (A.4)
=251 /Rd /Rd b (r~ !y —x)) |7 dx p*(dy) = 2(5771Td||h||:; w (R (A.5)

which is (1) in the lemma. The proof of (2) follows the same lines using
[h (r =y = x))[" < RIS A (r = %))

to replace, using (C1), (A.4) by

/ ms [T Al Tdx < 26”’1||h||251/ / b (r~Hy = %)) [ dx p*(dy).
R4 Rd JRd



INFINITE DIMENSIONAL FUNCTIONAL CONVERGENCES IN RANDOM BALLS MODEL 791

For (3), still using below Hélder’s inequality but with ¢ € LY(R?) and h € L*(R?), and using (C;) and a change
of variable in (A.6), we have:

[omstmciirax= [ s (] =)l G = mdiay)) ax

p1,p2€A

< v /Rd /Rd h(y)o™(ry +x) dy

< r7d /Rd {< . Ih(y)ldy>71/Rd ¢*(Ty+><)”|h(y)ldy} dx

=" o* |17 lIR 17 (A7)

! dx (A.6)

with the Fubini theorem to derive the last equality. O

Remark A.2. The measure p* is assumed to be smooth. A carefull reading of the previous proof indicates
that this is used only to derive the bound O(r7?) in (A.3). However, this bound fails if u* is no longer smooth:
indeed, in the proof above, the bound O(r??) in (A.7) derives from (A.6) only if z* does not have atom: since
if 4*(yo) > 0, then (A.6) is bounded below by

/ B (r~ (yo —x))|" 1 (yo) Y dx = r4u* (v0)” / Ih(x)|” dx
Rd Rd

and there is no hope to obtain a bound in r7¢ for small 7.

Lemma A.3. Letvy > 3/d and assume p*(dy) = ¢* (y)dy with ¢* € L*(RY)NLY(R?). Assume moreover either
(Ch), (C) and h € LY(RY) N LY(RY) or only (C1) when h € Ll(Rd) N L>®(R?). Then, for any p > 0,

% (6 IR FE (@) T, (A8)

where the constant C'(¢*) depends on the hypothesis in force, i.e.

/ ma[ran [ dxF, (dr) < p
Rd XR+

06" = H¢*||1/’y||h||y when (C1) and (C,) are satisfied, (4.9)
o™ 17 1Al B when (Cy) is satisfied and h € L*°(R%).

Proof. Assume (C1) and (C,) are satisfied. Then, using (A.1) and (A.3) in Lemma A.1, we have using a change
of variable:

/ mslr [Al) dxE, (dr) < / (20772 IRl 167111 ) A (276" I311RIT ) Flar)
Ry JR4 Ry

51/dc/p +o00
= p”d\léﬁ*\ll\lh\l?/ 7 F(dr) + 287 A} ||¢*||1/ r? F(dr)
0 §/de/p
with (1))
2[| 217116l > W
*7 . (A.10)
( o= I3 1Rl
Using now the bound on the truncated moments of F' given below in Lemma A.5 with ¢ := vd > (§ in (A.13)

and ¢ :=d in (A.14), we obtain

g

* /8
[ mstrerlalyax,an < o [l 31007 -
R4 a —

d— -1 * d—
500 7+ 257 Y|R] e ||1ﬁ 7C8¢ ’

from which (A.8) comes after cancellation when c¢ is reported from (A.10).
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When only (C}) is satisfied and h € L'(R?) N L>(R9), the proof is similar using (A.2) from Lemma A.1 in
place of (A.1). O

Lemma A.4. Let v < 3 < vd and assume p*(dy) = ¢*(y)dy with ¢* € LY(R?) N LY (RY). Assume moreover
either (C1), (Cy) and h € L*(R?) N LY(R?) or only (C1) when h € L*(R?) N L>(RY). Then,
vd=g (y—=1)d

/Mh s [ B—d)(vd—B)

where the constant C'(¢*) is given like in Lemma A.3 in (A.9).

~(B—d) (yd—pB)vy

yd—p ~oDd * 1d
285 (16 4| hll) 7 (€(6%) F L (A1)

h|] |7 dxr=P-ldr < §

Proof. Assume (C1) and (C,) are in force. Then, using (A.1) and (A.3) in Lemma A.1, we have

/ |m5 [Tx,r‘h” |'y dxr—°-1dr < / (257*1HhH’Wyngb*ledfﬁfl) A (Hgb*H’WYHhH?defﬁfl) dr
RdXR+ Rd

§i/de
— |6 IR /
0

where ¢ is given in (A.10). Computing the integral, we obtain (A.11) after cancellation. When (C1) is in force
with h bounded, similar computations yields (A.11) with now (A.2) and (A.3) in Lemma A.1. O

+oo
P 2 e e (A2)
§1/dc

The following bounds are easily computed (see [3] for details):
Lemma A.5. For § >0, when u — +oo, we have:

Cst if 6 <
/ PE(dr) ~ { BCslnu  if6=p (A.13)
0 LC 5—B 5

5 5Cpu if 6 > 0

and for 0 < § < 8, when u — 400, we have:
400 ﬁ
/ P F(dr) ~ =——Csu®?. (A.14)
u ﬁ -9
Moreover when § > 3, we have the global bound

/ P F(dr) < Cu®P, (A.15)
0
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