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Abstract

We prove functional limits theorems for the occupation time process of a system of particles
moving independently in R? according to a symmetric a-stable Lévy process, and starting off from an
inhomogeneous Poisson point measure with intensity measure u(dz) = (1+|z|?)~!dz,v > 0, and other
related measures. In contrast to the homogeneous case (v = 0), the system is not in equilibrium and
ultimately it vanishes, and there are more different types of occupation time limit processes depending
on arrangements of the parameters v, d and a. The case v < d < « leads to an extension of fractional
Brownian motion.
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1 Introduction

Several authors have studied systems of particles moving independently in R? according to a
Markov process (usually a symmetric a-stable Lévy process, 0 < a < 2), and also systems having in
addition a branching mechanism (e.g. [5, 6, 7, 8,9, 11, 12, 13, 16, 17, 19, 21, 22, 24, 25| and references
therein). A typical assumption in the cited references is that the system starts off from a homogeneous
Poisson point measure, i.e., with intensity the Lebesgue measure (denoted here by ). This assumption
represents a strong technical simplification because in the special cases usually studied A is invariant
for the semigroup of the motion, and this implies that the particle system without branching is in
equilibrium, and for d > « a critical branching system converges towards equilibrium [16]. In this
case the systems have been extensively studied. New situations appear if the initial condition is an
inhomogenous Poisson point measure.

In this paper we consider the system without branching, with symmetric a-stable Lévy process
for the particle motion, and initial inhomogeneous Poisson point measure with intensity measure p of
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the form p
x
dr) = ———— >0
wde) =37 7> 0
and other more general related measures. In this case the system is not in equilibrium and ultimately
it vanishes (see below). Therefore one should expect different types of results from those of the
homogeneous case. Our purpose is to obtain functional limits for the rescaled occupation time process
of the particle system in different cases.
The particle system is described as follows. Given a Poisson point measure on R with intensity
measure p, particles evolve from its atoms, moving independently according to a symmetric a-stable
Lévy process (called standard a-stable process). Let N = (N;);>¢ denote the empirical measure

process of the system, i.e.,

Ny = Z%(t), (1.1)

where {x;(t)}; are the positions of the particles at time ¢. Note that N; converges in probability to
the null measure as ¢t — oo (Appendix). Let X7 = (X7(¢))i>0 denote the normalized occupation time
fluctuation process of the system, defined by

1

Xr(t) = Fr

Tt
/ (Ns — ENg)ds, (1.2)
0
where T is the time scaling and Fr is a norming. The problem is to find Fr such that the process X
converges in distribution as T' — oo (i.e., the time is accelerated), and to describe the limit process X
in the cases where it exists.

In the homogeneous case (corresponding to v = 0), the occupation time fluctuation limit process
has three different forms, for d < « [5], d = aw and d > « [6]. In the inhomogeneous case there are more
results depending on the values of v relative to d and a when vy < d:y<d<a,y<d=a,7y<a<
dy=a<dy=d<a,v=d=a,a <y <d. For “small” v, i.e., v < a, the results are analogous
to those of the homogeneous case, while for “large” =, i.e., v > «, and this seems unexpected, they
are of a different kind. The case v < d < « leads to a long range dependence, self-similar, centered
Gaussian process £ with covariance

SN\t
B, = /0 WO ((t - w)® + (5 — u)?)du,

where a = v/a, b = 1—1/«, which is an extension of fractional Brownian motion with Hurst parameter
> 1/2 (corresponding to v = 0). Nevertheless, although the process { depends on 7, its dependence
exponent [7] is independent of 4. The cases v = @ < d and 7 = d = « give a new type of limits
(with no counterpart in the homogeneous case), namely, centered, constant (and hence continuous)
Gaussian processes on (0, 00), discontinuous at 0.

For v > d the measure pu is finite, and the results are in sharp contrast to those for v < d. In
this case we give the results for a finite measure i in general, and for d < « they are akin to the
famous limit theorem of Darling and Kac [10] for the occupation time (without centering), and its
generalization to path space by Bingham [2].

All the occupation time limit theorems are formulated in the context of S’ (]Rd)—valued processes,
where &’ (Rd) is the usual space of tempered distributions (dual of the space S (Rd) of smooth rapidly
decreasing functions). In some cases the limit process is of the form A\ multiplied by a real valued
process, but in others the limit is “truly” S’(Rd)—valued. In all cases where the particle motion is
recurrent (d < «), the spatial structure of the limit process is A, independently of ~.

The methods of proof for the fluctuation limit theorems are analogous to those developed in [5, 6],
with some new technical complexities because the measure p is not invariant for the semigroup of



the motion. On the other hand, there is a significant difference in the tightness proofs, as they
require estimates for moments of arbitrary high order (whereas in [5, 6] order 2 or 4 was enough).
For the results of Darling-Kac type we proceed similarly as [2]. However, in our setting the uniform
convergence condition (A) for that kind of results is not satisfied, and some additional work is needed.

Convergence in distribution in the space of continuous functions C([0,7],8"(R%)) for any 7 > 0
is denoted by = In some cases the interval [0, 7] is replaced by [e,7],0 < & < 7, because the limit
process is discontinuous at ¢ = 0.

The duality between the spaces S'(R?) and S(R?) is denoted by (-, ).

Generic constants are written C, C1, Co, ..., with possible dependencies in parenthesis.

In section 2 we present the results. Section 3 begins with an explanation of the general method
used for the proofs of the occupation time fluctuation limits, and then we prove most of the results.
Some proofs that are similar to others are omitted, with some comments.

The branching particle systems in the inhomogeneous case produce fewer results, but there are
other kinds of difficulties related to extinction of the system. These results will be presented elsewhere.

2 Results

Let N and Xp be the processes defined in (1.1) and (1.2). As stated in the Introduction, for
simplicity most of our results are formulated for p of the form

p(dx) = l_ilich, v > 0. (2.1)
Note that g is finite for d < . More general measures p will be considered later in this section. In
the theorems below, K is a number depending on «, d, u, which may vary from case to case, and may
be computed explicitly in each specific case.
Different arrangements of «,~, d yield different results, and we order them according to the rela-
tionship between ~ and d. We start with v < d.

Theorem 2.1 Lety <d < a (hence d=1) and
Fp = T'7d+)/2 (2.2)

Then X =K A as T — oo, where & is a real centered Gaussian process with covariance

tAs
Be e, = / a7 (= ) = (s = ) ) (2.3)
0
This theorem is a generalization of Theorem 2.1 in [5], which corresponds to v = 0.

Remark 2.2 The following properties of the process £ are easy to obtain.

(a) For v = 0,¢ is a fractional Brownian motion with Hurst parameter 1 — 1/2« [5].

(b)¢ is self-similar with index 1 — (1 4+ 7)/2«a. This is immediate from (2.3), but more generally,
from the form of the fluctuation process given by (1.2), it follows that if Fr has the form T% f(T),
where f is a function slowly varying at infinity and x > 0 (as it is in our cases), then the limit process
is self-similar with index & .

(c) € is a long range dependence process where

E(&srr — &) — &) =0T as T — oo,



for 0 <r <wv,0<s<t. Note that the dependence exponent [7] 1/« is independent of ~.
(d) & is not a Markov process and not a semimartingale. The non-semimartingale property can be
proved by Lemma 2.1 in [4].

The next two theorems are generalizations of Theorem 2.1 in [6] (for v = 0).
Theorem 2.3 Lety<d=a (=1 or2) and
Fr = (T'log T)/?177/2, (2.4)

Then X = KM\B as T — oo, where 3 is an inhomogeneous real Wiener process with covariance

(t A s)l/
Epfs = ——— 2.
B = (2.5)
Theorem 2.4 Let v < a <d and
Fp =T0=7/)/2, (2.6)

Then Xt = KW asT — oo, where W is an S’(Rd)—valued time inhomogeneous Wiener process with
covariance functional

(t A s)t—r/

BW @), )W (s), ¢2) = —— 7

| or@Gede. prees®), @0

where G is the a-potential operator, i.e.
G(p(:):) =Cud / 7@) dy, (2.8)
s d ‘.%' y‘d a

with Coq = T(452) (2972 T(2)) L.
The analogy with the case v = 0 breaks down for “large” «, i.e., v > a.

Theorem 2.5 Let v =a < d and
Fr = (logT)"/2. (2.9)

Then X7 = KX in C([e,7],8'(RY) as T — oo for any 0 < & < 7, where X is an S'(RY)-valued
Gaussian process constant in time on (0,00), X (t) = X (1), and X (1) is centered with covariance
functional

BXWo)(X(D.g2) = | er(@)Gealolde, 1,42 € SRY, (210)
where G is given by (2.8).

Note that the limit process is discontinuous at ¢t = 0 since X7(0) = 0.

To complete the case v < d it remains to consider @ < 7 < d. It turns out, however, that if o < d
and a < 7, then the relationship between ~ and d is irrelevant. In this case the total occupation time
is bounded, so it does not make sense to investigate the fluctuation process. More precisely, we have
the following simple proposition.

Proposition 2.6 Let o < d and o <. Then

E/ (Ng,@)ds < 00, ¢ € S(RY).
0



We now proceed to the critical case v = d.
Theorem 2.7 Let 1 =d =7 < « and
Fr=T"Y*1ogT)/2. (2.11)
Then X = KX as T — oo, where & is as in Theorem 2.1.
The next case is “doubly critical”.
Theorem 2.8 Lety=d=a (=1 or2) and
Fr = (log T)*2. (2.12)

Then X1 = KXy in C([e,7],8'(RY) as T — oo for any 0 < & < 7, where n is a real Gaussian process
constant in time on (0,00),m = n1, and 1y is standard normal.

Here, as in Theorem 2.5, the limit process is discontinous at ¢t = 0.

So far we were assuming that p is of the form (2.1). It is rather clear that for v < d we can take
w(dx) = |x|~Vdx. Moreover, a careful analysis of the proofs shows that in this case p can have a more
general form, given in the following proposition. (For the case v = d, see the discussion after the proof
of Proposition 2.9).

Proposition 2.9 All the previous results for the case v < d remain true (with possibly different
constants K ) for an intensity measure p of the form

h(z)
1+ |z

p(dx) = v(dx) + dx, (2.13)

where v is a finite measure, and h is a nonnegative bounded function such that there exists a strictly
positive limit

1
lim d/ h(z)dz. (2.14)
lz|<R

It seems interesting and perhaps unexpected that it is not sufficient to assume that u(dz) = g(z)dz
with

1 Co
< < . 2.1
e O Eery (215)

We have the following counterexample.

Example 2.10 Let v <d < a (d =1) and let p be of the form (2.13) with v = 0, and

1 for |z| <4,
ha)={ 1 for (2K <a| < (2K + 1)+,
2 for (2k+1)%F! < |z| < (2(k 4 1))2k+1D),

k =1,2,.... The limit (2.14) does not exist for this measure, whereas (2.15) obviously holds. The
only nontrivial normalization (cf. Theorem 2.1) is that given by (2.2), but we will explain later that
the corresponding X7 does not converge as T — oc.



There remains the case v > d. Here the situation changes dramatically and the results are of an
entirely different nature. In particular, they do not depend on ~, but only on the fact that the measure
w is finite. Therefore we will formulate our results for a general finite measure u. It turns out that
the appropriate normalization is

Fp =TV (2.16)

if 1 =d < a, and
Fr=logT (2.17)

if d=a.

It is easy to see that in both cases %T fOT<N8, ©)ds converges to a finite limit as T — oo, ¢ € S(RY),
hence there is no reason to consider fluctuation processes and it suffices to investigate the occupation
process

1 Tt

FT 0

For a given o > 1, let L denote the local time process (at 0) of a standard real a-stable process.
See, e.g., [1] for properties of L. In particular, L is a continuous increasing process, L(0) = 0.

The relation between the processes Yr and L is given in the following theorem.

Yir(t) N,ds. (2.18)

Theorem 2.11 Let 1 =d < « and p be a finite measure on R. Let Ly, Lo, ... be independent copies
of L and let v be a Poisson random variable with parameter u(R) independent of L1, Lo, . ... Then for
Fr defined by (2.16),
Yr = KY L)
J<v

as'T — oo.
This theorem is based on the following lemma, which is of interest by itself.

Lemma 2.12 Let a,d and Fr be as before, let  be a real standard a-stable process, and denote by
Zr its normalized occupation process, i.e.,

1

tT d
-7 | es pes®zo0 (2.19)

<ZT(t)7 <P>

Then
Zr = KL\ (2.20)

asT — 0.

This lemma is closely related to the famous Darling-Kac result [10]. Their theorem was generalized
by Bingham [2], who obtained the limit in path space for fixed positive ¢ with compact support.
Fitzsimmons and Getoor [15] mention this limit for fixed general ¢. We will present an outline of a
proof of the lemma in the next section.

It remains to consider the case d = a.

Theorem 2.13 Letd = o (=1 or 2) and u be a finite measure. Let pi,pa,... be i.i.d. standard
exponential random variables and v a Poisson random variable with parameter u(R), independent of
P1, P2, ... Then for Fr defined by (2.17),

Yr =K pi)

Jj<v

in C(fe,7],8'(RY) as T — oo for any 0 < e < 7.



So the limit process is constant in time on (0, 00).

3 Proofs

3.1 General scheme

We describe a general method used in the proofs of Theorems 2.1-2.9. Given 0 < « < 2, let 7; denote
the transition semigroup of the standard a-stable process ¢ in Rd, i.e. Ty = p; % , where p; is the
transition density of ¢ .

It is well known that, by the Poisson property,

B(Nip) = [ Tie(@(do), ¢ € SRY, (3.1)
For a continuous &' (R%)-valued process X we define an &'(R%"!) random variable X by
(€.0)= [ eC. ) o e SE), (3:2)
0

As explained in [3], in order to prove Xp = X, where X is the limit process occuring in the specific
theorem, it suffices to show that

(X7, ®) = (X,®), ®ecSRM, (3.3)

and that the family {(X7,¢)}r>2 is tight in C([0, 7], R) for any 7 > 0, for each ¢ € S(R%).

This scheme should be modified in an obvious way if we consider C([e, 7], S'(R%)). Without loss
of generality we will always assume 7 = 1.

Since the limits are Gaussian, in order to obtain (3.3) it suffices to show that

lim Ee~(X1® = pe—(X.0) (3.4)

T—o0

for any nonnegative ® € S(RY™) (sce, e.g., [5]).
Given such ® we denote

! 1 t

U(z,t) = /t O(z,s)ds, Vrp(z,t)= FT\I’(x, T>' (3.5)
By (1.2), (3.1), (3.2), we have
_ T T
(X, ) :/ <Nu,\I'T(-,u))du/ d%@ﬂ-,u)u(dz)du. (3.6)
0 0 JR
Hence, by the Poisson property,
-~ T

Ee~(Xm®) :exp{/ %WT(~,U)(x)M(d$)du}exp{—/ vT(:p,T)u(daj)}, (3.7)

0 JR? R4

where .
vrp(x,t) =1 — Eexp {—/ V(e + Cu, T —t+ u)du} , 0<t<T. (3.8)
0

(Recall that ¢ is the standard a-stable process).



We know that (repeating the argument in [5] for V' = 0), by the Feynman-Kac formula, v satisfies

vp(x,t) = /0 Ti—s(Up(, T — s)(1 —vp(-,8)))(z)ds.

We will often use an immediate consequence of (3.8) and (3.9):

vr(a, 1) < /Ot T (T — 5)(x)ds.

Putting (3.9) into (3.7) and then using (3.9) once more we obtain

Ee—(Xr®) _ J(T)-11(T)

)

where

=/, [ e, (0267 =9) [ Tsr (.7 - i) (st

and

mm= [, [ 7. (0267 =) [ TaWr(,T — worie) (dsuta).

To prove (3.4) we will show that

lim /@) = Ee_p?’q)>

3
T—o0

and
lim II(T) = 0.

T—o0

For simplicity we will prove (3.14) and (3.15) for ® of the form

O(z,t) = p(a)¥(t), ¢ SR, peSR), ¢ >0.

For such ® it will be convenient to denote

= [ wers, e =x(3),

then

Wi, t) = ;Tso@f)xT(t).

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

Note that expressions I(T") and II(T) have more complicated forms than those corresponding to
v =0 [5, 6], since the measure p is not invariant under 7; and it is infinite, so in particular the Fourier

transform technique we have used before is not applicable.

In order to prove tightness of {(Xr,y)}r>2 for a given ¢ € S(Rd),(p > 0 (it suffices to take ¢
nonnegative), we need a formula for the Laplace transform of (X7 (t2) — Xp(t1), p) for 0 < t; < t9 < 1.
We take Wr,, of the form (3.18) with 6 instead of ¢ (6 > 0), and with smooth Y, approximating

X = 1, 1,)- Using (3.9), (3.7) and (3.6) and letting n — oo we obtain

Ee 0X7(t2)=Xr(t1)0) — Hr(0)

)

(3.19)



where
T
10) = 5= [, [ Trosloxr(t = syl 9)(a)dsitdo) (3.20)

and vy 7 is defined by (3.8) for Wr(z,t) = Op(x)x7(t). This vg r also satisfies (3.9).
Unlike [6], where fourth moments were employed, we need moments of (Xr(t2) — Xr(t1),¢) of
arbitrary high order. By (3.19) we have

E(Xr(ty) — Xr(th), o) = (~ 1)]“;21 Ol k=12 (3.21)
Using (3.9) and (3.20) we have
Hr(0) = 0,
Hyp(0) =
o) = 0 [ / / e [T T T )(0)
xx7(T — sg) ... x7(T — s1)ds1 ... dsgu(dz), k> 2. (3.22)

By (3.21) and (3.22), tightness will be proved if we show that there exists ¢ > 0 such that
(k) ko —
|Hp " (0)] < C(k,p)(ta —t1)™ for k=2,3,.... (3.23)

The scheme described above is employed in the proofs of all results for v < d. The proof of each
specific case, however, requires slightly different and non-trivial calculations; nevertheless, for brevity
we will omit some proofs, concentrating on arguments which are either the most typical or the most
involved.

3.2 Proof of Theorem 2.1

We will prove the theorem for p(dx) = |x|~7dx since in this case the formulas are slightly simpler. It
will be obvious that the same type of argument applies for u of the form (2.1). It is easy to see that
in this case the right hand side of (3.14) with ® given by (3.16) is of the form

exp{K1 ( / cp(x)dx)2 /0 1 /0 u(u—s)d/aswax(s)x(u)dsdu}. (3.24)

Using (3.12), (3.18) and substituting ' =1 —u/T, s’ =1 — s/T we obtain

_ T -
= / [ [ e = ool = e tlel dydsdsduds.
Rd R2d
We apply the self similarity of the a-stable density, i.e.

Pat(x) = aid/apt(a:afl/a), (3.25)

—1/a

substitute 2/ = 2T and use (2.2), then

I(T) = /Rd gr(x)|z| Vdx, (3.26)



where

/ / /R?d Wps(x — yT V) pu—s((y — 2)T"Y)o(y)p(2)dydzdsdu. (3.27)

By self similarity again the integrand in (3.27) is bounded by Cs~%®(u — s)~%p(y)p(z), which is
integrable since d < a. Hence, by the dominated convergence theorem we obtain

Jim gr(2) = goo(@ / / /R L X (@)pu—s(0)p(y)(2)dydzdsdu

0) /0 /0 x(8)x ()5~ (w — )~y (51 ) dsdu ( / dso(y)dy)g. (3.28)

It is well known that

C
< 3.29
pl(m) =14+ ’l‘|d+o‘7 ( )
hence, by (3.25) we easily deduce that for d < «,
! C
1
This and an obvious estimate it
1 1 @
B o M.l L (3.31)
1+ |z — wldte 1+ |p|dte
(for w = yT—Y/*) imply that
1
<Cy3——. 3.32
gr(z) < 37 + |z|d+e ( )

By (3.26), (3.28), (3.32) and taking into account (3.24), we obtain (3.14).
This completes the proof of (3.3).
We proceed to the proof of (3.15). We use (3.13), (3.10), (3.18) and boundedness of x to get

/d/ / / Tr—s(pTs—u(©Ty—vp))(x)dvduds|z| "V dz. (3.33)
R
We substitute v' = “Z%, then v/ = =¢ ;S, and we increase the time intervals to [0, 1],
obtaining
T3 1
mr) < C—= / / / prs(z — y)dsp(y )/ pTu(y—z)dugo(z)/ prv(z —w)dv
R? JR34 0
( Ydydzdw|x| ™" dx. (3.34)
Denote
1
f(:];):/ ps(x)ds (3.35)
0
and
Gr(z) = TY(TYx). (3.36)

Note that f is integrable, and by (3.30) it is bounded, and

/R fr(a)de = /R pla)de. (3.37)

10



Using (3.25), substituting 2/ = 2T~ Y, y/ = yT~Va 2/ = 277V o/ = wT Ve, we write (3.34
g g Yy Yy

as
T3~ (2d+7) /e

() < Oy /R ar(z)|2|dz, (3.38)

where
ar(z) = f = (1= (f = (6r(f = ¢1))))(2).
The properties of f and @r easily imply that

sup/ ar(x)dr < oo and sup sup ar(z) < oo.
T JR? T zer?

Hence (3.15) follows from (3.38) since v < d and T340/ /E3 . 0 (see (2.2)).
According to the general scheme, in order to prove tightness we show (3.23). We substitute
s’ =1— 2 in (3.22) and we obtain

]H(k)( ) (3.39)
_ k"/Rd/ / / T, (T (s, Sk)(go...)...)(x)x(sk)...Xg(Sl)dS1...dsk‘xlhdm.

We need the following estimate:
T 1
o / Tru—sy ()X (w)du < CTO=D/2(y — gy)1=d/e (3.40)
T Js

recall that x = 1y, +,1). By (2.2), (3.25) and boundedness of p; we have
[t1,t2]

1 - (6%
/ Tr(u—s)P(y)x(u)du < oT(=4)/2 /
Fr /s A

1
) gp(z)dz/ (u— )~ (u)du. (3.41)

Hence (3.40) follows. We iterate (3.40) k — 1 times in (3.39), estimate (T07=9/2¢)k=2 1y | arriving at

|H(k)(0)] < Clty—t )(k D(1—d/a)p(y— d/2aFT /Rd/ / stk ( )dydsk|x] Ydz
= Clta = )6V [ f s (e a]
R

1/a 1/a

where we have used (2.2), self-similarity and the usual substitutions 2/ = 2T~ Y% ' = yT Y% where
f and @p are defined by (3.35) and (3.36). Hence we obtain (3.23) by the properties of f and @p.
The proof of the theorem is complete. O

3.3 Some properties of the a-stable semigroup in the critical case d = «.

We will need the following facts, valid for d = o, ¢ € S(R?), ¢ > 0

sup sup Tup(x)du < oo, 3.42
T>2 gere 10871 / o) (3.42)
Ii Too(x)du = : 3.43
Jim OgT/ p(x)du = p1(0) /Rd (y)dy (3.43)
lim / / Top(z)dulz|~4dz = 0. 3.44
oo [ ) et (3.44)

11



These properties are perhaps known but we have not been able to find references for them, so we show
briefly how to derive them.

To prove (3.42) and (3.43), it is clear that it suffices to consider flT. We use self-similarity, then
make a substitution which turns out to be particularly useful in the critical cases and will be applied

several times. Namely, we put
,  logu

~log T’

10;T /1T Tup(x)du = /01 /Rd D1 ((x - y)Tfu/d> o(y)dydu.

Hence (3.42) and (3.43) follow immediately.
To prove (3.44) we again replace fOT by flT and make the substitution (3.45). We then have

! / /T —d
logT Jizast J1 o(z)du|z|
1 . )
— / / / (@ — )TN (y) 2|~ dydude,
lz|4>T Jo JR?

1
1 o B
C/Hd T/O /Rd Tt P T o (y) ||~ Ydyduda,
x|4>

where the last estimate follows from (3.29) and (3.31) (recall that d = ). As ¢ € S(R?), this

expression is estimated by
C
C’l/ \x|3ddx/ T?dy < —2
|z|d>T 0 logT

(3.45)

obtaining

VAN

by calculus. This proves (3.44).

3.4 Proof of Theorem 2.3

We will present only an outline of the proof.
Following the general scheme, and again taking for simplicity u(dz) = |z|~7dz, we prove that (see
(3.12), (3.17),(3.18))

1 2
lim I(T) :K1/ S'Y/O‘XQ(s)ds</ go(a;)dx) : (3.46)
T—o0 0 R4
In (3.12) we substitute ' = T —u, s’ = 1 — &, use self-similarity and put 2’ = 27~ Y/*s~ /2. By (2.4)
we obtain
T(1—s) y 1 1
nr = e —ys~ T A4
(1) logT/Rd/ /Rd/ <5+T>s (@ — ys ) (347)
xo(Y)Tue(y)| x|~V dudydsdz.
Using
sup / pi(x + 2)|z|Vdz < oo, (3.48)
zeR? JR?

it is easy to see that
lim I(T) = lim I'(T),

T—o0 T—o0
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where

177 1 s
/ o *'Y/a _ *1/0[ 71/(]
I'(T) logT/Rd/ /]Rd/ <5+T)s pi(x —ys T )

y)|x| 77 dudydsdz.

We use self-similarity again and make substitution (3.45). Then

logT(1—s)

1_,
/ / / / log T (S + T 1) a/'ypl(l, o ys—l/aT—l/a)
R¢ R4

go(y)/ pi((y —2)T™ “/O‘) (2)dzdudyds|x| ™ dx.

Now it is clear that the limit of I'(T") should have the form (3.46). We omit details.
We proceed to (3.15). We use (3.33), substitute v = u — v, then v/ = s — u, then s’ = %, and
increase the time intervals appropriately, obtaining

T 1 T T
T) < 03/ / Trs (go/ '];L(cp/ %@dv) du) (x)ds|z| dz. (3.49)
EFp Jrd Jo 0 0

By (3.42) applied twice we have
T(log T)?
II(T) < CliF?’ ’Z'Tscp x)ds|x| Vdx.

Hence (3.15) follows by self-similarity, substitution 2’ = z(T's)~'/®, (3.48) and (2.4).
Tightness is proved similarly as in Theorem 2.1. Here are the main steps. Instead of (3.38) we
show that

;; /81 Trou-o @)XW du < C(ts — t;)307/2),
we iterate this estimate k — 2 times in (3.41), and we obtain
IHO(0)] < Oy (s — t1) 17/ E=2/4 ()
Using (3.42) it is not difficult to prove that
H"(0) < Calty " —;777%) < Calte — 1)/

Hence (3.23) follows. O

3.5 Proof of Theorem 2.4

Again we give only a sketch of the proof. We make the same substitutions as in the beginning of the
previous proof, and by (2.6) we obtain

l s
@ _/ / / / <8+ >8_7/ap1<x_ys_l/aT_l/a)@(y)Tuw(y)’w\_“*dudydsda:
R4 R T

(cf. (3.47)). Hence it is not hard to see that

1
tim 17) = [ pa)lal e [ sl s)ds [ oGt

T—o00
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since [ Typdu = Gy. This implies (3.14). Next, by (3.49) (which is always valid),

1
I(7) < cg% /R d / Try(9GleGe)) (@)dsla| ' da

Hence (3.15) follows by the usual argument since Gy is bounded.
Tightness can be proved in the same manner, even easier, as in Theorem 2.3. O

3.6 Comments on the proofs of Theorems 2.5-2.7

The proof of Theorem 2.5, though by no means straightforward, is slightly simpler than the proof for
the doubly critical case (Theorem 2.8), which will be given in detail. Therefore we omit it. Proposition
2.6 is obtained immediately from (3.1) and the following estimate, valid for ¢ > 0:

1 1
E , d = G < 9
/ Na p)dds = / Po)y +| |W =Y Jpa e T p T

where we have used the fact that sup,(1 4 |2|9~%)|Ge(z)| < co [18] (Lemma 5.3).
The proof of Theorem 2.7 is similar (but not identical) to the argument carried out for Theorem
2.1. We omit it for brevity.

3.7 Proof of Theorem 2.8

We apply the general scheme. By (3.12), (3.16)-(3.18) and the substitutions v’ = s—u, then s’ = T'—s,
we have

I(T) = I/(T) + I(T) + I3(T) + I4(T), (3.50)

where

1 r=1 rT-s s s u 1

LT = — To(oTp) il — dudsdz, (351

1(T) FZ 1<x|d<T/1 /1 (PTue)( )X<T> (T " T> 1+ |z|d udsda,  (3.51)
1 T T—s T—1 T—s

L(T) = / </ / / / > 3.52

2(T) F2 1<|zl4<T \Jo Jo 1 1 (3:52)
1 T—s

I3(T) = — 3.53

(M = /zw /0 Ja (3.53)
1 T T—s

nr = — 3.54

M = /| A (3.54)

where ... denotes the same integrand as in I (7).
We will show that

i 1(7) = K0 ([ dso(x)dx)z, (3.55)

—00

and the remaining integrals converge to 0.

By (2.12) 1 o o
JQ(T)<W/W§T</O /O...duds—l—/o/o ...duds)d:n

Using (3.42) we obtain

Cl C’2
L(T) < —— dx <
2(T) < (log T)? /I:vdST 14 |z v logT

—0 as T — oc. (3.56)

14



The fact that
lim I3(7) =0 (3.57)

T—o00

follows immediately from (3.42) and (3.44), and

lim I4(T) =0 (3.58)

T—o00

is also a consequence of (3.42).
By (3.51), (2.12) and (3.25) we have

L(T) = logT /<x|d<T/de/T 1/T SS 'pr((x = y)s T Dp(y)u pr((y — 2)u™?)

U 1
><g0(z)x<T> (T T> T+ |ddudsdydzda;

We make the substitution (3.45) for both u and s, obtaining

log(T—1) log(T—T7%)

log T log T
I = _ T_S/d _ T—u/d
(I log T /1<x|d<T /R?d / / v) Ip1(y = 2) )

xp(y)p(2)x (T Hx (T~ + T dudsdydzdzx.

1
1+ |z

In the integral [ dx we pass to polar coordinates (r,w) (r = |z|) and then substitute r’ = r.

We have
I(T)

- logTd/ /S /de/ / 710%(TT1> )]l[o’ngT TTS)]( u)p ((wrl/d — y)T‘S/d)pl((y — z)T_“/d)
d—1 og og

xo(y)o(2)x (T ) (T~ + T 1) 5 ~dudsdydzo- 1 (dw)dr, (3.59)

where o471 is the Lebesgue measure on the unit sphere S; 1 in R?. Again, we use (3.45) putting
r’ =logr/logT, then it is easy to see that the integrand converges to

Ljo,11(8) Lo,y () 105 ()3 (0)2(y)(2)x*(0),

and is bounded by Cp?(0)p(y)¢(z). Hence (3.55) follows. By (3.50) and (3.55)-(3.58) we obtain (3.14).
Now we pass to the proof of (3.15). By (3.13) and (3.10) for ® of the form (3.16), after obvious
substitutions we have

C T T T 1
mr< ——— 7, 7. T.odr | d ds———d
D) < Gog Ty L] <“’/o (“’/o ¢ > “) (@) s e ™

Using (3.42) twice we get

1
T <
(T) =< 10gT5/2/Rd/ 1+| \d
= A+ B,
where

_ C/ <G
~ (logT)5/2 Jigasr "~ (logT)3/2
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by (3.44), and

C Cy / 1
B = —— Ll —d 3.60
(log T)7/2 /M = Qg 192 Joacr 14 2™ (3.60)
Cs

(log T)1/2

In the first estimate in (3.60) we have used (3.42) once more. Hence (3.15) follows.

Passing to the proof of tightness, first observe that the method employed in the proof of (3.4)
can be also used to obtain convergence of finite dimensional distributions of Xp. This fact has been
already used in [8]; here we repeat briefly the argument. For o1, @9,...,0r € S (]Rd), all ¢; >0, and
0<t; <...<t <1, it is easy to see that Eexp{— Z§:1<XT(tj), ©;)} has the form (3.7) with

||M?r

z)Ljo,t,)(t)

and the corresponding v given by (3.8).
Approximating ¥ by smooth functions we obtain that (3.9) holds, and then we argue as before.
In particular X7 () converges in law. Therefore, to prove tightness of X in C([e,1],8"(R%)) it
suffices to show that (X7 — X7(¢), ) = 0 in C([e, 1]), for any ¢ € S(R?), ¢ > 0.

Denote

1 tT
wp(t) = FT/T (Ns,p)ds, t>e.
3

By (1.2) it is clear that it is enough to show that wy and Ewp converge to 0 in law in C([e, 1]). Both
processes are increasing, so it suffices to prove that

lim Fwp(1l) =0.

T—o0

By (3.1) and substitution 2/ = x5~/

_ _ -1/«
Ewr(1) FT/ /prl z—ys ' )ply )1+| s dzdyds

= +J2 )

where
1 (7
W) = / / /
1( ) Fr Jer lz|<1 JRE
1 T
I(T) = / / /
2(T) Fr J.r lz|>1 JRY
We have
c [T _1 log(1/e)
< = =
I(T) < FT/ ds = L o,
Cl/ I
J(T) < — ———dxds
1( ) - Fr eT ‘x|<11—}—|$|d8
_ Cy Cglog(l/s)_%)
Fr = (logT)'/2 '
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3.8 Systems with more general intensity measures p

In this section we consider a measure y of the form (2.13). We sketch the proof of Proposition 2.9 and
we discuss Example 2.10.

Proof of Proposition 2.9 We concentrate on the case v < d < a. The other cases will be mentioned
later.

First notice that it suffices to assume that ¥ = 0 in (2.13), since it is easy to see that with our
normalization the terms corresponding to v will vanish in the limit. We repeat the steps of the proof
of Theorem 2.1. Observe that boundedness of h implies that (3.33) also holds in the present case,
hence (3.15) is obtained in the same way as before. Also, the tightness is proved without any change.

It remains to show (3.14). Instead of (3.26) we have

I(T) = / gT(:L‘)L/ah(Tl/ax)d:r, (3.61)
R 1+ |z ey
where gr is defined by (3.27). We write
I(T) = I,(T) + I(T), (3.62)
where
L(T) = /Rd goo(x)mlph(Tl/o‘:c)dx, (3.63)

with g given by (3.28), and

T/ goo () 1
2(T) /Rd (gT(x) T [TV me h(T"%z)dx

(3.32) implies that Tlim I,(T) = 0.
—00
Note that from assumption (2.14) it follows that

lim a(z)h(Rx)dx = C | a(z)dx (3.64)
R—oo JRpd R4
for a(x) = 1j4/<,, where C is the limit (2.14). Hence, it is easy to see that (3.64) also holds for
any symmetric integrable function a. The function go(z)|2z|™” is obviously symmetric and integrable
(v < d and (3.32)). Therefore (3.64) implies (3.14). This completes the proof in the case v < d < a.
In the remaining cases for v < d, tightness and (3.15) follow immediately from the cooresponding
proofs for u of the form (2.1). Also, to obtain (3.14) we repeat the same steps, obtaining I(7) in an
analogous form as in (3.61). And then we apply (3.64). O

For d = v the method described above cannot be applied. For example, in the case d=v7=1 < «
the function goo(z)|z|~? is not integrable. To prove (3.14) we would need existence of the limit

y 1 / (@) T/ haT )
im o) ————h(xT = )dx.
T—o0 IOgT lz|<1 9 1 + |IET1/O“

This limit is easy to obtain for h = 1, but it is not clear how to formulate an elegant condition assuring
its existence in a more general case.
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The case ¥ = d = « is even more complicated because in (3.59) we would have h(wr'/®) under the
integrals.

Proof of non-existence of the limit in Example 2.10 It is obvious that the only nontrivial
normalization is that given by (2.2), since h is bounded and separated from 0. Analogously as in the
previous proof, convergence of Xr is equivalent to convergence of I;(T") defined by (3.63). We will
show that I1(T) does not converge. Let Tj, = n"*t®/2 n =23 ... On the set {z : ﬁ <|z| < +/n}

we have
1 if n iseven,

h(Tﬁ/ax):“("):{ 2 if n isodd.

It is clear that lim (I1(7},) — I{(n)) = 0, where

n—oo
i =u) [ ge(@el s,
L <lzl<vn
and obviously I7(n) does not converge.

3.9 The finite measure case

Proof of Lemma 2.12 We improve slightly the proof of Lemma 2 of Bingham [2]. Let

o =1- (3.65)

1
o

It is easy to see using self-similarity that

éin(l] e / / Y)ps(x — y)dyds = K/ (3.66)

for any ¢ € S(R), but in general the convergence is not uniform in € R if ¢ is not compactly
supported. Therefore condition (A) of Darling-Kac [10] is not satisfied, so, unlike Bingham, we cannot
apply directly their theorem. We prove that

Zr =KL\ (3.67)

( = denotes convergence of finite dimensional distibutions), where L is a continuous increasing process

whose inverse is an o’-stable subordinator. On the other hand, it is known (see [1], Prop. 4, Ch. V;
see also [14]) that such L is the local time process at 0 of (.
It is clear that in order to prove (3.67) it suffices to show that

(Z(t), 01), s (Z(t0), o)) = K (L(n) | e@ae...1w) [ gok@:)d:c) (3.68)

for any t1,...,tx € [0,1],¢1,..., 0 € S(R),01,..., 0 >0,k =1,2,....
Fix ¢1,..., ¢ as above (p; # 0). Let M be the measure on Rﬁ such that

Mr([0,t1] x ... x [0,t]) EH ZT . (3.69)
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(3.68) will be proved if we show

lim MT([O tl] . X [0, tk]) = EL(tl) e L(tk) (370)

T—o0

for all t1,...,t; € [0,1]. To this end, by Lemma 3 of [2] it suffices to prove that

lim e~ Ottt Ot N (dty . dty,)

T—o0 R/Jcr
= Z [(Qw(l) +...+ Hw(k))(@r@) +...+ Hw(k)) . eﬁ(k)] - (3.71)
for all 0y, ...,0, > 0, the sumation being over all permutations 7 of {1,...,k}. For simplicity we will

show (3.71) for k = 2. Without loss of generality we may assume that (A, ;) =1, =1,2.
We have

/ / =000 N (1 dt) = (Jl( )+ Do(T)) (3.72)
where
L[ g mtarmo
WI) = g [ [T B G ealCrn it (3.73)
F: Jo Jo
1 0 t1
J(T) = F2/ / . dtadty, (3.74)
T JO 0

where ... denotes the same integrand as in (3.73).
By the Markov property, self-similarity and (2.17), we have

/ /tQ// —Ot=0atz 05 (1) oo (2) (1 — 1) O

sy (T~ 7 )y (T~ (b — 1) V(2 — y))dzdydt dt,

hence

) to 6_01t1 6—92t2 9
Thm J(T) = / / 1/a t2_t1)1/adt2dt1p1(0)

—0Q0

’

= 91+92) ga,

where K = 2T'(1)['(1 — 1). The limit of J(7) is calculated identically, so we obtain (3.71).

For ¢ > 0, (3.67) implies that (Zp, ) = KL(\, ¢) in C([0,1]), since (Z7, ) is an increasing
process. From this it follows immediately that {(Zr, ¢)}7 is tight for any ¢ € S(R?). Hence the proof
of the lemma is complete by Mitoma’s theorem [23]. ]

Proof of Theorem 2.11 It is easy to see that Lemma 2.12 remains true with the same limit if ¢ is
replaced by z 4+ (.
On the other hand,

T
Z FT/ #lej +C)d

T €Ng
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where ¢!, ¢2, ... are independent copies of ¢, independent of Ny. Now the theorem follows from Lemma
2.12 and the fact that No(R) has the same law as v. O

Proof of Theorem 2.13 Let Z7 be defined by (2.19) with Fr = logT. It suffices to prove that

(Zr(1), ) = p1(0)p1 (X, p) (3.75)

toT

ot P (¢s)ds converges to 0 in probability for any 0 < ¢; <

for ¢ > 0. Indeed, (3.75) implies that logT J;
to. Now it is easy to see that

(Zr(t1), 1), -+ (Zr(te), 1)) = PLO) (1A @1), - P, P1))

for 0 < t; < ... <t Hence, analogously as before we obtain that Zr = KpiA in C([e, 1], S’ (RY)),
and this easily implies (2.20).
Observe that (3.75) has exactly the form as in the Darling-Kac theorem [10], but we cannot apply

it directly, since
—y)dyd
log9 / /R ) Y)ps(x — y)dyds

may not converge uniformly in x as § — 0 (so, condition (A) is not satisfied). Nevertheless, the proof
of the Darling-Kac theorem can be repeated with some care in the present case yielding the desired
result. O

Appendix

Proposition For v > 0,
E(Np, o) —0 as t—oo, ¢eSRY.

Proof It suffices to assume ¢ > 0.
Let v > d. Using self-similarity of the standard a-stable process, we have from (3.1),

dx
E(N, d
ty P /Rd/ pt ) y1+|$|7

dx
_ —d/a —1/a - e
e [ e et ot

and the integrals converge to a finite limit as ¢ — oo.
Let v < d. By the following version of Young’s inequality [20] (Theorem 4.2),

[, |, f@ste =it >dxdy' < Cllf1lpllgllall])
R R

p,q,r > 1,1/p+1/q+1/r =2, we have

E(Ny, @) < C (/Rd pt(m)pd$> v /Rd o(z)dz </Rd de)l/r,

where p > 1, ¢ = 1,7 > d/vy > 1. The integrals are finite. Again by self-similarity, and the change of

variable z = t1/%y,
1/p Ry 1/p
([ mtorar) " =emae ([ puyray)
R4 R4
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where 1 —1/p > 0.
In both cases the result is obtained.
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