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Abstract

We prove functional limits theorems for the occupation time process of a system of particles moving
independently in R4 according to a symmetric «-stable Lévy process, and starting from an inhomogeneous
Poisson point measure with intensity measure wu(dx) = (1 + |x |V)_1dx, y > 0, and other related
measures. In contrast to the homogeneous case (y = 0), the system is not in equilibrium and ultimately it
becomes locally extinct in probability, and there are more different types of occupation time limit processes
depending on arrangements of the parameters y, d and «. The case y < d < « leads to an extension of
fractional Brownian motion.
© 2007 Elsevier B.V. All rights reserved.
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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 «-stable Lévy process, 0 < « < 2), and also
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systems having in addition a branching mechanism (e.g. [5-8,10,12-14,17,18,20-22,25,26] and
references therein). A typical assumption in the cited references is that the system starts from
a homogeneous Poisson point measure, i.e., with intensity the Lebesgue measure (denoted here
by A). 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 [17]. In this case the systems have been extensively studied. New situations
appear if the initial condition is an inhomogeneous Poisson point measure.

In this paper we consider the system without branching, with symmetric «-stable Lévy process
for the particle motion, and initial inhomogeneous Poisson point measure with intensity measure
w of the form

u(dx) = y >0,

L+ x|’
and other more general related measures. In this case the system is not in equilibrium and
ultimately it becomes locally extinct in probability (see Proposition 2.1). 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 u, particles evolve from its atoms, moving independently according to a
symmetric a-stable Lévy process (called the standard o -stable process). Let N = (N;);>0 denote
the empirical measure process of the system, i.e.,

Ni = bua (1.1)
i

where {x;(7)}; are the positions of the particles at time 7. Note that N; converges in probability
to the null measure as t — oo (Proposition 2.1). From the proof of Proposition 2.1 it follows
also that E N, properly normalized converges towards X as ¢ tends to infinity, so, on average, the
system becomes uniformly spread out in space.

Let Xr = (X7r(t))/>0 denote the normalized occupation time fluctuation process of the
system, defined by

1 Tt
Xr@) = 7 ), (Ns — ENy)ds, (1.2)

where T is the time scaling and Fr is a norming. The problem is to find Fr such that the process
X1 converges in distribution as 7 — 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 y = 0), the occupation time fluctuation limit
process has three different forms, for d < « [5],d = @ and d > « [6]. In the inhomogeneous
case there are more results depending on the values of y relative to d and « when y < d:y <
d <ay<d=a,y <a<d,y=a<d,y=d<aoy=d=aa<y=<d.
For “small” y, i.e., ¥ < «, the results are analogous to those of the homogeneous case, while
for “large” y, i.e., ¥ > «, and this seems unexpected, they are of a different kind. The case
y < d < o leads to a long range dependence, self-similar, centered Gaussian process & with
covariance
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SNt
E&& = f u® ((t — w)? + (s — u)*)du,
0

where a = —y/a € (—1,0),b = 1 — 1/a € (0, 1/2], which is an extension of fractional
Brownian motion with Hurst parameter H € (1/2, 3/4] (corresponding to y = 0; the process &
with maximal ranges for the values of the parameters a and b is discussed in [9]). Nevertheless,
although the process & depends on y, its dependence exponent [7] is independent of y. The
cases Yy = o« < dand y = d = « give a new type of limits (with no counterpart in the
homogeneous case), namely, centered, constant (and hence continuous) Gaussian processes on
(0, o0), discontinuous at 0.

For y > d the measure w is finite, and the results are in sharp contrast to those for y < d. In
this case we give the results for a finite measure p in general, and for d < « they are akin to the
famous limit theorem of Darling and Kac [11] 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 S’ (R?) is the usual space of tempered distributions (dual of the space S (R?) 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’(R¢)-valued. More precisely, these
two different qualitative behaviours depend on whether the particle motion is recurrent (d < «,
the first type of limit) or transient (d > «, the second type of limit). In the recurrent case, for
all y’s for which an occupation time fluctuation limit exists, the spatial covariance kernel of the
limit is constant; hence the occupation system fluctuates around the mean jointly the same way
in every region of space at each time #, and the dependence of ¢ is governed by a real centered
Gaussian process. In the transient case, when an occupation time fluctuation limit exists, the
spatial covariance kernel of the limit is given by the Riesz potential kernel 1/]x|?~%, and the
limit process is “truly” &’ (R?)-valued.

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 arbitrarily high order (whereas in [5,6] order
2 or 4 was enough). For the results of Darling—Kac type we proceed similarly to [2]. However,
in our setting the uniform convergence condition (A) for that kind of result is not satisfied, and
some additional work is needed.

Convergence in distribution in the space of continuous functions C ([0, t], S’(R%)) for any
7 > 0 is denoted by = ¢. In some cases the interval [0, 7] is replaced by [¢,7],0 < ¢ < T,
because the limit process is discontinuous at ¢t = 0.

The duality between the spaces S’(RF) and S(R¥) is denoted by (-, -).

Generic constants are written as C, Cp, C», . . ., with possible dependencies in parentheses.

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

Other initial conditions for the particle system may be considered, for example, configurations
such that N; converges towards a homogeneous Poisson point measure as ¢t — oo [24], but we
have not tried to investigate this.

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.
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2. Results

Let N and X7 be the processes defined in (1.1) and (1.2). As stated in the introduction, for
simplicity most of our results are formulated for & of the form

u(dx) = y > 0. 2.1

L [x 7

Note that  is finite for d < y. More general measures p will be also considered in this section.
Our main objective is to study fluctuations of the occupation times around the mean, but it is
natural to describe first the asymptotics of the mean itself.

Proposition 2.1. (a) Let

v ify <d,
my =41 %ogt ify=d,
14/ ify >d.

Then for each ¢ € S(Rd) there exists a finite limit lim;_, oo (1/m;) E (N¢, @), which is non-zero if
Jra p(x)dx # 0.

(b) Let
v/ ify <d,y <a, (a)
log ¢t ify=a<d, (b)
= %ogt ify =d <a, (©)
M; = { (log1)? ify=d=a, () (2.2)
1=dle ify>d,d<a,
logt ify>d,d=a, ()
1 ify>a,d>a (g

Then for each ¢ € S(R?) there exists a finite limit

1 t
lim —E/ (Ny, @)ds, (2.3)
0

t—00 Mt
which is non-zero if [pa ¢(x)dx # 0.

We now pass to the fluctuation process. In the theorems below, K is a number depending on
o, d, 1, which may vary from case to case, and may be computed explicitly in each specific case.

Different arrangements of «, y, d yield different results, and we order them according to the
relationship between y and d. We start with y < d.

Theorem 2.2. Let y < d < o (and hence d = 1) and
Fr = Tl—(d+y)/2a. 2.4)
Then X7 =c KX§ as T — oo, where & is a real centered Gaussian process with covariance
tAS
E& & = / u e ((r —uw)lmde 45 — u)‘*d/“) du. (2.5)
0

This theorem is a generalization of Theorem 2.1 in [5], which corresponds to y = 0.
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Remark 2.3. The following properties of the process & are easy to obtain.

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

(b) & is self-similar with index 1 — (1 + y)/2«. This is immediate from (2.5), 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 « > 0O (as in our cases), then
the limit process is self-similar with index «.

(c) £ is a long range dependence process where

Er —Eir)E — &) = 0T ) asT — oo,

for0 <r < v,0 <s < t. Note that the dependence exponent [7] 1/« is independent of y.
(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 y = 0).
Theorem 2.4. Let y <d = o (=1 or2) and
Fr = (T log T)\/?177/%*, (2.6)

Then Xt =c KAB as T — oo, where B is an inhomogeneous real Wiener process with
covariance

EBBs = (t As)' 7/ 2.7)
Theorem 2.5. Let y < a < d and
Fr =TU77v/®/2, (2.8)

Then X1 =¢c KW as T — oo, where W is an S'(R?)-valued time inhomogeneous Wiener
process with covariance functional

E(W (@), 1) (W(s), g2) = (t As)! V1@ /R LONGp(0dx, g1, 0 e SRY, (29

where G is the o-potential operator; i.e.

Go(x) = Ca,dfd ) dy, (2.10)

Rd |x — yld=®
with Coq = '(45%) (297 1 T(%)) =,
The analogy with the case y = 0 breaks down for “large” y, i.e., y > «.
Theorem 2.6. Let y = a < d and
Fr = (log T)'/2. 2.11)

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

EX D), ep1(X(D), ¢2) = fRd P1(X)Gpr(x)dx, @1, 92 € SR, (2.12)

where G is given by (2.10).
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Note that the limit process is discontinuous at = 0 since X7(0) = 0.

To complete the case y < d it remains to consider ¢ < y < d.

However, by Proposition 2.1 we know that if « < d and @ < y, then the relationship between
y and d is irrelevant and the total occupation time is bounded (see (2.2)(g) and (2.3)), so it does
not make sense to investigate the fluctuation process.

We now proceed to the critical case y = d.

Theorem 2.7. Let 1 =d =y < o and
Fr =T'"4/%1og T)'/2. (2.13)
Then X1 =¢c KA§ as T — oo, where & is as in Theorem 2.2.

The next case is “doubly critical”.

Theorem 2.8. Let y =d = o (=1 or 2) and
Fr = (log T)%/2. (2.14)

Then X1 = Kin in C([e, 1], S’ (RY)) as T — oo for any 0 < ¢ < t, where 1 is a real
Gaussian process constant in time on (0, 00), n; = 11, and 0y is standard normal.

Here, as in Theorem 2.6, the limit process is discontinuous at ¢ = 0.

Note that, as should be expected, in each case Fr grows more slowly than the corresponding
M7 (see (2.4), (2.6), (2.8), (2.11), (2.13), (2.14) and (2.2)(a—d)).

So far we have assumed that p is of the form (2.1). It is rather clear that for y < d we can take
w(dx) = |x|~Ydx. 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 y = d, see the discussion
after the proof of Proposition 2.9.)

Proposition 2.9. All the previous results for the case y < d remain true (with possibly different
constants K ) for an intensity measure  of the form
() = v(dn) + —_g (2.15)
x) = v(dx) + ———dx, .
o T+ )Y
where v is a finite measure, and h is a non-negative bounded function such that there exists a
strictly positive limit

1
lim — h(x)dx. (2.16)
R—oo R4 Ix|<R

It seems interesting and perhaps unexpected that it is not sufficient to assume that p(dx) =
g(x)dx with

C

2 2.17
1+ x| @17)

C
_— < <
T ap ~80 =

We have the following counterexample.
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Example 2.10. Let y < d < o (d = 1) and let u be of the form (2.15) with v = 0, and

1 for|x| <4,
h(x) = {1 for 2k)* < |x| < 2k + 1)+,
2 for 2k + DX < x| < 2@k + 1))2*k+D,

k =1,2,.... The limit (2.16) does not exist for this measure, whereas (2.17) obviously holds.
The only non-trivial normalization (cf. Theorem 2.2) is that given by (2.4), but we will explain
later that the corresponding X7 does not converge as T — 00.

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

Fr=T!"1e (2.18)
ifl =d < «, and

Fr =logT (2.19)
ifd = a.

By Proposition 2.1 we know that in both cases FLTE fOT(NS, ¢)ds converges to a finite non-

zero limitas T — oo, ¢ € S(RY), fgo # 0 (see (2.2)(e) and (f)); hence there is no reason to
consider fluctuation processes and it suffices to investigate the occupation process

1 Tt
Yr)= - [ Neds. (2.20)
0

For a given o > 1, let L denote the local time process (at 0) of a standard real «-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 Y7 and L is given in the following theorem.

Theorem 2.11. Let 1 = d < o and | be a finite measure on R. Let L1, Ly, ... be independent
copies of L and let v be a Poisson random variable with parameter ((R) independent of
L1, Ly, .... Then for Fr defined by (2.18),

YT:CKZLJJL

Jj=<v
as T — oo.

This theorem is based on the following lemma, which is of interest in itself.

Lemma 2.12. Let o, d and Fr be as in Theorem 2.11, let ¢ be a real standard «-stable process,
and denote by Z its normalized occupation process, i.e.,

1 tT
(Z7(1), @) = F_/ p(L)ds, ¢ e SRY). 1> 0. (2.21)
T JO

Then
Zr=c KLA (2.22)

as T — oo.
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This lemma is closely related to the famous Darling—Kac result [11]. Their theorem was
generalized by Bingham [2], who obtained the limit in path space for more general Markov
processes and for fixed positive ¢ with compact support. For such ¢ this result can also (and
more easily) be obtained using the self-similarity of ¢ (see (3.2) below) and the fact that the local
time of ¢ at x, L(z, x), is a continuous occupation density. Fitzsimmons and Getoor [16] mention
the limit of (2.21) 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 = «.

Theorem 2.13. Let d = « (=1or2) and p be a finite measure. Let pi, p2,... be ii.d.
standard exponential random variables and v a Poisson random variable with parameter i (R),
independent of p1, p2, . ... Then for Fr defined by (2.19),

Yr =K Y pjk
Jj=<v
inC([e, 1], S’ (RY)) as T — oo forany 0 < ¢ < T.

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

Remark 2.14. (a) As we have noticed, for y < d, the case of the measure p of the form (2.1)
is essentially the same as the case of u(dx) = |x|~”dx. For the latter measure one can also
consider y < 0, provided that |y| < « if @ < 2 (this condition ensures finiteness of the mean).
It turns out that Theorems 2.2, 2.4 and 2.5 hold for such y, too. Also the proofs are essentially
the same, and therefore we omit them.

(b) Observe that in all the cases where the norming is of the form Fr = (log T)*, the limit
process is constant in time on (0, 00). It is clear that no other form of the limit could be expected
in this case.

3. Proofs
3.1. Proof of Proposition 2.1
(a) Given 0 < « < 2, let 7; denote the transition semigroup of the standard «-stable process

¢inR9 ie., T,¢ = p; * ¢, where p; is the transition density of ¢.
It is well known that, by the Poisson property,

E(N,, ¢) = /R JTpopd), g€ S(RY). (3.1)

Hence, for u of the form (2.1), by the self-similarity of the «-stable density, i.e.,

Par(x) = a~ % p,(xa= 1), (3.2)
we have
dx
E(N;.¢) =1~ f / pi((x =1~ ”")w(y)dyl+| 7 (3.3)

This proves the assertion in the case y > d since p; is bounded.
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Next, assume y < d. Substituting xt~ V% = x'in (3.3) we obtain
1" E(N,, ) = ( 1~ YNe(y) it dyd (3.4)
B = Py YO T ey .

We use, consecutively, a well-known estimate,

pi1(x) < W, 3.5)
and an obvious inequality,
1 1 d+a
< (3.6)
1+|x—y|d+o‘ 1+|x|d+“

Hence, the integrand in (3.4) is estimated by

Chm——mM 1 d+a ,
2(1—|—|x|d+0‘)|x|7’( + 1"l

which is integrable on R??. So, by the dominated convergence theorem we obtain

lim tY/*E(N;, ¢) =/ p1(x)IXI_de/ @(y)dy.
R4 R

t—00

It remains to consider the case y = d. Without loss of generality we may assume ¢ > 0. We
use the following simple fact checked with the L"Hopital rule:
If f is a real continuous function on {x € R? : |x| < 1}, then
l‘d Jo

) 1 -2
im [ o 4 <o>f (1 + [x[%)2dx.

t—>0010gl Ix|<1 1+ld/a| |d

Now, an elementary argument (sphttlng the 1ntegrals approprlately) permlts us to show that
1im ,o) = lim X — oY) ——— X
t rd Jrd P1 y y 1 ld /oz| |d Yy

1—00 11, t—00 logt
210 / (1 + |x|9)2dx / p(y)dy.
o Rd R4

This completes the proof of part (a) of the proposition.
(b) The existence of the limit (2.3) in the cases (2.2)(a)—(f) follows from part (a) by the
L’Hopital rule. If y > o and d > « (case (2.2)(g)), for ¢ > 0 we have, by (3.1),

E Ns, p)ds = 7T dxds = dx, 3.7
/0 (Ny. g)ds /0 fR 9 s ngo()lHlyx (3.7)

since

o
/ Topds = Go 3.8)
0

(see (2.10)). The right-hand side of (3.7) is finite because

C
Go(x) < ————
p(x) = 5 i

ford > a ([19], Lemma 5.3). [
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3.2. General scheme

We describe a general method used in the proofs of Theorems 2.2 and 2.4-2.8 and
Proposition 2.9. -
For a continuous S’ (R%)-valued process X we define an S’ (R*1y random variable X by

(X, ) = /t(X(t), O, 0))dr, P e SERITY. (3.9)
0

As explained in [3], in order to prove X7 = ¢ X, where X is the limit process occurring in the
specific case, it suffices to show that

(X7, d) = (X, D), & e SR, (3.10)

and that the family {(X7, ¢)}7>2 is tight in C([0, 7], R) for any 7 > 0, for each ¢ € S(Rd).
This scheme should be modified in an obvious way if we consider C([¢, 7], S’ (Rd)). Without
loss of generality we will always assume 7 = 1.
Since the limits are Gaussian, in order to obtain (3.10) it suffices to show that

lim Ee— X1 ® = ge—X.® 3.11)

T—o00

for any non-negative & € S(R?*1) (see, e.g., [5]).
Given such ¢ we define

! 1
U(x,t) = /t ®(x, s)ds, Ur(x,t) = F_T 4 <x, %) . (3.12)

By (1.2), (3.1) and (3.9), we have

T T
(X7, 9) =/ (Nu, ¥r (-, u))du _/ / Ty ¥r (-, w)p(dx)du. (3.13)
0 0 JRre

Hence, by the compound Poisson structure of the system,
- T
Ee X7 ®) = exp {/ / T, Ur (-, u)(x)u(dx)du} exp {—/ vy (x, T),u(dx)} ,(3.14)
0 JR4 R4
where
t
vr(x,t) =1— Eexp {—/ Urix+¢,, T —t +u)du} , 0<r<T. 3.15)
0

(Recall that ¢ is the standard «-stable process.)
We know that (repeating the argument of [5] for V = 0), by the Feynman—Kac formula, vy
satisfies

t
vr(x, 1) = /0 Ti—s (¥ (. T —5)(1 —vr (-, $)))(x)ds. (3.16)

We will often use an immediate consequence of (3.15) and (3.16):

t
vr(x,t) < / Ti—sUr (-, T —s)(x)ds. (3.17)
0
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Putting (3.16) into (3.14) and then using (3.16) once more we obtain
Ee~(X1.9) _ I (D)~II(T) (3.18)

where

T K
1(T) = / | / TT_S@T(-,T—s) / T LvTc,T—u)du) Wdsp(d0) (3,19
R4 JO 0

and

T K
() = f d / Tr, <u77(-,T—s> f 7;u<xvr(-,T—u>vr<-,u>>du) (r)ds e (dx).
R 0 0

(3.20)
To prove (3.11) we will show that
lim /@ = ge~ X9
T—o00 ’
(3.21)
and
lim 7I(T) = 0. (3.22)
T—o00

For simplicity we will prove (3.21) and (3.22) for & of the form

b(x, 1) = 9P (1), ¢ SR, ¥ € SR), ¢, ¥ > 0. (3.23)

It will be clear from the proofs that for general @ the argument is analogous. For & of the form
(3.23) it will be convenient to define

1
X0 = / YE)ds,  xr@) =x (%) (3.24)
t
and then
1
Ur (3, 1) = —p(0xr (0). (3.25)
T

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

In order to prove tightness of {(Xr, ¢)}r>2 for a given ¢ € S(RY), ¢ > 0 (it suffices to
take ¢ non-negative), we need a formula for the Laplace transform of (X7 (#2) — X7 (#1), ¢) for
0 <t <1 <1 Wetake ¥r, of the form (3.25) with 6¢ instead of ¢ (6 > 0), and with smooth
Xn approximating x = 1 5. Using (3.16), (3.14) and (3.13) and letting n — oo we obtain

Ee~ X1 ()=X1(t).0) — eHT(0)7 (3.26)

where

9 T
Hi ) = £ /R | /0 Tr—y x0T = $)va.7 (. $)(O)ds (), (3.27)

and vy, r is defined by (3.15) for ¥r(x, t) = 8¢ (x)xr (t). This vg 7 also satisfies (3.16).
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Unlike [6], where fourth moments were employed, we need moments of (X7 (t2) — X7 (1), ¢)
of arbitrarily high order. By (3.26) we have

dk
E(X1() — X1(11), 9)f = (=DFk — 1@ =12,.... (3.28)
dek 0—0
Using (3.16) and (3.27) we have
Hr(0) =0,
H(0) =0,
k! T Sk 52
HO©O) = (-1 / / / / T @Ts sy @ Tyy)) - )(0)
Fr JrdJo Jo 0
X X7(T —sg) ... xr (T —spdsy...dsgu(dx), k=>2. (3.29)

By (3.28) and (3.29), tightness will be proved if we show that there exists § > 0 such that

IH®P )] < Ctk, )(ta — 1)*® fork =2,3,.... (3.30)

The scheme described above is employed in the proofs of all results for y < 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.

3.3. Proof of Theorem 2.2

We will prove the theorem for ©(dx) = |x|~"dx since in this case the formulas are slightly
simpler. It will be obvious that the same type of argument applies for p of the form (2.1). It is
easy to see by straightforward calculation that in this case the right-hand side of (3.21) with ¢
given by (3.23) is of the form

2 1 u
expiKl </(p(x)dx> fo fo (u— )"V (s) x (u)dsdu § . (3.31)

Using (3.19) and (3.25) and substitutingu’ = 1 —u/T,s’ = 1 — s/ T we obtain

TZ 1 u
I(T) = F_%fRd/o /0 /RM prs(X — V)oY Pru—s)(y — 2)

x @(2) x (s)x (w)|x|"V dydzdsdudx.

We apply the self-similarity of the a-stable density (3.2), substitute x’ = x7 /% and use (2.4);
then

I(T) = f gr (x)]x|7Vdx, (3.32)
R4
where

1 u
gr(x) = / / / XS x@psx —yT V) py_s((y — T ~1%)
0 0 R2d

X ¢(y)p(z)dydzdsdu. (3.33)
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By self-similarity again the integrand in (3.33) is bounded by C's —d/e (y—5)=4/%p(y)(z), which
is integrable since d < «. Hence, by the dominated convergence theorem we obtain

1 u
Tlim 8T (%) = goo(x) = / / / X (8) x ) ps () pu—s (0 @(y)@(z)dydzdsdu
— 00 0 0 R2d

1 u 2
= p1(0) / f X ($)x @)s ™ — )™ py (xs™/*)dsdu (/ go(y)dy).
0 0 R4

(3.34)
From (3.2) and (3.5) we easily deduce that for d < «,
1 c
/0 ps(x)ds < T e (3.35)
This and (3.6) (we take y7 !/ instead of y) imply that
1
gr(x) < C3W- (3.36)

By (3.32), (3.34) and (3.36) and taking into account (3.31), we obtain (3.21).
We proceed to the proof of (3.22). We use (3.20), (3.17) and (3.25) and boundedness of yx to
get

T prs ru
1 = — [ [ [ T T odududsia (337)
FT R4 JO 0 JO

We substitute v = “7*, then u’ = *3*, then s’ = %, and we increase the time intervals to
[0, 1], obtaining

T3 1 1
nry e [ [ - ndse [ pra - aduee)
Fz Jrd JR3d Jo 0

1
x/ prv(z — w)dve(w)dydzdw|x| ™7 dx. (3.38)
0
Define
1
fx) = fo ps(x)ds (3.39)
and
or(x) =TY"p(T"/x). (3.40)

Note that f is integrable, and by (3.35) it is bounded, and

/Jr(x)dx=/ @(x)dx. (3.41)
R4 R4

Using (3.2), substituting x’ = xT /%y = yT=Ve o/ = ;7Y y/ = wT =1/ we write

(3.38) as
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3-Qd+y)/a
II(T) < C—3/ ar(x)|x|77dx, (3.42)
Fz R

where

ar(x) = f (g1 * (f * (@r(f * ¢1)) (X).
The properties of f and @7 easily imply that

sup/ ar(x)dx <oo and sup sup ar(x) < oo.
T JR4 T xeRd

Hence (3.22) follows from (3.42) since y < d and T3~@4+/a/F3 — 0 (see (2.4)). This
completes the proof of (3.10).

According to the general scheme, in order to prove tightness we show (3.30). We substitute
s} =1 — % in (3.29) and we obtain

Tk 1 1 1
|H® 0] = klﬁ./Rd/o / / Trg @Tr (51 —sp) (@ ) .. ) (X)
T Sk 52

1
X x(sg) ... x(spdsy -~-dSdex- (3.43)

We need the following estimate:

T 1
= f Tr sy Wdu < CTY D2 gy _ 1y)1=de (3.44)
s

(recall that x = 1y ,,)). By (2.4) and (3.2) and boundedness of p; we have

T 1 1
= f Tr(u—s) 9 (V) x ()du < CTY D)2 / p(z)dz / —s5)" Y u)du.  (3.45)
T Js R4 s

Hence (3.44) follows. We iterate (3.44) k — 1 times in (3.43), estimate (T ~4)/2*)k=2 by 1,
arriving at

|H0)] = C(tr — n)“‘—‘)“—d/“)T‘V‘dVZ“Fl
T

1
X/ / / Prs (x — y)(y)dydsg x|~V dx
R4 JO R4
= C(Iz—tl)(k_l)(l_d/“)/ f*@r(x)|x| 7V dx,
Rd

1/ 1/

where we have used (2.4), self-similarity and the usual substitutions x’ = xT /%, y' = yT~
where f and @7 are defined by (3.39) and (3.40). Hence we obtain (3.30) by the properties of f
and @7.

The proof of the theorem is complete. [
3.4. Some properties of the «-stable semigroup in the critical case d = o

We will need the following facts, valid ford = o, ¢ € S (Rd ), >0:
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sup sup / T, (x)du < o0, (3.46)
T2 xerd 10gT

lim / Tup(x)du = PI(O)/ (y)dy, (3.47)
T—o0 log T

lim / / Too(x)du|x|%dx = 0. (3.48)
T—o0 IOgT Ix|¢>T JO

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 (3.46) and (3.47), it is clear that it suffices to consider f IT. 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

= —, 3.49
logT (349)

obtaining

1T i )
log T /1 Tup)du = /0 /Rd pi (= NT7) p()dydu.

Hence (3.46) and (3.47) follow immediately.

To prove (3.48) we again replace fOT by [ 1T and make the substitution (3.49). We then have

1 T
/ / TopGo)dulx|dx
logT Jixjasr 1

1
- /| i /O /R 1 = )T (y)lx|~dyduds,

1
1 _ -
<ol LT T g,

where the last estimate follows from (3.5) and (3.6) (recall that d = «). As ¢ € S(R?), this
expression is estimated by

1
C
c]/ |x|_3ddx/ T2dy < —2
[x[d>T 0 log T

by calculus. This proves (3.48).

3.5. Proof of Theorem 2.4

We will present only an outline of the proof.
Following the general scheme, and again taking for simplicity u(dx) = |x|~¥dx, we prove

that (see (3.19), (3.24) and (3.25))

1 2
lim I(T)=K1/ v/ y2(s)ds </ gp(x)dx) . (3.50)
T—00 0 R4
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In (3.19) we substitute u’ = T — u, s’ = 1 — %, use self-similarity and put x" = xTVeg=1/a,
By (2.6) we obtain

1 1 T(1—s) u
I(T) = x($)x (S + —) S_y/am(x — ys_l/“T_l/o‘)
log T Jre Jo Jre Jo T

x (N Tup(y)x|™" dudydsdx. (3.51)

Using

sup / P1(x +2)|x|7Vdx < oo, (3.52)

zeRd JRA

it is easy to see that
lim I(T)= lim I'(T),
T— o0 T— o0
where

I(T) =

1-1 T(1—s)
! [ / ' / / A x($)x (s + Z) sV py(x — ys~ el
IOgT Rd Jo R4 J1 T

x (M Tup(y)|x|™" dudydsdx.

We use self-similarity again and make substitution (3.49). Then

log T (1-s)

-1 betlos)
"D = / / T / / A+ T s py(x — ys Va1
R4 JO R4 Jo
) / i — DT ) p()dzdudyds x| .
I

Now it is clear that the limit of I’(7") should have the form (3.50). We omit details.
We proceed to (3.22). We use (3.37), substitute v = u — v, then '’ = 5 — u, then s’ = =%,
and increase the time intervals appropriately, obtaining

1 T T
I(T) < c%/ / Trs ((p/ 7, <¢/ Z,(pdv) du) (x)ds|x| 77 dx. (3.53)
Fy Jra Jo 0 0

By (3.46) applied twice we have

T(log T)? !
ey = 280 [ [ Trpeoast vax,
F; R4 Jo

Hence (3.22) follows by self-similarity, substitution x’ = x(Ts)~V% (3.52) and (2.6).
Tightness is proved similarly to in Theorem 2.2. Here are the main steps. Instead of (3.42) we
show that

T 1 1
= / Tr sy o x @i < C(tz — 1) H0-7/),
N

we iterate this estimate k — 2 times in (3.45), and we obtain

|H® 0)] < Ci (12 — 1) 177/ 0C=D/4 g7 (0.
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Using (3.46) it is not difficult to prove that
HE(0) < Calty """ = )771%) < Caty — 1) 771
Hence (3.30) follows. [

3.6. Proof of Theorem 2.5

Again we give only a sketch of the proof. We make the same substitutions as at the beginning
of the previous proof, and by (2.8) we obtain

1 T(1—s) "
_ s —y /o
1(T>—A;/0 /Rd/o X (s+7 )7

x p1(x — ys TV () Tp(y)]x| 7Y dudydsdx
(cf. (3.51)). Hence it is not hard to see that
1
lim 1(T) = / prCOlx] 7 dx f SV (s)ds f 0()G()dy.
T—o0 R4 0 Rd

by (3.8). This implies (3.21). Next, by (3.53) (which is always valid),
T 1
) <=5 [ [ TrwGwGe @i
Fy Jrd Jo

Hence (3.22) follows by the usual argument since G¢ is bounded.
Tightness can be proved in the same manner, even more easily, as in Theorem 2.4. [

3.7. Comments on the proofs of Theorems 2.6 and 2.7

The proof of Theorem 2.6, 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.

The proof of Theorem 2.7 is similar (but not identical) to the argument carried out for
Theorem 2.2. We omit it for brevity.

3.8. Proof of Theorem 2.8

We apply the general scheme. By (3.19) and (3.23)—(3.25) and the substitutions u’ = s — u,
then s’ = T — s, we have

I(T) = h(T) + (T) + I3(T) + 14(T), (3.54)
where
1 T-1 T—s
nrTr = — Ts (9T,
1(T) 72 f1<|xd<T/1 /1 s(0T,0)(x)
K s u 1

1 T T—s T-1 T—s
L(T) = — — e, 3.56
2(T) F? /1<x|d<T (/(; fo f1 /1 ) (350
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1 T T—s
L(T) = — 3.57
3( ) F72~ [x|d>T[) /0 ( )
1 T T—s
IW(T) = — 3.58
=1 f|x|<1fo /0 (3.58)

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

2
lim 1;(T) = K1 x%(0) (/ go(x)dx) , (3.59)
T—o00 R4
and the remaining integrals converge to 0.
By (2.14)
1 T 1 1 T
Iz(T)S—/ / / ...duds—i—/ / ...duds | dx.
(logT)? Jixa<r \Jo Jo o Jo
Using (3.46) we obtain
C 1 C
I(T) < —12/ Sdy < —2 50 asT — oo. (3.60)
(log T)= Jixpe<r 1+ |x] logT
The fact that
lim I35(T) =0 (3.61)
T—o0

follows immediately from (3.46) and (3.48), and
Iim I4(T)=0 (3.62)
T—o00

is also a consequence of (3.46).
By (3.55), (2.14) and (3.2) we have

1 T—1 T—s
W = s | f [ / ¢!
(log T)° Ji<xje<r JrR2 Ji 1

x p1((x — s Y Demu™ pi((y — u~)

X ¢(2) (i) <i+£);dudsd dzdx
COXNT) T T T) T 0 yazex.

We make the substitution (3.49) for both u and s, obtaining

log(T—1) log(T—T%)

1 ol e v B B
I(T) = / f / i = T~ pi((y — T/
logT Ji<xie<r JrR2 Joo 0

x (M@ (T (@~ + 171

dudsdydzdx.
T [ S
In the integral f dx we pass to polar coordinates (r, w) (r = |x|) and then substitute r’ = rd,

‘We have

1 1 T 1 1
IL(T) = - 1, tog(r— 1. toa(r—T15
1( ) log Td /1 /Sdl /de fo fo [0’1 %(()grl)](S) [0’1 g;ngTT )](u)
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x pr((wr'/? — T3 pi((y — )T /%)
1
1+r

X p(Me@x (T Hx (T~ + 147 dudsdydzog—i(dw)dr, (3.63)

where o;_1 is the Lebesgue measure on the unit sphere S;_; in R?. Again, we use (3.49) putting
r’ =logr/log T; then it is easy to see that the integrand converges to

10.11(8) 110,17 () 110,51 (1) pF0) 0 (M) p(2) X (0,

and is bounded by Cp% 0)e(y)¢(z). Hence (3.59) follows. By (3.54) and (3.59)—(3.62) we obtain
(3.21).

Now we pass to the proof of (3.22). By (3.20) and (3.17) for @ of the form (3.23), after
obvious substitutions we have

C T T T 1
Innr < -——— T 7, T odr | d d dx.
( )—(logT>9/2/Rdfo <¢/(> (‘”/o ¢ r) ”)m T

Using (3.46) twice we get

C r 1
T < ——— 7, d d
D= Gogryor /]R/o BT
= A+ B,

where, for large T,

A C / - C
~ (10g T)¥? Jypsr T (logT)3/2
by (3.48), and

M S (R
= . < X,
(log T)3/? Jixja<r (log T)3/? Jigja<r 1+ |x|4

Cs3

= Gog D7 (269

In the first estimate in (3.60) we have used (3.46) once more. Hence (3.22) follows.

Passing to the proof of tightness, first observe that the method employed in the proof of (3.11)
can be also used to obtain convergence of finite dimensional distributions of X 7. This fact has
already been used in [8]; here we repeat briefly the argument. For ¢y, ¢2,...,¢0r € S (R%)y, all
@j >0,and 0 <1y <--- <1 < 1,itis easy to see that E exp{— Zl;zl(XT(tj), @)} has the
form (3.14) with

k
U(x ) =Y 0 (X)L,
j=1
and the corresponding vy given by (3.15).
Approximating ¥ by smooth functions we obtain that (3.16) holds, and then we argue as
before.

In particular X7 (&) converges in law. Therefore, to prove tightness of X7 in C([e, 1], S "(R4Y)
it suffices to show that (X7 — X7(¢), ¢) = 0in C([e, 1]), for any ¢ € S(Rd), ¢ >0.
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Define
1 tT
wr (f) = —/ (Ns, p)ds, t>s.
Fr Jer

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

lim Ewr(l) =0.
T—o0

By (3.1) and substitution x” = xs~1/¢,
Ewr(l) = — ys e dxdyd
wr(l) = FT/ / pi(x —ys )<p(y)1Jr| @y drdyds
= Ji(T) + Jo(T),
where
1 T
J](T)=—/ f /
Fr Jer Jixi<1 Jre
1 T
Jz(T)z—/ / /
Fr Jer Jixj>1 Jre
We have
1 1
Ih(T) < _f _ log/e) Lo
Fr
C1
Ji(T) =< ———-dxds
Fr |x\<1 1~|—|x| s
log(1
:2/ / ards < 22080 g
Fr o L+rs (log T)1/2

3.9. Systems with more general intensity measures |

In this section we consider a measure p of the form (2.15). We sketch the proof of
Proposition 2.9 and we discuss Example 2.10.

Proof of Proposition 2.9. We concentrate on the case ¥y < d < «. The other cases will be
mentioned later.

First notice that it suffices to assume that v = 0 in (2.15), 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 2.2. Observe that boundedness of / implies that (3.37) also holds in the
present case, and hence (3.22) is obtained in the same way as before. Also, the tightness is proved
without any change.

It remains to show (3.21). Instead of (3.32) we have

I(T) = /dgT(x) h(T'*x)dx, (3.65)
R

1+ [xT Ve
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where g7 is defined by (3.33). We write
I(T) = Ii(T) + Ix(T), (3.66)

where

I(T) = / goo(x)ih(Tl/“x)dx, (3.67)
IRd [x|¥

with goo given by (3.34), and

Ja
L(T) = /Rd (gT(x) it B gw(X)) h(TY%x)dx.

1+ |xTV/eyy |x|¥

(3.36) implies that lim7_, o, I2(T) = 0.
Note that from assumption (2.16) it follows that

lim a(x)h(Rx)dx = C/ a(x)dx (3.68)
R—o00 JRd R4

for a(x) = 1x|<,, where C is the limit (2.16) divided by the volume of the unit ball in R4,
Hence, it is easy to see that (3.68) also holds for any spherically symmetric integrable function a.
The function goo(x)|x| ™7 is obviously spherically symmetric and integrable (y < d and (3.36)).
Therefore (3.68) implies (3.21). This completes the proof in the case y < d < «.

In the remaining cases for y < d, tightness and (3.22) follow immediately from the
corresponding proofs for u of the form (2.1). Also, to obtain (3.21) we repeat the same steps,
obtaining /(T) in an analogous form to (3.65). And then we apply (3.68). [

For d = y the method described above cannot be applied. For example, in the case
d = y = 1 < « the function goo(x)|x|’d is not integrable. To prove (3.21) we would need
existence of the limit

Tl/oz "
xX)——————h(xT"/*)dx.
\/l;<1 gOO( )l+|xT1/"‘| ( )

lim
T—oo logT
This limit is easy to obtain for 4 = 1, but it is not clear how to formulate an elegant condition
assuring its existence in a more general case.
The case y = d = « is even more complicated because in (3.63) we would have h(wrl/®)

under the integrals.

Proof of non-existence of the limit in Example 2.10. It is obvious that the only non-trivial
normalization is that given by (2.4), since 4 is bounded and separated from 0. Analogously
to in the previous proof, convergence of X7 is equivalent to convergence of /;(7") defined by
(3.67). We will show that 11 (T") does not converge. Let 7, = ptete/2 y — 2 3 ... On the set
{x: \/%7 < |x| < /n} we have

1 ifniseven,
h(T”I/ax) =un) = {2 if n is odd

It is clear that lim,,, oo (11 (T,,) — I{(n)) = 0, where

I{(n) = u(n) goo(X)|x|7Vdx,

7S|X‘§\/’7

+
and obviously / { (n) does not converge. [
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3.10. The finite measure case

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

) 1
o =1- . (3.69)
o

It is easy to see using self-similarity that
, o0
lim 9% / f e_e‘%p(y)ps (x —y)dyds = K/ o(x)dx (3.70)
0—0 0 R R

for any ¢ € S(R), but in general the convergence is not uniform in x € R if ¢ is not compactly
supported. Therefore condition (A) of Darling—Kac [11] is not satisfied, so, unlike Bingham, we
cannot apply their theorem directly. We prove that

Zr = KL\ (3.71)

(= r denotes convergence of finite dimensional distributions), 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 [15]) that such L is the local time process at 0 of ¢.

It is clear that in order to prove (3.71) it suffices to show that

(Z), 1), ... (Z(t), px)) = K <L(l1)/R<p1(x)dx,-~-,L(lk)/R<pk(X)dX> (3.72)

forany t;, ..., €[0,1], 01, ..., 00 €ESR), 01, ..., 0. >0,k =1,2,....

Fix ¢1, ..., ¢ as above (¢; # 0). Let M1 be the measure on Rﬁ such that
(Zr1 (1)),
Mr((0,1] x -~ x [0,]) = — E ]‘[ ot 0. (3.73)
j)

(3.72) will be proved if we show

lim Mr7([0, 1] x --- x [0, ]) = EL(t1)...L(t) (3.74)
T—o00
forall 71, ..., t € [0, 1]. To this end, by Lemma 3 of [2] it suffices to prove that
lim e~ Ottt pr(dey L, diy)
T—o00 ler
= Z [Graty + -+ + O ) Oy + - + O ) -+ - O] (3.75)
T
forall 61, ..., 6y > 0, the summation being over all permutations & of {1, ..., k}. For simplicity

we will show (3.75) for k = 2. Without loss of generality we may assume that (A, ;) =1, j =
1,2.
We have

/ - / e 02 My (dny, dn) = iz (Ji(T) + Jo(T)), (3.76)
0o Jo K
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where

1 [ee] %)
I = /O /O e MR T2E ) (27 )02 (Crry )t d1, (3.77)
T

l o0 151
I(T) = — f f ...dndt, (3.78)
F:Jo Jo

where . . . denotes the same integrand as in (3.77).
By the Markov property, self-similarity and (2.19), we have

o0 %)
Ji(T) = / f f f e M0 (V) ()1, (1 — 1)/
0 0 RJR

X pi(T= V7 ¥y pr (T~ (1 — 1)~ (2 — y))dzdyd dia,

and hence

o0 %) e—91t1 e—@ztz )
lim Ji(T) = drdt 0
Jim 1(T) /0 /0 tll/“ e 2dt p1(0)

= K2(61 + 6276,

where K = %F(&)F (1— é). The limit of J>(T) is calculated identically, so we obtain (3.75).

For ¢ > 0, (3.71) implies that (Z7,¢) = KL(XA, ¢) in C([0, 1]), since (Zr, ¢) is an
increasing process. From this it follows immediately that {(Z7, ¢)}7 is tight for any ¢ € S (]Rd ).
Hence the proof of the lemma is complete by Mitoma’s theorem [23]. O

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

1 tT .
(Yr@),e)= ) F_T/O p(xj +&)ds,

xj€Np

where {1 , ;2, ... are independent copies of ¢, independent of Ny. Now the theorem follows from
Lemma 2.12 and the fact that Ny(R) has the same law as v. [

Proof of Theorem 2.13. Let Z7 be defined by (2.21) with Fr = log T. It suffices to prove that
(Zr (D), @) = p1(0)p1 (A, @) (3.79)
for ¢ > 0. Indeed, (3.79) implies that @ fttlzTT
0 < #1 < 1. Now it is easy to see that
(Zr @), @1), ... . {Z7 @), @) = prO) (1A, @1), ..., p1{A, @)

for 0 < 1 < --- < 1. Hence, proceeding similarly as before we obtain that Zr = KpjA in
C([e, 11, 8'(R%)), and this easily implies (2.22).

Observe that (3.79) has exactly the form as in the Darling—Kac theorem [11], but we cannot
apply it directly, since

1 % B
/ / e P (y)ps(x — y)dyds
- log 0 0 Rd

©(&s)ds converges to 0 in probability for any
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may not converge uniformly in x as 8 — 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. [
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