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Abstract.
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1. Introduction.

Immigration branching particle systems and their (measure-valued) superprocess lim-
its have been investigated by several authors, e.g. Dawson [D], Dynkin [Dy2], Gorostiza
and Lopez-Mimbela [GLM], Konno and Shiga [KS], Li [L1, L2, L3], Li and Shiga [LS]. In
the papers of Li a theory for immigration systems has been developed by introducing and
using the definition of skew-convolution semigroups, which are also connected with the
generalized Mehler semigroups investigated by Bogachev, Rockner and Schmuland [BRS].
Fluctuation limits of immigration systems lead to &' (R%)-valued Ornstein-Uhlenbeck (OU)
processes [GL1, GL2]. Concerning the properties of these processes the following ques-
tion arises: for which space dimensions d do they have self-intersection local time (SILT)?
Questions of this type were investigated originally by Adler, Feldman and Lewin [AFL],
and Adler and Rosen [AR] for the special case of density processes, which do not involve
branching or immigration.

In this paper we study existence and path continuity of SILT for the two S'(R%)-OU
processes found in [GL1, GL2]. The techniques are refinements of those developed in
[BG3]. We will put this problem in a general context, explain why the methods of [BG3]
are not applicable in the present cases, and carry out the necessary analytical extensions
to deal with them.

In [BG3] we studied existence and path continuity of SILT for a class of S'(R?)-
OU processes related to inhomogeneous fields. The covariances of those processes are
expressed, in one way or another, in terms of some measures on R%. In several of the
examples that have served as motivations and test cases these measures were related to
the intensity of the spatial configuration of a system of particles. In [BG3] the main point
regarding those measures was that the random fields on R¢ associated with them were
not necessarily homogeneous, and this required developing new techniques for studying
SILT. In addition the measures were assumed to be finite and this played a significant role
in the proofs. There are examples of §’-OU processes whose convariance structures are
similar to those in [BG3] (and in previous papers referred to therein) and are also related
to inhomogeneous random fields, but whose associated measures are not finite. Hence a
natural question is if the methods of [BG3| can be extended to cover this setting. Our
aim in the present paper is to give an answer to this question. While it seems difficult
to obtain results of such generality as in [BG3], it is possible to extend the methods to
investigate existence and continuity of SILT for the two above mentioned processes [GL1,
GL2], which cannot be treated with the previous techniques or simple extensions of them.
In both cases there is an underlying process in R (representing particle motion), which is
the spherically symmetric a-stable process. The measures on R? that arise in both cases



are of the form

’y:/ vdt,
0

where (7}) is the semigroup of the motion process and v is a finite (non-zero) measure. It
is clear that the measure v is not finite. Measures of this form are excessive measures for
(T3) and they constitute a basic part of the structures of the two &’-OU processes.

We will focus on the stationary cases for both processes. However, the techniques
are useful for non-stationary cases as well. Stationary S’-OU processes are a natural an
important class of processes [BJ], and in our previous work on SILT relatively little care
was devoted to them (in fact, only the simplest density process was a stationary one).
We also found it worthwhile to exhibit an interesting phenomenon that for the stationary
processes we are dealing with it is the convolution integral part of the process, and not
the one coming from the stationary distribution, which determines whether the process
has SILT or not (see e.g. Proposition 3.3 and Remark 3.18).

Our objective is to determine the range of space dimensions d for which the SILT’s of
the two S'(R%)-processes exist and to show that they have continuous paths. Although
the basic ideas of the proofs are similar to those in [BG3|, the main technical problem is
that some of the analytical estimations used in that paper are no longer useful. Some of
estimations need to be more subtle and others have to be replaced where extensions of
the previous method fail.

We refer the reader to [BG3] for our motivations for studying this kind of problem
and for the definitions, notation and technical background, which we will use freely in
this paper, as well as references (here we give only a minimal bibliography which we need
to refer to).

2. Two stationary S’-OU processes related to immigration branching systems.
Recall that S’(R%)-OU processes are of the form
t
(2.1) X, = T' X, +/ T AW, t>0,
0

(we will restrict to ¢ € [0,1]), where Xj is an S'(R%)-valued centered Gaussian random
variable, (W;) is an S’(R%)-Wiener process independent of Xy, (7}) is a semigroup on
S(R?), and T! is the adjoint of T;. Here (T}) is the semigroup of the spherically sym-
metric a-stable process in R%, a € (0,2] (Brownian motion corresponds to a = 2). The
infinitesimal generator of (7;) is denoted by A,. The &’-OU process X in (2.1) is the
solution of the Langevin equation

dXt == A;Xtdt "‘ th,
where A/ is the adjoint of A,. The processes (T} Xo)sco.1] and (fy Ty_,dWs)iep1) on the

right—hand side of (2.1) are called the flow process and the convolution integral process,
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respectively. See [BG3] for existence of these S’-processes and the sense in which (2.1) is
the solution of the Langevin equation.
We denote the convariance functionals of Xy and (W), respectively, by

KXO(@)¢) = Cov <<X07 90>7 <X0,1/1>)
and
Kw (s, p;t,9) = Cov ((Ws, ), (Wi, 9)), st €[0,1],

where ¢, € S(R?).
We consider the measure v on R? defined by

(2.2) v = /OO vTdt,
0

where v is a finite measure. Note that «y is an excessive measure for (T3) (e.g. [Dyl]). It
is easy to see that, for d > a, v is a well-defined tempered measure and it has a density
given by

1
(2.3) v(z) = ﬁ/}Rd WV(C@),
where xk > 0 is a constant.
Example 1: Kx, and Ky are given by
(24) K (p0) = [0 (Do) (D))t
and
(2.5) KW (s, ¢5t,0) = (s At)gM (g, ),
where
(2.6) ¢V (e, 1) = (v, 00).

This example refers to a measure-valued immigration process with a-stable motion in R,
critical branching mechanism and immigration corresponding to the entrance law v7;.
See [L1] for a detailed description of a general class of such processes. The particular
entrance law vT; corresponds to immigration according to a space-time Poisson random
measure with intensity ¥ ®@dt (for the underlying branching particle system). In [GL1] the
fluctuations of this process around  are considered, and the limit in law of the fluctuations
as the branching intensity tends to zero is obtained. This limit yields an &'(R%)-OU
process which is Gaussian in the case of finite variance branching. This process has a
stationary distribution and it is the stationary process which is characterized by (2.4),
(2.5), (2.6). In the non-stationary case obtained in [GL1] the initial condition is X, = 0,
so the OU process then coincides with the convolution integral process.

Ezample 2: Kx, and Ky are given by

(27) K@ w) = (1 08) +¢ [ (3, (Tp) (T
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and

(2.8) K (s, 0:t,0) = (s At)gP (0, 9),
where
(2.9) g (p,0) = (v, cot — pAuth — Y ALp),

and ¢ > 0 is a constant. This example comes from an immigration particle system in R?
with a-stable particle motion, critical finite variance branching and immigration according
to the entrance law vT;. The meaning of this entrance law is as in the previous example.
The constant ¢ is related to the second moment of the branching law. In [GL2] it is shown
that the fluctuations of this system around the mean converge in law as the density of
particles tends to infinity, and the limit is an S'(R?)-OU process. This process has a
stationary distribution and the stationary process is characterized by (2.7), (2.8), (2.9).
In the non-stationary case obtained in [GL2] only the term (7, 1) appears in Kgo)

Example 2 is similar to Example 4.4 in [BG3], but now the non-finite measure ~ plays
a basic role, whereas in [BG3] we had only finite measures. We shall see that a necessary
and sufficient condition for existence (and continuity) of SILT of the S'(R%)-OU process
is @ < d < 2a (Theorem 3.16, Remarks 3.17 and 3.18). This means that the a-stable
particle motion is transient (d > «) and the paths intersect (d < 2a) [Ta]. The second
part of this condition is consistent with the “particle picture” interpretation of existence
of SILT for Example 4.4 in [BG3] (see the comments in the Introduction of [BG3]). Note
that o < d < 2a holds in the following cases: d = 1 and % <a<l,d=2andl1<a< %,
d=2and3and 1 < a <3, d=3and a =2. The value &« = 1 (in the interval (1,2] ),
which corresponds to the Cauchy process, is excluded.

Remark. In [GL1, GL2] the particle motion in R? was assumed to have a differential
inifinitesimal generator for simplicity (instead of A,). The results can be extended to the
a-stable case with some additional technical work.

In all cases the covariance K of the flow process is given by
(210) KF(S,QO;t,Q/J) = KXO(TS()OJEQ/})J
the covariance Koy of the convolution integral process is given by
sAt
(211) KCI(Sv(p;taw) = /0 CI(TS_TQO,ZB_T@/J)CZT’,

and the covariance Ky of the OU-process X, denoted by

KX<8> SD;ta"LP) = COV (<X57 §0>7 <Xt71/}>>7

is given by
(212) KX = KF + KC].



In both examples the covariance Ky has some of the general structures considered
in [BG1], but there is a significant difference which is the source of the new technical
difficulties: the density v(x) given by (2.3) is in general not a bounded fuction. This
function plays the role of m(z) in the covariances in Section 3.2 of [BG1], but there it
was essential for the proofs of sufficient conditions for existence of SILT that this function
be bounded. It turns out that the methods of [BG3] can be extended to cover this new
situation, but in the present cases the analysis of finiteness or infiniteness of the integrals,
which are analogous to those in [BG3], is considerably more intricate. Moreover, although
the measure «y plays the role of the measures denoted by 6, p or v in [BG3], it does not
have the same interpretation as in the examples of [BG3].

3. Results.

We denote Sy = S(R?) and S} = S'(R?). In what follows a € (0, 2] is fixed and d > a.
Recall that ¢ and i denote the Fourier transforms of a function ¢ € §; and a tempered
measure p on RY, respectively.

We start with Example 1.

3.1. Lemma. K§§3 given by (2.4) is a well-defined, continuous inner product in Sy, and
one has

1 o(z+2)
B KO = G o (e ey e

Formula (3.1) permits to derive the following theorem.
3.2. Theorem. The following conditions are sufficient for the existence of SILT for

(a) the flow process associated with K§§3 :

oz + ) oy + /)
5 fos T T 2+ TP 7 0 W0+ e+ 7+ o

Je(z + yY)lle(z" +y)|dzdz'dydy’ < oo
(b) the convolution integral process associated with g

7(z + )] w(y + )

(3.3) /
R (1 + [2]*) (1 + [2/])|z + 2/|* (L + [y[*) X+ [¥'|*)|y + y'|*

Jo(z + y)lle(z" + o) |dzdz'dydy" < oo;

(c) the corresponding OU process:



D(z + 2|2 + [2]* + [2]) Z(y+ y)I2+ [y[*+ |y']%)
(3'4> 4d / / ! / / /
R (14 [2[*)(14[2|*) ([z|*+ |2/ [*) [z 427 (L [y|*) T+ [y *) (yl*+ [y )|y + y'|

Je(z + y)lle(z' +y)|dzd2'dydy’ < occ.
All these integrals should be finite for each ¢ € S,.

A relationship between these conditions is given in the next proposition.
3.3. Proposition. Condition (3.3) is equivalent to (3.4) and it implies (3.2).

Conditions (3.2)—(3.4) are not easy to check. The following criterion is more conve-
nient.

3.4. Theorem. Let

~ 2p
(3.5) po =po(d) =inf{p>1: / [7(2) dz <00y .
|z]>1 |z|2ap
(a) If
6po
3.6 d
(3.6) a<d< 20 1"

then the flow process associated with K&lo) has SILT, which is a continuous process
in S).

(b) If

4
(3.7) a<d< 20

a?
2p0 —1

then the convolution integral process associated with ¢V as well as the corresponding
OU process have SILT’s which are continuous processes in S.

3.5. Remark. We have not formulated analogues to Theorems 3.14 and 3.17 of [BG3]
concerning continuity of SILT, though, as will be seen in the proof of Theorem 3.4, such
analogues do hold. As it was recently shown by A. Talarczyk [T], our Theorem 3.17 [BG3]
and Proposition 4.4 [BG2] on continuity of SILT of the convolution integral process can
be improved (after rather hard work).

3.6. Corollary.

(a) (i) If o« < d < 4av, then the flow process associated with K§§3 has (continuous) SILT
for each finite measure v.

(i) If a« < d < 6c, then the flow process has (continuous) SILT for each finite
measure v having an L?-density.



(b) (i) If o < d < 3a, then both the convolution integral process associated with ¢V and
the corresponding OU process have (continuous) SILT’s for each finite measure v.

(i) If a < d < 4a, then these process have (continuous) SILT’s for each finite
measure v having an L?-density.

Observe that the maximal upper bound on the dimension d resulting from (3.6) is 6c,
while the corresponding bound resulting from (3.7) is 4. The next proposition shows
that the latter bound is the right one.

3.7. Proposition. The condition o < d < 4« is necessary for existence of SILT for the
convolution integral process associated with ¢V, as well as for the OU process.

We do not have an analogous result for the flow process (an obvious candidate is 6c).

Combining Corollary 3.6 (b) (ii) and Proposition 3.7 we obtain immediately the fol-
lowing corollary.

3.8. Corollary. If v has on L*-density, then a necessary and sufficient condition for
existence of SILT for the convolution integral process associated with ¢V, as well as for
the corresponding OU process, is a < d < 4a.

Also “the worst” cases (4o for flow, 3ar for convolution integral) can occur. Namely,
we have the following proposition.

3.9. Proposition. If v = 6, for a fited a € R?, then the necessary and sufficient
condition for existence of SILT for the flow process associated with K%O) 15 a < d < 4a,
and an analogous condition for the convolution integral process and the OU process is
a<d<3a.

Finally, for use in the next example we discuss briefly the flow process associated with
g, i.e. the process whose convariance is (7, (Ty@)(Ti)).

3.10. Proposition.

(a) A sufficient condition for existence and continuity of SILT of the flow process asso-
ciated with ¢ is given by condition (3.7) of Theorem 3.4.

(b) A necessary condition is o < d < 4av.
(c) The assertion of Corollary 3.6 (b) applies to this process as well.

We now pass to Example 2.
Note that the covariance Kﬁ?(} of the stationary distribution has the form

(3.8) K (0, 0) = ¢ (p,0) + K (0, 0).



Hence the flow process associated with K)(?O) presents no problem. If we compare Theorem
3.4 (a) and Proposition 3.10 we see that in the convariance Ké?) (Tsp, Ty)) of the flow the

0
summand corresponding to ¢ prevails, so we obtain the following corollary.

3.11. Corollary. Proposition 3.10 remains true for the flow process associated with Kg?o.
To investigate the convolution integral and OU processes we need the following lemma.

3.12. Lemma. ¢® given by (2.9) is a well defined, continuous inner product in Sy, and
one has

1 + o + /oz~ _ , ,
(3.9) q(z)(%@b) = (2m)2 /]RQ“‘ ¢ ’LZL_ Z/‘(LZ | v(z+ 2)p(2)(2)dzdz'.

Then, analogously as before (Theorem 3.2) we obtain

3.13. Proposition. If

(3.10) / D(2 + 2')] e+ |2]* 4 |2]* oy +9)) cH+ [yl + |y
R (14 2]+ |2]*)  |z+2]* A+l @+  |lyv+y|*

oz +y)lle(z +y')|dzdz dydy’ < oo

for each ¢ € S, then the convolution integral process associated with ¢ has SILT.
Note that condition (3.10) is obviously satisfied if
(311) / C+ ’Z‘a—i_ ‘leoz C_'_‘y’a_'_‘y,‘a
R (14 [2]*) (1 + |2'[*)|z + 2'[* (1 + [y[*) (L + [y'[*) ]y + /|
Je(z + y)lle(2" + y)|dzd2dydy" < oo.

It turns out that in fact (3.10) and (3.11) are equivalent, and we can determine exactly
when (3.10) holds.

3.14. Proposition. Condition (3.10) holds for each ¢ € Sy if and only if & < d < 2.
In particular, if o < d < 20, then the convolution integral process associated with ¢'® has
(continuous) SILT.

We are not able to prove in full generality that SILT for the convolution integral does
not exist if d > 2a. We have only the following corollary.

3.15. Corollary. The condition o < d < 2« is necessary (and sufficient) for existence
of SILT for the convolution integral process associated with ¢\» if either v = 6, for some
a € ]Rd, or v > 0.

So we see (taking, for instance, v to be a symmetric Gaussian measure) that in the
present example smoothness of the measure v has no effect on the range of dimensions for
which SILT exists. Therefore no result involving integrability properties like Theorem 3.4



should be expected. For the stationary OU process corresponding to this example such a
theorem is not even needed since for this process the problem of existence of SILT turns
out to have a complete solution.

3.16. Theorem. The stationary OU process has (continuous) SILT if and only if a <
d < 2a.

3.17. Remark. It will be seen from the proof that this result is the same for the
non-stationary OU process obtained in [GL2].

3.18. Remark. We have seen that in our two examples the existence of SILT for the
stationary OU process was related to the existence of SILT of the convolution integral
rather than to that of the corresponding flow process (SILT for the flow may exist for a
wider range of dimensions). It is worthwhile to note that the same situation occurs in the
case of homogeneous fields. Indeed, assume that

Kwlpv) = [, @(:)0()0(d2),

where o is a symmetric tempered measure in R? (see [BG2, BJ]). It is shown in [BJ] that
there exists an invariant distribution for the corresponding Langevin equation if and only

if J
/ o(dz) .
lz]<1 |2]|*
and then the invariant distribution has covariance
1 _, = —o(dz)
K = — )
0l = 5 [ BN

On the other hand, by [BG2| (Theorem 4.2) it is known that the convolution integral
process associated with Ky has SILT if and only if

N o(dz)  o(dZ)
<
/de|ip(2’+2’)|1+’Z‘2a1+|zl‘2a o0

for any ¢ € Sy, and the flow process associated with Kx, has SILT if and only if

o(dz) o(dz")
z+ 2 < 00.
Joos #0472
So we see that, once again, if the convolution integral has SILT then so does the flow
process, and by [BG2] (Theorem 4.3) the stationary OU process has SILT if and only if

the convolution integral process has SILT.

4. Proofs.

C,Cy,Cy, ... will denote generic positive constants, and we put dependencies in paren-
thesis.
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We will make use several times of the following lemma.

4.1. Lemma.

(a) The integral

1
] = ﬁz|<1 « ANe] !/ odedZ,
|/ |<1 (J2]* + [|*)]|z + 2|

is finite if and only of d > «.

(b) The integral

p(2)Y(2)dzd?’

Ip0) = | :

v (Bl + [Tz + 2

is finite for each p, € Sy if and only if d > «. If d > «, it is a continuous
functional on S x Sy.

Proof. (a) Assume d > o. We have

I

IN

[ e = [ o) ) ()

2 |Z|a/2|2/|a/2lz+z/|a

where
9(2) = 12 Lon(l2), - 1(2) = 21" Lpg(|2])-
The latter integral is finite since g € L>(R?) and ¢, € L'(R?) (so g * g, € L*(R?)).
Now suppose that d < . We have

120 [

|2'|<1

’Z|2a+’2/‘2a)fldzd2/ — Cl [ }Q(TZa_’_(r/)Za)flrdfl(r/)dfldrdr/
0,1

= 02/ (s+s)7's
[0,1]2

d—2a d—

2 (s') 2" dsds’ .

Straightforward calculations show that the latter integral is infinite if d = «, and it is
clear that it is then infinite for d > a as well.

(b) Necessity follows from part (a). If d > a we write
Ip,) =1+ 1)+ I,
where

' l=+2)<2” ? |2 |52 ’ |z+2/|>2

[z]<1 [z]>1

11



We then have

1] < Csuplp(z)]sup ()] Dy (a),

Ll < [ leldzsup [w)] [ Jyl~dy,
R 2! ly|<2
Il < [ le)ds [, 10(E)ldz,
hence the assertion follows. O

Let p; = vT;. We have [i,(z) = e *°D(2). As in [BG3] we denote by p, the standard
a-stable density. To prove Lemma 3.1 we need the following simple lemma.

4.2. Lemma. For the measure pi, equality (2.4.4) of [BG3] holds for each ¢, € L*(RY).
Explicitly,

/]Rd p(z)(z) /]Rd pe(r — y)v(dy)dz = (271)% /IR“ @(Z)@Z(z’)e_”z”/'aﬁ(z + 2')dzdz'.

Proof. If suffices to use the fact that Sy is dense in L*(R?), that p, has a bounded
density, that the Fourier transform is a continuous mapping L*(R%) — L*(R?), and that
the convolution is a continuous mapping L'(R?) x L*(RY) — L*(R%). O

Proof of Lemma 3.1. It is well known that Typ € L?*(R?) for ¢ € S, so we can apply
Lemma 4.2 to Tsp, Tsy to obtain

(4.1 Joo T0) @)(T) @)
1 -

= a7 fyes PN G e

Integrating [;° 57 ... dtds and using Lemma 4.1 we see that the right-hand side of (3.1)
is well defined and continuous in ¢, 1. To complete the proof it suffices to observe (taking
first ¢, > 0) that

| L @)@ T @dn)dt = [ (L)) (L) @)y(d).

Remark. By Lemma 4.1 it is seen that there is no possibility to extend the definition of
K§§O) to lower dimensions (d < «) by means of formula (3.1).

Proof of Theorem 3.2. By Lemma 3.1 the flow process associated with K&}g has
covariance

(4.2) KX (s, 0:t,0) = K$(Tup, Ti)

1

- (27‘(‘)2d /RM @(z)i(zl)e_smae—ﬂz’\a 17(2 + Z/)

dzd?'.
(Jz|* + [2/]*)]z + 2|
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Applying formula (4.1) and repeating the argument of the poof of Lemma 3.1 we see that
the convolution integral process associated with ¢ has covariance

13 K oit0) = [ [ (T)@) T (da)ir

1 SAE . ~,. —(s—7)|2|* —(t—T)|Z/‘am /
= W /0 ‘/]de QD(Z)@Z)(Z )6 (& dedZ dT.

After straightforward calculations we then obtain the covariance of the correspondig OU
process:

(44) K (s, 0:t,0) = K& (s, 031,9) + K& (5,03 8,0)

: 2 el 2 vz +2)
- W/R?d P(2) (2" e 1ol Lz HE " ecsy) ( )

dzdz'.
(2l + 2]z + 2]«

It is clear that all three processes exist.

Now, sufficiency of the conditions (3.2) and (3.3) is obtained form (4.2) and (4.3) in
an analogous way as in [BG3], using (2.1.1), (2.1.2), (2.1.3), (5.6), (5.7) of [BG3] and
replacing the function h in that paper by EE +|Z,|1 = in the case of the flow, and by

|z+2" |
e +z’\a in the case of the convolution integral. The same argument can be applied to derive
(3.4), using (4.4). One should additionally observe that

/ eIl e el e pas < 0 L 4 L)
0,12 Lzl 1+ [

We shall need the following generalization of Lemma 5.1 of [BG3].

4.3. Lemma. If ¥, € LP(R*) and Uy € LY(R>?), where 1 < q < Ll’ then the integral
p j—

(45) oo U190, 2 ply + 2oy + 2l dzde' dydy

18 finite for each ¢ € Sy.

Proof. Put r = 2quqp_q. By assumption, 0 < 2 — ]13 — % < 1, hence r > 1. We have
e € L'(R*). So, by the Young inequality, Uyx|p®¢p| € LF' (R?*?), where ]% = %+%—1 =
pTTl. Hence the assertion follows because (4.5) has the form [ Wy (U5 * (J¢| ® |¢|)), where
Ui(z,2') == Wy(—2, —2'). O
Proof of Proposition 3.3. It is obvious that (3.4) implies (3.2) and (3.3), so it suffices
to prove that (3.3) implies (3.4).

The integral in (3.4) is always finite over the set {|z| < 1,]2/| < 1,]y| < 1,|y| < 1}
by Lemmas 4.1 and 4.3. On the set {|z| > 1, |y| > 1}, as well as on the other sets of this
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form, (3.4) is clearly equivalent to (3.3). Hence it remains to consider the sets of the form
{lz2 <1, ]z < 1, [yl > 1}.
Denote

e1(y) = sup [e(z+ )|, ¢2(y) = inf |e(z +y)|.
|z|<1 |z|<1

(3.3) implies

v(z + )| : w(y + )
[z]<1 @ /o ! adZdZ @ /o /o
= ([ + [2]%) ]z + 2] wi>1 (1 [y[*) (1 + |y [*)ly + ']

|2|<1

a2 (y) o2 (y ) dydy'

< 00

for each ¢ € §;4. On the other hand, the integral in (3.4) on the considered set is bounded
above by

1 : vy + )| N

 yer TN T s TR 2 ol 7 e 20091 )0
The first factor is finite by Lemma 4.1. To complete the proof is suffices to observe that
for any ¢ € Sy there exists ¢ € Sy such that |p(z)] < hy(z) for z € R?, since then we
shall have also that for any ¢ € Sy there exists 1 € Sy with the property ¢ (z) < |¢(z)],
z € RY. This fact can be proved, e.g., by repeating the argument at the beginning of
the proof of Lemma 6.2 in [BG2]. We define (x) = ¥°°, a,\,(2), where A, € C®(R?),
A >0, supph, C {z € R :n < |z|<n+2},n=012,....5°,\, =1, and a, =
SUPp—1<|z|<nt2|@(x)| for n =1,2,..., ag = supp<a|p(x)|. O

Proof of Theorem 3.4.

Step 1. Observe that if o < d < 2q, then py = 1 (see (3.5)) and (3.6), (3.7) are obviously
satisfied. In this step we prove that if & < d < 2« then all three processes have SILT.

By Proposition 3.3 it suffices to show that condition (3.3) is satisfied. To this end it
is enough to prove that

1 1

46 /
(4.6) R (L4 A+ 7 + 21 A+ A+ 7 +

Jo(z +y)|le(z +y')|dzdz'dydy’ < oo.

for each p € Sy, if a < d < 2a.
The latter integral can be written as I; + I, + I3 + I, where

[1 o lz42"|<1 I2 - |z42"|>1" -[3 o ﬁz-&-z’\ﬁl’ I4 - |z42/|>1 °
ly+y'1<1 ly+y'|<1 ly+y|>1 ly+y'|>1

I, has the form (4.5) with

1
(1 + [2[*) (A + [2]%)]z + 2’|

Ui(z,2) = Uy(z,2)) = Lo (|2 + 2])-

14



Fix p such that 1 <p < ¢ (< 2). We have

0/ L
R (1 4+ |z]|°P)(1 + |2/|*P)|z + 2/|oP

/He?d U (2,2 )dzd2 < Lo (|z + 2'|)dzd’

= C R 91(2)(g1 * g2)(2)dz,

where
1 1

91(z) = 1+ [2]or’ 92(2) Lio,11(I2])-

ER

Now, g1 € L? since p > 1 > d/2a, and g, € L' because ap < d. Hence g; * g» € L* and
we obtain that ¥U; € LP(R*!). By Lemma 4.3 applied with ¢ = p (< b5 since p < 2) we
conclude that I; < co.

In I, we take ¥, as before and

1

47 Uy(z, ) = 1
(4.7 25 7) = T A T e + 2

1,00)(|2 + 2]).

We prove that ¥y € L*(R?). Indeed, we have

./]R{Q‘i Uy (z,2")dzdz' < C/IR{d g1(2) (g1 * g2)(2)dz,

where this time
1 1

= ma 92(2) = Wlu,m)(lzl)-

91(2)

It is clear that g1, g, € LP for each p > 1 since 2ap > 2o > d. Fix p € (1,2) and let
(>1). As g, € L? and g, € L9, the Young inequality implies that g, * g, € L¥

/Rd 91(2)(91 * 92)(Z)dz < 0.

We now apply Lemma 4.3 with ¢ = 2 (since p < 2 < I%) and we obtain [, < oo.

I3 < oo by symmetry.

In I, we take ¥; = WU, given by (4.7) and we apply Lemma 4.3 with p = ¢ = 2 to
obtain I < oo.

Thus (4.6) is proved.

Step 2. We prove that if (3.6) is satisfied, then the flow process has SILT. By Step 1 we
can additionaly assume that d > 2a.
By Lemma 4.3 with p = ¢ = 2, condition (3.2) is satisfied if

1 (2 + )

dzdz < o0o.
/de (I + 1221 + [ (2o + [#]7)2 [+ 2o 07 =

(4.8)

15



Let us consider this integral on the sets {|z| <1, || <1}, {|2| > 1, || <1, |z — 2| < 2},
{lz| > L 12| < 1,z — 2| > 2}, {|z] < L,|2/| > 1}, {|]z| > 1,|2/| > 1}, denoting the
corresponding integrals by I, I}, I} I3, 1.

Now,

1
L <C drdr’ < oo

g8 TP+ P + 2

by Lemma 4.1, since d > 2a. I} < co by the same reasoning (we have |z| < 3).

- )
v(z
(4.9) m(z) = EE
We have 1
(410) Ig < /)<t (/ l2|>1 |Z@TR(Z + Z/>dZ) dZ/.
- |z+2"|>2

We can find p > py such that mlg, =2 € LP(RY) and d < %a. But 2}?—5104 < %a,
hence the function z — 1 1(;/>1) belongs to LP/®P=D(R?). So the inner integral on the

right-hand side of (4.10) is a bounded function as the convolution of a function in L? with
a function in LP/°=V. Hence I < oc.

I3 < oo by symmetry.

Finally

1 /
Iy < /lz‘>1 4|Z|3a|zl|3am(z)dzdz.
[2/|>1
We have the same situation as in Proposition 3.3 of [BG3] with 3« instead of a (it is
not important here that %a may be bigger than 2, also the form of m is irrelevant). In
consequence we obtain that I, < oo provided that d < 2;?31 %a = 25;”31&.

Thus (4.8) is proved.

Step 3. We prove that if (3.7) is satisfied then both the convolution integral and OU
processes have SILT’s. Again, by Step 1 we may additionally assume that d > 2a. By
Proposition 3.3 it suffices to prove that (3.3) is satisfied, and this will be shown again by
Lemma 4.3 with p = ¢ = 2, if we prove that

J TEEDR
B2 (1 271 + [

z+ 2" )dzdz < .

Finiteness of this integral is obtained by the same argument as in the proof of Proposition
3.3 of [BG3] as the form of the function m is irrelevant here.

Step 4. It remains to prove continuity of the SILT’s. We can repeat the arguments

of the proof of Theorem 3.14 of [BG3] with h(z,z2') = (‘Z|QHZ,‘1Q)|Z+Z,|Q for the flow and
h(z,z2) = m for the convolution integral. In consequence we obtain that if there

16



exists € € (0, 1) such that

(411)/ D(z 4 2)]|
R (L4 [2]=9) (1 + [ [0 (2] 4 |2]) |2 + 2|
7y + )

. ! MNdzdz' dydy' <
T P 0o (g + Pt g P+ Wl y)ldeddydy’ < o0

for each ¢ € S;, then the SILT of the flow process is continuous, and if there exists
e € (0,1) such that

' R* (14 [2]*09) (1 + 2|09 |z + 2/|* (1 + [y[*C==N) (1 + [g/ [0 |y + /|
(

oz +y)|le(z +y)|dzdz' dydy’ < oo

for each ¢ € Sy, the the SILT of the convolution integral process is continuous.

Looking carefully at the previous steps of the proof, we see that if (3.6) and (3.7) hold
we can find € € (0, 1) such that (4.11) and (4.12) are satisfied, respectively.

Continuity of the SILT of the OU process can be proved analogously as in [BG3]
(Corollary 3.20), using the bounds derived for the flow and convolution integral processes.
O

Proof of Corollary 3.6. (a), (b), (i): By Theorem 3.4 we know that if « < d < 2a, then
the SILT’s exists. Assume d > 2a. If v makes no contribution in (3.5), then py = d/2a, so
in (3.6) we obtain d < 3% (hence d < 4c), and in (3.7) we have d < 22% (hence d < 3a).

(a), (b), (ii): The argument is identical with py = 1. O

Proof of Proposition 3.7. Recall that the covariance of the convolution integral process
is

(113) K& (ssste0) = [ [ fouperlo,2pier (a2 )o(2)0(=)dzdz" (do)r

(see (4.3)), so it has the same form as the covariance in [BG3] (see the formula immediately
after (5.11)), with v instead of p,. Therefore we can repeat the proof of Theorem 3.11 of
[BG3] provided that we know that the function

() [t o) [, [P )

is bounded continuous for s,t fixed. To show boundedness it suffices to prove that the
function )

ps(xa Z>pt<x7 ? )d
]Rd ’.T _ y’d*&

F(y,z,2') =

17



is bounded, because v is a finite measure. We have

Fnsd) = [+
. %2) MNPR R
1
O(Sat> ~/|$—y|§1 de—i—/]&dps(xaz)pt(%zl)dx
< Cis,t) + psta(2,27) < Co(s, ),

IN

so the boundedness is proved. Continuity can be shown in a similar way.

Finally, non-existence of SILT for the OU process if d > 4« follows from the definition
of SILT, from the fact that Kg(lg(s,cp;t,z/}) >0 and Kgl)(s, @;t, ) > 0 for ¢, > 0, and
from the non-existence proof for the convolution integral process. |

Proof of Proposition 3.9. We start from the convolution integral and OU processes.
By Corollary 3.6 (b)(i) and by the argument at the end of the previous proof it suffices
to show that if d > 3« then the convolution integral process does not have SILT.

By (4.13) it is clear that Js,. ., (see (2.1.1)—(2.1.3) and the notation before Definition
2.1.1 of [BG3|) has the form (5.6) of [BG3| with h(z, 2’) = |z+z'|a7 pr =v =20, Fix feF

such that f > 0, and ¢ € S, such that @, > 0, where @, (z) := ¢(z + a). Analogously as
in the proof for Example 4.1 (b) of [BG3| we have

Jsruv(q) (I)f )

£, T E,p

- / / / —(s=m)|2|% o= (u=7)|2'|* = (r=T)Yl* o= (=) y'|*
27T 4d ]R4d

( V[:(2NPa(z + y)Pa (2" + 3y )dzdZ dydy' dr'dr

V+%Pw+yP

+ the other (similar) term.

If the SILT existed we would have, by Fatou’s lemma,

(4.14) oo > lim iglf o Ts o (Pe ps (p )derdudv
e 0,1
1 ~ ~
2 Z§}}Z§/%mi@<272q¢%y7yq¢h(2%—y)¢@(z'+»y@dzd%dydyc

where

shu [ed /| 1
U(z,2") :/ / e TR (=Y  —drduds.
0,12 Jo |z 4 2|

Using (5.4) of [BG3] we obtain

U(z,2) = Clz[ [z + 2|77

18



on the set {|z| > 1,|2'| > 1}, so we are led to the same situation as in the proof for
Example 4.1 (d) of [BG3]. Hence we know that the integral on the right-hand side of
(4.14) is infinite if d > 3av.

For the flow process the argument is analogous and we omit it. We only point out
that everything reduces to showing that

/ 1 d d /
zaz = o0
HR TPl el + 2 + P
|z42/|>1

if d > 4a. By similar transformations as in the proof for Example 4.1 (d) of [BG3] this
integral can be proved to be bounded from below by

d—4a

C’/ u%vw(u +v) 2dudv > C/ v>1 (u+v)2dudv = oo
wl/2a

v>1
_pl/2a5 wl/20_1/2a

if d > 4o O

Proof of Proposition 3.10. The covariance functional of the flow process associated
with ¢V is

(4.15) tAgd(7;¢0(7}¢0dvf = /égdps(x,Z)ptcr,y)¢(2)¢(y)v(x)dzdydx

1 —s|z|® _—t|2'|* = T D(Z_'_Z/)
~ (2nH /dee S @(Z)@b(zl)md?«‘dz/,

where the second equality is obtained analogously as before, using Lemma 4.2. Note that
the integral in the middle of (4.15) has the form (3.2.3) of [BG1], but we cannot use
the sufficiency criterion of [BG1] because 7(-) given by (2.3) is not a bounded function.
However, the necessity criterion does apply because in order to use Proposition 3.2.1 (b)
of [BG1] we only need that y(z) > 0 and y(z) > € > 0 for some ¢ and for z in a set of
positive Lebesgue measure. These requirements are obviously satisfied in our case, so we
know that SILT does not exists if d > 4a.

The second equality in (4.15) permits to derive, by the same argument as in the proof
of Theorem 3.2, the following sufficient SILT existence condition:

/ / o—slzle —ulz/ =iyl —vly|= [P(2 + Py + )|
0,14 JR* |z + 2|y + /|

1oz +y)l|@(z" + y')|dzdz'dydy' dsdrdudv < oo

for each ¢ € S;. This condition is clearly equivalent to (3.3) (since d > «). Hence all the
remaining assertions of Proposition 3.10 follow. a

Proof of Lemma 3.12. Formula (3.9) is derived by an argument as in the proof of
Lemma 3.1. Note, however, that while it is clear that ¢® is well defined, bilinear and
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continuous (by (3.9)), the fact that ¢ (g, ¢) > 0 does not seem evident. This property
relies on the fact that v is an excessive measure. We refer to [GL2] for the proof of this
property of ¢(?).

Proof of Proposition 3.14. Assume a < d < 2« and fix ¢ € §;. We will prove that
(3.11) holds. In the proof we will apply several times Lemma 4.3, but we will also have
to use some estimations more subtle than those resulting from that lemma.

(3.11) will be proved if we show that (we omit the differentials)

1 1
(4.16) (2 + y)lle(z" + )] < oo,
‘IZZ/\IS<11 I‘yy"\ill |Z + Z/|a |y + yl|a
1
(4.17) /' / (2 +y)lle(z" + )] < oo,
W Kélﬂ+ﬂaw+ y'e
1
(4.18) / / (= +y)lle(z +y)| < o0,
‘|Z/\|><11 |‘5‘\><11 |Z + Z/|a ‘y + l|a
1 1 r
(4.19) lp(z + y)lle(z" +y)| < oo,

[z|I<1 [ |y|>1 |Z+Z/|a ‘y’a‘y+y/|a

[2'1<1 7 |y'|>1

1
(4.20 / / oz +y)|lp(z +9)| < oo,
) ‘|Z,\|<>11 |‘5‘\>>11 |z + Z/’a \y! \y + y |a| H )‘

1 1
4.21 / / ! Nl < oo.
2 EE,ﬂ@ﬁﬂﬂ2+ﬂ“WPW+yWWQ+ymwz+y”

Apparently we have not exhausted all cases, but some of them are immediate by
symmetry and others will be clarified during the proof.
It is convenient to introduce the following notation:

1

qn(z) = IPHMMd)
g(z) = J4MWM4%
2]
wiz?) = e oDl (7).
pi(z) = sup lp(z +y)|.
ly|<1
We have ¢, € L'(R?) and
(4.22) gy € LP(RY) for p> g,

in particular, g, € L?(R?). Hence we obtain that
d
(4.23) 93(2, 2 ) (100 (|2 + #|) € LP(R?*®) for p > o
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since

/]Rgd 95(2,2) 1 (1,00) (|2 + 2'|)dzdz’ = / g5 * g5(2)dz.

|z|>1

We have also ¢; € LP(R?) for p > 1, and moreover

1
(4.24) /z ———dzdz < o0,
S e
1
(4.25) / [ —; )
ik e 2P
1
(4.26) e T o dzd? < oo,
|z|+‘zlg\1>1 |Z + Z,|2

Now, (4.16) is obvious by (4.24). The integral in (4.17) has the form (4.5) with

1
Uy(z,2') = ml[og}?(lz‘a 12']) € Ll(de)
and
Uy =0 4w,
where

=
[\~
Is9
S~—
lon
<
N
[\]
Ut
:_/

VWy) = a1y +9) 100 ()11 (y]) € LY
V(1) = g+1) 0 () 1lon(y]) € L2 (&) by (4.26).

Hence (4.17) holds by Lemma 4.3 applied to ngl), U, and to \If§2), Us.

(4.18) is obtained the same way because now the integral has the form (4.5) with ¥,
as before and Uy = \Ilél) + \1152), where \Ilgl) = \Ilgl), \Ifgz) = \1152).

The same argument applies to all integrals where exactly one of |z],|2/| is < 1 and
exactly one of |y, |¢/] is < 1.

Next, the integral in (4.19) is bounded above by

1 1y 1
ﬁZ\Sl dzdz/ ﬁy|>1 1( ) (y/)dyldy

« « a@l
|2+ Lyl v+

< C [ e gm)wdy+C [, o)) m)dy
(recall that ¢*(z) = ¢1(—x)). We have p; € L2(R?), ¢t x g1 € L*(RY), so the first integral

is finite. Also ¢* * g5 € L*(R?) since g, € L*(R?) (by (4.22)) and ¢ € L'(R?), so the
second integral is finite as well.
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We write the integral in (4.20) as the sum I; + 5, where

h=f e =L

y+y \>1 \y+y <1

I; has the form (4.5) with

1
,‘a1[0,1](|Z|)1(1,oo)(|2/|)7 Uiy, y) = 939", ¥)1(100) |y +¥'])-

Uy(z,2') = ’ZT

We already know that W, is the sum of two functions, one of them in L'(R*®), the other
one in L*(R?*"), and ¥, € L*(R?®) by (4.23). Therefore I; < oo by Lemma 4.3. Now,

L = I{Y + I{?, where

|z+z’\<1 - \2+2’|>1
We have
IV < su / / / + v/ dydy’
< el [ e Tt L, T e g el oD
|z4+2|<1
< 0/,|>1<p1‘*91(y’)dy' (by (4.25))
Yy
< o0,

since o1, g1 € LY(RY).

1
1(2) — / / S + 21 . , / F
2 z1<1 JR? |2 + 2/|* (1, )(‘Z 7)) (1, )(|z\) \y'|>1‘g0<z )|
/ lp(z+y)| 1
ly[>1

0,1
|y |« \y+yla[ !

< e 92 (Jo] * (1 % g1))(2)dz.

(ly + ¥/ dydy' dzdz'

We have || * (01 g1) € L*(R?) since |¢| € L*(R?) and o1 x g; € L'(R?); also g, € L*(R?)
by (4.22). Hence the function under the integral is bounded and the integral is finite.

Thus (4.20) is proved. Note, moreover, that if in (4.20) we replace % by 1|a, then the
argument for I; remains unchanged, and in I, it suffices to observe that i ,|a < % if

lv'| > 1, |y + /| <1, so we are led to previous case.
Finally, the integral in (4.21) can be written as I + Iy + I3 + I, where

Lo 2L L

le42/1<1 7 ly+y/|<t lo421>1 7 ly+y/|<1 a2/ |<1 \y+yl>1

vl

|z+z’\>1 \y+y [>1
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We have

1
Lo < swlp(x \[zm /de ‘Z+Z,|a }(\Z+Z’|)m1m,u(ly+y'l)

ly|>1

1
2]

1
1(1,00)(|z|)| T L Loy ([Y' DN (2" + )| d2'dy dzdy

= suple(@)] [, (91 ® 1) « Flzy)dzdy,

ly|>1

where
1

F@y>‘qa1mwoﬁpu@mmw2+w|

As g1 ® g1 € L'(R??), to obtain I; < oo it suffices to show that F' € L*(R??). But
/]R{Zd F(Zy)ddy = /Rd g2(2") (g2 * |p])|7'|d2" < o0,

since gy € L2(R?) and gy * || € L*(R?%).

Note that, by the remark above, ﬁ can be replaced by ﬁ here, and the same is
true for |z|, |2/].

Next, in Iy we put y = x —y'. Then

1 1

L, = /z . 24x—1y 2+ dxdy' dzdz'

2 |\Z/I‘>>11 \ |yy‘>|T1 |Z’| |Z + Z’|O‘ |y |a |:L‘|O‘ |§0( Y )||90< Y >| )
l[z+2/|>1  |z|<1

1 1 1
= / / / =y )z +)|dy' dzdz’
2y Dyt 2]z + 2 Y] Jei<a |$|a il )le( )|
IZ+Z’\>
- O/'”“">1 / / 1/ 7 } o1 (w)|e(z" + y')|dy' dwdz’
A Dy R+ + 2
[wty'+2/|>1

1 1
< C’/ / —/ _ d ") |dy'dZ
>~ |z’|>1 |y’|>1 ‘Z/|a|y/‘a |’w+y/+z’|>1 |w+y,+2/’agpl(w) 'UJ|90(Z ?J)‘ yaz
= O [ 9229z (92 % p1)¢"]))(2)d=

Since gy € L2(]R§d), to show that this integral is finite it suffices to observe that (gs *

p1)le*| € L'(RY), as g1, |¢*| € Lz( 9.

Here agaln we can replace " /|a by — g and then the integrability for the pairs 1

[z I‘“ Tyl

and z|°" W is obtained by a substitution z < 2,y < v/
I3 < oo by symmetry.
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Finally, I, < oo by Lemma 4.3 with ¥y = Wy = g311 o) (|2 +2|),p = ¢ = 2 (see (4.23).
It is clear that nothing is changed here if we take other configurations of z, 2z’ and y, ¥/’

So we have proved that if & < d < 2a;, then the convolution integral process has SILT.

Continuity of the SILT can be proved again by repeating the argument of the proof
of Theorem 3.14 of [BG3] and then carrying out carefully once more the estimations of
the proof above. Some small amount of extra work is needed due to the fact that terms
of the form le‘li% will appear. We omit details.

We skip the proof of the converse, i.e., that if d > 2« then (3.10) does not hold for
any measure v, because this fact is not of central interest for us. We only point out that
it suffices to prove that for a fixed ¢ > 0,

1

4.27 / ; / z+ 2+ Ndydy'dzdz = oo

( ) |\Z/|‘>>11 I‘yy‘\>>11 ’Z/| ’Z n Z/|a |y ’a ( y)g&( y) yay
lz+2/|<1 |y+y/[<1

if d > 2. O

Proof of Corollary 3.15. Sufficiency is proved. To show neccessity we fix ¢ € Sy such
that @, > 0 in the case v = §,, or ¢ > 0 in the case 7 > 0. In both cases we can repeat

the beginning of the proof of Proposition 3.9 (with h(z, z) = % this time), to find

that existence of SILT for some d > 2« would be in contradiction to (4.27). 0

Proof of Theorem 3.16. The sufficiency part can be deduced from the proofs of
Proposition 3.10 and 3.14. To prove necessity we write the covariance of the convolution
integral process associated with ¢‘® using formula (2.7). We have

SAL
K (s, oit,0) = /0 4P (Ty_rip, Ti_rib)dr

) /()sAt<%C(Ts NTrt)) = (Tor ) (AT srt)) — (Tr—rh)(AuTs_rip))dr.

But

i (TszSO) (Tt77w>

_(Tsff(p)(Aathrw) - (T;‘,f‘rw)(AaTsz(P) = dr

by the semigroup property, hence

KEs,it0) = o[ 0T o) (T dr
(7, (Tomsne@) (Ti—spet)) — (v, (To)(T20)))
= cKE)(s,05t8) + (7, (L) (Tronit)) — K (5,03, 0).
In consequence the covariance functional of the OU process is, by (3.8),
KQ(s,p1t,0) = K9(Tup, Tib) + K& (5,3, 0)
= (0 (Temanep) (Tionet))) + K (5,018, 0).
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As ¢ > 0 and K)(fl)(s, @t ) > 0 for ¢, > 0, we then have for s < u,r < v, ®" d@ ¢
Sk, oM @) >0,

Jorun(@D, 02 > /M W (2,2 )0P (2, 2"V pus(, 2)pu_r(@’, 2 )71 (2) 71 (2" dzd dda,
where v, (z) := 1 Ay(z) (see Section 2 of [BG3]). Hence, for ¢ > 0, by Fatou’s lemma,

(4.28)  lim Jorun(®L <I>g#,)dsd7’dudv

=0/ o

Z /5<Z hIaIl_)lglf RAd fa(l' - I,)QD(I‘)fa(Z - Z,)(p(z)pu—s(xv Z)pv—r(l'/, Z,)

r<

1 (2)y1 (2" dwdzda' dz' dsdrdudo.
The function (z, z) — p(x)w(2)pu—s(x, 2)71(x) is bounded continuous, hence

i ooy fe(@ = @) fe(z = 2)p(2)o(2)pu-s(2, 2)n(@)dadz = p(2)p(2)pu-s(2’, ) (@),

and the right-hand side of (4.28) is bounded from below by

/Ku /R” (2 p(2Npu_s(@', Do (2, 2 )Yi(2))d2' d2' dsdrdudv.

r<v

Now we can apply Lemma 6.2.3 of [BG1] to obtain that this integral is bounded from
below by

C(cp)/ (u—s—l—v—r)’gdsdrdudv,

s<u
r<v

which is infinite if d > 2. Therefore SILT does not exist in this case (see Theorem 2.1.2
of [BG3]). O
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