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Abstract We study pairs of interacting measure-valued branching processes (su-
perprocesses) with a—stable migration and (1 + 3)-branching mechanism. The
interaction is realized via some killing procedure. The collision local time for such
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perprocesses. We use this uniformity to prove existence of a solution to a competing
species martingale problem under a natural dimension restriction. The competing
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1. INTRODUCTION

1.1. Background, motivation, and purpose. Measure-valued Markov branch-
ing processes (superprocesses) arise as limits of branching particle systems under-
going random migration and critical (or nearly critical) branching. In the last
decade, there has been interest in the study of such processes with interactions.
Superprocesses with finite variance branching have received much attention in the
study of models with interactions (see, e.g., [EP94, Per95, DP98, Myt98b, MP0O0,
FX01, DEF*02a, DEFT02b, DFM*03]). In the present paper, we would like to
pay attention to interactive superprocesses with infinite variance branching where
a killing mechanism is at play (including a point type interaction).

In the case of superprocesses with finite branching mechanism, Evans and Perkins
[EP94] initiated the study of a pair of non-supercritical continuous super-Brownian
motions in R? with an additional point interaction (the preparation for that model
was done by Barlow et al. [BEP91]). This model is introduced to describe two pop-
ulations of competing species where inter-species “collisions” result in causalities
on either side. To be more precise, when different species come within an infinites-
imal distance of each other, then either of the colliding (infinitesimal) individuals
is killed with an infinitesimal probability. By this interaction, the basic indepen-
dence assumption in branching theory is violated, and hence the usual tools (such
as log-Laplace transforms and equations) of handling superprocesses break down.
On the other hand, a very handy feature of the model is that it is bounded from
above by two independent critical continuous super-Brownian motions (opposed to
the case of the more complicated mutually catalytic branching model of Dawson
and Perkins [DP98] and Mytnik [Myt98b]; see [DF02] for a recent survey).

Among the others, the following basic tools were used in [EP94] to construct
such a competing species model in dimensions d < 4 :

(i) a Girsanov type theorem of Dawson [Daw78], and
(ii) a Tanaka type formula for collision local times of some interacting continuous
super-Brownian motions in R%, d < 6, from Barlow et al. [BEP91, Theorem 5.9].

Our main purpose is to construct a competing species model of this type (The-
orem 9), while dropping the finite variance branching mechanism assumption. The
basic idea is the same as in [EP94]: Prove a continuity result for the collision lo-
cal times for a large class of processes (this is Theorem 7 below) and then take
limits in a mollified equation. The technical ingredients needed to implement this
program are necessarily quite different due to the lack of higher moments, the Gir-
sanov formula (i) and the Tanaka formula (ii). In fact, Girsanov’s theorem requires
continuity in time of the martingale component, and hence finite variance of the
branching mechanism, which we want to give up. Moreover, Barlow et al.’s proof of
already mentioned Tanaka formula relies on some uniform in time and space bound
of continuous super-Brownian motion’s mass in small balls (see [BEP91, Theorem
4.7 and Corollary 4.8]). This bound is not anymore true under our assumptions,
and validity of the Tanaka formula in the more general setup remains open. So, we
had to find a different approach to construct the desired competing species model.

To prove convergence of approximating collision local times, we heavily apply a
log-Laplace technique, originally used for collision local times in [Myt98a]. In our
interacting model, an application of log-Laplace tools is possible since we can repre-
sent the collision local time for the pair of interacting superprocesses with killing as
a linear combination, see (228) below, of collision local times for independent and



4 FLEISCHMANN AND MYTNIK

conditionally independent measure-valued processes. This representation, which
also holds for approximating collision local times, is crucial for our proofs and is
based on the domination of interacting pairs by a pair of independent critical super-
processes. The domination property is an extension of an analogous result proved
by [BEP91] for finite variance super-Brownian motions.

In this paper, we also allow the two species to have their own branching and mo-
tion indices and parameters. But to simplify the exposition, we keep the assumption
that in the branching mechanisms no supercritical components are involved.

Here we would like to mention that the questions of non-existence of the model in
higher dimensions and uniqueness for the corresponding martingale problem were
studied in [EP94], [EP98], and [Myt99] for continuous competing super-Brownian
motions. Indeed, it was proved in [EP94] that the model does not exist in dimen-
sions d > 4, and that there is a unique solution to the corresponding martingale
problem in d = 1. The uniqueness for the particular symmetric case was proved in
[Myt99] for all d < 3. The historical uniqueness for d < 3 was proved in [EP98]. In
the general model which we consider in this paper, the questions of non-existence
in higher dimensions and uniqueness remain as interesting open problems.

1.2. Sketch of main results. Let us start with a brief modelling. For ¢ = 1,2,
fix constants

0<a'<2, 0<p'<1, and 9°>0 (1)

(please, do not misunderstand frequently appearing right upper indices as pow-
ers, which also occur), and introduce the (weighted) fractional Laplacian A, :=
—9(—A)*/2 in R%. Moreover, let (¢7, Il ., 7 >0, x € R?) denote symmetric o'~
stable processes with generator A, semigroup S*= {S!: ¢ > 0}, and continuous
transition kernel p’ = {pi(y) : t > 0, y € R?}, where, for convenience, we use
a time-inhomogeneous writing of the laws Hi’m, even though the processes are
time-homogeneous. The a’-stable process ¢ will serve as the motion process of
individuals of type 1.

Let M; = M;(R?) denote the set of finite (non-negative) measures equipped
with the weak topology. Write (y, f) for the integral [u(dz) f(z) and ||u|| for the
total mass (u, 1) . If we have pairs p = (ut,u?) and f = (f!, f2) instead, by the
abuse of notation we write

(. £) o= (', 1)+ (p?, f2). (2)

Such pair p will describe a state of the system.

Here is the rough description of a martingale problem (MP)Z"[3 for a pair X =
(X', X?) of interacting superprocesses in R? starting from Xo = p, where X°
has the underlying a’-stable symmetric motion and the branching index 14 3% We
impose a killing described by a pair A = (A!, A?) of (random, possibly dependent)
measures on Ry x RY, where by the abuse of notation A} := A*([0,¢] x -) < oo,
t > 0, are also considered as non-decreasing M;—valued processes. (For more
precise formulations, see Definition 5 below.) In fact, the pairs X = (X!, X?)
and A = (A', A?) are assumed to be F.—adapted M?-valued processes on some
stochastic basis (Q, F, F.,P) starting from Ay = 0, and such that ¢t — A; is non-
decreasing and continuous, and, for each pair ¢ = (!, ¢?) of suitable non-negative
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test functions on RY,

¢
ts e (Xee) _omlne) +/ ds e_<x"'7‘P><Xs7 Aap — <P1+B> (3)
0

t
- / <Ads B SO> e_<XS)‘P>7 t Z 07
0

is an F.—martingale starting from 0 at time ¢ = 0. Here, in the spirit of our
convention (2),

<Xsa AaSO - (p1+'8> = Z <X;v Aoc“pi - (Qpi)1+ﬂi> (4)
i=1,2

and, if 7 C R4 is an interval,

Ay = [Baw) = ¥ [ a(e0) ). )

i=1,2

for suitable pairs of time-space functions 1 = (1, 1?) > 0. We call X an (a,d, 3)—-
pair of interacting superprocesses in R% starting from X, = p, and with killing
mechanism A. Note that, in general, due to the interaction via A, neither X
nor the X? are superprocesses in the original meaning (as, for instance, in Dynkin
[Dyn94]). Note also that (MP)Z“B implies that

t
P <X;,¢>f<m,¢>f/ods (XD, Apg’) + (A0, i=12,  (6)

are F.—martingales starting from 0 at time ¢t = 0, for each choice of the test func-
tions ¢ used in (3) (see Corollary 20.) From (6), the presence of the additional
killing described by A is clear. Actually, we will show that X is almost surely dom-
inated by a pair X = (X', X?) of independent critical (o', d, 3°)-superprocesses
X% i = 1,2, which uniquely solves the martingale problem (MP)Z"ﬂ if the A~
terms are set to be zero [see Proposition 21(b)].

Next we recall the notion of collision local time Ly of a pair Y = (Y1, Y?) of
Mi—valued processes. Loosely speaking, it is the measure

Ly (d(s,2)) = ds ¥ (do) [ Y2(y) do(o ) @
R
on R, x R% A bit more carefully, it is the limit in probability
t
(Ly(). £) =t [as [ Vio) [ 2@ L-n i) ©
€l0 0 Rd R4

if it exists for all ¢ > 0 and all bounded continuous functions f on R?, where .J.
is a regularization of the d—function g (for more details, see Definition 1). Note
again that most of the time we will consider Ly as a non-decreasing measure-
valued process {Ly(t): t > 0} where, with an abuse of notation, Ly (t)(B) :=
Ly([O,t] X B).

In the case of the mentioned pair X of independent critical (o', d, 3*)-superpro-
cesses X, i = 1,2, the collision local time Lg exists non-trivially, provided that

Oél 2

1§d<ﬁ+%+(al\/a2), (9)
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see Mytnik [Myt98a, Theorem 1(ii)]. Now, at least intuitively, the domination
X < X suggests that also the collision local time Lx may exist non-trivially for
the (o, d,3)-pair X of interacting superprocesses in these dimensions. But this
does not necessarily imply that in these dimensions the desired competing species
model exists. Actually, for this model to make sense one expects that a single
“intrinsic particle” collides with the other population with positive probability.
This, in turn, will require a stronger dimension restriction.
Our main result will state, roughly speaking, that in dimensions d satisfying

1 2
1<d< (%4—@2)/\(%—1—@1), (10)
for all solutions (X, A) of the martingale problem (MP)Z"ﬁ the convergence Ly —
Lx as € | 0 holds uniformly in (X, A), provided that the pair Xy of initial
measures satisfies an energy condition (see Theorem 7).

Note that with o =2 and ° =1 we recover results of [BEP91, Theorems 5.9
and 5.10], where (9) and (10) are read as

1<d<6 and 1<d<4, (11)

respectively.

As an application we construct the desired more general competing species model
(see Theorem 9). Roughly speaking, for this we will replace both A! and A2 in
the martingale problem (MP)Z"B by a multiple of the continuous collision local
time Lx . Here the dimension restriction (10) is intuitively clear. In fact, recall
that o' Ad is the dimension of the range of an a’—stable process, and (a'/3") A d
is the carrying dimension of the non-empty support of an (af,d, 3*)-superprocess
at fixed times. Hence, for example, in dimensions d satisfying

1 2
%+a2gd< %+a17 (12)
an “intrinsic type 2 particle” is not expected to collide with the type 1 population,
whereas an “intrinsic type 1 particle” may collide with the type 2 population. In
other words, then in (3) we should effectively have A? = 0 in the martingale prob-
lem (MP)Z"ﬁ (this means, degeneration to a “one-sided interaction”). Note that

with o’ =2 and 3° =1 we recover the model introduced in [EP94, Theorem 3.6].

2. STATEMENT OF RESULTS
In this section we will state our main results, Theorems 7 and 9.

2.1. Preliminaries: Notation, collision local time and measure. With ¢
we always denote a positive constant which might change from place to place. The
symbol cx however refers to a specific constant which occurred first around formula
line (#).

If (Q,F) is a measurable space, write bF for the set of all bounded measurable
functions f : @ — R. In particular, bB = bB(R?) denotes the space of all bounded
measurable functions f : R? — R, and bC = bC(R?) the subspace of bounded
continuous functions. Write f € C = C(R?) if f € bC can be continued to a
continuous function on the one-point compactification R? of RY. Equipped with
the supremum norm || - ||, the Banach space C is separable. Denote by ® the
subset C(?) = C(?)(R?) of all functions f € C which have the first two derivatives in
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C. Working again with supremum norms, ® is a separable Banach space, too. We
will take <I>%r (the non-negative cone of ®2) as the set of test functions ¢ = (!, ¢?)
in our martingale problems. Note that ® coincides with the domain D(A,) of
the fractional Laplacian —(—A)®/2, for each 0 < a < 2 (see, for instance, [Yos74,
Section 9.11 and Example 9.5.2]). We also need the set U2, where ¥ = c12) =
C12 (R, x R?) is the set of all functions on Ry x R?, which derivatives up to the
order (1,2) can be extended to continuous functions on R, x R
For constants ¢ > 1 and T > 0, introduce the Lebesgue spaces

£° = L°R%dzx) and £27 := £2((0,T) x R, dsdz). (13)

Let Duy, = D(R4, M¢(R?)) denote the space of all cadlag paths v : Ry — M;
equipped with the Skorohod topology. If it is not stated otherwise, under a random
process we will understand a random element in Dy, or D/%/tf over some stochastic
basis (2, F,F.,P) (which we might need to enlarge from time to time). In this case,
by a slight abuse of notation, we simply write Y € Dy, or Y € D/%/tf , respectively.
Sometimes we consider also continuous processes: Y € Cpq, = C(R4, Mg(RY))
equipped with the topology of uniform convergence on compact subsets of R .

For Y € Dy, let FY denote the completion of the o—field (.., o{Ys: s <
t+e}, t>0.

Recall next the notion of collision local time [compare with (7) and (8)]:

Definition 1 (Collision local time Ly). Let Y = (Y!,Y?) be a pair of random
processes (in Dy, ). A non-decreasing random process ¢ +— Ly (t) = Ly (¢, -) (in
D, ) is called the collision local time of the pair Y, if we have the convergence
in probability

(L5 ®).f) = (Lx(0.f), 120, febC. (14)
Here the approximating collision local times L5, = L@J are defined by
t
(0. f) = [as [ vl [ V@ ae-n ). 05)
0
where
J.(z) = e J(x/e), r € RY, (16)

and J is a mollifier, that is, a non-negative, continuous, radially symmetric func-
tion on R? with support in the unit ball in R? and total mass Jradz J(z) = 1.
(Sometimes we write L;J instead of L5, to stress the dependence on J within
the definition of approximating collision local times.) Moreover, the limit Ly is
required to be independent of the choice of the mollifier .J. &

It is also convenient to give up the symmetry in the definition of the collision
local time:

Lemma 2 (Equivalent definition of collision local time). In Definition 1 of
the collision local time one can replace the approximating collision local times LS, =
LY by Ly = Ly™7 or L3° = LY defined by

(LY (1), f) = / ds/RdYsl(dy)Yf*Js(y)f(y% t=20, febC,  (17)
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and
L%° = L 18
vy = Ly (18)

Proof. Follows easily by the uniform continuity of f on compacts; see, for instance,
the proof of Lemma 3.4 in [EP94]. |

We will also need the notation of collision measure for a pair of random processes
in Dy, :
Definition 3 (Collision measure Kv). Let Y = (Y'!,Y?) be a pair of random
processes (in Dy, ). A progressively measurable M¢—valued process t — Ky (t) =

Ky (t, -) is called the collision measure of the pair Y, if we have the convergence
in probability

(K5 (t), f) % (Ky(t),f), t>0, febC (19)

Here the approximating collision measures K = K@J are defined by

(K.) o= [ Vi) [ v2(@n) g =) 1(552), (20)
with J. as in (16). Again, the limit Ky is required to be independent of the
choice of the mollifier J. O

Remark 4 (Open problem). It seems to be an open problem whether the pro-
cess t — Ky (t) can be realized in Dy, . <&

2.2. (a,d,B)—pair of interacting superprocesses with killing. First we will

make precise the martingale problem (MP)Z’ﬁ

Definition 5 (Martingale problem (MP)zﬁ) For pairs «a,3, and ¥ asin (1),
and p = (p',p?) € ME, let X = (X', X?) and A = (4!, 4%) be F.-adapted
processes (in D/%Af) such that ¢ — A; is non-decreasing, continuous, starting from
Ay =0, and, for each ¢ = (¢!, ¢?) € 02,

mentioned around (3).

t
t s o= (Xee) _ o= () +/ ds e_<XS7‘P><XS, App — ¢1+B> (21)
0

t
- / <Ads ) ‘P) ei<XS’LP>7 t Z Oa
0

is an F.—martingale starting from 0 at time ¢t = 0 [where we used obvious con-
ventions as in the formula lines (4) and (5)]. Then we say that (X,A) solves the
martingale problem (MP)z’ﬁ. &

A solution (X, A) of this martingale problem is called an (e, d, 3)—pair X =
(X1, X?) of interacting superprocesses in R? starting from Xy = p and with killing
mechanism A. (For existence of a solution, think of the case A = 0 of independent
critical superprocesses; see, for instance, Lemma 14(a) below with kK = 0 =°A.)

We will use the following terminology.

Definition 6 (Measures of finite energy). The pair p = (u!,u?) € MZ of
measures is said to have finite energy if

1
/ ds/ dz '+ pl (2) 2+ p? (z) < oo. (22)
0 Rd
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In this case we write p € Mg, . O

Note that g € M? has certainly finite energy if one of the measures u is absolutely

continuous with a bounded density function. On the other hand, the finite energy

condition is violated if d > 1 and there is a z € R? such that p'({z}) p%({z}) > 0.
Here is our main result:

Theorem 7 (Uniform convergence in approximating Lx»). Fiz «, 3 satis-
fying the dimension restriction (10), and p € My . Consider any family {(X™, A™):
n > 1} of solutions to the martingale problem (MP)z’ﬁ on (Q,F,F.,P). Then,
for n fized, X™ has a continuous collision local time Lxn. Moreover, for each
T>0, febC, and § € (0,1),

lim sup 79( sup ‘<L§(n (), ) — (Lxn (t), f>‘ > 5) — 0. (23)
el0 p>1 0<t<T

Loosely speaking, for this family {X"™ : n > 1}, continuous collision local times

Lxn» could be defined as a uniform in n limit of approximating collision local times.

2.3. Existence of an (a,d,3)—pair of competing superprocesses. Next we
specify the former martingale problem (MP)Z"ﬁ by requiring A* = MLx, i =1,2.

Definition 8 (Martingale problem (MP)zﬁ’)‘). For pairs a,3,9 asin (1), p

in M3, and any pair A = (A, \?) € RZ, let X = (X', X?) be an F.—adapted
process (in Dy,.) such that, for each pair ¢ = (o', ¢*) € @7,

t
t s emXew) _omime) —|—/ ds e*<X“‘"’><XS, Aap — ‘Pl+6> (24)
0

t
- / (Ads, @) e Xt >0,
0

is an F.—martingale starting from 0 at time t = 0, where
A = (A A?) = (M Ix, Lx). (25)

Then we say that X solves the martingale problem (MP)Z"'@’)‘. <

Note that the requirement on the existence of the collision local time Lx is an
integral part of the martingale problem for X. As an application of Theorem 7 we
will derive the following existence statement:

Theorem 9 (Existence of the competing species model). Fiz o, 3 satisfy-
ing the dimension restriction (10) and p € Mg .. Then, for each X € Rf_, there
is a solution X to the martingale problem (MP)z’B’)‘.

Such solution X we call an (o, d, 3)-pair of competing superprocesses in R¢
starting from X = p, and having competition rates A = (A}, \?).

To verify Theorem 9, our strategy will be to show that to each & > 0, there
is a solution (X¢, A®) to the martingale problem (MP)Z"B where A% = N LY,
i = 1,2, with (asymmetric) approximating collision local times Lg’f from Lemma 2.
The construction of (X¢, A¢) is done via a Trotter type scheme: On small time
intervals only one population is affected by the killing provided by the other pop-
ulation. The roles of populations are alternated on subsequent intervals. Then the
interval length is shrinked to zero. Based on Theorem 7 we then pass to a limit
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along a suitable subsequence ¢, | 0 to construct the desired competing species
model.

Remark 10 (Some open problems).  Uniqueness for the martingale problem
(MP)Z"B  remains an open problem. We see two different possible ways to attack
this. One could try to reformulate the competing species model in the historical
setting and to use Evans and Perkins [EP98] to get historical uniqueness of the
model. The other approach may be to use a duality technique (see [Myt99] for
the finite variance case) to prove the ordinary uniqueness for (MP)z’ﬂ ’>‘, but this
approach probably works only in the symmetric case a! = a?, 3! = 82, 9! = 92,
and \! = )2

Another open problem which seems to be interesting is to prove non-existence

of solutions to (MP)Z"B  in dimensions
al a?
d > <@ + oz2> A (@ + ozl) (26)
for A'A%2 > 0. In the continuous super-Brownian motion case, this was solved in
[EP94, Theorem 5.3]. o

2.4. Outline. The remainder of the paper is organized as follows. In the next sec-
tion we will show that, on some probability space, interacting superprocesses with
killing satisfying the martingale problem (MP)Z’E can simultaneously be domi-
nated by a pair of independent critical superprocesses. In Section 4 we carry out a
delicate analysis of solutions to log-Laplace equations with generalized input data.
Properties of solutions to these equations will be crucial for the proof of Theorem 7
which will be provided in the subsequent section. The proof of Theorem 9 is given
in Section 6. It is based on Theorem 7 and an analysis of the limiting behavior of
approximating competing species models. Some auxiliary results are collected in
an appendix.

3. DOMINATION BY INDEPENDENT CRITICAL SUPERPROCESSES

In this section we will show that interacting superprocesses with killing can be
simultaneously dominated by independent critical superprocesses. These results
are generalizations of the case of continuous super-Brownian motions dealt with
in [BEP91]. In Subsections 3.1-3.6 we provide auxiliary results mainly related to
the martingale properties of the processes. They will be used for the proof of the
domination property (see Proposition 21 and Corollary 23 in Subsections 3.7 and 3.8
below). For basic facts on superprocesses, we refer to [Daw93, Dyn94, LG99, Eth00],
or [Per02].

3.1. Extension of the martingale problem (MP)E"B . By standard techniques,

we get the following extension of the martingale problem (MP)z’ﬁ (we skip the
details, cf., for instance, Lemma 6.1.2 in [Daw93]). Recall our conventions as in (4)
and (5), and the set \113_ of time-space test functions introduced in the beginning
of Subsection 2.1.
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Lemma 11 (Extension of (MP)zﬁ) If (X,A) is a solution to the martingale
problem (MP)E’B, then for all v € W2,

t
b o (Kt o= (o) +/ ds e—<xs,¢5><X37 At + 82¢5_¢§+ﬁ>
0 S

t
—/ (Ags,ps)e X >0 (27)
0

is an F.—martingale starting from 0 at time t = 0.

3.2. (a,d,3)—pair of independent superprocesses. We start by recalling the
notion of an (a,d, B)—pair of independent superprocesses X with killing rate &
and immigration processes °A (no dimension restriction is needed here).

Definition 12 (Martingale problem (MP)E‘:SPA). For pairs «,3,9 asin (1),
p = (pt,u?) € M2, continuous k = (rk!,k%) : Ry x R?* - Ry x Ry, and (deter-
ministic) non-decreasing °A = (°A',4%) € D}, with Ay =0, let X = (X', X?)

be an F.—adapted process (in D/%Af) such that for each pair ¢ = (¢!, ¢?) € @2,

t
t s e (Xew) | o= (me) +/ ds e—<Xs,<p><X57 App — Kp — (P1+B> (28)
0

+ / <0Ads ) ‘P> e <XS7¢>7 t Z 07
(O7t}

is an F.—martingale starting from 0 at time ¢ = 0. Then we say that X = BAX
a,B
ok, A ©

solves the martingale problem (MP)

Note the differences with Definition 5. First of all, there we did not allow an
immigration by some °A. On the other hand, here the killing A is of the particular
form A’(d(s,x)) = x’(z) Xi(dz)ds where k is deterministic, leading to the fact

that the pair X has independent marginals X!, X2.

Definition 13 (Pair of log-Laplace functions). Consider pairs ¢ = (¢!, ¢?) in
bB%(RY), ¢ = (', 4?) € bBL (R4 xR?), and continuous k = (k', k%) : Ry xR? —
Ry x Ry . For fixed i € {1,2} and t >0, let u®* = u®*(¢* ") denote the unique
non-negative solution to the so-called log-Laplace equation

ult () = Hi,m<<ﬁi(§§)+ / ds [vilel) - ri(eDuit(€l) - (df(&i))”[’i})

t .
= S @)+ [ ds S [0 - el — (i) @), (29)

(r,z) € [0,¢] x RT. We call u’ =u'(p, ) := (ub (o', ¢1),u>! (92, ¢?)) the pair of
log-Laplace functions (on [0,t] with killing rate x and with input data ¢, ). &

For the unique existence of solutions, see, for instance, [Dyn02, Theorem 4.1.1].
Note that the u! are continuous functions on [0,t) x RY. Moreover, for ¢ €
P2, ¢ € U2, and i,t,k' fixed, u'' = ub(¢’, ") > 0 from the log-Laplace
equation (29) is the unique solution to the ®—valued ordinary differential equation

— —ubt = Ajiubt + 9t — kLubt — (bt on (0,t) x R?
g W) on (0.0) 0

. . .. it ;
with terminal condition u;” = ¢°.
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In the following lemma we collect some standard facts on superprocesses, see, for
instance, Roelly-Coppoletta [RC86], Iscoe [Isc86, Theorems 3.1 and 3.2], Dawson
[Daw93, Chapter 6], and Dynkin [Dyn93, Theorems 2.1, 3.1, and 4.1].

Lemma 14 (Independent superprocesses with immigration). Consider
a,(3,9, 1, °A as in Definition 12. Then the following statements hold.
(a) (Uniqueness): There is a unique (in law) solution X to the martingale
problem (MP)Z‘}’QOA of Definition 12.
(b) (Strong Markov): This X is a time-inhomogeneous strong Markov pro-
cess starting from Xg = p, having independent marginal processes.

(¢) (Log-Laplace representation): X has the following log-Laplace transi-
tion functionals: For 0 < r <t, non-negative ¢ = (¢, ¢?) € bB?(RY), and
non-negative ¥ = (P*,9?) € bB2(Ry x RY),

P {exp[— (Xi, ) — [ds (Xo, )] ‘ fr}

— exp| ~ (X, ul) ~ (A,u) (31)

(r,t]} ’
where, for t fived, u' = ul(p,) is the pair of log-Laplace functions accord-
ing to Definition 13.

(d) (Expectations): For r,t,¢ as in (c),

P{Xe, @) | Fo} = D (XL.Si_ 0" (32)

i=1,2
+ Z / °A! (d(s,z)) Si o' ().
i=1,2 (r,t]x R4

(e) (Exponential martingale): For fited T >0 and in the case ¢ € ®%,
t o exp| = (X, uf (,0)) + (A, u"(9,0)), |, 0<t<T,
is an F.—martingale.

We call this process X the (a,d, 3)-pair of independent superprocesses with
killing rate k and immigration °A, starting from Xo = p. It is said to be critical
if kK = 0. Of course, the X are ordinary independent (', d, 3°)-superprocesses
with killing rate x! and with immigration processes °4%, i = 1,2. We write

(OQa cz7:7 F. ) opu,n,"A) (33)

for the canonical basis of this process.

3.3. Properties of log-Laplace functions. We add here a couple of properties
of these log-Laplace functions, the proofs are postponed to Subsection A.4 in the
appendix.

Lemma 15 (First order considerations of log-Laplace functions). Consider
t,e >0, (p,p) € L x W2 and the pairs u* = u(p,p) and u'* =u'(p,ah) of
log-Laplace functions according to Definition 13 with &k = 0. Fiz i € {1,2}. Then
the following statements hold.
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(a) (Bounded pointwise convergence): For ¢ € &,

1, i
= (uy"™(,0) — ) s Ayip — @' P boundedly pointwise on RY.
9 €
(b) (Uniform boundedness): For ¢ € &, ,
1 . i
sup = [[ub o (0,0) — 0| L < [[Aniglloo + Il (34)
t<s<t+e €

(¢) (Uniform convergence in time-space): For (p,9) € &, x U,

0. (35)

1 . ) t )
sup || 2t (epiev) i~ [ dsSi o
s oo €l0

o<r<t Il €

Occasionally we will also need to handle the case of terminal conditions in £*.

Lemma 16 (£! terminal condition). Fiz i € {1,2} and t > 0.

(a) (Unique existence): Let ¢ € LY. Then there is a unique non-negative
solution u™t = ub*(p,0) to equation (29), and ult is continuous (on RY),
for all v €[0,1).

(b) (Convergence): Let ¢. € LY, € € [0,1], and assume that p. — ¢o in
LY as €] 0 and

sup esssup |¢-(z)| < oo. (36)
0<e<1 zeRd

Then, for each r € [0,t),
u’ (e, 0) T ub(po,0)  uniformly on compacts of R%. (37)
g

3.4. An exponential martingale for solutions to (MP)Z"ﬁ. From the ex-
tended martingale problem in Lemma 11 we will construct another exponential
martingale:

Proposition 17 (Exponential martingale related to (MP)E‘B) Fiz o, 3,9
as in (1) and p € MZE. Consider a solution (X,A) to the martingale problem
(MP)Z"B of Definition 5. Then, for each T >0 and ¢ in ®2,

l— exp[_<Xtvuf(¢70)>_/(J <Adsvuz(@70)>}v 0§t§T7 (38)

is an F.—martingale. Conversely, let X and A be F.—adapted processes (in Dj%,lf)
such that t — Ay 1is non-decreasing and continuous. If for each T > 0 and
@ in ®% the process in (38) is an F.-martingale, then (X, A) is a solution to the

martingale problem (MP)z’ﬁ.
To prepare for the proof of this proposition, we deal with the following lemma.

Lemma 18 (Expectation). Let (X,A) be an F.-adapted process in Dy, with
deterministic initial state Xo and such that A is non-decreasing, continuous,
starting from Ao = 0, and, for each T > 0, ¢ € D%, the process in (38) is
an F.-martingale. Then

P((Xt,1>+<At,1>) = (Xo,1), t>0. (39)
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Proof. By Lemma 15(c), we have

1 .
- ubT(e1,0) () — 1, uniformly in (s,z) € [0,T] x R%. (40)

el0

Hence,

%(1—exp[— <XT751)>—/OT<AdsausT(517O)>}> (41)
3 (Xr,1) + (Ar,1), P-as.

On the other hand, by (38) and again by Lemma 15(c),
1 T
- P(l — exp{ — (Xr,e1)) —/ (Ags, uf(51,0)>}> (42)
0
1 T
= 1—eXP[—<X07u0 (5170)>} T (Xo,1).

T €
By Fatou’s lemma, we get

P((X;,1) + (A1) < (Xp,1) < oo (43)

Now use the above procedure again, domination % ul'(e1,0) < 1, and apply dom-
inated convergence to get the desired result. ]

3.5. Proof of Proposition 17. 1° (First claim). Let (X, A) be a solution to
(MP)Z"B, and fix T, as in the proposition. Consider additionally ¢ € ¥% . Re-
call our convention (5). From the integration by parts formula for semimartingales
(see, for instance, Protter [Pro90, Corollary 11.22.2]),

e,<X,“¢.t) e—(Aﬂ/))[OJ] . 67<X07¢0> (44)

t
= —A <Ad5,’l,bs> eXp[_ <Xs a¢s> - <Av¢>[0,s]

+/ de— (Xss¥s) g = (Ao,
(0,t]

In fact,
t — e—(Aa"M[o,t]) 0<t< T, (45)

is a continuous function of bounded variation, hence its quadratic variation process
is constantly 0. But then the bracket process of the two semimartingales

toe X% and ¢ e AP0 (46)

vanishes (use, e.g., the Kunita-Watanabe inequality, [Pro90, Theorem 11.25]). Note
also that by the continuity of A no left limits appear in (44). Next use the extended

martingale problem from Lemma 11 to substitute for de™ %) into (44). This
implies that

t— exp[ — (X, ) — <A’¢>[O,t]] — e Xoowo) (47)
+ /0 s exp| - (X0t5) — (Act8) ] (X Aot + Lap 1),

0 <t <T, is an F-martingale. Specializing to ¥ = u?(¢,0), the first claim in
the lemma follows since this % solves the differential equation (30).
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2° (Second claim). Now let (X, A) and ¢ be such that the process in (38) is a
martingale. Assume for the moment that

t
t— Z;+ / ds Z; <Xs , Agp — g01+ﬁ> is a martingale, (48)
0

where
Z = exp| = (Xi, 0) = (A @)y, t=0. (49)

By the integration by parts formula (see, for instance, [Pro90, Corollary 11.22.2]),
applied to the semimartingales

ts Z, and tr AP0 (50)
we get
t
e~ Xee) — 7 AP0y — Zo+/ d(e<Aa<P>[0,s]) Zs+/ d(Z,) PRSI (51)
0 (0,¢]

t
= ZO+/ (Ags, @) e<A"”>[o,sJZs
0

t
— / ds Z, <XS, Aqgp — gol+ﬁ> o AP0
0
+ / d(local martingale), ¢ ®10.,
(0,¢]

where in the last step we used the martingale (48). Hence, by definition (49) of Z,

o (Xup) — o~ (Xo) (52)

t
4 [ (a0 + a5 (Xe, ~Bag+ 18) ) e o) 4 a7,
0

where M? is a local martingale. To get the martingale statement (21), we need to
show that M¢¥ is indeed a martingale. But for any 7 > 0,

sup [M;| < sup ]e*<xt""’> — e*<X°"P>| (53)
t<T t<T

t
+ sup/
t<T Jo

T
< 1t el (A7 1+ (J8aploe + 0127) [ ds (X,1).

o~ (Xs:)

(Ags, @) +ds <XS N Lp1+ﬁ>

where, by a slight abuse, we use notation as [|¢]lcc = [|¢*|lec + |©?]|ec - By
Lemma 18, the latter expression has finite expectation, hence P sup,«r |M/| < oco.
Now the martingale claim on M% follows, for instance, from [Pro90, Theorem 1.47].
It remains to verify the martingale statement (48).

3° (Sufficient condition for (48)). Note first that

1 €
t — E'P{/OdSZt+S

is a martingale, for each € > 0 (see, for instance, [EK86, Proposition 2.7.5]). The
first term goes to Z; in L' = L1(P) as e | 0, for each ¢t > 0, by dominated

t
J—'t} _ 1/ As P{Zsre—Zy | Fs) (54)
€ Jo
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convergence. Now, in order to get (48), it is enough to check that in £!,
1 t t
7/ ds P{Zere—Z, | Fo} — 7/ ds Z, (Xo, Aap =9 *P),  (55)
g Jo el0 0

for each t > 0. Note that
e Y P{Zi~Zi | Fi}

= ei<A7(P>[0’f’] et P{QXP[ - <Xt+s s uiii(‘f’a 0)> - <A7 "p>[t7t+5]:| —e (X

7}

Ly = oA gl’P{eXp{—<Xt+E, iE,0) (A @y pn|  (56)

We split this into the two terms

- exp{ — (Xiye ) — /tt+E<AdS7U§+E(4p,O)>} ‘ ]—}}

and

t+e
IIE,t = e_<A’LP>[O’t] E_l P{ exp[ - <Xt+6 ’ 90> - / <Ads 7u§+6(% 0)>}
t

_ e*<Xt,<P>

]-‘t}. (57)

4° (Error term I. ;). For the “error term” I.; we use the estimate

t+e
- 6_173{ e—<Av‘P>[t.t+sJ—exp{ _/ <Ad57u§+6(‘P70)>H ‘ ft}
t

t+e
—1 _q,ttE
< e P{/t <Ads,|<,a ut ((p,0)|>‘}"t}. (58)
By Lemma 15(b), we have

e et —ud @0 < 8wl IR = s = esale’),  (59)
t < s <t+e. Therefore, with 0 <e <T A1,

‘Ia,t

T T
’P/ dt |I.4| < 059/ dt P(A, 1) 40 (60)
0 0
T+e T
— 0597:(/ dt <At,1>—/ dt <At71>>
c 0

T+He
C59 P/ dt <At N ]_> S € Cr9 P(AT+1 N ]_>
T

IN

IA

€ Cx9 </J’7 1> e—lO) 07

where the last inequality follows from Lemma 18. Hence, we get that

T
[[w i,
0

T 0 in £', for any T > 0. (61)
€
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5° (Main term II. ;). We start with the identity

P{ eXp{ — (Xitesp) — /tt+E<Ads,u§+E(4P70)>} ‘ ft} (62)

t+e

S A

— e_ <Xt7u;+E(LP70)>

)

where in the last step we used the martingale assumption concerning the process
in (38). Thus,

I, = ¢ A®0g 1 (e—<Xz»U§+E(%0)) _ ef<Xf,,<p>). (63)
But

lim &1 (e—<xt,ui*5<«p,o>> _ e—<xt,¢>) (64)

€10

= — e*<Xu4P> 11?01 671<Xt , u£+6(507 0) _ S0>
€

= — e (Xe®) <Xt, Aqp — g01+ﬁ>, t>0, P-as.,
where the last limit follows by Lemma 15(a). Combined with (63), this gives

lim 1., = ~Z <Xt, Aago—<p1+ﬁ>, t>0, P-as. (65)
€
Now note that
1 the 1
[Heg| < < [em®en@0) _omXeel| < = (X, [uf**(p,0)~¢|)  (66)

< c¢x9 <Xt , 1> , &t>0, P-as.,
where the last inequality follows from (59). Hence, since fOT ds (X;,1) <oo, by the

dominated convergence theorem, we obtain

T T
/ dt I, , W —/ dt Z, <Xt, Aqp — <p1+5>, P-a.s., T >0. (67)
0 € 0

Apply again (66), Lemma 18, and dominated convergence to conclude that conver-
gence in (67) is also in £L1-space. This gives (55), and hence finishes the proof of
Proposition 17. ]

3.6. Another martingale. Proposition 17 and Lemma 18 immediately have the
following implication:

Corollary 19 (Expectation). Let (X, A) be any solution to the martingale prob-
lem (MP)>?. Then,

Another consequence is the following result.

Corollary 20 (Another martingale). Let (X, A) be any solution to the mar-
tingale problem (MP)Z"B. Then, for i € {1,2} and o' € &,

t
t = Mi(¢") = <XZ,¢>*<M7¢>*/O ds (X1, Aqi0") + (A}, ¢")  (69)
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are F.—martingales starting from 0 at time t = 0.
Proof. Without loss of generality, take i = 1 and ¢ = (©',0). Then
t o MM(p) = é(l —e(Xiet)) - %(1 — el (70)
- %/Otds e (Xieet) (X1 eApp') + /;(A}is ,¢1>67<X;’E<‘01>
+ %/tds e_<X§’5“’1><X51,51+51(<p1)1+ﬂ1>
0

is a martingale. Now let us check that all the terms converge in £!. Clearly,

1 Ut et
g(l—e {u “D>> o (el (71)
Also,
1 (X! eo! .
R (1—e (Xiep >) T (X} ") inL', t>o0, (72)

by Corollary 19 and dominated convergence. The third and fourth terms in (70)
are dominated by

/Otds <X;,|Aalga1|> and <A%,gpl>, (73)
and hence converge in £! to
/tds <X81,Aa1g01> and <A%,<p1>, (74)
0
respectively, again by Corollary 19 and dominated convergence. Similarly, the

last term converges to 0 in £!. Since all these terms converge in £, we get the
convergence statement

M (o) ATy M{(p') in L (75)
Hence M!'(¢!) is a martingale, and we are done. |

3.7. Domination by independent critical superprocesses. Here we want to
make precise the mentioned domination property. For this purpose, let (X, A) be
any solution to the martingale problem (MP)Z"ﬂ . Conditioned on (X, A), we will
consider the (o, d, 3)-pair #X of independent critical superprocesses with immi-
gration A and starting from the pair A#X, = 0 of zero measures. Our purpose
is (by using this random family AX) to construct an (e, d,3)pair X of inde-
pendent critical superprocesses dominating X, by, loosely speaking, adding up
X +AX =: X. In other words, we reintroduce the population masses AX which
had been killed by A within the process X. Note the different roles of A : within
X it describes the killing, whereas within AX the immigration.

The following formalism is essentially recalled from [BEP91, Theorem 5.1]. Write
now (Q,F' F/,P") for our original stochastic basis entering into the martin-
gale problem (MP)Z‘”6 of Definition 5. Recall (X,A) = (X(u),A(w')) is a
solution to this martingale problem. Recall also from (33) the canonical basis
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(°Q, %F,%F.,°Ppu,a) corresponding to the (a,d, 3)-pair of independent critical
superprocesses with immigration °A of Lemma 14. Redefine

Q= 0x°Q F:=FxF F =FxF, (76)
and set
X(w) = W, w=(u,W) e (77)
Then we reintroduce a probability measure P on (£, F) by
P(dw) = P'(dw’) °Poea(d W), w=(v,W)eQ, (78)

where, according to Lemma 14, °Pg s is the canonical law of the (a,d, 3)—pair
AlWX of independent critical superprocesses with immigration A (w’) and starting
from A« Xy = 0. We will show below that this implies that conditioned on (X, A)
the process X coincides in law with the (a,d, B)-pair #X of independent critical
superprocesses with immigration A and starting from Xy = 0, just as desired.
Finally, write 7 : Q — Q' for the projection map w = (v’, W) — ', and set

X = Xor+X. (79)
Proposition 21 (Domination). Fiz o,8,9, pu as in Definition 5. With notation
as in (76)—(79), the following two statements hold.
(a) (Interchange): For any F € bF’ and t >0,

P(Fom|F) = P (F|F)om, P-as. (80)

(b) (Pair of independent critical superprocesses): X = Xon + X is the
(e, d, B)—pair of independent critical superprocesses without immigration (that
is, Kk =0= A in Lemma 14) starting from Xo = .

Roughly speaking, by enlarging our stochastic basis we got the almost sure
domination X < X of the (a,d, 3)—pair X of interacting superprocesses by the

(e, d, B3)—pair X of independent critical superprocesses, where X = X .

Proof. Part (a) follows as in the proof of the corresponding statement in [BEP91,
Theorem 5.1], but for (b) we need some modifications of their proof as the lack of
continuity of the processes induces us to use exponential martingales.

Clearly, X has the required pair p of starting measures. Fix ¢ € <I>i . Set

Froi= F'x°F, t>0. (81)
First we will show that for 0 <r <'t,

P{67<Xf"”>| ]:'T} = exp[f <Xr,uf,(<p,0)> - <A,ut(<p,0)>[m]}, P-as., (82)
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with u?(¢,0) from our Definition 13. In fact, for B’ € ' and °B € %,, by
definition (78) of P,

Py (o %o - (Rl (0,0)) — (Au'lo0) ) 69

P'(dw') *Po.oa 1o (exp{ (AW (2,0))

B’

0.7:7}

—exp| = (X, ul(,0)) — (A(W), ut(¢,0)>[m]}>-

OPo,oA{exp[ — (X )+ (AW, u' (g, 0)>[o,t1}

But by Lemma 14(e), for each fixed ¢ and w’,
P e[ (%o ul(e.0)+ (AW) (@ 0),, ] 0<r<h (80

isan ﬁfmartingale. Hence, since ul(p,0) =¢, the middle, conditional expectation
expression at the right hand side of identity (83) equals

exp |: - <X7” s uwtﬂ(‘p7 0)> + <A(w/)7 ut(so’ 0)>[077‘]:| ' (85)

Thus, altogether the right hand side of (83) vanishes, and the claim (82) follows.
Next, from Proposition 17 and the part (a), we get that for fixed ¢ > 0,

T exp{—<XTO7r,uﬁ(cp,O)> (A omu'(p, )>[0 J 0<r<t, (86)

is an F.—martingale. We will use this to show that for 0 < r <t,

’P{exp[—(Xtow,<p>—<Ao7r,ut(<p, - ’.7—'} (87)
= exp(X, om,—ul(y,0)).

Indeed, the left hand side can be written as

exp{<A om u(ep, O)>[0’T] ] P{exp[ —(Xyom p) — <A om u'(p,0) [0 9 ‘.7: }
(From (86) we may reformulate it as

exp[(Aomut(cp,OD[O,r]} exp[— (X om,up(p,0)) — (Ao, u’ (‘P’0)>[ 'r]:|’

and (87) follows.
Finally, we will show that for 0 <r <t

P{exp<Xt om+ Xy, —p) ’ .7-}} = eXp<X7> om+X,, —u(p, O)>, (88)

which by the log-Laplace representation in Lemma 14(c) says that X = X o + X
is the desired (e, d, 3)—pair of independent critical superprocesses without immi-
gration. We start from

’P{exp<Xto7r+Xt, - ‘]—"} = P{ X om, w)p{e%xmp) ‘j—r} ‘fr}.
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By (82) we may continue with
= Pleenelon (% utle.0) - (Aomu'(e.0),, || 7}

= eXp<XT’_ui(<P=O)>P{eXP[— (Xiom, o) — (A o7r7ut(cp,0)>[r7t]} ’ _7-'7,}.
By (87) we get

= exp<X,« ,—ul (¢, 0)> exp<XT orm, —ul(ep, 0)> = exp<)_(,« ,—ul (¢, O)>7 (89)
finishing the proof. [

3.8. Simultaneous domination by independent critical superprocesses.
In the previous subsection, for each solution (X, A) to the martingale problem
(MP)Z"B we found a stochastic basis such that, on this basis, X is a.s. dominated
by the (e, d, 3)—pair of independent critical superprocesses X without immigration.
This construction can actually be done simultaneously to all solutions to (MP)E"ﬁ ,

that is, on a common stochastic basis, with the same X. This follows from the
following lemma.

Lemma 22 (Simultaneous domination). Let {Y" €D}, : ve T} be a col-
lection of pairs of random processes. Suppose that for each v € T there exists
YV e D/%/(f such that

Y'< Y as., (90)
where all the YV are identically distributed. Then there exists a common probability

space (Q,.?E, 75) on which some {Z“ € D/%/(f T v E T} and Z € D/%/tf are defined
such that (Y“,Y“) coincides in law with (ZU, Z), for each v e Y.

In words, there is a Z which equals in law to any of YV and dominates a.s. all
the Z" simultaneously.

Proof. Denote by @ the law on D/%Af of YV (recall that @Q is the same for any
veET). Let Z GD/%/[f be defined over a probability space (g, Fa,P2) with law Q.
Fix an arbitrary v € T. Denote by Qv the joint law on D/%Af X D/%Af of (YV,Y").
Also, let @, denote the regular conditional distribution on D/%Af of YV given
Y" =y. Hence,

Q"(d(y1,92)) = Qy,(dy1) Q(dyz), (y1,42) € Diy, - (91)

Let (21, F1,P1) be another sufficiently rich probability space. Now for Py—almost
all we we may construct ZY(wp,ws) on

(Q,]:-,’/B) = (Ql X Qo, F1 ® Fa, P1 XPQ) (92)
with conditional law Q%(w). Piecing everything together we get that the pair

(Z“7 Z) is defined on (Q, F, 75) , and its joint distribution is given by (91), which
coincides with the law of (Y”,?) . By repeating this construction on (£, F,P)
for all v € Y with the same Z, we get the desired result. [ ]

Combining Lemma 22 with Proposition 21 we obtain the following result:
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Corollary 23 (Simultaneous domination). Fiz «,B3,9,p as in Definition 5.
Let {(X“, AY):ve T} be a family of solutions to the martingale problem (MP)Z"B.
Then there exists a probability space (Q,F,P) on which a family

{(’X”,’ v X): UGT} (93)
is defined and posses the following properties:

(a) (Same laws): ('XY,’A?) coincides in law with (XY, A?), for each v in Y.

(b) (Independent superprocesses): X is the («,d,3)-pair of independent
critical superprocesses without immigration, starting from Xg = u.

(c) (Domination): For any v € Y, given ('XV,’AY),

XV = X —'XV (94)

is the (o, d, 3)—pair of independent critical superprocesses starting from ’Xg =
0, and with immigration Av.

For convenience, we introduce the following convention.

Convention 24 (Simultaneous domination). Without loss of generality, from
now on we will assume that any family {(X“7 Av):ve T} of solutions to (MP)Z"'EJ
is defined on a common probability space where they enjoy simultaneous domination
by X as described in Corollary 23. O

4. LOG-LAPLACE EQUATION INVOLVING GENERALIZED INPUT DATA

In this section we establish some properties of solutions to log-Laplace equations
involving generalized input data (see, e.g., Proposition 34). The developed frame-
work is used in Subsection 4.4 to show the existence of collision local times and
collision measures for pairs of independent critical superprocesses for a more gen-
eral class of initial measures than was known before. We also give their log-Laplace
representations (Proposition 35). The log-Laplace technique will be also crucial in
Section 5 for the proof of Theorem 7.

4.1. Energy conditions. We define the suitable sets of measures and measure-
valued paths used as input data for log-Laplace equations.

First we need some more notation. Besides the space Dy, , for each T > 0, we
introduce the space D}:,lf of all cadlag paths v : [0,T] — M;¢(R?), equipped with
the Skorohod topology. We need also the space B of all (equivalence classes of)
measurable paths v : [0,7] — M;¢(R?). Note that to each v € DY, there is a
unique element in 7. For this reason, we do not distinguish in notation within
this correspondence.

Besides the spaces bC and C, we need to introduce the spaces bC., which refer
to bC but equipped with the topology of uniform convergence on compacta (the
index “co” stands for “compact open”).

For T > 0 and measurable ¢ : [0,7] — R, put

lgllz = esssup|gs|, (95)
0<s<T

whereas for measurable v : [0,7] x R? — R and B C R? set

1]

7,5 = sup esssup |, ()] (96)
zeB 0<r<T
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and write
| l7e0 = Il ll7,Ra- (97)
Write S and p for the semigroup respectively for the continuous transition kernel
of the symmetric a-stable process with generator A, := —9(—A)*/2A,, ¥ > 0,
0 < a <2 For nel0,d (with d the dimension of R?), set
heg(y) = e —y[™",  @,yeR™. (98)

Definition 25 (Energy conditions). Fix 7 € [0, d).
(a) (Measures): We say the measure p € M; has weakly finite n—energy and
write p e M{°, if

(t,hey) < 00 forp—almost all x € RY. (99)

(b) (Paths): Fix T' > 0. We say, the deterministic (measurable) path v in
BT has finite n—energy and write v € L1, if

V]| —pr = sup [[(v.,hay)|, < oo (100)
zER?

It is said to have weakly finite n-energy and we write v € P70, if
(Vs hyn) < oo for dsvg(dz)-almost all (s,z) € [0,T] x R? (101)
holds. <&
Example 26 ((a,d, 3)—superprocess). Fix any n € (O,min(a/ﬁ, d)) Let X

denote the critical (e, d, 8)—superprocess (without immigration) starting from g in
M;. Then

Xy e MP°, P-as., t>0,

(102)
{X;:t<T}epme, P-as, T>0,
(see [Myt98a, Lemma 22 and Corollary 4]). &
In BT we introduce a topology by saying that v — 0 in P if

sup esssup ||vy|| < oo, (103)

n>0 0<s<T
sup [[v"|| =y < o0, (104)

n>0

ds vl (dx) o ds v2(dz) in M{ = M;([0,T] x R?) (105)

(equipped with the weak topology). Roughly speaking, the v™ converge, if the
measures v"(dz) are uniformly bounded, the paths v™ have uniformly finite n—
energy, and they converge weakly as time-space measures.

Lemma 27 (Some compact sets). Fiz T > 0. Suppose Cisa compact subset
of D}th. Let

C = {y ep™: I35 e C with v <7 in apT}. (106)
For m >0 fized, set
cm o= {V eC: ||V]|-pr < m}. (107)

Then C™ is a compact subset of P11,
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Proof. Fix m,T > 0. Let {v": n > 1} be any sequence in C™. We have to find
a subsequence {v™* : k > 1} converging in P77 as k T oo to some v € C™.
First of all, to each n there is a ¥ € C such that

V< o (108)

Since C' is compact, there is a subsequence {7™* : k > 1} converging in Cc Dﬂf
as k T oco. From the domination (108), we get (103) with sup,~, replaced by
sup,,>; - Moreover, (104) follows from (107), again excluding n = 0. Introduce the
measures

uk(d(s,x)) = ds v (dz) < ds o (dz) = @"(d(s,z)) (109)

on [0,T]xR?. Since the #™* converge in Df/[f, the measures fi* converge in MfT
Then the domination (109) gives the relative compactness of {u*: k> 1} c M{.
We may assume that this sequence converges as k T oo (by taking a subsequence
if needed) to some u® € MT. It remains to show that u° has the form

p’(d(s,z)) = dsvd(dz) with v) € M; for almost all s, (110)
and that 10 satisfies
esssup ||| < oo and V0,1 < oo (111)
0<s<T

;From the weak convergence p* — p° in ME we get
T
| asso) 10 (d(s,2)) f2 o(x), (12)
0 kToo Ji0,1)xRd
f€c(0,T)), g€ C. However, by (103),
sup H<VT-”€71>HT < 00, (113)
k>1

hence, from (112), for any fixed g € bB, the (finite) signed measure

01(ds) = [ 4(d(s.2)) g(x) (114)
R4
has a total variation bound
109(ds)] < ligllo sup || 1)) ds. (115)
k>1

Thus, for any g € bB, the signed measure ©9(ds) is absolutely continuous, that

is, by Radon-Nikodym it can be represented as
09(ds) = ©%ds (116)

(see, for instance, [Doo94, Theorem 10.7]). But as a functional of g € bB, the
signed density functions s — ©¢ are almost everywhere non-negative, provided
that g > 0, they are almost linear, that is,

QU+t — 40 109, for a.a. s, where a,beR, f g€ DbB, (117)
and they satisfy
eI  0J foraa.s, if 0<g,Tg foraa. s. (118)

mToo
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Then by [Get74, Proposition 4.1], there is a bounded kernel from [0,7] to Mg,
denoted by ©°, such that

07 = (10, g), for almost all s. (119)

Consequently, (110) is true. It remains to show that (111) holds.
Clearly, the first part of (111) follows from the dominations (108) and (115). On
the other hand, the n—energy of v° is bounded by m. In fact, define

hey = hay AL, (>1, zeRL (120)

Since v™ € C™ for all k, we have

4
@?“’ ds < sup ||<l/,”’“,him>||Tds < mds, (>1, xR (121)
k>1
Hence, by (119) and (121),
14
O = WOnL,Y < m, aa s, £>1, wzeR% (122)
By monotone convergence,
0 — 1 0 ¢ d
Ve hay) = %ITI;IO (vl hyy) < m, aa.s, xr € R% (123)
Thus, ||v°]|_,,7 < m, that is, v° € C™, and the proof is finished. ]

4.2. Log-Laplace equation involving generalized input data. To describe
the log-Laplace functionals of some collision local times and collision measures, we
need to allow that generalized input data enter into the log-Laplace equation.

In this subsection, we fix constants

a€ (0,2, Be€(0,1, 9>0, and 0<ny<d. (124)

Combining the proofs of the Theorems 2 and 3 in [Myt98a], we get the following
result.

Proposition 28 (Log-Laplace equation involving generalized input data).

Suppose d < G +mn. Fix T >0, p € MPC, and v € PT1° (recall Definition
25).
(a) (Existence): There ewists an element w” = w”(u,v) € LY" N Efﬂ’T
satisfying

T T
w! (z) = p*pr_, () +/ ds vex ps_r (z) — / ds Sy (D)) (z), (125)

for almost all (r,z) € [0,T) x RY.
(b) (Uniqueness): For each solution wl € Ei’T N Lf‘ﬁ’T to (125),
T

pepror ()4 [(dsvrps ()= [dsS(@DP) () (20)

T T

= @l = wl'(uv) e LLNLrHP

T

is well-defined for all r € [0,T). Moreover, if w? 2w’ € E};T ﬂﬁfﬁ’T are

solutions to (125) and '@ ,2w” are defined as in (126), then
Yol = 2wl in L, for all r €(0,T). (127)

T

In particular, 'w” = 20T in £YT 0 LT
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Note that heuristically integral equation (125) can be written as

9 T _ T T\143 v, (dz) d
5l = Agwy — (wi ) TP+ e on (0,7) xR

d
with terminal condition wh_ = 'ufi 2)
x

(128)

where % denotes the generalized derivative of the measure p(dx).

Remark 29 (Extending the dimension range). If in the previous proposition,
u is absolutely continuous (with respect to Lebesgue measure), then the assumption
on the dimension can be weakened to d < o + % + 7, again by Theorems 2 and 3
(and their proofs) in [Myt98a]. <&

Further on we will need to define particular everywhere non-negative representa-
tives of £ —solutions introduced in Proposition 28. The next two technical lemmas
are a necessary preparation for this.

Lemma 30 (Continuous representative under truncation). Fiz T > 0 and
vephme. Let pe MP° and d < 77+% , or w asin Remark 29 and d < a+%+n.
For fizred t € (0,T), define

vi(dz) = 1p7(s) vs(da), 0<s<T, (129)

and consider the solution w? = w™ (u,v?) according to Proposition 28. Then,

T T
ol (z) = pxpr_, () + / ds vixps_, (x) — / ds Sy (D)) (z)  (130)

r€[0,T), z € RY, defines a representative w? = w7 (u,v*) of wT (u,vt) which,

for each r € [0,t), is non-negative and continuous on RY.

Roughly speaking, if on [0,¢] the forcing term v is set to 0, then on [0,¢] the

corresponding £, -solution w” has a non-negative continuous representative w”.

Proof. By Proposition 28,
wi (p,v') € L1 (131)

Moreover, by definition (129), and the semigroup property of solutions, it is easy
to see that

ol (p,v') = ul(wf (p,v"),0), 0<r<t. (132)
Hence, by (131) and Lemma 16(a), we are done. ]

We will use this lemma to proof the following result.

Lemma 31 (Non-negative representative). Impose the assumptions from the
previous lemma. If wT = w? (u,v) solves (125), then the following inequality holds

T T
/ ds Ss—r (WI)™) (x) < pxpr—, () + / ds ve* ps_r (T) (133)

for all (r,z) €10,T) x R%, for which the integral at the right hand side is finite.
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Proof. Fix r € [0,T) and let ng so large that 7+ 1/ng < T. Then with @’ from
Proposition 28, define, for 0 < s <T and n > ng,

Wl = wT('LL,VT+1/n), (134a)
@ = @7 (u, Y™, (134b)

where
vit = Ly () vs(dz),  0<s<T. (135)

By Lemma 30, w!'™ is non-negative and continuous on R? for all n > ng. By

monotonicity properties (see Corollary 3 of [Myt98al), for all n > m > ng,
wl™(x) > wl™(z) for almost all z € RY, (136)
hence, by the continuity of w!™",
@l (x) > wl™(z) for all x € R (137)

On the other hand, for all 2 € R?,
T

0 < @wl"(x) = pxpr_, (a:)+/ y ds vg* ps—_ () (138)
r+1/n

T
7/ ds SS_T((wz’")1+B) (x).
As n 1 oo, by Theorem 3(i) in [Myt98a],
wh™ 1 some w'>® in E}F’Tﬁﬁljﬁ’T. (139)

Note that wl> = wl for s € [r,T). By monotone convergence theorem, from
inequality (138) we get

T T
0 < jtprr (2) + / ds vek pa_y (a) — / ds Sy_ (WI)#P) (), (140)

for all those z € R? for which the first integral term at the right hand side stays
finite. This finishes the proof. [

Definition 32 (Non-negative representative). Under the assumption in Lem-
ma 30 we now define the following representative u’ = u” (u,v) of wT = w” (u,v)
from Proposition 28:

prpr—r () + [ s virpes @) = [ ds S (WD) ()

T
ul(z) = for all (r,x) € [0,T) x R, for which the first
integral term is finite,

400, otherwise.

Note that by Lemma 31, u” is non-negative everywhere on [0,T) x R? and we
have the domination
T
0 < ul(z) < p*pr_, (z) +/ ds v ps_p (), (r,z) €[0,T) x REL  (141)

For the further procedure, we adopt the convention to set F(+oco) := 0 in case ul

enters as an argument into a function F' on Rj. <
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Lemma 33 (Subadditivity). Let p,v and p',v' satisfy the assumptions in Lem-
ma 30 (or Lemma 31). Then for the representatives from Definition 32 we have

ul(p+p' v+ v) < ul(p,v) +ul(W,v)  everywhere on [0,T) x REL  (142)

Proof. This follows easily from Lemmas 10 and 11, and Corollaries 2 and 3 in
[Myt98a] together with the monotone limit construction of @w? in the proof of
Lemma 31. [ |

4.3. Continuous convergence of log-Laplace functions. As a preparation for
Section 5, we will establish some uniform convergence properties of log-Laplace
functions with respect to input data. We need to impose the following parameter
restrictions:

a€ (0,2, B€(0,1], ¥>0, and ne ((d—a)s,d). (143)
Recall notation J. from (16) and P77 from Definition 25(b).
Proposition 34 (Continuous convergence). Fiz T >0 and a constant n sat-

isfying (143). In BT, consider a converging sequence v™ — 1 as n 1 oo. Let
JY and J? be any mollifiers. For n >0, T >0, and 0 < e',e% <1 fized, let

F =T (0,0 [Th + J2]) > 0 (144)

un,T,elA,s

be the unique solution to the equation

T
u:L,T,El,EQ (Jj) = / dS (V;L*[Jell + JEZ]) * ps—T (aj) (145)

T
s

(r,x) €[0,T] x R? (recall Definition 13). Then, if (rx,xr) — (r,x) in [0,T] x R?
as kT oo, the limit

1 2
u?};T’g € () =: u?(as) (146)

im
n,kToo, 1,62 10
exists, and uT = {ul'(z): (r,x) € [0,T] x R} is the time-space continuous rep-
resentative u® (0,20°) of wl = wT(0,20°) € EiT N Efﬁ’T (according to Defini-
tion 32), the unique solution from Proposition 28 [with (u,v) replaced by (0,2v°)].

Compared with Proposition 28, the novelty of this proposition is that it states
the unique existence of a continuous solution u? = uT(0,21°).

Proof of Proposition 34. 1° (Uniform domination). Fix all the quantities as in
the proposition. First of all, note that, for fixed n,e!,e?, the functions
(s,9) — vi*[Jh +J2](y), 0<s<T, yeR, (147)
satisfy
[ [ T4 + %

]||T’c>o < o0 (148)

[recall notation (97)]. Therefore u™7¢" <" in (144) is well-defined (see Definition
13 and references afterwards). Next, there is a constant c149 = c¢149(J, @, d) such
that for ¢ = 1,2,

J* < ciaop1, hence 0 < JEi < €149 Pea e > 0. (149)
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Thus, for (r,x) € [0,T] x R?,

0

IN

/ Cds (Vs lUL + A pas (2) (150)

IA

T
6149/7’ ds v [p(etyotsr + Ple2)oss—r| (T).
But there is a constant c151 = ¢151(d, , ) such that
ps(z) < crg s~ @M/ g7, s>0, xe&R% (151)
see [Myt98a, Lemma 4]. Note that (d—n)/a < 1, by assumption (143). Therefore,

there is a constant c¢150 = ¢152(J, v, d, ) such that

T
/ ds (vI*[Jh + J2])* ps—r (2) (152)

T

e+T—r
< cis2 sup [V 1 / ds s—d=m/e &
n>0 0
with £ := (¢1)* + (¢2)*. In particular,

24T
0 < uf’T’51’52(x) < c152 sup||1/"|\,777T/ ds s~@=m/e < o0, (153)
n>0 0

2° (Decomposition). Assume additionally that r < T, and take § > 0 such that
r =+ 26 <T. We may also assume in addition that r; < r 4+, for all k. Choose a
compact C C R? such that z;, € C for all k. Then we decompose

T
I — I;:T,gl’52(xk) = / ds (y;‘*[Jsll +J€22])*ps_rk (xx) = L+ 1 (154)

Tk

where

rk+5

I = / ds (V;L*[Jall + J€22])*psfrk (mk)7 (1553‘)
Tk
T

12 = / ds (I/;l*[ngl +J522])*psfrk (mk) (155b)
re+0

3° (Error term I;). By (152), I; is bounded from above uniformly in & and n
by

e+6 )
e sup [ =1 / ds s~/ s ¢ sup |V —pr / ds s—(d=m/e
n>0 0 el,e2]0 n>0 0
which goes to 0 as ¢ | 0.
4° (Conwergence of Iy). First of all, with GT—=% from (A1) in the appendix,
T—6
b= / ds g wpey, (k) = (G709 ), (), (156)

Tk

where, for the fixed 9,
Wi = (kT TR e ps,  0<s<T -4 (157)
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Using notation (97), it is easy to see that by (103),

1 .2
sup [9™% llr—s,00 < Ps(0) sup esssup || < oo, (158a)
n>1, 0<el e2<1 n>1 0<s<T
[¥llr—s,00 < Ps(0)esssup [[]]| < oo, (158b)
0<s<T
where

Vs 1= (2U9,,)* Ps 0<s<T-4. (159)

Moreover,
lim ¢f’51’52(33) dsdz = ts(z)dsdz in M. (160)

nloo, €1,e2]0

Then, by Lemma A3 in the appendix, GT~%¢ € bC ([0,T — 6] x R?), and

GT*ﬁ n,51,€2 . — GT*(S r 161
o dm (G, (@) = (G0 () (161)
that is,
T
li I, = ds (209)% pe_r (). 162
k,nTool,Hsll,sle ? ~/r+6 s VS)*p (m) ( )

5° (Convergence of I). Combining steps 3° and 4° we get

T
lim 1T () = / ds (200) % pa_y (2), (163)

k,n Too, €1,e2|0
that is,
im GT(v"*[Jh + J%]) = GT(20°) in bCk([0,T] x RY).  (164)
k,nToo, €t,e2|0
6° (Non-linear term). By (153), the set
{(u"vTﬁl»sz)Hﬁ cn>1,0<ele?< 1} (165)
of functions on [0,7] x R? is uniformly bounded. Then Lemma A1 implies that

{GT(unﬁT’flf)”ﬁ cn>1,0<el,e? < 1} (166)

is relatively compact in ijo([O,T ] x Rd). Thus, for each subsequence of n T oo,
el e? | 0, there is a further subsequence such that along this subsequence, in
bCH ([0, 7] x R?) we have the convergence

GT(u"’T’El’Ez)HB — some F7T. (167)
Combining with step 5°, we obtain that along this subsequence,
u T some uT (168)
in bCJ;([0,7] x RY). Then use again (167) and Corollary A2 to see that
GT (T ) GT (W) i bes ([0, 7] x RY) (169)
along this subsequence. Putting all together, we obtain that
uT = GT(20°) — GT (W) in bCeo ([0, T] x RY), (170)
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or equivalently,

T T
() = / ds (20)% ps_» (z) — / ds Sy (W) (@), (7))

(r,x) € [0,T] x R, By Proposition 28 and Definition 32, the function u” is the
non-negative (and actually continuous) representative u?(0,219) of the unique
solution w?'(0,219) € E}F’T N £i+B’T of (125) [in the case (u,v) = (0,20°)]. By
this uniqueness, u’ € bC;;([O,T] X Rd) does not depend on the choice of all the
subsequences, and the proof is complete. [ |

4.4. On collision local times and measures of independent superprocesses.
The main result of this subsection, Proposition 35, extends Theorem 1 of [Myt98al
for a more general class of initial measures.

Let X be the (a,d, 3) pair of independent critical superprocesses without im-
migration with parameters «,d,3 satisfying condition (10). If p is a measure
on R? and f > 0 a measurable function on R?, we write p-f for the measure
p(dz) f ().

Proposition 35 (Log-Laplace functionals of collision processes).

(a) (Collision measure): If

al  o?

I
then for each pair p € M3 of initial measures, the collision measure Kg

(recall Definition 3) ezists, and we have the following log-Laplace representa-
tion

d < (172)

1.t

Pe Ex) = pe-(Ww'XI10) 450 fec,, (173)

with ubt (X2 - £,0) from Definition 32.
(b) (Collision local time): If

al  a?
d < ﬁ—l—@—l-(al\/aQ), (174)
then for each p € Mg the collision local time Lx exists, and
Pebx) = pe- (W' OX%N) 450 rec,, (175)

with u**(0, X2 - f) from Definition 32, provided that o' > o2

Clearly, the role of the indices 1 and 2 can be interchanged in the previous propo-
sition.

Proof of Proposition 35. Fix t >0 and f € C, .
1° (a) Let 0 < e < 1. Define
PE(x) = /Rd)_(f(dy) Jo(x —y) f(%), z € RY. (176)

While checking the proof of Theorem 1(i) in [Myt98a] (see p.762 there), we realize
that it is enough to show that P—almost surely,

g (% + Y=, 0) T/w) ug'(2X?2 - f,0) uniformly on compacts of R%.  (177)
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Note that by our assumption (172) we can choose 71 satisfying

<d_%>+ <n < ;—zAd, (178)

and, by Example 26, we have X? € M{°, P-a.s. Hence ué’t(2Xf - f,0) makes
sense. Recall the semigroup property

ug (7 +9%,0) = ug" ™ (ug” (47 +¢,0),0) (179)
for 0 € (0,t), domination and boundedness

sup  lug® W+ 0 0)| < sup ST+ 9], < oo, (180)
0<ee’ <1 0<ee’ <1

P-a.s., and the convergence
up”(V° +9%,0) —— uy"(2X7 - £,0) in L1(RY) (181)
e,e’
(see [Myt98a, 1st display after 3.5]). Therefore, by Lemma 16(b) we get that

up ™0 (uy® (° + 47 ,0),0) o up' ™ (uy® (2X2 - £,0),0), (182)

uniformly on compacts of R?, P-a.s. Again by the semigroup property,
g~ (ug® (2X7 - £,0),0) = ug(2X7 - 1,0), (183)
and the proof of (a) is finished.

2° (b) Suppose a! > o?. By Lemma 2, we may switch to the non-symmetric
definition of approximating collision local time. Hence, it is enough to check that
<L;-(’5(T), f > converges in probability as € | 0, and that

lim Pe {(Lx"®.f) — pe—(n'ug"(0.X%1))

. t>0, fely, (184)
el0

(in order to identify the limit). Note that by our assumption (174) we can choose
1 satisfying

1 2

« o
d—al——> <n< S Ad 185
(4=t =5), <n <% (185)
and, by Example 26, we have
{X2: 0<s<t} P, P-as, (186)

hence the solution uy"(0, X2- f) makes sense. Let us check (184). Choose ng such
that 1/ng < t. For n > ng, define

B = I - 1) st
XSQ’" = 1[1/n,T](S)X327 0<s<t (187b)
V" (y)

X2 J.(y) f(y), 0<s<t, yeR%. (187c)
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Then
’73 o (LXE.F) _ Pe*(ul»“é’t@vﬁ'f))‘ (188)

IN

"pe*@%’s(t)’ﬁ _ 'pe*<L§’E(1/n¢),f>‘
+‘Pe_ﬁéaﬂmﬂi>_pe*WHQ”&X&”ﬁW
" "P ei<#17u(1),t(0’)*(2,n_f)> . P ef<l‘17u(1)’t(0,x2'f)> ‘

= I®" 4+ 11" + I
with the obvious correspondence.

3° (b.I) It is easy to see that

IE’"<P<L1_’E(1) f>—/1/nds/d Lepl (y) p?x p2(y)* Je () f(y). (189)
< £ G)f) = | Rdyu Ps (y) u™xps(y)*Je (y) f(y)-

Now there is a constant c199 = c190(J, o', ?) such that
J < 190 PI* Plat a2 s 0<e<l, (190)

implying

Jo(@) = I (w/e) < crgpe /R Aypll o/t a(y)  (191)
= crgpe /Rddy p1 ((y — 2)/€) Plar_u2(y/e)

= 190 /ddy Pl (y— )2 (y) = 100 Pl * Plar (2).
R

Inserting into (189) gives

1/n
e < cIIflloo/O/ dS/Rddy prepl o () pPpl o (y)
' 41/n
= lfl [, s [ dyuten @)t (192
Since p belongs to Mg, for § >0 we find N = N(§) such that
I°" <46 forall € (0,1 and n> N. (193)
The latter argument also immediately shows that for any ¢ > 0,
limisoup P(LE(t),1) (194)
€

1

e™ 4t
< ¢ limsup / ds/ dy '+ py (y) P+ p2(y) < oo.
€l0 gol Rd

4° (b.II) Let us turn to II®™. By the definition of log-Laplace transform, it is
easy to see that

p (K 1ns) _ p-titabtann) 1o5)
By the semigroup property and the definition (187c) of =" we get
g (0,9°") = ug™ (ug!(0,957),0), (196)
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where we set s, := 1/2n. By adopting the argument used in the proof of Theo-
rem 1(ii) of [Myt98a} it is easy to get that [recall notation (187b)]

R (0 qps") T uy'(0,X*™ - f) in L', P-as. (197)
Moreover, since X", hence 1/157” is truncated until time 2s,, , we obtain
sp [ 0.9l < sup S5, (2, (0.95M) (198)
0<e<1

and hence by Lemma 16(b),

u(1)7sn (ui;t(()’wa,n)’ 0) E_lo> u(lJ,sn (u;f(o, X2n. f), 0) — Ué7t(O7X2’n . f)

uniformly on compacts of R?, P-a.s. Therefore,
Ir*" —0 as €0, forall n>1. (199)

5° (b.III) Finally, we deal with III". By Lemma 33 and domination (141),
ug™ (0, X% - f) () = ug™ (0, X>" - f) (x) < up" (0,(X* = X*7) - f) (x)

1/n _
< [ as(epepl@),  aerl (200)
0

Hence,

’/Rd (dz) (" (0. X2 - f) (&) — uf" (0, K> f)())‘ (201)

1/n
< 1/l / s / Ay (D)) (e p) ) 5, 2N,

where the last inequality follows from the estimate (193). Combining the statements
(193), (199), and (201), we obtain

limsup (15 4+ 115N + vy < 26, (202)
el0
and therefore
lim sup ’Pe*@?(tm _ pe(nlugt X" f>>’ < 26, (203)

e]0
Since 0 was arbitrary, claim (184) is verified.

6° (Conclusion) By adopting the proof of (184) (see also the proof of Theorem 1(ii)
in [Myt98al), we can easily derive that

,P<e—<L§(’5(t),f> _e—<L§—f’<t>,f>)2 —0 (204)
e,e’

Now claim (b) follows from (204), (194), and (184). |
Proposition 35 implies the following first moment formulas for Lg and Kx.

Lemma 36 (Expectations in the superprocess case). For t >0 and f € C,
the following identities hold.

(a) (Collision measure): Under dimension restriction (172), if p € M3,

PURR(0.1) = [ do sl () e o) fla). (205)
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(b) (Collision local time): Under (174), if p € M.,

PUx(0.5) = [ s [ doplepl@tepe) f@ (200)

Proof. We will start with (b) and give afterwards some hints concerning the simpler
case (a).
1° (b) Without loss of generality, we may assume that a' > o?. Clearly, for
O<r<tand fely,
1
P(L(t) ~ Lx(r). f) = lim P~ (1 - e (ExO-Ex(<f)), (207)
€l0 g

Note that we introduced an r > 0 to have later available an additional smoothing
which simplifies the proof. By the Markov property and Proposition 35(b),

Do (Lx®)-Lg(r)ef) _ po—(Xtup'(0.X%ef)) (208)
In order to interchange limit with expectation, we use the following domination
1 (1 _ e—()’(,},u},t(o,x2.5f)>) < 1 <)_(T1,ui’t(0,)_(2 5f)> (209)
€ €

t
< Ml [ s [ Xh@@) X2l (o)

But by the expectation formula for X and by independence,

t t
7’/ ds [ Xp(dz) XZ+p,_, () = / ds [ da p'sp; (2) p?*pi*p,_, (x)
r Rd R4

T

t
= [las [ doptepl@) went o) < o (210)
r Rd
since p is assumed to have finite energy. Thus, by dominated convergence,

lim P (1 - e—<fiv“3~"(°vfz'sf>>) — P lim & (1 - e—<X3’"i"(°vX2'sf>>). (211)
€l0 5 el0 €

Again by dominated convergence, <X'T1,ui’t(0,X2 5f)> — 0 as € | 0, hence, the
latter expectation expression equals

- _ 1, - _
P hH} g (X} ubt(0,X%-ef)) = liH} P (X} ur(0,X? - ¢f))

o L1 an, i 2

= 1sllm0 77]5 (u', Spupt(0, X% - f))

= P lim <,u1 1Slul’t(O X2 5f)> (212)
cl0 e T Y ’

where in the first and last equality we used dominated convergence once again.
Recall that the non-negative function u®* = u!(0, X2 -¢f) solves

u@) = [ds (X2 -eppeph, @) - [dsS (@) @ 1)

Inserting into (212), e drops out in the linear term. For the other term we use the
domination:

t
W) < e lfllne / ds' X2xpl,_, (), (214)
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where by Lemma 24 and Corollary 4 in [Myt98a] the latter integral expression
belongs to £'77* P-a.s. Therefore,

% <u1, /Ttds SE((ult)+7) > (215)

¢ o 144
< &l </ﬂ, Jassi(([as x2ent) )>
¢ o 144
1o it sup bl [ds [ do ([ a5 R2aph @)
r<r/<t r R4 s

which P-a.s. converges to 0 as € | 0. Hence, the non-linear term is negligible, and
we get

A

IN

: 1l a1 w2 _ [ o2 1
Pl (2 SH0.X72n)) = P (i, [ ds (X2 pyend)

- / ds / dy (i p1) () (12 D2) (4) £ (9). (216)
r R4

But as r | 0, the latter double integral converges to the expression claimed in (b).
Now it suffices to note that Lg(r) | 0 as r | 0, P-almost surely, to finish the
proof of part (b) by monotone convergence.

2° (a) In a similar way,

P(Ex(t),f) = lim 7’% (1 - e‘<K”““’Ef>) (217)

~ lim P2 (1 - e*<u1;ué"(>?3»ef,0>>)
€l0 g ’

and proceed along the same lines as in the previous step to finish the proof. ]

Lemma 36 will be applied to get the following regularity property of collision
local times:

Corollary 37 (Absolute continuity of collision local time). Let p € M;,
and assume (172).

(a) (Representation): We have
t
Ly (t) = /ds Kg(s), t>0, P-as. (218)
0

(b) (Continuity): The Mq-valued process t — L (t) is continuous.

Proof. (a) By Proposition 35, a diagonalization argument and the definitions of
collision measures and collision locale times, we can easily get that for all ¢t € Q4
(the set of all non-negative rational numbers), f € bC, and some sequence &, | 0
as n T oo,

t

(Lg(t), f) = lim (LY (t),f) = lim [ ds (Kg'(s), f)

nToo nloo Jq

%

ntToo

/ds liminf (K3 (s), f) = /ds (Kx(s),f), P-as. (219)
0 0
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On the other hand, from Lemma 36 we get

P(Lg(t).f) = P /O ds (Kx(s), f). (220)

Therefore the inequality in (219) is in fact an equality.
From monotonicity in ¢, we can remove the restriction to ¢ € Q4 . Finally,
since f € bC and t € Ry were arbitrary, claim (a) follows.

(b) is an immediate consequence of (a), finishing the proof. ]

5. UNIFORM CONVERGENCE OF COLLISION LOCAL TIMES

The purpose of this section is to prove the uniform convergence Theorem 7.
The key argument is the Cauchy property of approximating collision local times in
Lemma 39 below. Its proof starts with a crucial decomposition of collision local
time into ones of conditionally independent processes, for which log-Laplace tools
prepared in the previous section can be used.

5.1. Tightness of A™. As usual, we say that a family of random objects is tight
in law, if their laws form a tight family. In the later procedure we will need the
following property:

Lemma 38 (Tightness of A"). Let {(X",A"): n > 1} be a family of solutions
to the martingale problem (MP)ZL”6 as in Theorem 7. Fix arbitrary T > 0. Then
the sequence {A" (d(t, x)) in > 1} of pairs of random measures in MY is tight in
law.

Proof. Let {¢y : k> 1} be the sequence of run away functions on R? defined in
Lemma A5. It suffices to show that for i = 1,2,

sup P(AL", o) s 0 (221)

n>1
[where, of course, A" = (A™!, A™2)]. By Corollary 20,

. . . T .
(A7 o) = <Mla§0k>_<X;7lv<pk>+/0 ds (X', Agitpr) + (martingale)r .

Hence,

P(AT" o) < <u’,g0k>+/0 ds P{X", |Aniorl)- (222)

But from Corollary 23, X™¢ < X' with X! the critical (af,d, 3%)-superprocess
without immigration and starting from p*. Moreover, from the expectation formula
in Lemma 14(d),

P(XL ) = (i, Slp),  pebB (223)
Inserting both into (222) gives

PIAY o) < (i i) + / ds (1, S As i) (224)

Clearly, the first term at the right hand side tends to 0 as k T oo since u’ is
a finite measure. But also the second term vanishes by Corollary A6. This gives
statement (221), and we are done. ]
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5.2. Cauchy property of approximating collision local times. The purpose
of this subsection is to prove the following statement.

Lemma 39 (Cauchy property of approximating collision local times).
Let {(X"7 A"):n > 1} denote any family of solutions to the martingale problem

MP)*? with pairs o, 3 satisfying (10) and with p € Mso. Fix T > 0, and a
©n )
function f € bC([O,T] X Rd). Then, for any mollifiers J' and J?,

sup P(’(L;l,’;]l (1), f) — (L (1), f)‘ > 5) — 0, (225)

n>1 ele2]0

for all § > 0.

Here, by an abuse of notation, an expression as <LY @), f > in case of a time-space
function f means

(Ly(), f) = /[O a2 ) (226)

Proof of Lemma 39. 1° (Decomposition of collision local time). Recall from Corol-
lary 23 that the X" are a.s. dominated by the («,d, ﬂ):pair of independent crit-

ical superprocesses X without immigration and with Xy, = u, and that, given
(X", A"),
X-X" = X" (227)
is the (a,d, 3)-pair of independent critical superprocesses with immigration A”
starting from X{} = 0. Then decomposition (227) yields the following key identity:
i7Ji i)J’i i)J’i i7Ji i -
Ly, = Li-( — L?Xn,gxnz) — L?lej(wy n>1, 0<e' <1, i=1,2. (228)

We want to show that all the terms at the right hand side of (228) satisfy statements
as in (225), then yielding (225).

2° (First term). Fix T > 0. First of all, by Lemma 2 and Proposition 35 and its
proof, we have
e %; Lg in MF, i=1,2, (229)

i

and hence, the claimed Cauchy property is certainly true for L;-;"J/ . Next we want
to deal with the second term at the right hand side of (228). The third term will
be treated in step 10°.

3° (Second term: Outline of proof). Conditioned on X", the approximating colli-

sion local times L?XJ 1 xn2) can be expressed in terms of the weighted occupation

time process of X1 (cf. (247) below). Hence, its log-Laplace transform is given by
Lemma 14(c). Letting ¢ | 0, formally we come to a log-Laplace equation involving
X"™2 as a generalized forcing term as in Proposition 28. But to justify this limit
e’ | 0, we cannot directly apply Proposition 34 since X™?2 belongs to P*™"° only,
and not to P, To overcome this technical difficulty, we will exploit some cutting
methods. The details will be given in the steps 4°-9°.

4° (Second term: Preparation). In the following procedure, by Lemma 2 we will
often replace approximating collision local times L by their asymmetric versions
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L>¢" introduced in (18). So we would like to show at this stage that for fixed
f€bC([0,T] x RY),

2,6, Jt 2,62, J2
i]il:l) P<‘<L()§n,17xn,2)(T)7 f> - <L(;n,1’xn,2)(T)7 f>) > 5) 5175—2LS 07 (230)

for all § > 0. R ~
Recall the fact that (X™! X™?2) < X, the (a,d, 3)-pair of independent critical
superprocesses without immigration. This implies that

L?Q{TXMQ)(T) < 12T, i=12 (231)

Combined with (229) we see that the family of random measures

(B8] o @t2) Lom () n21, 0<' <1, i=12p e M (282)

is tight in law.
Take

n € ((d—o)4, min(az/fB2, d)), (233)

which is possible by assumption (10). Then we may recall again Example 26 to
conclude that

{X2: 0<s<t} P, P-as, (234)
For m > 1, set
B, = {(s,x) €[0,T] xR*: (X2, h,,) < m}, (235)
with h,, defined in (98). Put
X2™m(dz) = X2%(dz)1p,(s,x), (s,z) € [0,T] x R, (236)
and
xX2me .— X2 _ xZm, (237)

Note that by (234) and Lemma 3(ii) of [Myt98a], X?™ belongs to BT7, P-a.s.
Since

By 1 Ba = {(s,x)e [0, 7] x R% : <X3,hm><oo} as mloo, (238)
and

X2(dz)ds =0 (239)
B
(where B° denotes the complement of the set B), we obtain that
X2™M(dz)ds 1 X2(dz)ds as m T oo. (240)
Similarly, for m,n > 1, set
XmEm(dr) = X™2(dz)1p, (s, ), (s,x) € [0,T] x R%, (241)

and X™2mc .= X2 _ Xm2m Note that X™2™ < X2m ¢ ‘}3T”7, and that
Xn72,m,c _ Xn72 o Xn,2,m S XQ,m,c. (242)



40 FLEISCHMANN AND MYTNIK

5° (Further decomposition). For fixed f in bC([0,T] x R?), let us bound

1 1 2 2
(L] (D, f) = <L§;ﬁ;‘nz{7xn,2)<T>,f>\ < I I I, (243)
where

eli 2,8, J¢ - 2,et,J¢
In,m T ’<L(Xn,1$xn,2)(T)’ f> <L(Xn,l’Xn‘2,”m)(T)’ f>

51752 R 2,81,J1 _ 2,52,J2
IIn,m T ’<L(XA7L,1,X7L,2.'HL)(T)’ f> <L(Xn,17Xn,2,m)(T)’ f>‘ (244b)

. i=1,2, (244a)

6° (Middle term Ilflf;ﬁa Preparation). Let us start with IIf:,ﬁZ). We want to show
that for fixed m,

12 P
Iy m 0, uniformly in n. (245)

By dominations as in (231) and tightness as for (232), it suffices to prove

2
. 2761,J1 _ _ 21527‘]2 —
Zlgi P eXp<L(Xn,l7X'rL,Z,'rIL)(T)7 f> eXp<L(Xn,17Xn,z,m)(T)’ f> 5175—216 0.
But for this it is sufficient to show that
1 1
A sup P exp { —2 <Lf§n’,f,xn,2,,n)(T), f >} (246)

2,et,Jt 2,e2,J2
_ PeXp[— (L8] iy () ) = <L(§n,1,Xn,2,m)(T),f>H = 0.

For this, we will use the log-Laplace representation from Lemma 14(c).

7° (Reformulation of (246)). 1In fact, by definition (18) of L%<" (and interchanging
the order of integration),

T
1 1 2 2 A 1 .2
(B! a4 L oy (F) = [ as Gzt ppme )

with

1 2
Yot (z) = RdX;L’Q’m(dy) [Jh + J2)(z — ) fs(y), (248)
0<s<T, vcR% Hence, by Lemma 14(c), applied to Xn given (X" A™),

1 1 2 2

P {exp<L?)’;n’,‘1]7 Xn,z,m)(T) + L?;‘lj Xn’z,m)(T), —f> ‘ (X", An)} (249)
T A 1 2
- P exp{f/ ds (X201, gt ‘ (X", A™)
0

T 1 1,T Le?
= exp[—/ <Ag; , Uy (O,wn’m’E i )>:|7
0
with ul*T(O,w”’m’El’EQ) solving (29). Similarly, define

Jrme () = 2 / XP2(dy) Jh(x—y) foy),  0<s<T. xR (250)
Rd
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Then, (246) (for fixed m) is equivalent to

T ~ 1
Pexp{—/ <Ag;1 L ub (0, grome )>] (251)
0

lim sup
el,e?]0 n>1

T 1 1 .2
- Pexp[— / (A b (0, yrome'e )>H = 0.
0

8° (Proof of (251)). To verify this we want to apply Proposition 34 with
ve(dy) = X22™(dy) fs(y). (252)

First note that by Lemma 38 to every 6 € (0,1) there exists a compact subset
K° ¢ MT such that

P (A (d(s,2)) € K°) > 1-6, n>1 (253)
On the other hand, choose a compact subset C? of D};Af such that
P(X?2eC% > 1-4. (254)

(Here and in similar cases we mean, of course, the restriction of A™! and X? to
the time interval [0,7T].) Set

c? = {VE‘BT'": 3v e’ with v <7 in ‘BT} (255)
and, for k> 1,
CoF = {veC®: |lv|_yr <k} (256)

Note that by Lemma 27, C%F is a compact subset of 7.

In the expectation expressions in (251) we now distinguish between two cases.
First we assume that X™2™ ¢ C% and A™! € K°. Then by Proposition 34 we
get

lim sup
el,e2]0 p>1

Wb T(0, gt () fu;’T(o,w’mﬁl’fQ)(x)‘ — 0, (257)

uniformly in (s,z, X™2?™) € [0,T] x B x C%* where B is any compact subset of
RZ. Therefore,

T
/ ds (A7} uk (0, ) u;’T(o,w”’mﬁlva‘ =0, (258
0

lim sup
ele2l0 p>1

uniformly on (X™2™, A™1) € C%F x K. This gives (251) if we restrict the ex-
pectations additionally to the event {(X"’l’m, A1) € C%F x K‘S}.
But by (253) and (254),

P ((X”’l’m,A”’l) ¢ C%F x Ké) < P(X?¢CO)+P(A™ ¢ K°) < 25, (259)

Thus, if in (251) we restrict now to the complementary event, we get the bound
40. Since § was arbitrary, (251) follows immediately.

9° (Remaining terms If:,ﬁb) By (243), to complete the proof concerning (230), it
suffices to show that for § > 0 we can find an m > 1 such that

sup  PIL, <6, i=1,2. (260)
n>1, 0<e<1
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By (242),

i _ 2.¢,J* 2.¢,J*
It = (L0 e @D S AL o@D (261)

By domination X™! < X' and definition (18) of asymmetric collision local time,
we may continue with

T
< fllree [ ds [ XEme@p Xiesie), i-1z o)
0 R

where [|f|7,0c < oo by assumption. But X has independent components, hence
X2?m™¢ and X' are independent, and therefore we can built their expectations
separately. Now, by the expectation formula in Lemma 14(d),

PX(dz) = plxpl(z)dz, (263)

hence,

T
P < P [ ds [ REme@)utepiali@) =12 (26)
0 R4
Take 0" € (0,T). First we restrict in the previous integral additionally to s < 4.
Here, using
X2me < X* and PXI(dy) = p?«pi(y)dy, (265)

we come to

/ ds/ dy 1%+ p2(y) p' = pixJ (y). (266)
0 Rd

Arguing as in step 3° of the proof of Proposition 35, we choose a §’ sufficiently
small, such that (264) with the integral restricted to s < ¢’ is smaller than §/2,
uniformly in n,m,e, and i =1,2.

We restrict now the integral in (264) to 6’ < s < T. Here we exploit that

sup ||t # psllee < 00 and / dz Ji(z) = 1. (267)
§'<s<T Rd

Thus, to complete the proof of (260), it remains to verify that

T
73/ ds || X2 = 0. (268)
0 m| oo
But by (237) and (240),
[XZ™| N\, 0, 7P x ds-almost everywhere, (269)
mToo

and [ X2me| < |X2| where P [ ds|X2| = T|ju?| < oco. Hence, by domi-
nated convergence, (268) follows. This finishes the proof of (260), thus the proof
concerning (230), and hence of the second term at the right hand side of (228).

10° (Third term). It remains to explain the modifications which we need to make
to get also the Cauchy property for the third term at the right hand side of (228).
Instead of condition (233) we work with

n € ((d —ag)4, min(ay /0, d)), (270)
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which again is based on (10). Define X»™ and X™° analogously to (236) etc.

Pass once more to the asymmetric version L2 of the approximating collision local
time and bound

(el @ 1) = (B (0.1 o)

analogously to (243). In the definition (248) of the z[;fj’m’sl*sz (r) now X1™ enters
instead of X2™  and for the log-Laplace expression (249) condition additionally
on X'. The further procedure is even simpler, since we have less n—dependence.
We skip any further obvious details.

This finishes the proof of Lemma 39 altogether. ]

5.3. Continuous convergence of collision local times. One can easily derive
from Lemma 39 the existence of collision local time for any solution to the mar-
tingale problem (MP)Z"B with u € M. The main purpose of this subsection
is to show that the family of approximating collision local times corresponding to
solutions of (MP)Z"ﬁ is relatively compact in Caq, (the precise meaning of this
will be clear from Proposition 42). But first let us prove the following result.

Lemma 40 (Existence of collision local times). Let (X,A) be any solution
to the martingale problem (MP)Z’ﬁ with o, B satisfying (10) and p € Mg . Then
the local time Lx exists. Moreover, for any sequence {e, : n > 1} converging to
0 as n 1 oo, there exists a subsequence {e), : n > 1} such that

LY () oy Lx(t) in M; (272)

uniformly in t on any compact interval of continuity of t — Lx(t), P—almost
surely.

Proof. Fix arbitrary T'> 0 and ¢, | 0. Let D denote a countable dense subset of
bC([O,T] X Rd). By Lemma 39, for each f € D, and any mollifier J, the limit in
probability

lim (L7(T), f) = Lx(T.f) (273)

noo

exists and does not depend on the mollifier J. We can use this and a diagonalization
argument to show that along some subsequence ¢/, | 0,

(L (1), f) — Lx(T.)). feD. Puas (274)

Define the measures
ve(d(t,2)) == PLY (d(t,2)) 1.7 (1) (275)
plts p% *Jo () 2 * pf (%) 0,7 (t) dt du,

where the inequality follows by the domination X < X and Lemma 14(d). Arguing
as in step 3° of the proof of Proposition 35, it is easy to check that {v.: 0 <e <1}
is tight in M¥. This combined with (274), Lemma A7 (with d replaced by d+ 1)
and Lemma 2 implies, that there is a random measure Lx € MfT such that

IA

L (AL 2) Jory() — Ix(d(s.2)) in MY, Poas. (276)

nToo
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Now we can define the non-decreasing measure-valued process
t
t — Lx(t,dz) = / Lx (d(s,z)), 0<t<T. (277)
0

Since T was arbitrary, the process ¢t +— Lx(t) can be easily defined for all ¢ > 0.

Moreover, by weak convergence properties of the measures L;’S" we get that P-
almost surely,

L3 (1) — Lx(t) in M; (278)

nToo

for all points ¢ > 0 of continuity of s — Lx(s). Finally, the uniformity statement
on (272) follows easily by a standard theorem on convergence of monotone functions
(see e.g. Theorem 10.10 in [Doo94]). |

Now, for any solution (X, A) to prove the uniform in time convergence of L;"
to Lx (as needed for Theorem 7), it is enough to show that Lx is a continuous
Mi—valued process. The simplest way to do this is to use the continuity of the
Lg-process (Corollary 37) and the domination X < X.

Corollary 41 (More on collision local time). Let (X, A) be any solution to
(MP)Z"B with o, B satisfying (10) and with p € M; .. Then the following state-
ments hold:

(a) (Continuity): The Mgi—valued process t — Lx(t) is continuous.
(b) (Convergence on path space): For any sequence &, | 0 there is a sub-
sequence €' | 0 such that

Ly — Ix in Cu, P (279)

Proof. (a) Use the domination X < X and the convergence
Lk (d(t, =) 1,7 (t) s Lx (d(t,2)) 1o, (t) in M{, T >0, in P-probability,
g

to get the domination
Lx(d(t.2)) < Lg(d(t.2). (280)

By Corollary 37, Lk is continuous, non-decreasing, My—valued, and hence Lx is
also continuous.

(b) follows immediately from (a) and Lemma 40. The proof is complete. |
Now we are ready to prove relative compactness of approximating collision local
times as we announced at the beginning of this subsection.

Proposition 42 (Relative compactness in Cay;). Let {(X",A"): n>1} bea
sequence of solutions to (MP)E’B as in Theorem 7. Then for each sequence € | 0
and ny, T oo there is a subsequence {(g}.,n}): k> 1} such that the families

{LLE% : k21} and {L

. ’
X" X"k

k> 1} (281)

are relatively compact in Caq,, P-almost surely.
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Proof. Recall the domination
X"< X, n>1, P-as. (282)

By Corollary 41(b) and a simple application of Lemma 2, for any ¢ | 0 we can
find a subsequence ) | 0 such that
{L;-(’E;C s k> 1} converges in Cprq,, P-a.s. (283)

Then, from (282), for 0 < s <t and f € bC,

1,e) 1,e} 1,e} 1,¢}
(L. f) = (L ). ) ‘ < [{Lg @, 1) - (157560, 1) ‘ (284)
Hence, by Arcela-Ascoli, from (283) we get that for each f € bC,

{t — <L;’€%€ (1), f> s k> 1} is relatively compact in C(R;,R), P-a.s. (285)

n

Adding the fact that for any T > 0 the set
{L;i(s):ogng,0<s§1,nzl} (286)
of measures is P-a.s. tight in M [use again (282)], we get that
{L;’ii k> 1} is relatively compact in Cpq, a.s. (287)

The proof of almost sure relative compactness of {Lxn» : n > 1} goes along the
same lines (use the domination Lxn» < Lg, n > 1), so we omit it. |

5.4. Proof of Theorem 7. Let {(X",A"): n>1} be as in the theorem. Com-
bining Lemmas 39, 40, and a diagonalization argument, we can easily get that for
each sequence €5 | 0 and ny | oo there is a subsequence {(6;,712) k> 1} such
that for 7" > 0 and P-a.s.,

17 ’
(L O.0) = (L, O0.0)] 2 0. teQuno.T), febe.  (289)
Moreover, by Proposition 42,
{(L;igz ’Lx"k) k> 1} is relatively compact in C34,, P-a.s. (289)

Hence, the convergence statement in (288) holds uniformly in ¢ on each compact
subset of Ry, that is

1,e}
sup (L35 (0, ) = (L (0. F)] — 0, T >0, fenc, 290
s (5 0.0) = (L 0.5)] 12 / (290)
P-a.s. Since the sequence {(e,nk): k> 1} was arbitrary, the proof is finished
by a simple application of Lemma 2 and its proof, and by [Kal97, Lemma 3.2]. m

5.5. Continuity of the map X — Lx. For the proof of Theorem 9, which
is based on construction of the converging sequence of approximating competing
species models, we will need the following result.

Proposition 43 (Continuity of the map X — Lx). For each n > 0, consider
solutions (X", A™) to (MP)Z"ﬁ as in Theorem 7. Suppose that X"— X" as
nloo in D/%Af, P-a.s. Then:

(a) Lx» — Lxo as n1 oo, in Ca, in P-probability.

(b) LY. — Lxo as n oo and e, | 0, in Cpq, in P-probability.
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(c) LZXEn — Lxo as nloo and &, | 0, in Cpq, in P—probability, i =1,2.

Proof. (a) is proved along the lines of the proof of Lemma 3.5 in [EP94, p.135].
That is, Lx is a uniform limit of continuous maps,

Xn m Lo, e >0, (291)

and by Theorem 7, Lx is the uniform (in probability space) limit of these mappings
as € | 0. Hence, the limiting mapping is also continuous.
We skip the proof of (b) and (c), since it uses the same reasoning. |

5.6. A general tightness result. Here we will prove some tightness criterion that
will be useful in the proof of Theorem 9 in Subsection 6.2.

Proposition 44 (General tightness criterion). Let (X", A") be any sequence

of solutions to (MP)E"H. Suppose that the family A" € C/2v1f is tight in law. Then
the family

(X", A") € Diy, X Diy,» n>1, (292)
is tight in law, too.

Remark 45 (Tightness in C3,,). Note that from Lemma 38 we know the tight-
ness in law of the A as measures on [0, 7] x R?, for any T. However, this propo-
sition requires more from the A™ : namely, to be tight in Cjz\/tf . <&

Proof of Proposition 44. For the proof it is enough to check that the sequence
{X": n>1} C D}, is tight in law. By the domination

X" < X, n>1, (293)
(recall Corollary 23), it suffices to verify that for (¢!, ¢?) € &% the sequence
{((X"’l, by, (X2, <p2)) in > 1} C D*(R, ,R) is tight in law. (294)

By Aldous’ criterion of tightness (see, for instance, [Wal86, Theorem 6.8]), state-
ment (294) is true if the following two conditions hold:

(i) Foreach t € Q4+, the family of random variables {(Xt”’i, ey :in>1,i=1,2}
is tight in law.
(ii) For any sequence {7, : n > 1} of bounded stopping times and &, | 0,

‘(X?nm o) — (X2 )| —

— 0.
nToo

By the domination (293), part (i) follows trivially. Next check (ii). Assume 7, < T,

n > 1. Again by the domination (293),

{<X¢n+5n o), (X2 ) n> 1} is tight in law. (295)

Hence, it is enough to check that

2
Pexp (X2, 15, —¢) = exp (X2, —)| — 0. (296)

nToo

For this it suffices to demonstrate that

I, = ‘pe—(X?an 20) _ Pe=Xrps, P) (X700 ), (297a)
nToo
1, = "Pe’(anHn PV (XT, 0) _ Pe (X5, 200 ), (297b)
ntToo
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We will verify (297a) since (297b) goes along the same lines with obvious modifi-
cations.

We start with comparing the first term in (297a) with
Tn+0n

Poxp| = (X, o200 [ (8200 (29)

Tn

Then its absolute difference is bounded by

P‘1_exp[_/:"+5"< 38,2@” (299)

n

By our assumption, the family {A™: n > 1} C C%Af is tight in law. Therefore, the
expectation (299) will vanish as n T oco.
Similarly, we compare the second term in (297a) with

Tn+0n
Pexp[ (X s0) - (XE o) — [ zs,@} (300)

n

By the same argument, the difference will converge to 0 as n T oo.
Next we compare (298) with

Poxp| - (X, 5, 20) - [

n

7'n+6n
(AT, ul o (2, 0>>} R

with u from Definition 13. Its absolute difference is bounded by

Tn+0n
P~ [ (20 - uz 20,0 )| (302)
But by Lemma 15(b),
sup [|2¢" —ug™ 0 (200,0)| — 0, (303)
Tn<s<Tp+0n e nloo

and therefore (302) converges to 0 as n T co.
In a similar way, we compare (300) with

Tn+0n
Pexp - <X:-LT,,+5T,, 7<P> - <X:rrlﬂ ’ "P> - / < Tés ’u;—n+5n(¢a 0)>:| . (304)

By the same reasoning, the difference will vanish as n T coc.
Since 2¢° = ulT’Zi;j"(%oi,O), by the exponential martingale Proposition 17 we
can rewrite (301) as

Pexp{ —(xX7 ,u:Z+‘5” (2¢, 0)>} . (305)
Analogously, (304) equals
P exp[ —(XP T (i, 0) + <p>} . (306)
But by time-homogeneity,
ul™ 0 (207,0) = ug™ (2¢°,0), (307)
and again by Lemma 15(b),
|ug® (2¢7,0) — 2] . — O. (308)

nToo
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Recalling domination (293), the difference between (305) and
P exp[ — (X7 ,2<p>} (309)

will go to 0 as n T co.

In the same way, (306) approaches (309) as n 1 oo, too.

Consequently, I, — 0 as n ] oo, that is, (297a) follows, and the proof is
complete. [

6. CONSTRUCTION OF THE COMPETING SPECIES MODEL

Here we want to prove Theorem 9, based on approximating competing species
processes which will be constructed afterwards (Subsections 6.3-6.5).

6.1. Approximating competing species model. Recall from Lemma 2 the ap-
proximating collision local times Ly® and L3° of a pair Y = (Y1, Y?) € D}y, -

Definition 46 (Martingale problem (MP)Z"B’)"E). For fixed pairs «,3, and

¥ asin (1), p € M}, apair A = (A\,A?) € R, and £ € (0,1], let X° =
(X! X%2) be an F.—adapted process (in D/%/tf) such that, for each ¢ = (p!,?) €
@2

=+

t
t s e (Xiw) _ o= () +/ ds e—<X§,tp><X§7 Aap — <p1+ﬁ> (310)
0

t
—/ (A5, @)™ F® 120,
0
is an F.—martingale starting from 0 at time t =0, where
A7 = (AME A%9) = (LIRS, N2L%E). (311)

a,B.Ae &

Then we say that X° solves the martingale problem (MP)

In a sense, (MP)Z"B A€ describes an approximating competing species model.
Heuristically, each particle with path s~ &, in the first population X&' is killed
according to the additive functional t — A! fg ds X2 x J.(&), and conversely for
the particles from the second population. Our goal is to show that whenever ¢ | 0,
then the weak limiting points of the solutions to (MP)Z"ﬂ’A’E satisfy (MP)Z"ﬁ’)‘7
which in turn will give a proof of Theorem 9. But first we need to state the existence

of a solution to (Mp)zﬁ)\,e.

Proposition 47 (Approximating competing species model). For each choice
of our constants o,B,9,u,\, and e, there is a solution X¢ to the martingale prob-
lem (MP) P2,

The proof of this proposition is deferred to Subsections 6.3—-6.5.

6.2. Proof of Theorem 9. Fix a,3,Y,u,A as in the theorem, and a sequence
€n 1 0 (as n T o0o). Consider X°» from Proposition 47 and A" as in (311).

Lemma 48 (Tightness). The family (X", A*") € D}, x C3,, is tight in law.

Proof. By Proposition 44, it is enough to prove that the family {A{" : n > 1} of
processes in Cj,, is tight in law. But this follows from Proposition 42. [

Based on this lemma, now we prove the following result.
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Lemma 49 (Limit points). Let (X, A) be any weak limit point of (X, A").
Then

A = (MLx,\Lx), (312)

and X is a solution to the martingale problem (MP)z’ﬂ’A.
Proof. By Lemma 48, we can choose from {(X®», A*"): n > 1} a subsequence
converging in law on Df/lf X C?Vlf. By an abuse of notation, we denote this sub-
sequence by the same symbol. Going to the Skorohod space, we may assume that
there exists (X, A) such that

(X", A7) — (X, A) in Dy, xCy,, P-as. (313)

nloo

But by Proposition 43, convergence of X¢» implies that
A = XN LEn — MNLx in Cp,, in P-probability. (314)

nToo

Combining (313) and (314), we get
(XEn, A%) oo (X,M'Lx ,\’Lx ) in Dy, xCi,, P-as. (315)

In particular, we get this convergence in the weak sense on the original probability
space, and (312) follows.

The last thing to check is that the X we constructed is a solution to (MP)Z"'B’)‘.
By the exponential martingale Proposition 17, foreach n > 1, T' > 0, and ¢ € <I>i,

t

O M) = o] = (Xl (00) - [ (ATl e0)], 10

0 <t < T, is a martingale. Switch again to the Skorohod space where (315) holds.

Since the martingales M¢"(¢p) are bounded uniformly in n, they converge to the
martingale

t e M) = exp[—<xt7u3“<so,o>>— / <Ads,u5<so,o>>], (317)

0<t<T, with A from (312). Again by Proposition 17, (X, A) solves (MP)Z"ﬁ7
and therefore X is a solution of (MP)Z’ﬁ ’)‘, finishing the proof. [

Consequently, based on Proposition 47 (which proof was deferred), we con-
a,B,A

s that is, we wverified

structed a solution to the martingale problem (MP)
Theorem 9.

6.3. Outline of the proof of Proposition 47. In the finite variance competing
species model of [EP94], approximating competing species processes had been con-
structed by an application of Girsanov’s theorem. As we have already mentioned,
this “luctionary” tool is not available in our case, so we have to take another root.
Actually, we use tools developed in the previous sections. Since the matter here is
even simpler, we do not provide all the details.

Fix a,3,9,\, u, e as in the martingale problem (MP)Z"Q’)"5 of Definition 46.
Loosely speaking, for each m > 1 we would like to start from a solution X™ =

(X™1 X™2) of the following martingale problem (MP)Z"ﬂ’)"E’m :
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For each ¢ € <I>?H

t
b e (X)) +/ ds e—<XT7¢)<X;n7 Aa¢_¢1+ﬁ> (318)
0

t
0

is a martingale starting from 0 at time ¢ = 0. Here, A®™ = (ALS™ A2E™) g
defined as follows:

M) = ¥ [ e it =1, 319)
0

where
_ 2 if ol <g o 2kl s
jm71 — m - m -
’ 0 otherwise.

That is, on time intervals of length % , starting with an odd multiple of % , only
the first population X! is affected by killing provided by /\1L§(’fn . Conversely,
on the remaining time intervals only the second population X2 is affected by
killing using )\2L§(’fn. Clearly, as m T oo we expect the weak limiting points to
solve the martingale problem (MP)Z"[&’)"‘S of Definition 46.

In the following subsections we want to define precisely these processes X, to
show their tightness in law, and to prove that any weak limit point X¢ is a solution
to (MP)>#* This will verify Proposition 47.

6.4. Processes with “one-sided” conditioned killing. For i = 1,2, let

(U FF Q) (320)

Tt

be the canonical stochastic basis of the (a,d,3")-superprocess X' with killing
rate k', without immigration, and starting at time r > 0 with measure u’ € Mg
(recall Subsection 3.2). Now, for fixed XA = (A, A?) € R§ and € € (0,1], let

k=0 and K% = 222 XY (wh)xJ.. (321)

That is, autonomously X1 is the critical (al,d, B')-superprocess (without immi-
gration), and, given a realization X'(w') of X', the process X2 is constructed
as the (a2, d, 4%)-superprocess with killing at rate 2X% X! (w!)*J. (z) at time s at
site x. Write

Prp(dw) = Qru o(dw') @2 s 510 51 (1., (A7), (322)

w = (wh,w?) € °Q x %, for the joint law of X : = (X!, X2) in the present special
case of one-sided conditioned killing. For i = 1,2 denote by F* a right-continuous
filtration generated by X°. Note that the process (X, A) defined by

X':=0, A':=0 and X?:=X? A%.= 2)\2L§~(’€, (323)

solves our martingale problem (MP)Z"ﬁ under the law P ,{ | FL} (implying a
degenerate first component).
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Lemma 50 (Another exponential martingale). Let X have the law Py as
introduced in (322). Then for any T >0, and @ € P2,

t o My() = exp[— <5<t,u$<so,o>>—2v[ | Ly (d(s,2) w2 (¢2,0) <x>]
0,t] xR

(with u” (¢, 0) from Definition 13) is an (F! ® F?)-martingale on [0,T).
Proof. Fix r € [0,T) and D € F}! @ F2. Then, for t € [r,T],

PioMlg) = Ploe (0 Pl (203760 0) 20

_ 2)\2/[0 | RdLi*iE(d(s’x))u?T("‘ﬁ’O)(m)}‘]:;O ®ff}.
Lt x

Recall that (X, A) defined by (323) solves (MP)Z"ﬁ under P, {-|FL}. Hence,
by Proposition 17, the expression inside the conditional expectation in (324) is an
FL ® F2-martingale. Thus, (324) equals

P(lD e (X Tt 0) (325)
exp{ — <)~(T2,u3’T(g0270)> — 2)\2/
[0,7] xR¢

= P(ID exp{ - <)~(T2,uf’T(302,0)> - 2/\2/[0 | RdL;’E(d(s,x)) ug’T(goQ,O)(x)}
)%

L?{’E (d(s,2)) u2™(¥? 0)(35)} )

x P{e(Xiul @0} | Flg ff}) .

Now apply Proposition 17 to X! alone without killing [recall (321)], to see that
the latter conditional expectation equals e~ (XrurT(©@10)  Then we arrive at the
expression P1lp M,(p). Since r and D were arbitrary, M (o) has the claimed

martingale property, and the proof is finished. [

Next we alternate the previous construction, that is, we let X = (f( 1,)~( 2) be
distributed according to

Prou(dw) = Qf’#z’o(duﬂ)Qiyul,ml)p(&)*k(dwl). (326)

In other words, X2 is an autonomous critical superprocess under QPT, w» and then,
conditioned on X2, the process X! is constructed with killing rate 2A! X2x.J. .

6.5. Alternating conditional killing. Now we put together the pieces for our
Trotter type construction of the process X™. Let F* denote the right-continuous
filtration generated by X™* (which we want to construct). On the time interval
[0, %]7 let X™ evolve according to the law 'P, ,. Conditioned on fll/m ® fll/m,

starting at time -1 with X )m > let X™ evolve on [L, 2] according to *P1 xm
m’“r1/m
Continuing this way, we define the process X™.
Recall definition (319) of A=™ = (Ab$™ A%€™) From the given construction

of (X™, A=) and Lemma 50, it is easy to get that

ts M (p) = exp{7<X;n,utT(cp,0)>—/O (Agmul(p,0)],  @21)
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is an F! ® F?-martingale on [0,7], for any 7' > 0 and ¢ € ®2 . Hence, by the
second part of Proposition 17, (X™, A*™) is a solution to the martingale problem
(MP)Z"B, for each m > 1 (and the fixed ¢).

Lemma 51 (Tightness of (X™, A>™)). The sequence
{(X™, A5™) s m > 1} € Diy, x Ciy, (328)

is tight in law, and any weak limit point of the X™ is a solution to the martingale
problem (MP)z’ﬁ’)"g.

Proof. As we mentioned just before the lemma, {(Xm7 AS™) 0 om > 1} is a family
of solutions to the martingale problem (MP)Z"B . Hence, by Proposition 44, to
show the tightness in law on Dj%,[f X CJQ\,If it is enough to check the tightness of
{A=™: m > 1} inlaw on C3, .

By domination X" < X, we immediately get the domination

AT < 2 (NLyE NLYS),  m> L (329)

Since A%e™ is a non-decreasing measure-valued process, for any m > 1 and
i=1,2, and L;—f is a non-decreasing, continuous, measure-valued process, we im-
mediately get from the domination (329) the tightness of {A®™ : m > 1} in law on
C34, - Altogether, by Proposition 44 we get the tightness of {(X™, A=™): m > 1}
in law on D/%/lf X C%/[f.
Now let (X, A) be any weak limit point of {(X™, A%™): m >1}. Then on
an appropriate Skorohod space,
(X7, A5™) — (X, A%), P-as. (330)

mToo
(by passing to a subsequence if necessary). From the definition of (X™, A>™) it is
easy to see that, as X™ —,,,100 X, then

AS™ ()\1[/;(’5, )\2L§(’8>7 P-as., (331)

mToo

that is A® = A°. Also, on the same Skorohod space, the martingales M ()
defined in (327) converge to the martingale

t
0
0<t<T, o€ ®%. Then by the second part of Proposition 17, (X, A?) is a

solution to (MP)Z"ﬂ7 and hence, X solves the martingale problem (MP)Z"ﬁ’)"E.
This finishes the proof of Lemma 51. [

te Mi(p) = e~ (Xl (0.0)) - [ (A5 ule0))], (32

With Lemma 51 also the proof of Proposition 47 is finished.

APPENDIX: AUXILIARY FACTS

A.1. Some convergences in bCCO([O,T] X Rd). For convenience, here we collect
some standard facts; cf. for instance with [Myt99, Lemma A.4].
Fix T > 1. Introduce GT acting on measurable v : [0,7] x R? — R by

T
(GTY) () = / ds Sy_ 1, (2), (r,z) € [0,T] x RY, (A1)
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with S and p denoting the semigroup respectively the continuous transition kernel
of the symmetric a—stable process with generator A, := —9(—=A)*/2, 0 < a < 2,
¥ > 0. Recall our notation || - ||z, introduced in (97).

Lemma A1l (Relative compactness). For m > 1, let ™ be (real-valued) mea-
surable functions defined on [0,T] x R? such that

sup [[™ 1,00 < o0 (A2)
m>1

Then the set {GTQ/)T" :m > 1} is relatively compact in the space bCCO([O, T] x Rd)
of continuous functions on [0,T] x R% equipped with the topology of uniform con-
vergence on compacta.

Proof. First of all, for 0 <7 <7’ <T and z € R?,

[ dsSei @) < 197 e 07 1), (A3)

in particular, the set {GT¢™ : m > 1} is uniformly bounded on [0,7] x R%. By
Arcela-Ascoli it remains to show its equip-continuity on [0,7] x C, say, where
C C R? is compact. For this purpose, consider 0 < r <7/ < T and z,2’ € C.
Then

’

< [ " ds S | () (Ad)

T

(G0 (@) = (9™ (')

T
" / ds/Rddy [Ds—r(y = @) = srr(y — )| |01 (y)]-

By (A3), the first term on the right hand side is bounded by ||%™ (1,00 (¥’ —7). On
the other hand, by a change of variables, the second term is bounded from above
by

T
07 e [ s [ A [pusror (o= 2) = poly =), (45)

Fix 0 < e < 1. If we restrict the integration in (A5) additionally to s < ¢, then
the restricted double integral is bounded by 2e. On the other hand, we can find a
compact set K C R? such that

T+1
sup / ds [ dyps(y—z) < e (A6)
zeC Jo Kc
Now fix § € (0,¢) such that for all
z,o' € C and 0<r<¢ <T satisfying |z—2a'|+]|r—1| <4, (A7)
we have
T
/ ds /Kdy ’szrrfr’(y_m) —ps(y _x/)| < e (A8)
€
Hence, by (A3)-(A8) we get
[(GTo™)(2) = (GT™) ()] <5 sup [[97™[|7.00 ¢, (A9)

for x,z'r,r" asin (A7). Since £ was arbitrary, equi-continuity follows, and we are
done. ]
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Corollary A2 (Convergence). If, in addition to the assumptions in Lemma Al,

liTm |&™ 7. = 0, for each compact set K C R?, (A10)
then
GTY™ —— 0 in bCe ([0, T] x RY). (A11)
mToo

Proof. Fix a compact set C C R% For any & > 0, take a compact set K C R?
such that (A6) is satisfied. Then,

IGT9™ Ire < el$™Iroe + TIY™ I7c s (A12)

and the claim follows. ]

We need also another version of the previous result:

Lemma A3 (Convergence). Let ™ > 0, m > 0, be (real-valued) measurable
functions defined on [0,T] x R¢ satisfying

sup [ [|7,00 < 00 (A13)
m>0
and such that in MY,
Y7 (z)dsdz —— 2(x)dsda. (A14)
mloo
Then,
GTy™ —— GTY" in bCeo([0,T] x RY). (A15)
mToo
Proof. 1t is easy to check that
(GTyp™),(z) g~ (GT9%),.(x), (r,z) € [0,T] x RY. (A16)

Since by Lemma A1, {GTwm m> 1} is relatively compact in bCCO([O,T] X Rd),
claim (A15) follows. |

For convenience, we add here another simple statement.

Lemma A4 (Uniform convergence). For n > 1, consider f, € C. Suppose

SUp [|fnlloe < 00 (A17)
and that
fn—0 as n1 oo, uniformly on compacta of RY. (A18)
Then, for all T > 0,
sup Sifn — 0 as n oo, uniformly on compacta of Re. (A19)

0<s<T

Proof. Fix T >0 and a compact set C' C R%. Then the set of measures

{Ms,z(dy) = psly — ) dy: (s,2) € (0,T] c} (A20)
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on R? is tight. Consequently, for each § > 0 we can find a compact set K5 C R?
such that ps,(K§) <4, for any (s,z) € (0,T] x R%. Therefore it is easy to check
that

sup <,us,:c ) fn> < §sup ||fnlloo + sup |fn(y)| — 0 sup [|fulleo, (A21)
0<s<T, z€C n>1 yeK nloo  p>1

where in the last step we used (A18). By (A17), the claim follows, since § was

arbitrary. [

A.2. On the fractional Laplacian A, . This subsection is devoted to some el-
ementary properties of the (weighted) fractional Laplacian A, = —9(—A)*/2,
0 < a<2 9 >0 Recal first that D(A,) = @, introduced in the beginning
of Subsection 2.1.

Lemma A5 (Run away functions). For k > 1, let ¢, € &4 satisfy o < 1
and

0 for x € By(0),
= A22
#e (@) { 1 for x€Bg,,(0), (422)
(with By = B(0) = {# € R?: |z| < k}). Then
|A ookl P~ 0 wniformly on compacta of R%. (A23)

Proof. For the proof, we may assume that ¢ = 1 (otherwise, use scaling). The
following representation is well-known, see, e.g., [Yos74, formula (9.11.5)]:

Asp (z) = m /Ooods sT o) - SPe(@)], e, (A29)

where S denotes the semigroup of Brownian motion in R? related to A, and T
is Euler’s Gamma function.

Fix an N > 1, and consider x € By(0). Then, for all k sufficiently large we
have ¢ (z) =0 and @r(z+y) =0 for all |y| < k— N. Using representation (A24)
for ¢y, it suffices to show that

/ ds 571*0‘/2/ dy s~/ e lulPras 0, (A25)
0 ly|=k kToo
which follows immediately by dominated convergence. [

Corollary A6 (Run away functions). Fiz T > 0 and p € M. Then, with
{¢r : k> 1} C &4 from Lemma A5,

T
/ ds (p, Ss|Aarl) ]? 0. (A26)
0 o0
Proof. By Lemma A5, |A,¢k| — 0 as k T oo, uniformly on compacta. Hence, by

Lemma A4,

sup Sy|Aq@r] — 0 uniformly on compacta of R%. (A27)
0<s<T

Since p is finite, this gives the claim. [
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A.3. On weak convergence in M;. We need the following simple fact.

Lemma A7 (Sufficient criterion for weak convergence in Ms). Let D be a
countable dense subset of the separable Banach space C, and {Y, : n > 1} be
a sequence of random finite measures on R® defined on some probability space
(Q,F,P). Assume that

Yo, ) 7 some Y(f)eRy, feD, P-as., (A28)
{PY,, : n>1} is relatively compact in Ms. (A29)

Then there is a random finite measure Y on R? such that
Y, T—> Y in My, P-a.s., (A30)
Y.f) =Y(f), feD, P-as (A31)

Proof. Take Qy € F such that the convergence statement in (A28) holds for all
w € Q. Fix such w. We may think of ¥, (w) as measures in M;(R%), where
R? = R?U {oo} is the one-point compactification of R?. By [Do094, Theorems 8.4
and 8.5], it follows from (A28) that there exists a finite random measure Y (w) on
R? such that

Y, (w) — Y(w) in Mg(RY). (A32)

nToo

The proof will be finished, if we show that

<Y(w),1{oo}> = 0. (A33)
In fact, then
Yo (w) T—> Y(w) in Mg, (A34)

implying the claims (A30) and (A31).
Take ¢y := 1p, with By = By(0). Clearly, o1, | 1{o} =: ¢ as k T oo, pointwise

on R%. By monotone convergence
(Y(w), k) | (Y(w),9) as k1 oo, (A35)
hence
PY,px) L P(Y,p) as kT oc. (A36)

Assume for the moment that P (Y (w), ) = 0, then (A33) follows, restricting the
set Qo if needed. But by (A36) and Fatou,

P{Y,p) = lim P(Y, ) < lim liminfP (Vs op). (A37)

In view of (A29), for any § > 0 there exists N5 > 1 such that

sup P (Y, , o) < 4, k> Ns. (A38)

n>1

Then (A37) gives P (Y, ) <. Since § was arbitrary, the proof is finished. [ ]
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A.4. Some first order considerations of log-Laplace functions. First we
provide the

Proof of Lemma 15. Fix t,,1 as in the lemma.
(a) From the log-Laplace equation (29),

S (0,0) ()~ p(@)) = (ke (@) - 9x) (A39)

€

1 t+e ) ) i

- / dr SL_, (w7 (2), z € R
t

By letting € go to 0 the result follows easily.
(b) By a minor change in (A39), for s € [t,t + ] we have

Huz t+e (4, 0) — (pH (A40)
t+e—s ;
< H/ dr Si(Auis)| / dr Si_ (i) )|
(oo}

1 t+e—s 1 it 1+ﬁ
< - dr{|Agiellee + = Car [ [P

€ Jo € Js
< Agiglloo + el

where for the last inequality we used the domination
t
ubt(p,h) < Si_o + / dr’ SL_ 4, 0<r<t. (A41)

(c) From the log-Laplace equation (29),

t
S (epen)) - S - [ dsSi (A42)
1 [t . . i
= 7g[d5 S;_T((uéyt(€¢7€w))l+ﬁ),

so we need only to deal with the last term. But by domination (A41),
[sio((itee o)™ )|| < [[itee0) ™| (A43)

< 7 (lelloo + tl100)
[recall notation (97)]. This implies claim (c), finishing the proof of Lemma 15. m

Proof of Lemma 16. (a) Choose ¢, € bB such that ¢, T ¢. By subadditivity
(Lemma 33) and domination, for n > m we immediately get

‘u ‘Pnao)_“f«’t(wmﬂ” < u?t(@n_wmvo) < Si—r(wn_ﬁpm) — 0

n,m7oo

uniformly on compacts of R%, for each fixed r < t. This gives the existence of a
continuous limit

u(p,0) = lim u’*(p,,0). (A44)
ntToo

The fact that u®! solves (29) follows easily by monotone convergence. The unique-
ness argument is standard.
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(b) First of all, Si_,p. — Si_ ¢ uniformly on compacts on R?. Since

st (e, 0)]| . < |ISi—ree,0)]| . < ess sup |o=(z)], (A45)
e
by Lemma Al, setting
Pi(x) = (ui’t(gpe,O))HBi , 0<s<t, zeR% (A46)

we have that {G'9°: 0 < e < 1} is relatively compact in bCeo([0,¢] x R%). Argu-
ing as in the proof of Proposition 34, it is easy to check that each limit point solves
the required equation, and the convergence is uniform on compacts. ]
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