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We investigate natural linear additive (NLA) functionals of a general
critical (¢, K, )-superprocess X . We prove that all of them have only fixed
discontinuities. All homogeneous NLA functionals of time-homogeneous su-
perprocesses are continuous (this was known before only in the case of
quadratic branching).

We introduce an operator &(u) defined in terms of (¢, K, ) and we
prove that the potential ~2 and the log-potential u of a NLA functional A
are connected by the equation u + &(u) = h. The potential is always an
exit rule for ¢ and the condition 2 + &(h) < oo a.e. is sufficient for an exit
rule & to be a potential.

In an accompanying paper, these results are applied to boundary value
problems for partial differential equations involving nonlinear operator
Lu — u® where L is a second order elliptic differential operator and 1 <
a<2.

1. Introduction.

1.1. Superprocesses. We follow definitions and notation of [4].
Let E be a metrizable Luzin space. A superprocess X in E is a collection of
random measures on S = R, x E characterized by the following elements.

1. A right Markov process ¢ = (¢, 11, ) in E.
2. A (positive) continuous additive functional K of ¢.
3. A transformation ¢ in the space of positive Borel functions on S.

[This is a mathematical model of a random cloud. The spatial motion of its
infinitesimal parts is described by &, and the branching mechanism is given
by K(ds) (the intensity of branching) and ¢ (the branching law).]

We denote by .Z(S) the space of all finite measures on a measurable space
S. A set @ is called finely open if, for every (r, x) € Q, there exists, 11, ,-a.s.,
t > r such that (s, &) € @ for all s € (r, ). To every finely open subset @ of S
and to every u € .#(S) there corresponds a random measure (X, P,) called
the exit measure from @. The quantity X, describes the time-space mass
distribution of the cloud instantaneously frozen on @° and P, is a probability
measure corresponding to initial time-space mass distribution u. All P, have
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the same domain 7. For every positive measurable function £,
P/.L exp<_f7 XQ) = eXp(—u, M)a
u(x) +1L . | K(ds)y*(u®)(&) =11, .f7(§;)

where 7 = inf{t: (¢, £,) ¢ @} is the first exit time of £ from Q.
The joint probability distribution of X ,..., Xo is determined by (1.1)
and by the Markov property: for every positive .77 5-measurable Y,

(1.2) P{Y|7.q} = Px, Y,

(1.1)

where J_ is the o-algebra generated by X, with @ C @ and - is the
o-algebra generated by X4, with Q" D Q.

The existence of a family (X, P,) subject to conditions (1.1) and (1.2) is
proved in [5], Theorem 5.3.1, under a mild assumption on K for a class of
functions ¢ which contains the family

(1.3) (2)(x) = b°(x)2(x)? +/ Exp(z, v)n’(x, dv),
A(E)
where
(1.4) Exp(u) =exp{-u}—1+u
and functions b > 0 and
(1.5) / (1, 9) A (1, ¥)2n%(x, dv)
A (E)

are bounded. There is an additional condition which relates n®(x, dv) to the
Lévy measure of £ (see 3.2.A).

Formula (1.3) describes the branching mechanism of the most general crit-
ical superprocess. Formulas (1.1) and (1.3) imply

(16) P/.,L(f’ XQ> = H;Lf(T’ g'r)a
where

m, :/EH,,x,u(dr,dx).

We put S_, = [0, t) x E and we denote by X _, the corresponding exit mea-
sure. Let X, stand for the restriction of X _, to {¢} x E and let P, , mean
the measure P, with u(ds, dx) = §,(ds)v(dx). (8, is Dirac’s measure at the
point z.) The collection (X, P, ,) determines a measure-valued Markov pro-
cess which can be chosen to be a right process (see, e.g., [21]).

In this paper we assume the following conditions.
1.1.A. The process ¢ is a Hunt process.

1.1.B. There exists a measure m (called the reference measure) such that,
if m(B) =0, then I, .{¢{;, € B} =0forall r <t and all x.
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Under condition 1.1.A, the right version of the Markov process (X, P, ,) is
a Hunt process (see [17]). By [11], under condition 1.1.B, there exists a mea-
surable function p(r, x;¢, y) such that, for all » < ¢ and all positive Borel f,

L.7) Tif(x) =1L f(&) = [ p(r.x:t, »)f(y)m(dy)

and, forallr <s<tandall x,z e E,

fE p(r, x;s, y)m(dy)p(s, y;t, z) = p(r, x;¢, 2).

We call p the transition density of ¢.

1.2. Additive functionals. We put.# = .#(S) and we denote by .7°(I) the
o-algebrain () generated by X, with ¢ € I. Let A(w, -) be a measure on (0, co)
which depends on parameter o € Q and let .#* C .#. We say that A is an
additive functional of X with determining set .#* if, for every open interval I
and every u € .#*, A(I) is measurable relative to the P,-completion of 7°(I).
We assume that set .#* has the following properties.

12A. Ifue.z*andif o <pu, then o e 7%

1.2.B. For every u € .#* and for an arbitrary @, P, {Xqy € .#*} = 1.
Moreover, P, {X, and X, e .#* for all ¢t} = 1.

1.2.C. The set S* = {(r,x) : §(, 1) € -#*} is the complement of a &-polar
set. (A set S ¢ S is called ¢-polar if I, . {¢& € S for some ¢} = 0 for all
(r,x) ¢8S.)

1.2.D. Every measure u € .#* is concentrated on S*.

We call sets with properties 1.2.A-D total. Note that the intersection of any
countable family of total sets is a total set.
A positive measurable function & on S is called an exit rule if

T:h*<h”™ and T.h®— h" ass|r.

We say that % is a pure exit rule if, in addition, T.A° | 0 as s — oo. Denote
by H the set of all pure exit rules & such that A"(x) < co m-a.e. for all r. To
every h € H there corresponds a total set .#(h) = {u € .#: (h, u) < oo}.

Denote by £. the o-algebra in (r, c0) x  generated by functions F(¢, w)
which are left continuous in ¢ and adapted to 7°(r, ¢). An additive functional
A is called natural if, for every r and every u € .#*, the function A(r,t], t > r
is P -indistinguishable from an £.-measurable function.

1.3. Natural linear additive functionals. Let h € H. We say that A is a
natural linear additive (NLA) functional with potential ~ if A is a natural
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additive functional with determining set .#* C .#(h) and if, for all u € .#*,

(1.8) P,A(0,00) = (h, u)
and
(1.9 P {AQ,r]=0}=1 ifu(S_,)=0.

[A heuristic interpretation of (1.9): nothing is accumulated by A before the
cloud is born.]

Put S* = {(r, x): 8, , € .#*}. The log-potential of an NLA functional A is
defined by

(1.10) u"(x) = —log P, e 4>, (r,x) e S*.
By Jensen’s inequality,
(1.11) u"(x) < h"(x) on S*.

The characteristic of A is defined by
(1.12) hi(x)= P, ,A(r,t] forr<t,(r,x)eS"
It can be continued to {r < ¢, (r,x) ¢ S*} by
(1.13) Bi(x) =1im [ p(r.x:s, y)hi(y)m(dy).

(Since m does not charge the complement of S*, the integrand is defined
m-a.e. The limit exists because the integral is monotone decreasing in s.) We
set hj(x) =0 for r > t.

An important class of NLA functionals is given by

(1.14) A =38, (D){fr> X1, )
1
where 0 < t; < --- < ¢, <ooand f4,...,f, are positive functions. We call
them discrete functionals. The potential of A is equal to
(1.15) W(x)= 3 T, fh
tp>r

1.4. Operator &. A superprocess X can be characterized by a nonlinear
operator acting on positive Borel functions on S by

oo}

(1.16) S)(r, x) =1L, | K(ds)y(u”)(&;)-

The expression &(u, p) = (€ (u), u) can be considered as a generalized energy
integral. A similar generalization is introduced in nonlinear potential theory
[see, e.g., [1], (2.2.6)]. We set

(1.17) Sy(h) = {(r, x): (h+&(h))(r, x) < 00},

(1.18) Ay(h) = {u: (h+&(R), w) < oo}
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For every total set .#Z*, we put .Z;(h) = .#*N.#.(h) and S;(h) = S*NS,(h).
Note that all measures u € .#;(h) are concentrated on S%(h).

1.5. Continuity properties. An additive functional A with determining set
A% is called continuous if there exists a set )’ such that: (1) the measure
A(w, -) is diffuse (i.e., it does not charge single points) for every o ¢ (V;
(2) P,(QV)=0forevery u e .#*.

THEOREM 1.1. Let A be an NLA functional with potential 2 and determin-
ing set .#* C .Z,(h). If the characteristic &}(x) is continuous in ¢ for every
(r, x) € S*, then functional A is continuous.

We say an additive functional A with determining set .#* has only fixed
discontinuities if there exists a set ()’ and a set ®@, at most countable inde-
pendent of w such that: (1) A(w,{t}) = 0 for all v ¢ ' and all ¢ ¢ ®; (2)
P, (QV)=0forall ue.z"

THEOREM 1.2. An NLA functional with determining set .#* C .#,(h) has
only fixed discontinuities.

1.6. Discrete approximation. Let A be an NLA functional with potential ~
andletA={0=1¢, <t <--- <t,}. Denote by A, the discrete NLA functional
given by

n—1
(1.19) Ay(ds)= )" 5tk(ds)(h§:+1, X, )+ Stn(ds)(ht", X, ).
1
We say that A, is a standard sequence of partitions of R, if A; C A, C --- and
the union of A, is everywhere dense in R,.

THEOREM 1.3. Let A be an NLA functional with potential 2 and deter-
mining set .#*. Let A, be a standard sequence of partitions. Then, for every
0<r<t<ooand forevery u e .Z;(h),

(1.20) Ay (r,t] > A(r,t] in L*(P,).

[Formula (1.20) with weak convergence follows easily from [3], VII. 8 and
VI1.21. The strong convergence was proved in [16], Lemma 3.1, in the case
when A is piece-wise continuous.]

REMARK. Let A;, A, be two NLA functionals with potentials %4, h, and
determining sets .47, .#;. Theorem 1.3 implies that, if A, = h,, then the
functionals A; and A, are indistinguishable with respect to all the measures
P, with p e .2 N.#5.
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1.7. &£-equation. By [4], Theorem 1.1.8, discrete functionals have the prop-
erties:

1. for every u € /#,

(1.21) P, e A0 = e (wm),
2. the log-potential u satisfies equation

(1.22) u+&uw)=h onS.

We prove the following theorem.

THEOREM 1.4. Let A be a NLA functional with potential A, log-potential u
and determining set .#*. Then

(1.23) Pe 40 = e=1) for every u € .#(h)
and
(1.24) u+&u) =h on Si(h).

We call (1.24) the £-equation.

1.8. Lifting and projection. Let a be a natural additive functional of ¢ (see,
e.g., [5], Section 2.4.1). We consider only functionals satisfying the following
finiteness condition

(1.25) h(r,x) =11, ,a(r,o0) < oo, m-as.

for all ». The function 4 is called the potential of a. It defines a uniquely up
to indistinguishability (see, e.g., [5], Theorem 2.4.1).

Let A be a NLA functional with determining set .#* and a be a natural
additive functional for £&. We say that a is the projection of A and A is the
lifting of a if their potentials coincide, that is, if

(1.26) P, A(r,o0) =11, ,a(r, o).

for all (r, x) € S*.

THEOREM 1.5. Let A be a potential of a natural additive functional a of the
process &. There exists a NLA functional A with potential A and determining
set . 4* = .#(h).

In other words, the lifting can be constructed for every natural additive
functional subject to the finiteness condition (1.25). For instance, Theorem 1.5
is applicable to every bounded h € H.
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1.9. Existence of linear additive functionals. Not every NLA functional has

a projection (an example could be given by Iscoe’s local times [19] for a super-
Brownian motion in dimensions 2 and 3). To consider general functionals, we
need some preparations. Let w(¢), 0 < ¢ < 1 be a positive continuous function.
We call it admissible if

1 1
(1.27) / tw(t) dt = oo, / t2w(t)dt < oco.

0 0
For every admissible function w, we set

1
(1.28) &(u) = /O w(t)&(tu) dt

and &,(u, u) = (&,(w), n). By (1.3), ¢°(tz) > t?y*(z) for t < 1. Therefore
&,(h) > const.£(h) and the set .Z(h + &,(h)) C #Z.(h).

THEOREM 1.6. Let 2 € H. Assume that the function &,,(%) belongs to H for
some admissible w. Then there exists a NLA functional A with potential ~ and
determining set .Z(h + &,(h)).

A stronger result can be established under the following condition.

1.8.A. There exists an increasing positive function g(A) 1 co as A — oo,
such that

P(Az) = A\g(M)yY®(z) forallA>1, 2>0, 0 <s < oo.
[1t follows from (1.3) that A¢*(2) < ¢*(Az) < A%§*(2) on the same set.]

THEOREM 1.7. Let 1.8.A be valid and let 4, &£(h) € H. Then there exists a
NLA functional A with potential 2 and determining set .Z,(h).

2. Continuity properties.
2.1. To prove Theorem 1.1, we use the following elementary observations.

2.1.A. Suppose that ¢ > 0 and

(2.2) o(t)=o(t) ast|O.
Ifa,,>0,k=1,...,m,, > pa;, <C forall n and if lim, sup, a;, = 0, then
(2.2) lim>  ¢(az,) =0.

ok

This follows from an obvious inequality

(2.3) Y ¢lay) < (Zak) sup %‘;’e).
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2.1.B. Suppose that ¢ is a convex function on R, and ¢(0) = 0. Then

(2.4 Y elay) < €D<Z ak)

for every positive a4, ..., a,,.
Indeed, for every y, ¢(x + y) — ¢(x) is an increasing function in x and

therefore ¢(x + y) — o(x) > ¢(y).
2.2. First, we prove several lemmas.

LEMMA 2.1. Let A be a NLA functional with potential 2. Then
(2.5) P,Exp A(0, 00) < Exp(h, u) + & (h, p)
for every u € .#*.

ProOOF. (i) Put u(u) = —log P, exp(—A(0,c0)). By Jensen’s inequality,
P, exp(—A(0, 00)) > exp(—P,A(0, 00)), and therefore
(2.6) u(p) < (h, u).

(if) Let A, be a standard sequence of partitions. Consider discrete func-
tionals A, = A, given by (1.19). Denote by A, and u, their potentials and
log-potentials. We claim that

(2.7) u(p) = limsup(u,,, w).

Indeed,
exp(—A4,(0, 00)) = exp(—A(0, 00)) — exp(—A(0, 00))[ A,(0, 00) — A(0, c0)]
and therefore
P, exp(—A,(0,00)) = P, exp(—A(0, o))
— P, exp(—A(0, 0))[A,(0, 00) — A(0, c0)].
Since (1.20) holds with weak convergence in Ll(P#), we have
P, exp(—A(0, 00))[A,(0, 00) — A(0, 00)] - 0

as n — oo, and therefore

liminf P, exp(—A,(0, )) > P, exp(—A(0, 0)),

which implies (2.7).
(iii) By Jensen’s inequality, u, < h,. It follows from (1.15) and (1.19) that
h, < h. By (1.22),

(uru /J“> + bp(unv /-L) = (hru /*L>’
and therefore
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Since A, 1 h, we have
limsup(u,, u) + &(h, n) = (h, ).
By (2.7),
(2.8) u(p) +&(h, 1) = (h, p).
By (1.4),
P, Exp A(0, 00) = exp(—u(w)) — 1+ (h, u) = Expu(p) + (A, u) — u(p)
and (2.5) follows from (2.6) and (2.8). O

LEMMA 2.2. Leth e H and u € .#(h). Put S(h) = {h < oco}. If the function

(2.9) hi(x) = 1, [1" (x) — Ty h!(x)]
is continuous in t for every (r, x) € S(h), then
(2.10) Th(t) = [[hL.a(x) = hi(x)lu(dr, dx)

converges to 0 as 6 — 0 uniformly on every finite interval.

PROOF. The function J%(¢) is increasing in 8. The dominated convergence
theorem implies that J%(¢) — 0 for every ¢ as § — 0. The uniform convergence
follows from an observation: J%(¢,) - 0as 6 — 0 and ¢, — ¢ O

LEMMA 2.3. Let Y be measurable relative to the o-algebra .Z%. Then, for
every u € /4,

(2.11) P,Y =P,Py Y.

Proor. By the multiplicative systems theorem, it is sufficient to prove
(2.11) for Y = e~ 4(->) where A is a discrete NLA functional. Put @ = S_,.
For every s > ¢, X, = X_; — ng P, -a.s. Therefore Z% is contained in the
o-algebra generated by -, and sets of P, -measure 0 and (2.11) follows from
(1.2). O

LEMMA 2.4. Let A be a NLA functional with determining set .#* and po-
tential A&. The characteristic of A is given on S* by (2.9). For every u € .#*,
s<telR,,

(2.12) PLA(s, t] = / [hI(x) — BT (x)]u(dr, dx)
and
(2.13) P A{t} = f [hI(x) — BT_(x)]u(dr, dx).

Denote by A, the restriction
(2.14) A,(I)=A(INA)
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of A to the interval A. If A = (s, ¢], then A, is a NLA functional with deter-
mining set .#* and potential

(2.15) hy =h; —h, on S
If A ={¢}, then A, is a NLA functional with potential
(2.16) hiy =hi —h;_ on S".

PrROOF. If u e .#* then by (2.11),
(2.17) P,A(t,00) = P,Px_A(t, ).
The measure X _, belongs, P,-a.s., to .#* and it is concentrated on S.,. By
(1.9),
Py A(0,t]=0
and, by (1.8),
(2.18) Py A(t,00)=Px_ A(0,0) = (h, X_,).
By (2.17), (2.18) and (1.6),
P, A(t, 00) = I, A7(£,),

where 7 is the first exit time from S_;. Note that Il, . {r =¢} =1forr < ¢
and II, {r=r}=1for r > t. Therefore

P A(t,00) = [[L,. Tih!(x) + 1,o,h"(2)]u(dr, dix)
(2.19)
= [1#"(x) = hi(x)]u(dr, d=).

Expression (2.9) for the characteristic on set S* and formulas (2.12), (2.13)
follow from (2.19). Formulas (2.12) and (2.13) imply that A, satisfies (1.8) and
(2.15) or (2.16). Formula (1.9) holds because A,(I) < A(I). O

2.3. Proof of Theorem 1.1. (i) Fixb e R, and u € .#*. Put

o= sup A{¢}
te(0, b]
and
n—1

®(A) =P, > Exp(A(4)))
i=0
for A ={0=1¢t <t < --- <t, =0b}and A; = (¢;,¢;,1]. The function
Exp is monotone increasing and therefore P, Exp(o) < ®(A) for all A. Since
Exp(x) > 0 for u > 0, Theorem 1.1 will be proved if we show that, for every
b € R, and every standard sequence A, of partitions of [0, b],

(2.20) ®(A,) — 0.
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Let A, be the NLA functional corresponding to A; by Lemma 2.4 and let
h,, be its potential. By Lemma 2.1,

P,EXp(A(4;)) = EXp(hy,, v) + &(hy,, V)
for every v € .Z*. Since X _, € .#* P, -a.s., Lemma 2.3 implies that

O(A) =P, Px_, EXp(A(4;)) = P1(A) + Py(A) + D3(A),

where

(2.21) D (A) =) P, &(hy, X)),

(2.22) D,(A) =D Exp(P,A(4))),

(2.23) D3(A) =P, Y Exp(Px_ A(A))) — > Exp(P,A(4))).
(ii) First we prove that

(2.24) ®,(A,) — 0.

By (2.15), hy = hj, , for s € [t;, ;1) and hy =0 for s > ¢,,,. Let 7; be be the
first exit time from S_, . By (1.6),

®y(A) = [ u(dr, dx)F\(r, 2),
where
Fy =Y F)
with
Fi(r,x) =10, . &(hy (75 €:) = 1, 1L &Ry )(tis &)+ 14 <
By (1.16) and the Markov property of &,

&(hy (1, x).

i+1

tita

i) =1, [ Ko, (&)

i+l

and therefore

(2.25) ®y(A) =TI, , rb K(ds)* (b )(E) < [ Ads, do)p* (S, )(x)
where a(s) =¢;,, ift; <s<¢;,, and

(2.26) Y(B) = [ (dr, doll, [~ K(ds)Lp(s, ).

By (1.12) h{ < h® for all ¢ and therefore

(2.27) i (hiys)) < P°(R°).
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We have

(2.28) [ v(dr, dxy (h)(x) = &(h, ) < oo,
which implies

(2.29) P (R)(x) < 00, y-ae.

If «,, corresponds to partition A,, then «,(s) | s and
(2.30) (R, () > 0 on {(s, x): $°(h%)(x) < oo}

by (1.3) and the dominated convergence theorem. Formula (2.24) follows from
(2.25), (2.27), (2.28), (2.30) and the dominated convergence theorem.
(iii) By Lemma 2.4,

(2.31) P A{t} = f[h; — kI u(dr,dx) =0 for all .
By (1.12),

and, by (2.12) and Lemma 2.2,

(2.32) OS<L:£)b P,A(t,t+6]10 asé— 0.
Hence,
(2.33) ®,(A,)— 0
by 2.1.A.
(iv) It remains to prove that
(2.34) d,4(A,) — 0.

By (2.11), PMPX<tiA(AL-) = P,A(4;) and therefore
P, Exp PXdi A(A;) —Exp P,A(A))
(2.35) =P, exp{—PXdi AN} - exp{—PMA(Ai)}
= P, exp{—(hy, X )} —exp{—(hy, u)}.

For r < t;,
M, 3 (&,) =T, R (&) = P Py x_ A(A) = P, (A(A;) = I} (x)
and, by (1.1),
P, exp{—(hy, X )} = exp{—(vy,, w)},

(2.36) tvr
o, (0) 10, [ K (ds)i (03 )(E) = B ().
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Since0<e?—e*<x—yfor0<y<ux, (2.35) and (2.36) imply
(2.37) 0= d3(A) = X [ GL(r, x)u(dr, i),
i
where

(239 Girx) =1, [ K@dswu)&) =1, [ K(dsyu(hg (&)

Hence

(2.39) 0 < d3(A) = [ v(ds, dx)Q, (s, %),

where

(2.40) Qa(s, x) = Y ¥°(h} )(x).

Note that

(241) Z hz,(x) = Ps,x Z A(AL) = Ps,xA(Ss OO) = hs(x)

and, by 2.1.B applied to convex functions u? and Exp(u),
(2.42) Qx = ¥°(R°).

The function *(h®) is y-integrable by (2.28). To get (2.34) from (2.39), it is
sufficient to show that

(2.43) Q,, (s, x) =0, y-ae.
(v) If max(¢;,1 —¢;) < 8, then
(2.44) sup(hy,, v) < sup Ji(t),
i t<b

where J is given by (2.10). For every v € .Z(h), the right-hand side in (2.44)
tends to 0 as § — 0 by Lemma 2.2 and therefore

(2.45) sup(hy,,,v) — 0 forall v e .Z(h).

In particular,

(2.46) suphj (x) > 0 forall (r,x) € S*.
It is sufficient to prove (2.43) when

(2.47) o (2)(x) = b°(x)2(x)?

or if

(2.48) ¥ (2)(x) = //{ Exp(z, v)n’(x, dv).
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In the first case, (2.43) follows from 2.1.A, (2.41) and (2.46). In the second case,
(2.49) Qu(s. %) = [ an(s, v)n*(x, dv),

where
qa(s.7) = Y Exp(hy . v).

By (2.41),

(2.50) Z( Ao v) < (R ).

Put B, = {v: (h°,v) < co}. By 2.1.A, (2.50) and (2.45), g, (s,v) — O forv € B,.
Note that Exp(h°,v) = oo on the complement of B,. By (2.48), n®(x, ) is
concentrated on B, if °(h®)(x) < oco. By (2.28), the measure vy is concentrated
on the set {y(h) < oo}, and (2.43) follows from (2.49) and the dominated
convergence theorem. O

2.4. Theorem 1.2 is an immediate implication of the following.
THEOREM 2.1. Every NLA functional A with determining set .#* C .#.(h)

has the form
(2.51) A=A+ Ay,

where A is a continuous NLA functional, ® is at most countable set and A
is a NLA functional which corresponds by Lemma 2.4 to the interval {¢}.

PROOF. There exists a measure pq(dr, dx) = p(r, x)drm(dx) with strictly
positive p such that (A, uy) < co. By Lemma 2.4, the potential A, of Ay, is
given by (2.15) and therefore

(g mo) = F(t) — F(t-),
where

F(t) = [ hj(x)uo(dr, dx)
is a bounded right continuous monotone increasing function. The set
O ={t: F(t) > F(t—)}

is at most countable. If ¢ ¢ @, then (A, uo) = 0 and, since Ay, is an exit rule,
it is equal to O identically. Formula

A=A-Y Ay,
ted
defines a NLA functional with characteristic
E{(x) =hj(x)— > hfs}(x)-

sed

Clearly A/(x) is continuous in ¢ and A is continuous by Theorem 1.1. O
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3. Discrete approximation, £-equation.

3.1. Proof of Theorem 1.3. The theorem has been already proved in [16],
Lemma 3.1, if the set ® in (2.51) is finite and & is bounded. The second con-
dition can be dropped without any substantial change in the proof. If ® is
countable, we consider a sequence of finite sets ®, 1+ ® and we denote by A,
functional of the form (2.51) with ® replaced by ®,. For every u € .#* and
every partition A of R,

PM|AA(r, t]— A(r, t]| < PM|An(r, t]— A(r, t]|
(31) +Py.|AnA(r’ t]_An(r’ t]|
+ P;L|AnA(r’ t] - AA(ra t]|’
where A, corresponds to A and A, , corresponds to A, by (1.19). Note that

(3.2) P, |A(r,t]— A,(r,t]] - 0 asn— oo.

A computation based on (1.15) shows that

(3.3) P AN(r t] = A n(rt]l < ) PLAg.
teP\P,

Since (1.20) holds for every functional A,, it holds for A by (3.1), (3.2) and
(3.3. O

3.2. In the proof of Theorem 1.4 we use an additional condition on n®(x, dv)
mentioned in Section 1.1.

Recall that the Lévy measure of ¢ is a random measure N(ds, dy) on S
concentrated on the set {(s, y): é&,_ # y} and such that

S Fem &)~ [ [ (6 »Ns,dy)

is a martingale relative to (7 °[r, ¢], I1, ) for every r, x and every bounded
positive Borel function f on R, x E x E with the property f*(x, x) = 0 for all
s, x. We introduce a random measure on S

(A, B) = /A K(ds) f//m ns(&,, dv)v(B).

The existence of a superprocess is proved in [5], Theorem 5.3.1, for ¢ of the
form (1.3) under the following additional assumption.

3.2.A. The measure 7 is dominated by the Lévy measure N in the follow-
ing sense: for every positive Borel function f¢(x, y) such that /*(x, x) = 0 for
all s, x,

[ £ yi(ds, dy) < [ F(éc y)N(ds, dy) ass.

(By [5], Theorem 6.1.1, condition 3.2.A holds for all critical superprocesses
with finite second moments.)
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LEMMA 3.1. Let (r,x) e S and letI C S be a set with the property
I, {(¢,é)el forallt>r}=1

Then the measure
(3.4) y(r,x;B)=1I, . | K(ds)lg(s, &)
is concentrated on I' and the measure

’)_/(7', o C) = Hr, x ﬁ’(ds7 dZ)lc(S, §s7 Z)
(3.5)
= [ ¥(r, x:ds, dy)n*(y, dv)v(d2)lc(s, ¥, 2)

is concentrated on the set {(s, y, 2): (s, 2) € I'}.

PROOF. The first statement is obvious since the right side of (3.4) vanishes
for B=1Tv.
It follows from 3.2.A, (3.5) and the definition of the Lévy measure that

(3.6) [ xids, dy, d2)f*(y.2) <L, o 3 Fo (60 €

s>r

if f%(x,x) =0.PutC’" ={(s,5,2): y # 2,(s,2) ¢ I', C" = {(s,5,2): y =
z, (s,2) ¢ I'}. Measure ¥ does not charge C’ because the right-hand side in
(3.6) vanishes for f = 1,. It is clear from (3.5) that y does not charge C”
[because (s, &) ¢ Iif (s, &,,2) e C"]. O

3.3. Proof of Theorem 1.4, (i) Let A, be given by (1.19). By (1.15), its
potential
(3.7) hy =T} h',
where i = min{k: ¢, > r}. Fix u € .Z}(h). By (1.21),
P, exp(—A,(0, 00)) = exp(—(up, u)),

where u, is the log-potential of A,.
Let A, be a standard sequence of partitions of R, and let v, = u, . By
Theorem 1.3,

P,|A, (0,00) — A(0,00)[ = O
and therefore
(3.8) (tp, n) — —log P,e 4>,
Hence u,, tends to the log-potential « of A on I' = S%(4). By (3.7) and (1.11),
(3.9) u, < h.

Therefore (u,,, u) — (u, n) and (1.23) follows from (3.8).
(ii) By (1.22),

(3.10) U, +&(u,)=hy, .
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By (3.7), hy, — h. We know that u, — u on I'. We get (1.24) if we prove that

(3.11) &(u,) —> &) onl.

First, we show that, if (r, x) € I, then

(3.12) P(u,) > P(u), y(r,x;-)-ae.

Since ¢ is represented by (1.3), we need to check that

(3.13) us(y) — u’(y) for y(r, x;-)-almost all (s, y)
and

| Explus, vin*(y, dv) > [Exp(ut, v)n(y, dv)

for y(r, x;-)-almost all (s, y).

(3.14)

Formula (3.13) follows immediately from Lemma 3.1. To prove (3.14), we put
v € B, if v does not charge {y: (s,y) ¢ I'} and (h®,v) < oco. If v € B, then
(s, ¥) € I" for v-almost all y and u$(y) — u*(y) v-a.e. By (3.9) and the domi-
nated convergence theorem, (u$,v) — (u®,v).

Fix (r,x) e I'. By Lemma 3.1,

(3.15) /?(r, x;ds,dy,dz)1r.(s,2) =0
and, by (3.4) and (2.48),
(3.16) /y(r, x;ds, dy) Exp(h®, v)n®(y, dv) < &(h)(r, x) < oo.

Formulas (3.15) and (3.16) imply that, for y(r, x;-)-almost all (s, y), measure
n®(y, dv) is concentrated on B, and therefore (3.14) follows from the bounds
(3.9) and (3.16) and the dominated convergence theorem.

To get (3.11) from (3.12), it is sufficient to note that

E(u,)(r, %) = [ y(r, x;ds, dv)r(u)(y)
and
/y(r, x;ds, dv)Yi(h°)(y) =& (h)(r,x) <oco onT
and to use the bound (3.9). O
4. Existence of NLA functionals.

4.1. A general existence theorem.

THEOREM 4.1. Let A be a pure exit rule for ¢ and let .#* be a total sub-
set of .#Z(h). Suppose that, for every u € .#*, the process Y, = (h, X_,;) be-
longs to class (D) relative to (%", P, ) where " is the o-algebra generated by
X _,, s < t. Then there exists a NLA functional A with determining set .#*
and potential A.
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PRrOOF (cf. proof of Theorem 2.4.2 in [5]). By (1.2), Y, is a supermartin-
gale relative to (", P,). Let A’(n) be the compensator of Y [that is, a pre-
dictable increasing process such that A°(u) =0 and Y — A is a martingale].

Toevery A = {0 =ty < t; < --- < t,} there corresponds an additive
functional A, given by (1.19) with Aj defined by (2.9). For every s <t e R_,

Pp,{Ys - Yt|‘7‘;f} = <h§7 X<s>

and therefore
n—1
A\O,t]=> PAY, -Y, |9, +PAY, |7 _}.
k=1

Let A, be a standard sequence of partitions. By [3], VII1.8 and VI1.22, there
exists, P,-a.s. a weak limit a,(n) of A, (O, ¢] in L'(P,). By Lemma 2.4.2 in
[5], there exists a natural additive functional A with the properties described
in Theorem 4.1. O

4.2. Proof of Theorem 1.5. Theorem 1.5 will follow from Theorem 4.1 if
we show that Y, = (h, X _,) belongs to class (D) relative to (%, P,) for every
p € #. According to [3], Theorem VI.25, it is enough to prove that P, Y, — 0
for every increasing sequence of stopping times with lim, T', = cc.

Put p(t) = (h1,.,, n). By [10], there exists a sequence of randomized stop-
ping times o, for the process ¢ such that o, < o,.,, lim, 0, = oo Il -as.
and

(4.1) P,Yr =P,p(T,)+1U,h"(&;)=P,p(T,)+1l,a(c,, )
and the right-hand side of (4.1) tends to O since (A, u) < co. O

4.3. Proof of Theorem 1.6. Denote by .7~ the family of all stopping times
relative to the filtration ., in Theorem 4.1. By Theorem 4.1, we need to check
that, for every u € #(h + &,(h)), the family Y, T € 7 is uniformly P,-
integrable. To this end, it is sufficient to show that
(4.2) sup P,e(Yrp) < oo

TeT
for a positive function ¢ such that ¢(u)/u — oo as u — oo (see, e.g., [3],
Theorem 11.22).

Put
1
(4.3) o(u) = / w(t) Exp(tu) dt.
0
There exists a constant ¢ > 0 such that, for all u e R,
(4.4) ¢ lq(u) < Exp(u) < cq(u),

where g(u) = u A u?. 1t follows from (1.27) and (4.4) that ¢(u) < oo and

1
o(u)/u=>ct -/l/u tw(t)dt — oo
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as u — oo. We get (4.2) if we prove

(4.5) Poe(Yr) < o((h, u) + & (h, ).

Since h A N € H if h € H, it is sufficient to prove (4.5) for bounded h. By
Theorem 1.5, every bounded pure exit rule 4 is a potential of a NLA functional
A. Note that (h, Xp) = P, (A(T, 00)|77) and, by Jensen’s inequality,

P o((h, X7)) = P e(A(T, 00)) < P,¢(A(0, 00)).
On the other hand, by Theorem 1.4,
P, Exp(A(0, 0)) = exp(—(u, u)) — 1+ (h, u) = Exp(u, u) + &(u, )

and therefore

P,e(A(0, x0)) = /O "t w(t)P, EXp(tA(0, o))

1 1
= [ dtw(t)Exp(u,, u) + [ dtw(®)&(u,, m),
0 0

where u, is the log-potential of NLA functional tA. Since u, < th, we get

P,o(A(0, 0)) < /Oldt w(t) Exp(t{h, n)) + /Oldtw(t)(f(th, In)

= o((h, n)) + &,u(h, p),
which implies (4.5). O
4.4. Proof of Theorem 1.7. Condition 1.8.A implies the existence of admis-

sible function w such that &,,(h) < const. £(k). Indeed, if g(u) 1 oo as u — oo,
then there is a function W(z) > 0 with the properties

00 00 W(u)
/1 W(u)du = oo, /1 u/\—q(u)du < 00.

Put w(t) = t3W(¢~1). By construction, the function w is admissible and
1

(4.6) / tw(t)g L (t1) dt < oo.
0

By 1.8.A,

&(th) < tg(t™") £(h),
for 0 < ¢ < 1, and Theorem 1.7 follows from (1.28), (4.6) and Theorem 1.6. O

5. Concluding remarks.

5.1. Class SL. Let Z be a positive .#-measurable function on . We say
that Z belongs to class SL if there exists a total set .#* and positive functions
h, u such that

-Z —(u, *
(5.1) P,Z = (h,p), Pe? =e 'k forall ue.z"

"
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It follows from [4], Section 1.1.6, that SL contains all finite sums

(52) (¢17XQ1>+"'+<(P7L7XQ”>’

where @; are finely open sets and ¢; are positive Borel functions. By Theo-
rem 1.4, SL contains A(0, co) for every NLA functional with potential ~ and
determining set .#* C .#,(h). Using Theorem 1.3, it is easy to show that SL
contains the convex cone generated by these functionals and sums (5.2). We
do not know if SL is a convex cone itself.

5.2. More general processes £&. Theorems 1.1-1.7 can be restated to cover
the case when ¢ does not satisfy condition 1.1.B. Let ~ € H and let A} be
defined by (2.9). There exists a unique exit rule A, such that

(5.3) 16(x) = hi(x) — h;_(x) for (r,x) € S(h).
Put
O(h) = {t: hiy(x) # 0 for some (r, x)}.

Let A be a NLA functional with potential £ and determining set .#* C .#Z.(h).
By revising the proofs of Theorems 1.1-1.7, we get the following.

5.2.A. The functional A is continuous if (&) is empty.

5.2.B. Under condition 1.1.B, (&) is at most countable.
5.2.C. Theorems 1.3 and 1.4 hold if ®(A) is at most countable.
5.2.D. Theorems 1.5-1.7 remain valid.

Propositions 5.2.A-5.2.D can be applied, in particular, to the so-called his-
torical process which does not obey 1.1.B except in trivial cases. (For the defi-
nition and properties of historical processes and historical superprocesses we
refer to [7] (cf. [2]). Suppose that @ is a finely open set in S, 7 is the first exit
time from @ and ¢ is a bounded positive measurable function on S. Put

h(w) =11, (7, &;)

if w is a path which is contained in @ and (r, x) is its end. Put A(w) = O if
w is not contained in @. Consider the historical process £ and the historical
superprocess Z corresponding to the part of ¢ in @. Function £ is an exit rule
for £ and

®(h) = {¢: 11, {r =t} # 0 for some r, x}.
If condition 1.1.B holds for &, then

®(h) C {t: 11, ,,{r = t} # O for some rational r}
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and therefore ®(%) is at most countable. Therefore Theorems 1.3-1.7 can be
applied to the 2. The NLA functional A of X can be expressed by the formula

A(0, ] = (¢, X}),

where X is the so-called absorption process. (Heuristicly, X, describes the
mass distribution of the part of random cloud which exited from @ during
time interval [0, ¢] and was frozen at the exit. A precise definition is given in
[15], Section 2.4.)

5.3. Superdiffusions. A special class of superprocesses (we call them su-
perdiffusions) is investigated in [15]. The corresponding process ¢ is a diffusion
and the branching mechanism is given by K(ds) = ds and ¢(u) = u* with
1 < a < 2. In [15], the general theory developed in the present paper is used,
in combination with methods of the theory of p.d.e. and the theory of capacity
to get stronger results on relationship between additive functionals and the
&-equation. In particular, we prove that, for every NLA functional, (1.24) in
Theorem 1.4 holds on S* [even if SL(hA) is trivial]. We also prove that » € H
is the potential of a NLA functional if 2~ = u + &(u) m-a.e. for some u.

5.4. Continuous functionals with discontinuous projections. It follows from
the results of this paper that, if a is the projection of A, then A is continuous
if and only if @ has no fixed discontinuities. Indeed, by Theorem 2.1, A is con-
tinuous if and only if P, , A{¢} =0 a.e. for every ¢. On the other hand, (1.26)
implies P, ,A{t} =II, ,a{t}. The class of continuous additive functionals of
a Hunt process ¢ is, in general, smaller than the class of additive function-
als with no fixed discontinuities (see, e.g., Theorem 2.4.2 in [5] which is a
modification of a well-known result of M. Shur). This implies the existence of
continuous NLA functionals with discontinuous projections.

Acknowledgments. We wish to thank the anonymous referee for several
valuable remarks. In particular, he suggested the general form of Theorem 1.5
which had been stated only for bounded exit rules in the initial version of the
paper.
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