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Abstract

We consider the measure-valued processes in a super-Brownian random medium in the Dawson-Fleischmann sense (1997).
We prove the full large deviation principle (LDP) of path level for a family of scaled processes of the above-mentioned class.
By virtue of the general theory of LDP it suffices to show the exponential tightness of the family in question in order to derive
the full LDP from the weak LDP. Our principal contribution of this paper consists in giving an easily checkable sufficient
condition for the exponential tightness. Another underlying remarkable feature of this paper is an application of historical

superprocess approach to analysis of specific functionals of various kinds of processes involved in the story.
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I Introduction and Main Results

The systems considered in random media are related in most cases to stochastic models
which are introduced, for instance, based upon the following two distinct viewpoints in
random chemical systems or in random biological systems. The first one is a microscopic
view in the chemical reaction, where a molecule reveals a certain chemical reaction only in
the places where exists the specific reactant. The second one is just the case where, in the
macroscopic view, the chemical reaction is described by reaction-diffusion equations and
the effecting of reactor enters as a spatially heterogeneous rate function. In some cases
there are reactants present only in the localized regions such as networks of filaments or
the surfaces of pellets.

Mathematically, such systems are modelled by the following nonlinear reaction-diffusion

equations in R? 5 .
2 Autp,-R(u), 0<s<t (1)

ds - 2
with terminal condition u|s—; = ¢. Here R is a reaction term, and p, is a spatial density

of the reaction trigger at time s with continuous measure-valued path : s — p,; € M(RY.
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Let p(r,b) denote the transition density of a standard Brownian motion in R%. Then the
above (1) can be formulated rigorously by the following integral equation [8]:

u(s,t,0) = [p(t = s5,b - a)p()db+ [ " dr [ plr = 5,5~ a)Rutr, 4, b)pr(a). (2

Our main concerns are firstly to formulate scaling of the stochastic process associated
with the equation (2) meaningfully as generalized as possible, and secondly to investigate
limiting behaviors of a family of scaled processes as the scaling parameter varies, whereby
we aim at establishing the large deviation principle of the associated stochastic processes.
In this paper we will treat simply the typical case R(u) = u?.

Let us now introduce our main results in this paper. In connection with (1), we consider

the following nonlinear parabolic equation in a random medium

ov
- =1 — .2 <

75 zAv psv°, 0<s<t (%)
V|s=t = .

Then naturally there corresponds some measure-valued process X to this problem (x),
which we call a super-Brownian motion in a random medium. This type of process was
originally introduced and investigated by Dawson-Fleischmann (1997) [8]. In this paper we
study large deviations for such processes, and in fact establish the path level large deviation

principle for a family of scaled measure-valued processes (¢X;) in a random medium.

THEOREM A. Letd < 3 and p € M,,. For P, -a.a. realization X?(w), the distributions
of (EXtL ™) )eclo,1) With Tespect to PZ e satisfy the Large Deviation Principle with speed 1/e

and good rate function I} ase | 0.

We are interested in large deviation principle, in particular, for measure-valued stochastic
processes in a random medium in which a very singular measure is involved in the pre-
viously mentioned sense [25]. In addition to the above result, we can derive the explicit
representation of our rate function for LDP.

THEOREM B. Moreover, the good rate function I is given by

Lw) = suwp (@), £} —log By exp (X5, f())))
Ck ([0,1]xR%)

forw € C([0,1], M,). Here ((:,-)) is defined by
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Historically, for the cases when p, in (1) are nice measures having mass on an open
set or a hypersurface, the equation (1) has been studied via analytic method by Chadan-
Yin [3], Chan-Fung [4], Bramson-Neuhauser (2], and Durrett-Swindle [29]. On the other
hand, the relationship between semilinear reaction-diffusion equations, branching parti-
cle systems, and superprocesses (or measure-valued processes) has been investigated by
Dynkin-Kuznetsov [33], Le Gall [41], and Gorostiza-Wakolbinger [38]. At the same time
this implies that probabilistic research on analysis of this sort of equation like (1) may pro-
vide with a natural approach to the asymptotic problem, in connection with the associated
superprocesses. As to the works for stochastic processes with catalytic branching, there
can be found interesting and exciting new results in series of papers written by Dawson-
Fleischmann [6, 7, 8], and Fleischmann-Le Gall [37].

This paper is organized as follows. ’

8II. Notation and Preliminaries
§I1I. Super-Brownian Motion in A Random Medium
§6I11.1. Super-Brownian Motion as The Underlying Process
§81IL.2. Branching Rate Functionals
§8I11.3. Measure-Valued Process with Continuous Paths
§8I11.4. Regular Paths and Brownian Collision Local Time
§8III1.5. Measure-Valued Process in A Super-Brownian Medium
88111.6. Moment Formulae
8IV. Main Results
8V. Exponential Tightness
§VI. Prokhorov Type Theorem
§VII. Orlicz Space and Embedding Map
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§8IX.1. Path Process Associated with Brownian Motion
§8IX.2. Historical Superprocess
§8IX.3. Historical Superprocess in A Random Medium
§X. Key Estimates of Random Functionals
§6X.1. Proof of Lemma 24
§6X.2. Proof of Lemma 25
§6X.3. Proof of Lemma 26
8§ Acknowledgements
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In Section II we introduce basic notations and preliminaries used in the succeeding sections
through the whole paper. Section III is devoted to the construction of some measure-valued
process in a super-Brownian random medium. In particular, in Subsection III.1 we shall
look at a quick review of super-Brownian motion (or Dawson-Watanabe superprocess) in
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terms of Dynkin’s formulation [32], which plays an essential role later as underlying pro-
cess in construction of the superprocess in question. The useful tools called branching
rate functionals (BRF) are provided in Subsection III.2, where we introduce several classes
of BRF. Each class possesses its own peculiar feature to work effectively in the investi-
gation of properties of the corresponding measure-valued processes, such as existence of
process itself, its characterization, existence of modification with continuous sample paths,
etc. Furthermore, Brownian collision local time (BCLT) is constructed in Subsection I11.4,
whereby the existence of superprocess with BCLT as its branching rate functional can
be shown in Subsection IIL.5 as well. In Section IV we state the theorems on the path
level large deviation principle for a family of scaled measure-valued processes in a random
medium (Theorem 13, Theorem 13'), which are the chief results in this paper. The proof
of Theorem A is given in the suceeding sections. The central argument on the proof can
be attributed, in Section V, to the problem on the exponential tightness in terms of the
general theory of large deviation principles. Our main contribution in this paper consists
in derivation of easily checkable sufficient conditions (cf. conditions (I), (II) in Theorem
16). The main part of the proof of (I) is given in Section VI, while the principal part of
the proof of (II) is stated in Section VII with functional analytical discussion. In Section
VIII we indulge ourselves in the proof of Theorem B (cf. Theorem 13'). Section IX is de-
voted to introduction of path-valued processes and historical superprocesses. Our another
contribution in this paper consists in establishing the formulation of historical version of
the measure-valued processes (MPRM) X% in a random medium, which are involving
the very singular measure (=BCLT). As application of those processes, we can succeed in
getting various types of estimates of some functionals, which are crucial for the precise esti-
mates of our sufficient conditions. One of peculiar features in this paper is to use historical
MPRM extensively as an essential tool for stochastic analysis. Rough sketch of the above
discussion is presented in the last section, namely, Section X.

IT Notation and Preliminaries

Let p be a positive number such that p > d, where d is the space dimension parameter.. ,
is a reference function defined by

pl(z) = (L+[z) ™2, zeR™

We denote by C? the space of continuous functions f on R* such that |f| < Cy¢, for some
positive constant C; depending on f. The norm || f||, f € C? is defined by

£l = 11.f/pllcos

where || - ||oo is the supremum norm. Then (C?, || - ||) becomes a Banach space. C} is the
totality of positive elements of CP. For a time interval I in R, CP! denotes the space of
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all functions f(s,z) in C(I x R?) such that there exists a positive constant C; depending
on f, satisfying
If(s, )| <Cs-p, for sel.

Cx = Cx(R?) is the totality of all continuous functions on R* with compact support. Let
B = B(R?) denote the space of all Borel measurable functions on R%. We say that f € B if
f:R*— Ris B -measurable. Let B? denote the set of all those f € B satisfying |f| < C ' 0p
for some constant C;. Moreover, f € bBP means that f is a bounded element of BP. As
is easily imagined, the symbols BY, B!, etc. denote those measurable counterparts of c?,
CPI, etc. respectively. Let M, = M,(R?) denote the set of all locally finite non-negative
measures p on RY, such that

Il = (. 00) = [ enla)ildy) < oo.

M, is also called the set of tempered measures on R¢, endowed with the topology generated
by

the maps: M, 2 p— (u, f), for fe€ {gop}UCK(Rd).
Notice that M, becomes a Polish space. While, Mr = M F(Rd) is the set of all finite
measures on R?. We denote by
‘ B = (Bt7 Hs,a)
a d -dimensional Brownian motion. In addition, S = (St)i>0 denotes the Brownian semi-

group.
IIT  Super-Brownian Motion in A Random Medium

III.1  Super-Brownian Motion as The Underlying Process

We begin with definition of super-Brownian motion, which is based on the martingale
problem formulation. Let Q be the path space C(R4, M,), and Kj be a special branching
rate functional given by Ky(dr) := vdr for some constant y > 0. We consider the measure-
valued process X%° = X7 with branching rate functional K. For each p € M, as initial
measure, there exists a probability measure P} on (2, F) such that X = u, P]- a.s., and

ML) = (X7,9) ~ ()~ [ (X2, 5A0)ds, (%> 0, € Dom(5 4)

is a continuous JF, -martingale under P}, where the quadratic variation process (M.(¢)),
is given by

M@ =2 [ [b0PXdnds, P as

for Vt > 0 (cf. [5]). We adopt this super-Brownian motion X" as underlying process to
construct a measure-valued process in a random medium in the succeeding sections. We
would rather use the symbol W as underlying process instead of X for simplicity.
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Next we shall present a characterization of super-Brownian motion W = (W;). Actually,
W =[X] = X/, P, t>0,p€M,]| withp>d,v>0is an M, -valued Markov process
whose Laplace transition functional is given by

Pz,y eXp<Xz?’) _30> = eXp</l’7 _—v[‘P] (‘S’ft7 )>) pe C-’r,K (7)

where the solution v(t) = vl¥1(t) (> 0) of the log-Laplace equation

t
v(s,t,z) + HS,,,,/ 7v2(r, t, By)dr = Il .0(B;) (8)

solves uniquely the nonlinear parabolic equation

6'(} 1 2 .
e = EAU — v with V|s=t = . (9)

Note that
s 20(B;) = / p(s, z;t, y)e(y)dy,

where p(s, z;t,y) is the probability density function associated with transition function of
the Brownian motion B = (B;, I, ,).

III.2  Branching Rate Functionals

The additive functional K = K(w) of Brownian motion B = (B;) is a random measure
K = K(w,dt) on (0,00) such that for any r» < t, K(-,(r,t)) is measurable with respect
to the completion of F(r,t) relative to II,,, where II, , is defined by [II,,u(dz) for any
p € Mp. Let K be the set of all branching rate functionals. We say that K € K if an
additive functional K = K (w) satisfies the following two conditions:

(a) (Continuity) K (dr) does not carry mass at any single point set.

(b) (Local Admissibility) For u > 0,

t

sup I, . | @p(Br)K(dr) — 0 as s,t — w.

a€R4 s

DEFINITION 1. Let K € K. We say that K € K* if for each finite interval [ = [L, T]
C R, there is a positive constant C(I) such that

T
supIl;, gof,(Br)K(dr) < C(I) - py(a), a € R%.

sel s
DEFINITION 2. We say that K € K? (8 > 0) if for each N > 0, there is a positive
constant C'(IN) such that
i

s wﬁ(Br)K(dr) < C(N)|t—slP-ppla) for 0<s<t< N, a€ R¢.

S

Notice that we have a natural inclusion KP C K*.
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II1.8  Measure-Valued Process with Continuous Paths

Let K € K? for some 3 > 0. Then it is easy to show that there exists a probability measure
P;, € Mi(C(Ry, Mp)) (or € P(C(R4, My)) ) such that for € C; k

PS,# eXp<XtK7 _90> = exp{u, _U(37 t)> (10)

and v = v1¥ is the unique solution of the log-Laplace equation
t

v(s,t,a) + 15, v2(r, t, B)K(dr) = Il . o(B:). (11)

S

Define the centered process
Zy =P, XF - XxX[F for t>s. (12)

Since K € KP for some B > 0, we can assert Holder continuity of Z;. As a matter of
fact, we may apply the recursive scheme for moments (cf. Dawson-Fleischmann (1994) [7])
together with the Kolmogorov criterion to obtain

LEMMA 1. For N >0, p € M,, k> 1 ande € (0,3/2), there exists a modification 7 of
Z such that
sup Poul sup  [(Zun—Zop)l/R°]* < +oo  for @ €Dy (13)

0<s<N s<t<t+h<N

where Do = {1, 2, -} is a countable subset of Dom(3A4).

For ¢, € Dy, we can define a metric d, in M, as
=01
= 3 A Gon) = Gl for v € M, (15)

Note that (M,,d,) becomes a metric space. In particular, Z has P, -a.s. locally Holder
continuous paths of order ¢ in the metric d,,. As a result, we obtain

PROPOSITION 2. If K € KP for some f > 0, then there exists a modification X of
measure-valued process X with continuous paths, that is, X € C(Ry, M,).

Proof. From the expectation formula for the measure-valued process X%, we have P; , X K
= S,_su for p € M,. For the one-point compactification R? of R%, we denote by CP the
subspace of all elements f € CP such that the mapping F' : z — F(z) := f(z)/wp(z) can be
extended to a function in C (R%). Note that C? becomes a separable Banach space. Since
t + Sy is a continuous curve in C?, the map t + S € M,, can be regarded as a continuous
mapping. From (12) and (13), we get S;—sp— 7y = P, , XK —Z, = X, implying that there
can be found a continuous M,, -valued process if we retake the modification of XX. Q.E.D.
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II.4  Regular Paths and Brownian Collision Local Time
Let N >0, 0 <e <1 be fixed, and take n € C(Ry, M,). We define

s+e

Ry(n) :== sup {1y 0p - D(s, 057, -)) dr- (22)

0<s<N Js
a€R?

Suggested by Dawson-Fleischmann (1997) (8], we shall give below the definition of regular
paths. If the path is regular, then the existence of the corresponding collision local time as
branching rate functional is able to be guaranteed.

DEFINITION 3. We say that 7 is a regular path if R%,(n) — 0 holds for any N > 0 as
€ tends to zero. Then we write n € R.

For the underlying process W = X7 = X*o with Ky(dr) = vdr, v > 0, we know that
W € C(R4, M,) with probability one and moreover, W € R, namely, we observe that the
process X7 has a regular path in the sense of Definition 3. Indeed we have

LEMMA 6. (Dawson-Fleischmann (1997) [8]) The realization ps. () is a regular path with
P -probability one.

Then for 0 < & < 1 we define a continuous additive functional of Brownian motion W by
L*(7) = *(Msw)(dr) := (Wr, p(0, Byse, )y dr. (24)

Hence a general theory for additive functionals deduces the existence of the limit L(v) of

{L5()}-

PROPOSITION 7. (Dawson-Fleischmann (1997) [8]) There ezists an additive funciz’onal
L(y) = L(Y)swy(dr) of Brownian motion B such that for any ¢ € C% with I = [0, N],
N >0,

2

sup Ty sup | [ w(r, BYLE(@r) = [ 90 BILG)@D| —0 (€\0). (25
0<s<N s<t<N /s 8
a€R?

Define a continuous additive functional A% = A°(B,yW) as
AS(B,yW)(dr) = ((r, B,)W,, p(0, Byie, ))dr for ¢ € CpOM

in line with (24). The convergence

0<t<N

supns,a<sup A(B, $W)(s,1) — A(B, wwxs,tn?) 0 (asel0) N>0, (26)
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for some continuous additive functional A(B,¥W) (the limit functional) of Brownian mo-
tion B = (B;) plays an essential role in the proof of Proposition 7.

Furthermore, it is possible to state a stronger result on the above convergence (26). Let
h be a function : [0,1] — Ry such that h(u) \, 0 as u — 0. For M € N, ¢ € C%’, define
the set ®(h, M) as

{neR / n.(1)ds < M, sup ["ar /p(s,a;T,b)T/J(T,b)m(db)Sh(u),VUSl}.

Take a sequence {s(k)} such that s(k) / N as k — oco. Set Mf := I, ,[A°(B, ¢¥n)(s,
s$(00)) | By,u < t]. By Markov property we can rewrite it as

My = A°(B,ym)(s,t) + IL,5,A°(B, ¥n)(t, s(c0)). (27)

Then notice that M is a nonnegative L*(Il,,) -martingale such that lim,_,y My = A*(B, ¢n)
(s, N), I, , -a.s. Therefore, we may apply the Doob maximal L? inequality to get

Hsa(supIME M)
G al A U 5(00) = A, ) s,
< 20 Mo [ ([ 1910, Buse,b) = (0, Bui 6,5}, Bma(d))

XL, 5, /3 (1800, Brs,b) = 0, B 1o, B () )

IA

< 4C L AB, Ym0, Ml - [T, [(om) #p(e)ar L. [wn) +p(e)ar]| . (29)
Combining (28) With (27) we get
supl,, (o% 4B, ym)(s. 1)~ Aﬁ(B,wm(s,wP)
c|m. [ [ e - pepyn@nar|
+C L ACB, )0, M)l WH [ Jwe) - oy . 9)
Hence it is obvious from the fact |
hm “ 1. A(B,¥n)(0, s(c0)) — IL.. / Ym,) * p(e )dr =0

uniformly in n € ®(h, M) that the term || lH.A(B ,U1)(0, N)|||oo is uniformly bounded with
respect to n € ®(h, M), because

< C(e) - sup Ou dr/p(s,a; r,b)(r, b)n,(db)

s,a

Il [ ) < pie)ar
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holds. Therefore we can deduce that (29) converges to zero as €,6 — 0 uniformly relative
ton € ®(h, M). Thus we obtain:

PROPOSITION 8. The convergence (26) in the above (cf. Proposition 7) is uniform on
o(h, M). Poe

On this account, we can construct the corresponding measure-valued process X" in
a random medium with branching rate functional L(v). Actually, L(7y) is nothing but
a Brownian collision local time (BCLT) in the sense of Barlow-Evans-Perkins (1991) [1]
(cf. [28]). According to Dynkin’s terminology [30], it can be said that the branching
phenomenon of the approaching particles is governed by the Brownian collision local time

with super-Brownian particles.

PROPOSITION 9. For any p € M,, for P,- a.a. realization W(w), there exists a
Brounian collision local time L(y) = L(y)g,w(dr) € KP for some (3 > 0.

Therefore we can construct a measure-valued process with L(7y) as its branching rate func-
tional by virtue of Proposition 2. Moreover, the existence of its continuous modification as
measure-valued path is also automatically guaranteed. We shall see this in details in the
next subsection.

II1.5  Measure-Valued Process in A Super-Brownian Medium

Since we know that our L(v) lies in KP, we may resort to the general construction method
for measure-valued processes with branching rate functional K = L(vy) [8] (see also [16,22])
to obtain

THEOREM 10. Let d < 3. There ezists a unique M, -valued Markov process

XEO = (X Py 6> 0,0 e M,]

) s“u7

(with branching rate functional L(y)) whose Laplace transition functional is given by
Py, exp(X; ™, —p) = exp(u, —v1)(s, ¢, ) (33)

for an element ¢ of C. k, where the function v = vl¥l(. ¢, ) is the unique solution of the

log-Laplace equation
t

v(s,t,a) + g4 [ V3(r,t, Br)L(y)(dr) = Hsap(B;) (for 0<s<t, a€ RY).  (34)

S

Remark 1. Tt can be interpreted, in fact, as the particle view that a hidden Brownian
particle at position y = B, € R? at time r branches with rate L(7y)(p,w;(dr).
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By virtue of the discussion in the previous sections (cf. Proposition 2 and Proposition
9), there exists a modification X of X*™ such that X, € C(Ry, M,) since K = L(y) =
L(’y)[B,W](dr) - KI/Z (Cf {8, 18])

.6 Moment Formulae

We have the following moment formulae for measure-valued process X*") in a random
medium with branching rate functional L(7).

LEMMA 11. For0<s<t, u€M,, and ¢ € B}, we have the expectation formula

PP X, 0) = Loy 0(By) = (1, St—ap) = (St-apts p) < +00 (39)
where S = (S;)i>0 s the Brownain semigroup (cf. Section II).
Similarly we can easily show

LEMMA 12. For 0 < s < t,u, any p € M, and p,9 € BY, we have the following
covariance formula

COVP{(XFD, ), (XED, )] = oML [ 1o (BSub(BL) ). (4)

IV  Main Results

Hereafter the path space C(R.., M,) is assumed to be endowed with compact-open topology
(cf. Remark 2 in Section V). We shall introduce the main results in this paper, which implies
the establishment of path level large deviation principle for the measure-valued processes

in a random medium.

THEOREM 13. Letd < 3 and u € M,. ForP, -a.a. realization X (w), the distributions
of (aXtL (7))t€[071] with respect to P}, satisfy the Large Deviation Principle with speed 1/¢
and good rate function I as e | 0. That is to say,

(a) (Upper bound) for any closed subset A C C([0,1], M),

limsupelog P, (EXL(7)(w) € A) < = inf INw), P,-aa w; (42)

e—0

(b) (Lower bound) for any open subset U C C([0, 1], Mp),

lirarl)iglfalog Pl (EXL(7)(w) € U) > —inf IN(w), P, —a.a w. (43)

we #
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THEOREM 13'. Moreover, the good rate function I is given by

Nw)= swp (@), /() ~log PTexp({X.5, £() (44)
Cx ([0,1]x R%) '

for w € C([0, 1], M,). Here ({-,-)) is defined by

(), 1N = [(p(e), FNdt for ) € M, (45)

V  Exponential Tightness

An application of the general Cramér type theorem (cf. Theorem 6.1.3, p.228 in [9)])
deduces that at least a weak large deviation principle must hold as ¢ | 0 for a family
of scaled measure-valued processes {6XtL (7), t € [0,1]} in a random medium. As for the
weak large deviation result, we just refer to [16, 22]. In order to obtain full large deviation
principle from weak large deviation principle, by virtue of Lemma 1.2.18, p.8 in [9] it is
sufficient to show the exponential tightness of a family of { P} 10X Ly, on C([0,1], M,).
That is to say, we need to show the following estimate: for any M in (0, 00) given, there
exists a compact subset K = K of C([0, 1], M,) such that

limsup ¢ log PZ/E <€XL(7) € (KM)C) <-M, P,—a.a w, (46)

e—0

where (A)°€ is a complement of the set A, i.e., (A)° = 0\ A for the whole set 2. However,
it is a task of extreme difficulty to prove (46) directly since it is an expression of measure-
valued continuous paths. Our principal contribution of this paper consists in giving an
easily checkable sufficient condition of the exponential tightness (46). :

Suggested by the McKean-Vlasov limit argument in Djehiche-Schied (1998) [45], we can
prove the following criterion for exponential tightness. Let E be some topological space,
at least, being separable and metrizable. (Y™), denotes a sequence of stochastic processes
taking values in F. Assume that for each n € N, the process Y = (¥;*) induces a
measurable mapping from a certain probability space (2, B, P) into the Skorokhod space
D(I, E) (endowed with Skorokhod topology) with a finite interval I C R.

PROPOSITION 14. Let (g,) be a sequence of small positive real numbers satisfying that
en \, 0 asn / co. The sequence (Y™) is exponentially tight in D((I, E) with speed 1/e,,
i.e., for each M > 0 there is a compact subset Ky of D(I, E) such that
limsupe,logP(Y" € (Ku)°) < —M
n /oo
if and only if (a) for an arbitrary L > 0 there can be found a compact subset Cr, of E such

that

limsupeplogP (3tel: Y ¢Cp) < —L, (47)
n /0o
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and (b) there is a proper additive family F C C(E) which separates the points of E such
that for each f € F the sequence {f(Y")}, is exponentially tight in D(I,R) with speed

1/e,.

Proof. The leading philosophy of this proof is basically due to weak tightness criteria
of Theorem 3.1, p.276, [46] (Jakubowski (1986)). As for sufficiency, we need the following
lemma. : ' :

LEMMA 14A. (cf. Jakubowski (1986) [46, Lemma 3.2, p.277]) For every compact subset
K C E there exists a countable family F(K) C F satisfying '
(a) F(K) separates points in E; and

(b) F(K) is closed under addition operation, i.e., if f and g are members of F(K), then
f + g is also contained in F(K),

when restricted to K.

By the above lemma we may assume without loss of generality that F is countable, that is
to say, F = {f1, fa, f3,...}. The assumption of (b) allows to have that for each k¥ € N and
every R > 0, there is a compact subset C% of D(I,R) such that

limsupe, log P (fi(Y") ¢ CF) < —(R+1)
n /oo

with [ € N. Hence there can be found some n(0) € N satisfying that for all n > n(0),
P (fu(Y") ¢ Ck) < eFien

holds. Since D(I, R) is a Polish space, we can easily enlarge the set CA’}E to a compact subset

C% satisfying
P(fi(Y") ¢ Ch) <e ™=, forall neN.

Now for a given number M we define
Ky ={we D, E): wit)eCy for Vt, and fi(w(-)) € Cfy for Vk e N}.

Then, repeating Jakubowski’s argument in [46] we can show that this set K becomes a
compact subset of D(I, E). On this account, it follows immediately that

limsupe, logP(Y"™ € (Ku)°)
n /oo

<(-M)Vv {limsupen log i P (fk(yn) ¢ CfM)}

’IZ/OO k=1

< (-M)V {limsupenlogZe”kM/E"} < —M,
n/ o0 k=1
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which implies establishment of the required exponential tightness. As to necessity, it is a
routine work as it can be seen in the usual tightness argument (e.g. see[10]). Q.E.D.

Remark 2. Notice that the space C(I, E) of E-valued continuous paths endowed with
compact-open topology is a closed topological subspace of D(I, E) (cf. Proposition 1.6,
p.267, [46]).

Naturally this implies from Jakubowski’s argument (1986) [46] that our criterion (Propo-
sition 14) remains valid even in C(I, F) as well Namely,

COROLLARY 15. Let (¢,) be a sequence of small positive real numbers satisfying tﬁat
€n \ 0 asn /' co. The sequence (Y™) is exponentially tight in C(I, E) with speed 1/e,,
i.e., for each M > 0 there is a compact subset Ky of C(I, E) such that

limsupe,logP(Y" € (Ky)°) < —M
n /0o
if and only if (a) for an arbitrary L > 0 there can be found a compact subset Cy, of E such
that

limsupe,logP (It el: Y ¢Cr) < —L, (48)
n /oo

and (b) there is a proper additive family F C C(E) which separates the points of E such
that for each f € F the sequence { f(Y ™)} is exponentially tight in C(I, R) with speed 1/e,,.

As is easily seen, we need verify two conditions (a), (b) instead, which are the payment we
have to pay to compensate for this reduction. However, there are definitely some ambiguity
in those statements. For instance, as to (a) of Corollary 15, it is necessary to describe what
the compact set Cp, is like; as to (b) of Corollary 15, we are really required to determine
what a kind of functional we should prove the exponential tightness for. Otherwise, we
cannot proceed any further on the proofs of our main results Theorem 13 and 13'. For each
L > 0 given, we set

Coi={neMy: (o) <L,3(En)a /00, and

(1, {|z| > Ro} - p) <

Hence, in particular, we have

% n e N}. (49)

THEOREM 16. (Sufficient Condition for Exponential Tightness) If (I} for each L >0

L

(3te(0,1): X/ ¢ Cp) <E, {sup sop(Bs)} Vi-Z  (50)
t>s

limsupe, log P 9

n o0 #/E
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holds P, -a.a. w, and if (I1) the distributions of the sequence {e, (X", f)}n is exponentially
tight in C([0,1)) with speed 1/e, under P),. (P, -a.a. w), then for given M > 0 there
ezists a compact subset Ky of C([0,1], M) such that

limsupe, log P},
n /00

(enXF(V) € (KM)C) <-M, (P,—aa w) (51)

holds.

Proof. It is chiefly due to Corollary 15. We have only to apply the corollary to Pl Jen
(resp. £, X)) instead of P (resp.Y™). Q.E.D.

N.B. The details of proof owe the precise estimates and discussions in the succeeding
sections (cf. Section VI, Section VII and Section X).

VI Prokhorov Type Theorem

As for the set Oy, in the first condition (I) of Theorem 16, we need to check whether Cp, is
compact or not, in order to complete the proof of Theorem 13. Roughly speaking, this will
be taken care of the Prokhorov type argument. Here, M, = Mp(Rd) denotes the space
of all p -tempered measures, consisting of all positive Radon measures x on R? that are of
the form p(dz) = wp(z)~! v(dz) for some positive finite measure v on R¢. The space M,
is equipped with p -weak topology that is generated by the maps :

My (i f),  f€{eUCk(R?).

While, we denote by Mp = M r(R?) the space of all positive finite measures on RY,
equipped with the topology generated by the maps :

MFSMH<N'7f>7 fe{l}UcK(R'd)

It is interesting to note that this topology coincides with the usual weak topology. In
addition, M, is topologically isomorphic to M. As a consequence, it is easy to get the
following Prokhorov type theorem.

PROPOSITION 17. (A Version of Prokhorov Theorem) Let K C M,. K is relatively
compact if and only if the following two conditions hold :

(i) sup(p,pp) <o0; (i) lim sup @p(z)p(dz) = 0.
pEK —0 ek Jlz|>R

Therefore we can deduce by Proposition 17 that the set Cy, is relatively compact in M,
for each I > 0. Hence the validity of the statement in Theorem 16 is guaranteed.

VII Orlicz Space and Embedding Map
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We have to investigate and discuss the second condition (II) of Theorem 16. Let F be a
vector space (as state space) with norm || - ||z and 0 < o < 1. We denote by H*([0, 1}, E)
the space of all continuous E -valued paths w with finite Hélder norm |w|, < 400, where

— oy () —w(s)||e
ol =g e

the norm | - |, is given by

We choose the path space as basic space, that is, Q := C([0, 1], M,). For £ > 0 we define

the Young function @, as
O, (z) := (" —1)/k.

The Luxemburg norm is defined by
IFllo, = in { >0 PI®(|Fl|z/A)] <1}
Fﬁrthermore, we set
CP? = {f €CP: 3D*f is continuous, and Af € Cp}.

Le, (92, E; P)) denotes the Orlicz space with respect to the Young function @, consisting of
all E -valued measurable functions F' with ||F'||e, < +00. Recall that the measure-valued
process XX in a random medium has a continuous modification in ¢ since the Brownian
collision local time L(7) belongs to X? with 8 = 1/2 (cf. Subseection IIL5). If f is taken
from CP?, then the function

(XL 7 lives in HY72([0,1], Lo, (%, R; P))), P, - a.a.w. (52)

On the other hand, we have the following functional space inclusion from the argument in
terms of functional analysis. That is, for any o € (0,1/2)

H'Y2([0,1], Lo, (% R; P))) C Lo, (Q, H*([0,1], R); PY),
where the above embedding mapping is continuous. On this account, it is easy to see that
LEMMA 18. There ezists a positive number 6 such that
Py {exp(8|(X D, f)la)} < 00
holds for P, -a.a. w.
Therefore it follows from (52) and Lemma 18 that the distributions of £,(X*™, f) under

P’Y

B/en

,2
cp?,

on C([0, 1]) are exponentially tight ( P, -a.a. w ), as far as we choose a member [ of

VIII Good Rate Function
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The purpose of this section is to prove the second main result (Theorem 13') in this paper.
That is to say, we will show below how the explicit representation (44) of rate function I
can be derived. As we have seen before, when the two conditions (I), (II) in Theorem 16
for exponential tightness are fulfilled, then the full large deviation principle holds. In fact,
by Lemma 1.2.18, p.8 in [9], if the exponentially tight family {P), o e, X LMY, has the
lower bound, then its rate function J(-) becomes a Good Rate Function, that is, it turns
out to be that we have shown the full large deviation principle with good rate function
J(-). From the general theory, e.g. according to the extension of Cramér’s theorem [9,
Theorem 6.1.3], the rate function J(-) is given by the Fenchel-Legendre transform of A())
= log E exp(X, \). Namely, it is given by

A (z) := sup {(A, z) — A(N)}, (53)

AERE

for example, in the case of d -dimensional Euclidean space. Actually, for an arbitrary open
convex subset A of a locally convex Hausdorft topological real vector space T

lim 1log tn(A) = — irellf1 A*(z) (54)

n—oo n

holds. We set the new class M; as
M;‘, =M, - M,.

In our case the good rate function is given by the Legendre transform involving the topo-
logical dual of the space C([0, 1}, M}). Let M*([0,1] x R%) denote the space of all positive
Radon measures on [0,1] x R% We define

[(w) = Sup {{w, ) = AN} (55)
Ck([0,1]x R%)

where ((w, %)) is given by |
(o, 99) = [ ol = [ [ o o)t do)
for w € C([0,1], M,) and 9 € Cx([0,1] x R?), and A is given by

A(f) =log P} exp({(X", f(-))).

In order to identify our good rate function J(-) with I7(-), we need simply to embed the
space C([0, 1], M,) into M*([0, 1] x R%) by choosing the form carefully and defining ({w, f))
properly. The above-mentioned definition realizes a continuous embedding:

c([0,1), M,) € M*([0,1] x RY). (56)
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Recall here the Contraction Principle and the Uniqueness of Rate Function in the general
theory of large deviation principles.

Contraction Principle (cf. Theorem 4.2.1 in [9]) Let T and = be Hausdorff topological
spaces and f : T — = a continuous mapping. I : T — [0,00) denotes a good rate function.
(a) If we define
: I'(y )'—inf{I( ): xET ymf(x)}

for every y € Z, then I’ becomes a good rate fUIlCtIOI’l on Z.

(b) If I controls the large deviation principle associated with a family of probability mea-
sures {y.} on T, then I’ controls the 1arge deviation prmmple associated with the family
of probability measures {p. o f7'} on Z.

Uniqueness of the Rate Function (cf. Lemma 4.1.4 in [9]) A family of probability
measures {/} on a regular topological space can have at most one rate function associated
with its large deviation principle.

Paying attention to the aforementioned arguments, we first of all endow the space M*([0, 1] x
R%) with the vague topology. Next we may apply the extension of the Cramér theorem

(cf. Theorem 6.1.3 in [9]) again so as to find a large deviation principle with rate function

I7. Since our embedding : C([0,1], M,) — M™*([0,1] x R?) is injective, J(-) and I

must coincide by the contraction principle and the uniqueness of the rate function. This

completes the proof of our second main theorem.

IX  Historical Processes

IX.1 - Path Procees Associated with Brownian Motion

We introduce here the notion of historical processes (e.g. Dawson-Perkins (1991) [49)),
which is a useful tool especially for estimation of some functionals of specific processes,
such as measure-valued processes, and is used repeatedly later in the succeeding section.
For the notation adopted in this section, we would rather recommend the readers to consult
Dynkin’s approach (1991) [31] to the historical superprocesses (see also [15, 20])

For r > 0 and € C(R;, R?), there exists a unique probability measure P,z € P(C(Ry,
R%)) such that (i) for P,z -a.e. § € C(R4,RY),

g(s) = z(s) for ea(-:h s € [0,r];

and (ii) under P,z, the process : ¢ — §(r + t) is a Brownian motion starting from Z(r).
This implies that the measure IBM forces Brownian motion to follow the path T up to time
r. The path process B = (B,(%)), t > 0 associated with Brownian motion is a path-valued
stochastic process defined by

B(§) =§(At), t>0 for §eC(R,,RY.
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The filtration generated by (B;),t > 0 coincides with the canonical filtration (F3):>o0 that
is generated by the coordinate process on C(R.,R%). The path process B satisfies the
following equality: for 0 <r < sandt >0,

Bs(B e AJF)) =P, ;. (B € A)

holds P, ; -a.s. for any A C C([0,00), R?), which implies the Markov property for historical
processes. The strong Markov property can be also proved (cf. [49]). The collection

[Bh PT,:E; t 2 07 z € C(R+7 Rd)]

forms a time-inhomogeneous strong Markov process. In other words, at time s we start
with a time s -stopped path w = B, ( € C* ) and let a path trajectory {B,, t € [5,T]}
evolve with law INIs,w determined by a Brownian path {B;, s <t < T'} starting at time s
at w, ( =, (B,) ). We may regard I1,,, as a probability law on

C(1s,T),C) = {w € C(I,C): w e C, telsT]}.

IX.2  Historical .Superpmcesé

Roughly speaking, the superprocess X7 built on the above-mentioned path process Bis
called historical super-Brownian motion (HSBM). Let M +(C(R4,R%) be the set of all
positive finite measures on C(Ry, R%). The historical super-Brownian motion is a time
inhomogeneous diffusion possessing the space M*(C(R;, R%)) as its state space. A stan-
dard theory for historical processes [49] (see also [5,20,31,37]) provides with the following
characterization of historical super-Brownian motion in terms of Laplace functionals of its
transition probabilities. In fact, the Laplace transition functional for HSBM is given by

Pr,[l exp(X't, —@) = exp(fi, —vi(r)) (57)

for every r > 0, every fi € M (C(R, R%)) and any ¢ € bB,(C(R,,R?)). Here the function
v, is the unique positive solution of the nonlinear integral equation of the form:

w(r, &) + 7 / * Bafvi(s, B,)?1ds = Prale(B)]. (58)

In the above, P, is a probability measure on the space C(R, M +(C(R4+,RY))). We
denote by 7 the projection from C([0,¢], M,) into M, for each ¢, in other words, we have
m(X7) = X; € M,. Roughly speaking, the historical process is a process whose path gives
the past history of the particle.

IX.8 Historical Superprocess in A Random Medium
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Since the historical superprocess is a time-inhomogeneous process, it is convenient to work
with a backward and historical setting. For brevity’s sake let I = [0,7], 0 < T < oo in
what follows. C denotes the Banach space C(I, R%). When we denote by

w' = {w'(s) = w(sAt); s € I}

the stopped path of a path w € C at time ¢t € I, then C' is the whole space of those
stopped paths. This stopped path is held constant after time ¢. For ¢ fixed, C* becomes a
closed subspace of C. Note that C* C Ctifs<t In particular, CT = C and C° can be
identified with R, whereas C* could be considered as C([0, ], R) as well. In addition, each
path w € C can be associated with the so-called stopped path trajectory w by setting

Wy := W, tel.
We put
C(I,C) :={weC,C): weC for Vtel}

Notice that C(I, C) becomes a closed subspace of C(I, C), because for 0 < s <t < T we
have
1@y — s loo = lw" — w*lloo = sUP |wy — ws| — 0
s<r<t

as the difference t — s approaches to zero. Generally speaking, if A, B are sets and the map
: a — B%is a mapping from A into the set of all subsets of B, then the graph of this map

is written as
AXB :={[a,b]: a€ A beB*}= ] {a} x B~

acA
Note that AxB" C A x B. Define |
IxC = {[t,w] ctel, we Ct}.
Then, since we get
15 = Dl = sup [T ~ Belloo = 0" = w7 |leo = [lv — Wlleo
tel
for every v,w € C, there exists a continuous mapping :
Cswr~ wel(,C),

and it is easy to see that the graph of w € C(I,C) is a subset of X C’, and clearly IXC’
is a closed subset of I x C.

Under these setups we are ready to consider the historical representation (HP) of measure-
valued processes { X} (7)} in a random medium. Recall that for each z € R%, the symbol
I1, denotes the law of Brownian path B on C starting from z at time ¢t = 0. Here

B=[B;,lI,0,s € I,w e C]
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is a Brownian path process on I, and the semigroup {5} of B is given by

Soppw) =Mwp(B), 0<s<t<T, weC, ¢ebBQC).

The corresponding infinitesimal generator is written by A = {fls; s € I'}. As a matter of
fact, A is defined by '

Asptw) =tim 1 { Senb@ ™) — ()}, we - (5%9)

hl0

where 1 is taken from the domain Dom(A) of 4, ie., ¥ € bB(C) such that the above
limit (58a) exists. Let M%(C’) be the totality of all nonnegative finite measures p on
C = C(I,R) equipped with topology of weak convergence, satisfying u(C\ C*) = 0. The
historical version of branching mechanism ® is given by

O((s,9), A) := a(s, y)A + b(s, y) X*.
We use below the following notations: y*(t) = y(t A s) for y € C and

y(t) for t<s,
(t—s) for t>s,

stoi={
for y,w e Cand s >0
PROPOSITION 18A. Set

Poy(A) :=Tyw(w € C: y/s/w € A)

for (s,y) € E:={(s,y) € [ x C: y* =y}. Then P,, satisfies
(a) the mapping : E>5 (s,y) — P, ,(A) is B(E) -measurable for VA € B(C);
(b) for Y:(y) =¢* € C, -
Py(Yo=y) =1 (59)
holds for ¥(s,y) € E;
(c) if (s,y) € E and T is a B, (C) -stopping time such that T > s with probability one,
then for any ¥ € B(C)

Py y(¥/Br(C)) = Prym)(¥) (60)

holds P, -a.s. on the set {T' < oo}..

THEOREM 19. Let d < 3. Then for each t € I, there ezists M%(C*) -valued time-
inhomogeneous right Markov process

XL = (X} Py s eI e M (CH).

b s,p,)

Furthermore, its Laplace transition functional is given by

P;Y,p eXp<XtL(’Y)v —(ID> = exp(u, _utp(s7 ) t)>7 (61)
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0<s<t<T, peMin(C?, ¢ecbB, (C.

Here its log-Laplace functional u, = G, ALM)] solves
My (p(y/s/ ")) = @y(s,w, 1)

b [ Ty (@ /5 Y*), g 5/ Y=, 1) AHO(d), (62)

where ® is given as the special case of a = 0, b= 1, and Y is a process whose canonical
representation is realized as y € C. AFMM(dr) is the additive functional of B which is
obtained as a limit of {Ily p(ry (We(dz) / dz) dr}. such that

;Moo (42 ar - a0z (63

as e\, 0.

Proposition 20. Moreover, the aforementioned function u,(-,-,t) is the unique B([0, 1]
x C') -measurable, bounded and nonnegative solution of formal equation of the form :

0 ~ X7(d
—égu¢(s,w,t) = Asu,(s,w,t) — (——“’a%ﬂ> ui(s, w, 1), (64)

0<s<t, weC? with wu,(t,-t)=e.

Here the term (X7 (dz)/dz) is the generalized derivative of a measure.

COROLLARY 22. Let d = 1. There exists a jointly continuous function =(t,z) such

that
Wi(dz) = E(t, z)dz (65)

holds with P, -probability one. Moreover, AFO)(dr) has an explicit representation, namely,

ALY (dr) = E(r, B,)dr, [I;,—a.s. and P,—a.a. realization W (w). (66)

X Key Estimates of Random Functionals

The main theme of this section is applications of historical processes to large deviation
theory for catalytic super-Brownian motions. It is left the details about how we can verify
our easily checkable sufficient conditions syated in Section V. The proof of the crucial
estimate for the proof is greatly due to the following three inequalities. The precise proofs
of the lemmas below are omitted because the auguments are not standard and owe much
to too technical computation particular to historical superprocesses, and in addition is also
rather longsome and tiresome. However, rough sketches of proofs of these lemmas will be
given in the succeeding subsections for readers’ convenience.
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LEMMA 24. Let F be a bounded measurable functional on C([0,00), R?). Then we have
the following inequality

Vil [F(B,)] < log BYs, exp(F, X7 ™) (67)
where V; is an analytic extension of the special solution v; as log-Laplace functional.

LEMMA 25. Let ® be a positive lower semicontinuous function on R%. Then the following
inequality holds : for any positive number c,

Py, {sup(sup ®(B,), XMy > a} < épu {sup @(BS)} . (68)

s<t u<s s<t

LEMMA 26. Let ® be the same function defined as in Lemma 25. For every element v
of M*(R?),

t<1 t<1 s<t

F, {exp <% sup(@,Xﬂ”))} < H,, { (supexp(l(sup ®(B,), Xﬂ”))) } . (69)

X.1  Proof of Lemma 24

Via branching property, Feynman-Kac argument and canonical measure, by making use of
Palm representation, the proof is attributed to showing the inequality

T

Flsy &0 {Ilu[F(B)] - X0} < Pl exp(Xi™, F).

X.2  Proof of Lemma 25
A direct computation leads to

- ~ 1 ~ -
By, {Sup(sup ®(B,), XFM) > a} < apaﬂ(sup ®(B,), X}, (70)

s<t u<s s<t

The assertion immediately yields from this estimate.

X.8 Proof of Lemma 26

It is easy hence omitted.
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