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Transition Asymptotics for Reaction — Diffusion
in Random Media
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ABSTRACT. We describe a universal transition mechanism between annealed
and quenched regimes in the context of reaction —diffusion in random media.
We study the total population size for random walks which branch and an-
nihilate on Z¢, with time-independent random rates. The random walks are
independent, continuous time, rate 2dk, simple, symmetric, with x > 0. A
random walk at 2 € Z?, binary branches at rate v (), and annihilates at rate
v_(z). The random environment w has coordinates w(z) = (v—(z),v+(z))
which are i.i.d. We identify a natural way to describe the annealed-Gaussian
transition mechanism under mild conditions on the rates. Indeed, we intro-
duce the exponents Fy(t) := (H1((1 + 6)t) — (1 + 6)H1(t))/0, and assume
that (Fag(t) — Fp(t))/(0log(kt + e)) — oo for |6] > 0 small enough, where
Hiy(t) :=log(m(0,t)) and (m(0,t)) denotes the average of the expected value
of the number of particles m(0,¢,w) at time ¢ and an environment of rates
w, given that initially there was only one particle at 0. Then the empiri-
cal average of m(z,t,w) over a box of side L(t) has different behaviors: if
L(t) > efe(V)/d for some € > 0 and large enough ¢, a law of large numbers
is satisfied; if L(t) > eFe(2)/d for some € > 0 and large enough t, a CLT is
satisfied. These statements are violated if the reversed inequalities are satisfied
for some negative €. As corollaries, we obtain more explicit statements under
regularity conditions on the tails of the random rates, including examples in
the four universality classes defined in [14]: potentials which are unbounded
of Weibull type, of double exponential type, almost bounded, and bounded
of Fréchet type. For them we also derive sharper results in the nonannealed
regime.
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1. Introduction

When studying the long time behavior of Markovian dynamics in random me-
dia, one is faced with an important distinction: quenched vs. averaged estimates.
Should one work in the so-called quenched regime, where the randomness of the
medium is frozen, i.e., where the dynamics are studied in one fixed random real-
ization of the medium/environment? Or should one work in the averaged regime
where both the randomness of the dynamics and of the medium are considered, i.e.,
when one studies the dynamics in a given realization but then also averages over
the randomness of the medium?*

The true significance of this distinction “quenched vs. averaged” is important
when these two regimes give different answers, which is the case in many situations
where the extreme values of the random environment might play an important role.
A good generic class of examples where this distinction is significant is given by
models of reaction—diffusion in random media ([12,13,17]).

There are two opposing views about this distinction. The first approach is
to think that the relevant and important asymptotic long-time estimates are the
quenched ones. But, recognizing the obvious fact that the quenched estimates are
the most intractable ones mathematically, the averaged/annealed results are seen
as a welcome first approximation. The second and opposing view is that, in many
applications, the averaged asymptotic estimates are the only relevant ones. The
quenched results, though mathematically more challenging, are not seen as useful
or relevant. This second view is naturally based on the idea that some mechanism
must be at work, which allows for averaging in the medium randomness.

Some years ago, the authors of this paper held the two opposing opinions
expressed above, based on their former collaborations with different domains of
applications (specifically physics of pollution by underground waste storage on the
one hand and chemical kinetics on the other). In the recent years we have built
a common answer, which we believe provides not only a natural resolution of the
scientific debate, but also introduces the idea that there exists in fact a very rich
universal transition between the averaged and quenched results, which goes far be-
yond the reaction —diffusion context. This transition also explains, in our view,the
true relevance of these regimes in various applications.

The key idea is the following: one should work with a fixed realization of the
medium but introduce a new parameter, say L, which will be the scale of the
spatial extent of the initial distribution of the dynamics. Then, depending on the
respective sizes of the time scale ¢ and the space scale L (when both ¢ and L diverge),
one should see the transition we mentioned between the quenched and averaged
asymptotic results. More precisely one should expect the following transition: for
time scales ¢(L) short enough the averaged asymptotic results should be valid,
whereas for very long time scales t(L) the quenched results should hold, and our
new intermediate asymptotics should emerge in between. The mechanism of this
transition is the following: for short time scales ¢(L), or equivalently for large space
scales L(t) for the initial distribution, the spatial ergodic theorem should ensure the
needed averaging mechanism in order to enforce the validity of averaged/annealed
results. For very large time scales no averaging is possible and the extreme values

IThis regime is often called the annealed regime in the mathematical literature. This is an
entrenched but misleading vocabulary since it is not the usual convention in physics



TRANSITION ASYMPTOTICS FOR RANDOM WALKS 3

of the environment play the prominent role. The transition regimes are then easily
understood, they consist in regions of parameters ¢t and L where one sees a gradual
emergence of the extreme values versus the average.

This scheme has been first established in the simplest possible context, i.e.,
i.i.d. samples [4]. More precisely sums of exponential of i.i.d. random variables are
shown to exhibit this transition. In the context of reaction diffusion this could
simply be seen as reaction with no diffusion! In this simple context a full transition
is given from the Gaussian asymptotics to extreme value theory: one sees in [4] the
gradual emergence of the importance of extreme values of the i.i.d. sample which
gradually destroys the validity of the Central Limit Theorem and then of the Law of
Large Numbers by enforcing a-stable fluctuations where the exponent o decreases
through the whole possible range, i.e., from 2 to 0. This mechanism is analogous
to the phase transition description of mean-field spin-glass equilibrium models such
as the Random Energy Model ([8,9]).

We then proceeded ([5]) to one important case of reaction—diffusion, i.e., anni-
hilation (or absorption) for random walks in a random environment, more precisely
random walks killed on random obstacles, building on the work of [17]. There, we
studied the same transition mechanism for the natural quantity, which is the proba-
bility of survival. Our picture was less precise than in the i.i.d. context, in the sense
that even though we get the proper scales for the intermediate regimes we cannot
establish the stable nature of the fluctuations, due to a lack of precise enough un-
derstanding of the edge of the spectrum (for the generator of the dynamics which
is the discrete Dirichlet Laplacian on a random domain of Z%).

In this paper we address a rather general case of reaction—diffusion in random
environments, i.e., of a system of noninteracting continuous-time Random Walks on
the lattice Z¢ branching and annihilating with stationary random rates ([12,13]).

Let us first describe the random environment {w(z) : € Z?}, with w(z) :=
(v_(x),v4(x)) where vy = {v,(z) : z € Z?} represents the branching rates with
vy (z) € [0,00), while v_ := {v_(z) : # € Z%} represents the annihilation rates, with
v_(x) € [0,00] so that we admit the possibility of hard core obstacles. We assume
that the random variables {w(z) : z € Z9} are i.i.d. and call their distribution .

We consider the following dynamics in a fixed random realization of this envi-
ronment. We start with one particle at each site of the box Ay of side L in Z<.
Each random walk moves independently of the others according to a continuous
time simple symmetric rate 2dx dynamics for some k > 0 (we admit the possi-
bility that x = 0, i.e., no diffusion at all, as in [4]). A random walk at a site
xr € Z%, branches at rate v, (z), disappearing and producing two new indepen-
dent offsprings, and annihilates at rate v_(x) (note that v_(z) = co means the
annihilation is instantaneous and certain as in [5]).

We study the asymptotic behavior, when both ¢t and L go to infinity, of the
following observable of our system of random walkers in random environment:

1
mr (0,1, w) = mxg m(x,t, w).
L

Note that mp(0,t,w) is simply the (normalized) size of the total population.

Our main result, Theorem 2.3, describes sharp conditions on the scales of ¢ and
L for the validity of annealed asymptotics of my(0,¢,w) and for these annealed
asymptotics to cease to be true. It also describes the scales for ¢ and L where the
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fluctuations about these annealed asymptotics are Gaussian and when they cease
to be so. We intend to give a full and complete picture of the expected stable
fluctuations, all the way to quenched asymptotics, for a wide class of branching
rates in a forthcoming work.

The results we obtain here are general, in the sense that they are valid for a large
class of product distributions for the random environment, under mild conditions on
the branching and annihilation rates. They include examples in the four universality
classes recently introduced by van den Hofstad et al. [14] describing all the cases of
the random environment. For example, potentials which are unbounded of Weibull
type, of double exponential type, almost bounded and bounded of Fréchet type.
Furthermore, our results include and generalize both[4, Theorems 2.1 and 2.2] and
[5, Theorem 1(ii), (iii) and Theorem 2(i)].

Let us now be more precise about our assumptions about the distribution of the
environment. In the recent paper [14], it is shown that under regularity assumptions
on the tail of the law of the effective potential v(0) := vy (0) — v_(0), exactly four
universality classes of environments can occur. Their assumptions are formulated
in terms of the cumulant generating function,

(1.1) H(t) = log(e" @) ¢ >0,

of the law of the effective potential v(0), where for any function of the environment
[, we define (f) := [ fdp. Their basic assumption is that this function is defined
and finite for every ¢ > 0. Then, under two regularity assumptions on H they show
that four universality classes can occur: (1) a first class where v is unbounded and
has “heavy tails” at infinity, and which includes Weibull-type tails; (2) a second
class of unbounded potentials with “lighter” tails which includes the double expo-
nential law; (3) a class containing bounded and unbounded potentials; (4) a class
of bounded potentials including those which have Fréchet-type tails near their es-
sential supremum, and the degenerate case of random walks on hard core random
obstacles with u[v(0) = —oo] = p < 1. In this paper we generalize [5, Theorem 1(ii)
and (iii)] describing the passage to an annealed and Gaussian regime, to the previ-
ously described system of random walks on the random environment w, under mild
conditions which include cases in these four universality classes.
Throughout this article the following will be assumed.

Assumption E. The law of the effective potential is such that p[v(0) = —oco] <
1 and

(Ot <50, t>0.

Assumption E ensures that p-a.s. the stochastic process of random walks on the
random environment w can be constructed on infinite volume ([12]), as a limit of
processes defined on finite boxes corresponding to continuous time Markov branch-
ing processes, as defined in Athreya and Ney in [3]. Furthermore, if {(¢) denotes
the total number of random walks at time ¢ on a random environment w, given that
initially there was only a single one at site z, and E} the expectation defined by its
law, Condition E ensures the existence of the first moment m(x,t,w) = EY[((¢)].
This is the content of Proposition 2.1 of this paper. This first moment will be the
central object of our study. We will see that Assumption E ensures the finiteness
for ¢ > 0 of the annealed first moments (m(0,t)) = [ m(0,¢,w)du, with which
we will state our main assumptions. We will need to define the growth functions
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{Hy(t) : t >0} by
(1.2) Hiq(t) :=log(m(0,1t)).

Our main assumption will be formulated with the help of a family of functions
{Fy : 0 € R} which we call the intermittency exponents, defined for every 6 # 0 and
t >0 as,

Hi((1+0)t) — (1 + 0)H(t)
7 .
Assumption MI. For all |f] > 0 small enough,
Fy(t) — Fy(t) _
t—00 flogt

(1.3) Fy(t) =

As it will be shown in Corollary 4.6, this assumption implies the occurrence
of the so called intermittent behavior of the random field w [12]. It encompasses
examples falling in the four universality classes of [14].

We will show that it is possible to formulate an assumption directly in terms of
the cumulant generating function H, which is sufficient for Assumption MI to be
satisfied, and includes the first class of [14]. For this we need to define the cumulant
exponents, parametrized by 6 £ 0, for ¢ > 0 as,

H((1+0)t) — (1+06)H(t)
5 .

By Jensen’s inequality it can be seen that Gg(t) > 0 whenever 0 < |0] < 1. We will
see that Condition MI is satisfied whenever the following happens.

(1.4) Go(t) ==

Assumption SI. For all |f| > 0 small enough,

lim Gag(t) — Go(t) _
t—o0 et

Condition SI includes the first universality class of [14] and can be viewed as a
strong intermittency requirement. It implies H (¢)/t > 1. Hence, using the bounds
el ()=2drt < (1m(0,1)) < ef1® (see, e.g., Theorem 3.1 of Gértner and Molchanov
[12]), we see that if Assumption SI is satisfied, we have the asymptotics

(1.5) log(m(0,t)) ~ H(t),

which is much faster than the a.s. one (see [13]).

As already mentioned the interest of the results of the present paper are their
generality. Namely, their are valid only under the Assumptions E and MI. Part (i)
of Theorem 2.3, states that if for some ¢ > 0 we have L(t) > ef<()/d even-
tually in ¢, the law of large numbers m%/(m) ~ 1 is satisfied in probability:
hence we have the annealed behavior logm®(0,¢) ~ log(m(0,t)). On the other
hand, if for some ¢ > 0 we have L(t) < ef~<()/4 eventually in ¢, in probability
m%/(m) < 1. Part (i) says that if for some ¢ > 0 we have L(t) > ef<(2/d
eventually in ¢, then (m% — (2L + 1)4(m))/ Var, m¥ converges in distribution to
a centered normal law of unit variance N(0, 1), where Var, denotes the variance.
Also, if for some € > 0 we have L(t) < ef~<(21)/4 eyentually in ¢, in probability
(m% — (2L + 1)4(m))/ Var,, m* < 1. This discussion is summarized in Table 1.

Under an additional regularity assumption on the intermittency exponents (As-
sumption RI of Section 2.4) it will be shown in Corollary 2.6 that there exist two con-
stants v; and 7, called transition exponents and a function J(t): [0,00) — [0, 00)
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TABLE 1. Large time asymptotic behavior of the averaged first moments

Annealed behavior dlog L(t) > F.(t) mY/(m) ~ 1
Non-annealed behavior | dlog L(t) < F_.(t) mb/(m) < 1
L—(2L+1)?
Gaussian behavior dlog L(t) > F.(2t) mn \Ear#—:nL) (m) — N(0,1)
E—(2L+1)¢
Non-Gaussian behavior | dlog L(t) < F.(2t) m” - (2L + L) (m) <1
Var,, m

with J(t) > 1, called the growth exponent, describing more explicitly the transi-
tion of Theorem 2.3. Indeed, in this case, a law of large numbers is satisfied when
dlog L(t) > ~J(t) for some v > ~7; the CLT when dlog L(t) > ~J(t) for some
v > 72. Furthermore, if dlog L(t) < ~v.J(t) for some v < 71, the law of large num-
bers is not satisfied, while if dlog L(t) < vJ(t) for some v < 75, the CLT is not
satisfied. Propositions 2.7, 2.8, 2.9 and 2.10 give the explicit value of 1, v» and J
in the case of unbounded potentials with Weibull-type tails, unbounded potentials
with double exponential type tails, potentials in the third universality class of [14]
and bounded potentials with Fréchet-type tails including the pure hard core case.
Table 2 below summarizes those results.

Also, in Theorem 2.11, we obtain sharper upper bounds for the order of mag-
nitude of the averaged first moments in the nonannealed regime for the examples
treated in Propositions 2.7, 2.8, 2.9 and 2.10. This theorem generalizes Case 3 of
[5, Theorem 2].

The special case in which Assumption SI is satisfied expressed as Corollary 2.4.
This includes the case k = 0, corresponding to sums of i.i.d. random exponentials
where Condition MI reduces to,

(1.6) lim Gag(t) — Go(t) = o0,

t—o0 0
for |#] > 0 large enough, and H; (t) = H(t). Corollary 2.4 is a result complementary
to theorem of [4], generalizing [4, Theorems 2.1 and 2.2] where Weibull and Fréchet-
type tails are assumed on v(0).
One of the main ingredients of the proof of Theorem 2.3 is a coarse graining
technique, necessary to reduce the asymptotics of the averaged first moments, to
a sum of independent random exponentials. This technique, was introduced in [5],

TABLE 2. Transition and growth exponents in the four universality
classes. In the pure hard core case p[v(0) = —oc] = p and ¢3 is a
constant depending on p and d

POTENTIAL —log p[v(0) > x] J(t) " Y2
1
Weibull z’, p>1 H(t) T 2=y
—p
Double exponential ev/p t p 2p
t
Third class example @’ N 1 2
2
Pure hard core — cotd/(d+2) 153 21y,
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but here it faces the extra difficulty that the terms of the sum defining the averaged
probabilities are not uniformly bounded with respect to the time variable ¢ or the
scale L (whereas in [5], such a bound existed having the value 1). This requires more
careful estimates on these quantities, which are performed, via the Feynman—Kac
formula and spectral estimates. Once the reduction to a sum of i.i.d. exponentials
is achieved, an analysis based on von Bahr—Esseen inequality finishes the proof
(see also [4,5]).

Besides this introduction, this paper has four other sections. The main results
are stated in Section 2. We first introduce in Section 2.1 the main definitions.
In Section 2.2 we formulate Proposition 2.1, stating that a growth of the form
lim sup| | o0 v+ (@) /(7| log |z]) = 0 is enough to ensure well-defined first moments
for the total number of particles. When this proposition is combined with [12,
Proposition 2], one concludes that under the condition E, the reaction—diffusion
process on the lattice Z? is such that the total number of particles at any given
time has a finite first moment, for initial conditions with a finite total number of
particles. In particular, there is no explosion, and the process is well defined. We
then state Theorem 2.3 in Section 2.3. Corollary 2.4, under the Assumption SI is
stated and proved next. The applications of Theorem 2.3 are given in Section 2.4.
First, the regularity condition RI is introduced. This is applied to the case of
unbounded effective potentials with Weibull-type tails, through Proposition 2.7,
using the Kasahara exponential Tauberian theorem [6]. Next, Corollary 2.6 is
applied to the case of unbounded potentials with double exponentially decaying
type tails, through Proposition 2.8. Then, we treat the case of potentials falling
in the third universality class (almost bounded) of [14] through Proposition 2.9.
We end Section 2.4 considering the case of bounded potentials with tails near their
upper-bound which are of the Fréchet type (Proposition 2.10). In Section 2.5,
we state Theorem 2.11, which improves the upper bounds describing the order
of magnitude of the empirical average for the examples considered in Section 2.4.
The proof of Proposition 2.1 is the content of the third section. In Section 4, the
truncated first moments are introduced. These are the first moments of a reaction —
diffusion process defined on a finite box, with Dirichlet boundary conditions. They
are then used to approximate some important quantities related to the averaged
first moments. Then, several important estimates for the moments and correlations
of the first moments are derived. The proof of Theorems 2.3 and 2.11 are given in
Section 5. In Section 5.1, the partition analysis method of [5] is recalled. This and
together with the estimates of Section 4, and the von Bahr—Esseen inequality, is
subsequently applied to prove Theorem 2.3. The paper finishes with Section 5.7,
where Theorem 2.11 is proved.

2. Notation and results

Here we will state the results of this paper. After introducing most of the
notation and giving the main definitions in the first subsection, in Section 2.2 we
state Proposition 2.2, which ensures that a.s. there is no explosion for the reaction—
diffusion process under Assumption E. Then, the principal result of this paper,
Theorem 2.3 is stated in Section 2.3, together with Corollary 2.4. In Section 2.4,
we state Corollary 2.6, giving the form of Theorem 2.3, under certain regularity
assumptions. Here we will consider applications of this results to several specific
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examples of distributions of the effective potential. We end the presentation of our
results with Section 2.5, where we state Theorem 2.11.

2.1. Definition of the reaction —diffusion process. We begin defining a
reaction — diffusion model corresponding to a set of random walks on the lattice Z¢
branching and annihilating at rates depending on the their position. Consider the
set of natural numbers N endowed with the discrete topology. Define the set 2 :=
NZ* representing the possible configuration of particles on the lattice. In this paper
we will be interested only on the subset of configurations ¢ C € characterized
by the property that {z : n(x) > 0} has finite cardinality whenever n € . Let
vy = {vy(z) : x € 29} and v_ = {v_(z) : * € Z%}, where vy(z) € [0,00)
and v_(z) € [0,00]. Here vy (z) and v_(x) represent the rate at which particles
branch and annihilate at site z, respectively. Note that we admit the value oo
for the annihilation rate: this represents a hard core obstacle, where particles are
instantly annihilated. Call an ordered pair w := (v_,vy) € W, with coordinates
w(z) = (v_(z),v4(x)), a field configuration, where W := ([0, 00) x [O,oo])Zd. We
will denote the set of hard core obstacle sites by G(w) := {x € Z? : v_(x) = co}.
Given 7 € [0,00) and = € Z? we will call A(x,r) == {y € Z : ||z — y|| < r} the
ball of radius r centered at z under the norm ||z|| := sup;<;<, ||, where z; are
the coordinates of x. We will furthermore use the notation A,. in place of A(0,7).
In this subsection we will construct a stochastic process as the limit as L — oo of
processes defined on the boxes Ay. Throughout the sequel, given a subset U C Z¢,
we will denote by U the complement of U and 6U := {x € U° : inf ey | —y| = 1},
where |- | denotes the Euclidean distance. So, for each finite subset U C Z, we want
to consider a process with state space Qf := {n € Qo : n(z) = 0,2 € G(w)} defined
formally by the infinitesimal generator,

(2.1) Lofm=>_ Y wn@(f@") - fn)

zeUNG(w)¢ yeG(w)®
lz—yll=1

+ > D> mn@ (™) = f(n)

zeUNG(w)° yeG(w)

lz—yll=1
+ Y w@n@) (o)~ fn)
zeUNG(w)e
+ Y v@n@) (™) = f(),
zeG(w)°

acting on an appropriate dense subset Dy of the space of real bounded functions
B(Qy), defined on Qf, endowed with the uniform norm. In the above expression,
Kk >0, n™Y is the configuration where a particle from site x has jumped to site y so
that n™¥(z) = n(2) if =z # 2,y, *¥(z) = n(z) — 1, and n™¥(y) = n(y) + L; n™* is
the configuration where there is an extra particle at site  and *~ the configura-
tion where one particle at site x has disappeared. It is a well known fact that it is
possible to construct a strong Markov process, denoted by nV := {nY(t) : t > 0},
corresponding to an infinitesimal generator of the form (2.1), and taking values on
the Skorokhod space S := D([0,00);Qy). In fact, such a process falls in the cate-
gory called |U|-dimensional continuous time Markov branching process by Athreya
and Ney (see Chapter V, Sections 7.1-7.2 of Athreya—Ney [3]). Furthermore, it
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can be shown that a.s. the expected value of each coordinate of such a process
{nY(t) : t > 0}, is finite, ensuring that there cannot be infinitely many particles
produced in a finite time (see [3, Section 7.1]). Let us now call P(Q2Y) the set of
probability measures defined on 2§ endowed with the Borel o-algebra associated
to the subspace topology of Qf as a subset of {2 with the product topology. Then,
for each field configuration w € W and probability measure v € P(2f) denote by
PUY% the law of the process {nV(t) : t > 0} defined on S endowed with its Borel
o-field B(S). We will call this process the reaction —diffusion process on U with
field w and initial condition v. In the particular case in which U = A,, we will
use the obvious notations L, and P}»". Furthermore, we will call the process on
A, the reaction — diffusion process at scale n. Now, note that using the natural
coupling [15] and Kolmogorov’s extension theorem, it is possible to define for each
field configuration w € W and initial condition v € P(2') a probability measure
QY on the product space SV, endowed with its Borel o-algebra induced by the
product topology, in such a way that if n” € S denotes the nth coordinate of an
element n € SN, 7" (t) € QY its value at time ¢ > 0 and 7" (t,x) € N the value at
time ¢ of the z-coordinate of n™(t), then,

(i) for every A € B(S) and n > 1,
Q" € Al = PV [A].
In particular, for every B € B(€g) we have that, Q¥ [n™(0) € B] = v[B].
(ii) for every n > 1,
QU™ () = 0" ()] = 1.
(iii) for each n > 1 define the first exit time from the box A,, as

T, :=1inf{t > 0: sup n"(z,t) > 0}.
rEAS

Then, for every n > 1,

QUL (t) = 0" (t), T > t] = Q[T > 1.
Let us now remark that due to property (ii), for every ¢t > 0 and x € Z? the limit,

n(t,2) = Tim 7 (t,2),
exists, possibly taking the value co. Define n(t) := {n(t,z) : z € Z?}. We denote
d

the stochastic process {n(t) : t > 0}, taking values on the space N , where N is the
Alexandrov compactification of the natural numbers, and distributed according to
the measure Q¥ , the reaction — diffusion process with field w and initial law v. We
will denote by EY the corresponding expectation. In addition, for each ¢t > 0, we
define the total number of particles at time t by

()= Z n(t,x).
reZa
Also, whenever it is true that,
Q¥ [n(x,t) < oo,V x € Zt > 0] =1,

we will say that with probability one there is no explosion. In the sequel we define
for each x € Z? the probability measure &, on (Q¥,B) which assigns probability
1 to configurations with one particle at site  and none elsewhere. We will be
interested in initial configurations where v = d,. In such a case we will use the
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notation P;" instead of P;” and EY for the corresponding expectation. In the case
where z € G(w), we adopt the convention that P}’ is the probability measure which
has a unique atom at the configuration = 0 (n(z) = 0 for every x € Z4).

Let us denote by P(W) the set of probability measures defined on the space
W = ([0,00) x [0, oo])Zd endowed with its natural o-algebra. In the sequel we will
take fields v, and v_ which are random, assigning a probability measure p € P(W)
in such a way that the field configuration {w(z) : = € Z?} has independent coor-
dinates with respect to p. Furthermore, we will use the notation (-) to denote
expectation with respect to this law and Var,(-) variance. Now, let us define the
quenched first moment on Z® of the total number of particles at time ¢ starting from
site x as, m(x,t,w) := EY[(t)], and the annealed first moment on Z% of the total
number of particles at time ¢ starting from site x as, (m(z,t)) := [ m(z,t,w)dp.
Furthermore, we call the sets {m(x,t,w) : x € Z?} and {{(m(z,t)) : x € Z}, the
fields of quenched first moments and the field of annealed first moments, respec-
tively. Depending on the context, we might write m or m(x, t) in place of m(z, ¢, w),
dropping the dependence on the field configuration w, and (m) instead of (m(z,t)).

The quantity which will give us a transition mechanism between of the quenched
first moments is the averaged first moment at scale L and time ¢ defined for a
reaction —diffusion process starting from site z as,

1
L
m”(z,t,w) = ———— E m(y,t,w).
Al Dl 25 n

2.2. Results giving conditions for no explosion. Here we will give a cri-
teria on the field configuration w, stated as Proposition 2.1, which ensures that
there is no explosion in the reaction—diffusion process with field w.

Proposition 2.1. Consider the reaction diffusion process with field w and
initial law v. Assume that,

(2.2) lim sup _vil@) 0

|z|— o0 “T|10g|1‘| B
Then for every t > 0 we have that
EJ1¢(8)] < oo.
Hence, there is no explosion.

We state below with the name of Proposition 2.2, a result of Gartner — Molcha-
nov [12, Lemma 2.5] giving a sufficient condition on the law 4 in order that the first
moment of the total number of particles ((t) at time ¢, exists u-a.s., and hence that
there is no explosion. Given a field configuration w = (v4,v_), we now need to
introduce the effective potential {v(z) : x € Z}, defined by v(z) := vy (z) —v_ (7).
Furthermore, set log, z =logx if > e and log, # = 1 otherwise, while define the
positive part T := max(0, z).

Proposition 2.2. Consider the reaction diffusion process with field w and
initial law v. Assume that the field configuration w is distributed according to a
product probability measure p € P(W). Suppose that

(285 ) <~
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Then p-a.s. it is true that,

lim sup M =

9

and therefore, u-a.s. there is no explosion for the reaction — diffusion process with
field w and arbitrary initial law in P(Qp).

Note that the last statement of Proposition 2.2 follows from Proposition 2.1.
Furthermore, Assumption E is enough for (2.3) to be satisfied, and hence to ensure
no explosion.

2.3. The Gaussian-annealed transition results. Here we will state the
main result of this paper, which shows how under different growth of scales, the
averaged first moment has an asymptotic behavior where a law of large numbers is
satisfied, and a central limit theorem can describe the fluctuations around this
law of large numbers. We will assume Condition E, ensuring the existence of
the annealed first moments. We will also need to consider the growth functions
{H1(t) =log(m(0,t)) : t > 0} already defined in equation (1.2) of the introduction
and the intermittency exponents {Fp : § € R}, defined in equation (1.3). Let us
now state the main result of this paper.

Theorem 2.3. Consider a reaction — diffusion process with initial law 69 and
field w = (vy,v_) distributed according to a product measure p € P(W). Consider
the intermittency exponents {Fy : 6 € R} defined in equation (1.3) and the growth
functions {H; (t) : t > 0} defined in equation (1.2). Assume that Conditions E and
MI are satisfied. Then the following statements are true,

(i) Law of large numbers. Assume that there is an € > 0 such that eventually
int, L(t) > exp{Fc(t)/d}. Then in p-probability we have

mL(0,t,w)
— ),
(m(0,1))
as t — oco. Furthermore, assume that there is an € > 0 such that eventually in t,
L(t) < exp{F_.(t)/d}. Then in p-probability we have

m(0,t,w)
(m(0,t))

(2.4)

(2.5) <1,

ast — oo.

(ii) Central limit theorem. Assume that there is an € > 0 such that even-
tually in t, L(t) > exp{F.(2t)/d}. Then,
i (06 w) — (m(0, 1))
t—o0 VVar, (m(O,t))
where N'(0,1) is a centered normalized normal law and the convergence is in the
sense of distributions. Furthermore, assume that there is an € > 0 such that even-
tually in t, L(t) < exp{F_.(2t)/d}. Then in u-probability we have that,

L(0,¢,w) — (m(0,t
(2.7) m ( ) ?w) <m( ) )> <<1
V'Var,, (m(0,t))

To provide a better insight on the meaning of Theorem 2.3, we will see the form
that it takes under the stronger Assumption SI, which includes the first universality
class of [14]. This will be formulated as a corollary, which in the case kK = 0

(26) :N(071)7
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generalizes [4, Theorems 2.1 and 2.2] to include distributions u of the field, which
not necessarily have regularly varying log-tails.

Corollary 2.4. Consider a reaction — diffusion process with initial law §y and
field w = (vy,v_) distributed according to a product measure u € P(W). Consider
the cumulant intermittency exponents {Gp : 0 € R} defined in equation (1.4) and
the cumulant generating function {H(t) : t > 0} defined in equation (1.1). Assume
that Conditions E and SI are satisfied. Then the following statements are true,

(i) Law of large numbers. Assume that there is an € > 0 such that eventually
int, L(t) > exp{Gc(t)/d}. Then in p-probability we have

m(0,t,w)
(m(0,1)) ’
ast — oo. In particular, logm*(0,t,w)/H(t) ~ 1. Furthermore, assume that there

is an € > 0 such that eventually in t, L(t) < exp{G_.(t)/d}. Then in p-probability

we have .
m*~(0,t, w
¥ < 17
(m(0,1))
ast — 0.
(ii) Central limit theorem. Assume that there is an € > 0 such that even-

tually in t, L(t) > exp{G.(2t)/d}. Then,
L —
— (0,t,w) — (m(0,1))
t=eo VVar, (m(0,1))
where the convergence is in the sense of distributions. Furthermore, assume that

there is an € > 0 such that eventually in t, L(t) < exp{G_.(2t)/d}. Then in
w-probability we have that,

= N(0,1),

m¥(0,t,w) — (m(0,t))
VVar,, (m(0,1))

The proof of Corollary 2.4 in the case k = 0 follows from the observation that
Go(t) = Fp(t) in this case. The case k > 0 is a direct consequence of the fact that
e (H)=2drt < (1m(0,t)) < e stated in [12, Theorem 3.1], and the observation
that Gp(t) > 0 for § > 0 and Gy(t) < 0 for § < 0, which follows from Jensen’s
inequality. Now, the following proposition, which will be proved in Section 4, shows
that the condition,

(2.8) lim ¢H"(t) = oo,

is sufficient for Assumption SI to be true. This condition implies a kind of domi-
nation of the branching over the annihilation.

Proposition 2.5. Consider the cumulant exponents {Gy : 0 € R}. Assume
that condition (2.8) is satisfied. Then, Condition SI is satisfied. Furthermore:
(i) for every 6 # 0, there is a tg > 0, such that the function Gg(t) is monotone in
t, for t > to; (ii) there is a t1 > 0, such that the function Gy(t) is monotone in 0
fort>t.

Condition (2.8) implies that the branching dominates the annihilation, in the
sense that H(t)/t — oo as t — oo, which implies that the essential supremum of
the random variable v(0) is infinite (see [12]).



TRANSITION ASYMPTOTICS FOR RANDOM WALKS 13

2.4. Regularity assumptions on the intermittency exponents. For the
purpose of applications, it will be important to identify cases where the assumptions
in Theorem 2.3 can be formulated in a more explicit way. As it will be shown, the
following assumption on the intermittency exponents, turns out to fall in one of
these situations.

Assumption RI. The intermittency exponents {Fy(t) : § # R} satisfy the
mild intermittency condition MI. In addition, there exist two increasing functions
fi, f2: R\ {0} — R and a function J(¢): [0,00) — [0, 00), such that for 6 # 0 small
enough,

(i) Fy(t) ~ f1(0)J(t), and Fy(2t) ~ f2(0)J ().
(ii) There exists two constants v; and 72, such that limg_,g f1(8) = 91 and
1im9_,0 fg (0) = ’}/2.

Throughout the sequel, the constants v; and - will be called transition ex-
ponents and the function J growth exponent. It will be shown that there exist
several important cases of random fields which fall in this category. Furthermore,
the following corollary of Theorem 2.3 shows the convenience of Assumption RI.

Corollary 2.6. Consider a reaction — diffusion process with initial law §y and
field w = (vy,v_) distributed according to a product measure yu € P(W). Suppose
that Assumptions E and RI are satisfied with transition exponents v1 and 2 and
growth function J. Then the following statements are true,

(i) Law of large numbers. Assume that there is ay > -1 such that eventually
int, log L(t) > vJ(t)/d. Then in p-probability we have

m¥(0,t,w)
(m(0,1))
as t — oco. Furthermore, assume that there is a 0 < v < 1 such that eventually in
t, log L(¢t) < ~J(t)/d. Then in u-probability we have

m(0,t,w)

(m(0,1))

N17

<1,

ast — oo.
(ii) Central limit theorem. Assume that there is a v > 7y such that even-
tually in t, log L(t) > vJ(t)/d. Then,
lim m2(0.t,w) — {ml0, ) = N(0,1),
t=oc V/Var, (m(0,t))
where the convergence is in the sense of distributions. Furthermore, assume that

there is a 0 < 7y < 72 such that eventually in t, log L(t) < ~J(t)/d. Then in
u-probability we have that,

m¥(0,t,w) — (m(0,t))
V Var, (m(0,t))

In the next subsection we will apply Corollary 2.6 to four situations each one
falling in one of the universality classes described by van den Hofstad et al.in [14].
These classes encompass all possible situations under three conditions. The first is
Condition E, ensuring the existence of the positive moments defining the cumulant
generating functions (1.1). The second and third condition avoids different qualita-
tive behaviors of the potential at different scales. Let us formulate next the second
condition of [14].

<1
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Assumption H. The function H(t)/t is in the de Haan class.

A function f is said to be in the de Haan class if for some regularly varying
function g: (0,00) — R, we have that (f(\t) — f(t))/g(t) converges to a limit
different from 0 as ¢ — oo, for A > 0. Let us recall that a function & is regularly
varying at infinity with index p, if for any a > 0 we have lim,_, o h(ax)/h(z) = a”.
This property will be stated as h € R,. Whenever H is satisfied, then H(t) is
regularly varying with index v > 0. Furthermore, in [14, Proposition 1.1], it is
proved that under Assumption H there exist a function H: (0,00) — R and a
continuous function k(¢): (0,00) — (0, 00) such that,

(2.9) i ) — yH ()

Jim 0] = H(y) #0,

for y € (0,1)U(1,00). It is also shown that k(t) is regularly varying of index . We
can now recall the third assumption of [14].

Assumption K. The limit £* = lim;_. o k(t)/t exists in [0, c0].

Under Assumptions E, H, and K, the four universality classes defined in [14]
are:
) y>1,0ory=1and k* = c0.
) v=1and k* € (0,00).
) y=1and k* =0.

In what follows we exhibit examples in each one of these classes satisfying
Assumption RI so that Corollary 2.6 can be applied, and the transition exponents
can be explicitly written. In the sequel, following [14], we will call the third class
the class of almost bounded potentials.

2.4.1. Unbounded potentials with Weibull-type tails. Our first application of
Corollary 2.4 will be to an example falling in the first universality class of [14]. We
will assume that the essential supremum of v(0) is oo, and the tails at oo of v(0)
follow a Weibull-type law, pu[v(0) > z] = exp{—h(z)} for z > 0, with h € R, for
some 1 < p < oo. In the terminology of [4] in the context of i.i.d. random expo-
nentials (k = 0 in our situation), this is called Case B. The following proposition
shows that Assumption RI is satisfied in this situation, and hence Corollary 2.6,
which generalizes [4, Theorems 2.1 and 2.2] in Case B form x =0 to xk > 0.

Proposition 2.7. Suppose that the essential supremum of the effective poten-
tial v(0) is oo with Weibull-type tails u[v(0) > z] = exp{—h(z)} for x > 0, and
h € R, for some 1 < p < co. Then Assumption Rl is satisfied with transition
exponents

and growth exponent,

Let us now prove Proposition 2.7. Note that under the conditions on the tail
of the law of v(0), the cumulant generating function H(¢) of v(0) is well defined,
smooth, nondecreasing and tends to infinity as ¢t — oo. Furthermore, by the Kasa-
hara exponential Tauberian theorem (see Bingham et al. [6, Theorem 4.12.7]), we
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know that H € R,/, where the index p’ is defined by the equation,

1 1

pop
From this observation it is easy to check that Assumption SI of Corollary 2.4 is
satisfied, and that for every e # 0, the cumulant growth exponents G(t) and

G(2t) satisfy
Ge(t) (1+e” —(1+¢)

H(t) €
and
Ge(2t) oy (14 €)' —(1+¢)
H(t) € '

Now note that ((1+c)pl —(1+¢)) /e is increasing in € and converges to v, = 1/(p—1)
as € — 0, and similarly 2¢' (1+ ) —(1+ €)) /€ is increasing in € and converges to
vo = 2°/(P= Ny as e — 0.

2.4.2. Unbounded potentials with double exponential type tails. Here we con-
sider the second universality class so that H is regularly varying with index v =1
and k* € (0,00). As shown in [14, Proposition 1.1], this is equivalent to the exis-
tence of a constant p € (0, 00) such that

H —yH
(2.10) i 2 t) — yH()
t—o0 t
for all y € (0,1) U (1,00) (this and 0 < p < oo is called Assumption H in [13]).
Furthermore, under assumption (2.10) it is true that,
H(t
lim # =00

t—o0o

= pylogy,

This second universality class includes the case of unbounded potentials which are
double exponentially distributed with parameter p, 0 < p < oo,

p[o(0) > 2] = exp{—e"/*},
for x € R. We then have the following interesting proposition.

Proposition 2.8. Suppose that assumption (2.10) is satisfied for some p €
(0,00). Then Assumption RI is satisfied with transition exponents

=P Y2 =20,
and growth exponent,

J(t) =t.

To prove Proposition 2.8, we quote [13, Theorem 1.2], which shows that under
assumption (2.10) we have that,

(m(0,1)) = eXp{H(t) - 2dnx<£)t + o(t)},

for k > 0, where x(z) := 3 inf,epz) [S(p) + pI(p)] for x > 0, P(Z) is the space of
probability measure on Z, S: P(Z) — [0,00) is the Donsker — Varadhan functional

defined by S(p) == 3,7 (Vp(z +1) — \/p(gc))z7 while I: P(Z) — [0,00) is the
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entropy functional defined by I(p) := —>_ ., p(z)logp(z). On the other hand,
from the previous discussion we can conclude that, for every e # 0,
F.(t log(1
t( ) ~ P(l + 6)40g( €+ 6)7

and

F (2t log(1 +¢
¥ ~ 2p(1 +6)¥.

From these limiting behaviors, we see that Assumption MI is satisfied. Furthermore,
form the fact that (14 ¢)log(1+ €)/e is increasing for € small enough and converges
to 1 as € — 0, we obtain the transition exponents at p and 2p of Proposition 2.8.
2.4.3. Almost bounded potentials. We now focus on the third universality class,
where v = 1 and k* = 0. As shown in [14, Theorem 1.4], in this case it is true that,

H(ta; )

7d )
Qy

(2.11) log(m(0,t)) ~

where a4: [0,00) — [0,00) is the so called scaling function, which is implicitly
defined for all ¢ > 0 sufficiently large by the equation,

k(to; ) 1
(2.12) (ftd) = <.
t

toy «a

As shown in [14, Proposition 1.2], this function is unique up to asymptotic equiva-
lence. Furthermore, for the third universality class, it is a slowly varying function
(regularly varying of index 0).

Proposition 2.9. Suppose that H is regularly varying of index 1 and that
(2.9) is satisfied for k(t) such that k(t) < t. Then Assumption Rl is satisfied with
transition exponents

=P 2 =20
and growth exponent,

t
—5-
t

(2.13) J(t) = 5
The proof of Proposition 2.9 follows now applying the definition of a; through
(2.12), the asymptotics (2.11) and (2.9).
A specific example of a distribution falling in the third universality class is
given by the squared double exponential law. In other words, an effective potential
v(0) which is unbounded, with law,

u[o(0) > 2] = exp{—¢*'},

for £ > 0. As it can be deduced from the discussion of [14, Example 1.4.3], in
this case the scale function is given by a; ~ 2'/2(logt)'/* and k(t) ~ t/(2y/Iogt).
Furthermore, p = 1 and the growth exponent can be chosen as J(t) ~ t/(2(logt)'/?)
(see Table 2 of the introduction).
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2.4.4. Bounded potentials with Fréchet-type tails. We now continue with an
example falling in the universality class (4) of [14]. We will consider the case
in which the essential supremum of v(0) is 0 and the tails are of Fréchet type:
pv(0) > —z| = exp{—h(z~'} for x > 0, with h € R, for some 0 < p < co. Using
the terminology of [4] in the context of i.i.d. random exponentials, this is Case A.
To state appropriately this result, we will need to recall the work of Biskup and
Konig [7], who studied the asymptotics of the annealed and quenched first moments
in the case of product environments i such that the cumulant generating function
H(t) is in the so called v-class for some v € [0,1). We say that H is in the -
class if the essential supremum of v(0) is 0 and if there is a nondecreasing function
a; € (0,00) and a function H: [0,00) — (—00,0], H # 0, such that

. af+2 t ~
(2.14) lim —H ~ay = H(t),

for y > 0, uniformly on compact sets in (0, 00). We will denote the function oy the
scale function. It is not difficult to show, using the de Bruijn exponential Tauberian
theorem [6], that if v(0) is in Case A for some p > 0, then H is in the p’-class for
P =p/(p+1),0rl/p —1/p=1. We can now sate the following proposition.

Proposition 2.10. Suppose that the essential supremum of the effective po-
tential v(0) is 0 with Fréchet-type tails p[v(0) > —z] = exp{—h(z~1)} for x > 0,
and h € R, for some 0 < p < oo. Then Assumption Rl is satisfied with transition

exponents
1 2
= —_— = 2173/1
71 <d+2+2p> ) Y2 Y1,

and growth exponent,

for some constant x € (0,00).

As a consequence of Proposition 2.10 we can now apply Corollary 2.6, gener-
alizing Case A of [4, Theorems 2.1 and 2.2] from x = 0 to £ > 0. In contrast to
Proposition 2.7, where there is no change in the value of the transition exponents
~v1 and ¥, from k = 0 to k > 0, here there is.

Let us now prove Proposition 2.10. In [7, Proposition 2.1], it is shown that
whenever p is in the p’-class, then the scaling function oy € R, for,

_ 1=/
U‘_d—|—2—dp"

Furthermore, [7, Theorem 1.2] states that when pu is in the p’-class, there exists a
X € (0,00) such that,
5 pt
log(m(0,t)”) ~ —x—,
ag,
for every 3 € (0,00). Then Condition MI of Theorem 2.3 is satisfied, and for every
€ # 0, the growth exponents F,(t) and F,(2t) satisfy

F.(t) (1+e¢—(1+et

~

t/a? €
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and
F2) (e (1t
t/a? € ’
As in the proof of Proposition 2.7, we can show that ((1+¢€)— (1+ 6)1_"2)/6 is in-
creasing in € and converges to v, = 12 as € — 0, and similarly 21~ (1+e)—(1+ 6)171}2)/6'

. . . . p— 2
is increasing in € and converges to y2 = 2! 7" 7y, as € — 0.

2.5. The critical regime. For the examples discussed in the four previous
sections, it is possible to obtain the following improvement of Theorem 2.3.

Theorem 2.11. Consider a reaction — diffusion process with initial law 5y and
field w = (vy,v_) distributed according to a product measure p € P(W). Then the
following statements are satisfied.

(i) Weibull type. Assume that p has Weibull-type tails so that u[v(0) >
x] = exp{—h(z)} forx >0, h € R, for 1 < p < oco. Then if dlog L(t) < vH(t)
eventually in t, and 0 < v < v1 = 1/(p — 1), we have that for every § > 0 in
w-probability,

mL(Oa t)
awmoam <
where p
aw(7) == 2= (p = ]"" = .

(i) Double exponential type. Assume that u satisfies assumption (2.10) for
some constant p € (0,00). Then if, dlog L(t) < vt eventually in t, and v < y1 = p,
we have that for every § > 0 in p-probability,

mr (Oa t)
exp{H ((an(y) + 6)t)/(ap(v) + &)}

<1,

where

ap(y) = ye1=P)/p,
(iii) Almost bounded potentials. Assume that p is such that H is reqularly
varying of index 1 and that (2.9) is satisfied for k(t) such that k(t) < t. Consider
the growth exponent J(t) as defined in equation (2.13). Then if, dlog L(t) < vJ(t)

eventually in t, and v < 1 = 1, we have that for every § > 0 in p-probability,

my, (0, t)

exp{H ((aa(y) +0)t)/(an(v) +6)}

<1,

where
ar(y) = ,ye(v—p)/p.

(iv) Fréchet type. Assume that p is such that essupv(0) = 0 and is of
Fréchet type so that u[v(0) > —z] = exp{—h(z~')} forz >0, and h € R, for some
p € (0,00). Then if dlog L(t) < vJ(t) eventually in t, and v < 1 = v?, we have
that for every 6 > 0 in p-probability,

mrp, (0, t)
T —Im <b

5 —v2/(1-1?)
) = (1= ) () T

where
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Let us remark that Theorem 2.11(iv) includes as a particular case, Case 3 of
[5, Theorem 2(i)]. We believe that the four functions aw, ap, aa, ap are sharp, in
the sense that the quantities of the four parts of Theorem 2.11 diverge if the sign of
d is changed. Also, these four functions have as maximum value 1, which is reached
at Y1-

In the special case in which p is a double exponential law so that log pu[v(0) > z]
= —¢”" in Theorem 2.11(ii), the function exp{H ((ap(7) + 0)t)/(ap(v) + &)} takes
the form exp{tlog((ap(y) + 8)t/e)}, showing how the transition mechanism takes
place at a logarithmic order in the exponent in contrast to the polynomial one of
parts (i) and (iv). The whole picture suggested by Theorem 2.11 seems to indicate
the presence of a phase transition type behavior, as it is found in some mean field
statistical mechanics models like the Random Energy Model [8,9]. Indeed, when
combined with Theorem 2.3(i), we conclude that logmp (0,¢,w) ~ a(vy)J(t), where
a(v) equals aw, ap, aa or ap depending on the potential for v < 7, while a(y) = 1
for v > 1. Thus, there is nonanalyticity at v = 1 of a quantity playing the role of
a “free energy.”

3. The conditions for no explosion

In this section we will prove Proposition 2.1. Since the initial conditions v €
P(V) are concentrated on configurations with a finite number of particles, and by
translation invariance of the dynamics of the reaction — diffusion process on Z¢, note
that it is enough to consider the case where v = §;.

3.1. Preliminary lemmas. Let us consider the reaction—diffusion process
at scale n with field w satisfying condition (2.2), and with the initial condition dy.
Define the quantities,

)= 3 n'(ta),

TEA,
representing the total number of particles produced at time ¢ and,

Cn(t) = Z (U”(tam) - 77”(0755))a

TEAS

representing the total number of particles which have touched A in the time in-
terval [0,¢]. From this definition, we can conclude that for m > n > 1 it is true
that,

¢ (t)
(3.1) MO =C" O+ 3 -,
k=1

where for 1 < k < ("(t), zx € §A,, is the set of exit sites from A,, of the random
walks which have touched the set A in the time interval [0,¢], 0 < 7, < t the
exit times of each one of these random walks and {(;(s) : s > 0} is a set of
independent processes such that (;” (s) = 0 for s <0, (] (s) = 0., for s = 0 while
{¢ih (s) : s > 0} has the law P, Let us now define for each n € N the maximum
value of the field v4 on the box A, by v, := max,ea, v4(x).

Lemma 3.1. Consider the reaction — diffusion process at scale n with field w
and initial condition dg. Then,
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(i) For everyt >0 andn > 1,
Eq [C"(t)] < exp{ont}.
(ii) For everyt > 0 and n > 2kt,

EY[C"(t)] < 4d exp{(vn — 2m)t — n1og(”> }

2ext
(iii) For everyt >0 and m >n >1,
Eg'[¢™ ()] < EF[C™(B)] + Eg [C" ()] BY [C*"+™ (¢)-

The following elementary lemma will be used to prove Lemma 3.1. We will
need to define,

(3.2) I(y) := sup{\y — (cosh A — 1)} = ysinh ™'y — V1432 + 1,
AER

Note that I: [0,00) — [0, 00) is one to one and that I(z) > 0 for 2 > 0.

Lemma 3.2. Let {X,; :t > 0} be a simple symmetric continuous time random
walk on Z of total jump rate 2k > 0 starting from 0. For a nonnegative real x
define 7, == inf{t > 0 : |X¢| > x} as the first exit time of this random walk from
the interval A,. Then, if P is its law, we have

X X
. P <4 —2ktl | — <4 —2kt — x1 —
(3.3) [z < t] < exp{ Kt <2/<;t>} < exp{ Kt —x og<2em> },

the second inequality being satisfied only for © > 2kt.

The proof of Lemma, 3.2 is a simple large deviation estimate and will be omitted.

Proor oF LEMMA 3.1. (i) Let us remark that for every bounded nonde-
creasing function f: N — R which is eventually constant we have,

For a natural N > 1 fixed, choose f(m) = m A N. Using the fact that ("(0) = 1,
we then conclude that,

(3.4) C"(t)AN —1— vn/o C"(s)00,n—11(¢"(s5)) ds,

where for A C R, 64 is the indicator function of the set A, is a super-martingale.
Hence, since the integrand of the integral in (3.4) is a positive function, by Fubini’s
theorem,

¢
ES [¢"()fpo,n -1 (C"(1))] < 1+, /0 Eg [¢"(5)010,5-1) (¢ (5))] ds.
Therefore, by Gronwall’s lemma,

Eg[¢"(8)00,v -1 (¢"(8)] < exp{unt}.

Taking the limit when N — oo and using the monotone convergence theorem we
conclude the proof of part (i) of the lemma.
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(ii) Let us note the following identity,
(3.5) EY[C™(t)] < de' Plr, < t],

where 7, is the first exit time of a simple symmetric continuous time random walk
of total jump rate 2dk, starting from the origin 0, from the box A, and P is its
law. Now, from the second inequality of equation (3.3) applied to each of the d
coordinates of such a random walk, we conclude that,

Plr, <t] < 4dexp{2mfnlog<2nt>},
ex

substituting the corresponding expression back in (3.5) and using part (i) of the
proposition we conclude the proof of the lemma.
(iii) From (3.1) we have that,

¢m (1)
Eg [¢™(#)] = Eg'[¢"(1)] + Eg Z Eg ¢ (8= 7x) | 5”(@]]-
But, E§'[C2 (t — 7%) | ¢"(t)] < E{[¢*"T™(t)], which concludes the proof. O

3.2. Proof of Proposition 2.1. We will now prove Proposition 2.1 with the
help of Lemma 3.1. Let § = £ and choose N so that v,, < §(nlog(n/(2ext)) — 4nlog4)/t}]
whenever n > N. By part (i) of the lemma we have that,

EY[¢"(t)] < exp{(s(nlog(?;t) — 4nlog 4) }

while by part (ii) we have,

EY[C™(t)] < 4dexp{—(1 — 5)n10g<2:%t> — 46n 10g4},

whenever n > N. Choosing m = 2n > N in part (iii) of the same lemma, it follows
that,

B¢ ()] < A + B E ¢ (1),
where An = e5nlog(n/(2ent)) and B, = 4def(176)nlog(n(Zent))745nlog4. Repeating
the bound for 2n and m = 4n and substituting back we get,

EY[¢*"()] < An + BnAs, + By Ban EY[C3" (1))

Now, by induction on m, we get that,

(3.6) E¥[¢2(1) Z x + Cm [C"Qmﬂ(t)]’

2’777/
where ¢ := A, and for k > 0, cp11 := cpBpor Aport1/A,ox. Now,

Bk Apgrt1 < 2de—(1—2§)n2k log(n2* /(2ext))
n2k - .
Hence, by d’Alembert test and the fact that 1 — 25 > 0 we know that the series
Z;::O:() ¢k is convergent. On the other hand we have,

Ey (¢ (1))

< In2™ log(n2™ /(2ekt))—(1—28)n2™ " log(n2™ 1 /(2ext))
m = Cmp—1€ )
An2m
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which tends to 0 since 2§ < 1—2§ and ¢, < 1 for m large enough. Taking the limit
when m — oo, then when n — oo and using the monotone convergence theorem in
inequality (3.6), we deduce that

EY[C()] < ch < 00.
k=0

4. Moment and correlation estimates

Here we will obtain some important bounds for the large time asymptotic be-
havior of the field of quenched first moments {m(x,t,w) : z € Z?%}, the annealed
first moment field {(m(z,t)) : @ € Z?}, and their correlations. In the first subsec-
tion, we will prove Proposition 2.5.

4.1. Proof of Proposition 2.5. Our first lemma states a useful super-addi-
tivity and convexity property of the cumulant generating function of the random
variable v(0).

Lemma 4.1. Consider the cumulant generating function H(t): [0,00) — R of
the random variable v(0), defined in equation (1.1). Then, the following statements
are true.

(i) H is super-additive. In other words, if t1,...,t, are nonnegative reals
then,

(ii) Assume that lims_,oo tH"(t) = co. Then, for every a > 1,
H(at) — aH(t)

(4.1) tlirgo —y =
PROOF. (i) Let t1,t2 > 0. From Holder’s inequality, we have that

¢(t1)¢)(t2) S ¢(t1 + tg). Hence, H(tl + t2> Z H(tl) + H(tg) By induction on
n we conclude the proof.

(ii) From the assumption, note that we can write H”(t) = f(t)/t, where
lim; oo f(t) = co. Integrating the function H” from t to «t, it follows that,

(4.2) H'(at) — H'(t) > igftf(g) -log a.

Integrating again we obtain for u > ¢ that,

H(at) —aH(t) > (t — u) :ggf(s) -aloga+ c(u),

where c¢(u) = H(au) — aH (u). Dividing by ¢, taking the limit when ¢ — oo and
then the limit when u — oo, we obtain (4.1). O

Let us now prove Proposition 2.5(i) and (ii). Note that,
0G  (L+0)H'(1+0)t) — (L+0)H'(t)
ot 0

Then, inequality (4.2) implies part (i) of the lemma. On the other hand we have
that,

OG  OtH'((1+0)t) — H((1+60)t) + H(t)
90 02 ’
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By the mean value theorem there exists a  such that 0 < 6 < § and H((l + 0)t) —
H(t) = 6tH'((1 + 0)t) and hence

OtH'((1+0)t) — H((1+0)t) + H(t) = 0t[H' (1 + 0)t) — H'((1 +0)t)],

which by inequality (4.2) is positive if ¢ > ¢;, where ¢; is independent of 6 and .
This proves that Gy(t) is monotone in 6 for ¢ > ¢;.

We now show that condition (2.8) ensures SI. We will without loss of gen-
erality assume that x > 0. Let us define real valued functions f,g by f(z) :=
H (0t + xt) — H(xt) and g(x) := 2z for real . By the generalized mean value
theorem applied in the interval [1,1 + 6], there exists a 6, € (0,6), such that
(fA+6) = f(1)/(9(1+6) —g(1)) = f/(1461)/g'(1 + 61). In other words, the
expression Gag(t) — Go(t) = (H((1 4 20)t) — 2H ((1+ 6)t) + H(t))/(26), equals,

% (H'((1+60+060)t) —H (1+61)t)) = %tQH“((l + 01+ 62)t),

where in the last equality we have applied the mean value theorem and 60 € (0,0).
It therefore follows that there is a function 6: [0,00) — (0,26) such that,

t 2
Our hypothesis lim;_, o tH" (t) = 0o, shows that the expression above tends to oo
as t — oo. The proof of the case in which # < 0 is similar and the details will be
omitted.
We now continue in Section 4.2, defining the truncated quenched first moments,
and then describing the parabolic Anderson equation satisfied by the quenched first
moments and the corresponding Feynman —Kac representations.

4.2. Truncated quenched first moments. In the sequel, given a real func-
tion f(x) defined on Z?, we will define the discrete Laplacian by,

(4.3) Af@)= > (flw+e) - f(x).

e€Z4:|e|=1

Let us now for each finite set U C Z¢ and environment w € W, define the field
wY = (vY,vy) with vY(z) = v_(x) for x € U, while vY(z) = oo for ¢ U. We
now define for z € Z%¢ and t > 0,

my(x,t,w) == m(z,t,wY).

As it will be seen later, this expression satisfies the parabolic Anderson equation
with Dirichlet boundary conditions. We will denote this quantity the truncated
quenched first moment on U at time t for a reaction—diffusion process starting
from z. Also, we will call the set {my (z,t,w) : x € Z}, the field of truncated first
moments on U at time t. Now, in the particular case in which U = A(z,r) for
some 7 > 0, we will use the notation m,(z,t, w) instead of my (z,t, w). We will
refer to this quantity as the truncated quenched first moment at scale r at time ¢
for a reaction —diffusion process starting from site . Furthermore, we will call the
sets {m,(x,t,w) : x € Z}, the field of truncated quenched first moments at scale r
at time ¢.
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4.3. The parabolic Anderson equations. Here we will recall the moment
equations satisfied by the field of quenched first moments {m(xz,t, w)} and by the
corresponding truncated fields. Following [12], we have the proposition.

Proposition 4.2. Let U C Z% be a finite set and w € W an environment.
Consider the field of quenched first moments {m(x,t,w) : x € Z%} on Z¢ at time t
and the field of truncated quenched first moments {my(z,t,w) : x € Z%} on U at
time t. Then the following statements are true.

(1) The field of truncated quenched first moments {my (z,t,w) : x € Z} of the
total number of particles at time t on U, satisfies the equation,

ag;U = kAmy +v(z)my, forxz e UNG(w)°
my(z,0,w) =1, for x € 72
my(z,t,w) =0, forz ¢ UNG(w)e, t>0.

(ii) The field of quenched first moments {m(z,t,w) : * € Z%} of the total
number of particles at time t on Z2, satisfies the equation,

aa—T = kAm + v(z)m, for xz € G(w)°©
m(z,0,w) =1, for x € 72
m(z,t,w) =0, for xz ¢ G(w)¢, t > 0.

Proor. Consider the family of functions {u,(x,t) := E¥[2¢(]}, parametrized

by complex z such that 0 < |z] < 1. It is easy to see that,
ou,
ot

= hus + vy (@) — (0 (@) + v (@)us +o_ (o),
uy(z,0) = z,

for z € G(w)®, while u,(x,t) =1 for t > 0 and x € G(w). Differentiating the above
equation with respect to z we obtain part (i). A similar proof can be carried out
for part (ii). O

4.4. Bounds on the quenched first moments. We will now obtain upper
and lower bounds for the annealed moments of the quenched first moments. Let us
first recall two elementary inequalities. For n natural, let aq,...,a, be arbitrary
real numbers. Then, for » > 1, we have Jensen’s inequality,

n

>

i=1

T n

< nrfl Z |041"r,
=1

(4.4)

while for 0 < r < 1 we have,

n

D ai

=1

(4.5)

T n
<> lail"
i=1
We will also need to introduce for L > 0 the notation,

4.6 My, = .
(16) L= max fo(a)

Let us recall the following lemma, contained in the statement of [12, Theorem 2.1].
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Lemma 4.3. Consider a finite subset U C Z% and p € P(W). Assume that p
satisfies Condition E. Then, p-a.s. for every x € Z¢ and t > 0, the quenched first
moment m(x,t,w) on Z at time t starting from site x admits the Feynman - Kac
representation

(4.7 m(z,t,w) = E, {efot ”(Xs)dsl(Tg(w) > t)},

and the truncated quenched first moment my(x,t,w) on U at time t starting from
x also,

(48) i (2,1, w) = By [ X091 (e gy > 1))

where in both (4.7) and (4.8), {X: : t > 0} is a simple symmetric random walk of
total jump rate 2dk starting from x, of law P,., E, is the expectation related to this

law, and for A C Z% we define T4 :=inf{t > 0: X; ¢ A}.

We can now apply Lemma 4.3 to obtain the first estimates on the quenched
first moments.

Proposition 4.4. Consider a finite subset U C Z* and p € P(W). Assume
that p satisfies Condition E. Then,
(i) For each x € 74, t >0 and B > 0 there exists a constant C' such that,

(49) eH(ﬂt)—ant < (m(m,t)ﬁ> < C(Ii—i—t)deH(ﬁt),
(i) For eachx € U, t >0 and >0,
(4.10) eHIN=205t < (s (2,1)%) < O + )%,

where C' is the constant of part (i).
(iii) For each 8> 0, v >0 and a > 0 we have that,

(411)  (Jm(@, 1) — iy gurye (2, 8)]7) < C(3(rt)? + 1)%e= 2G0T /2) H(ED),
for some constant C > 0, where I: [0,00) — [0,00) is defined in equation (3.2).

PRrOOF. (i) The first inequality of equation (4.9) can be obtained from the
Feynman — Kac representation (4.7), taking only into account the contribution of
the path X, which stays during the whole time interval [0,¢] at  ([12, p. 637]). To
prove the second inequality of (4.9), let us note that by translation invariance it is
enough to prove the estimate for (m(0,¢)). On the other hand,

UGy > thels "X ds <N Mt (T, ) <t < T,),
n=0
where T_1 = 0, while for n natural T, is the first exit time of the random walk
{X¢ : t > 0} from the box Apg,, with R, := Ry2" and Ry := max{xt, 1}, while
MR, :=max,.|z||<r, |v(7)| as defined in equation (4.6). It follows that,

(4.12) m(0,t,w) < ZeMﬂ,ﬁp[Tn,1 <t].

n=0
Let us also remark that since 8 > 0, for each natural n we have the following
inequality which will be used soon,

(4.13) (e7Min) < (2(Ry + 1)) exp{H(S1)}.
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In fact, (eftMrn) < > ovel-R, Rn]d<e5tMRnl(v(:c) = Mpg,)). Let us now consider
the case 0 < 8 < 1. Then, by an application of inequality (4.5) to estimate (4.12),
we conclude that,

oo
m(0,t,w)? < ePtMro 4 Z PtMrn PIT, _; < t]°.

n=1

Taking expectations on both sides of this inequality and applying the estimate
(4.13) and the second inequality of equation (3.3) for each of the d coordinates of
the underlying random walk, we obtain,

<m(0,t)5> < 2d(R0 + 1)deH(ﬁt) (1 + 4dz 2nde—ﬁR02"llog(ROQ"I/(Qemt))>7

n=1

Now, since e~#R02" ' log(Ro2" "/ (2et)) < o=B2" ' log(2""/(2¢)) and Ry + 1 < 2Ry,
we see that there is a constant C' such that inequality (4.9) is satisfied for 0 < 5 < 1.

Let us now consider the case 3 > 1. Let 3’ > 1 be defined by 1/8+1/5" = 1.
Then, if we represent the left-hand side of (4.12) as

ZetMRn 1 <t < TP PIT,_y <t <T,)"/7,
k=0

by Holder’s inequality we get that,

1/p
m(0,t, w) <ZetﬁMRn n1<t<T]> .

n=0

A computation similar to the case 0 < @ <1 finishes the proof of part (i).

(ii) The first inequality of equation (4.10) can be deduced by an argument
analogous to the one leading to the first inequality of equation (4.9). Now, note
from the representations (4.7) and (4.8) that my(z,t,w) < m(x,t,w). Hence,
the second inequality of equation (4.10) is a corollary of the second inequality of
equation (4.9).

(iii) Let us remark from the Feynman—Kac representations (4.7) for m(0, 1)
and (4.8) for M)« (0,t) that,

m(0,1) = i e (0,8) = B [l "X 9 (e < 1)1 (g > 1))

Y(rt)a

Hence, as in part (i) of the proof of this proposition,

(4.14) m(0,£) — i (eaye (0.5)] < S MW EP[TY L, <t < 1Y),

n=1

where 77, is the first exit time of the random walk {X; : ¢ > 0} from the box Ag/,
with R;, = Ry2", Ry := max{y(xt)?,1} and Mg := max,.,|<r; [v(z)|. Let us
consider the case 0 < 8 < 1. By inequality (4.5) we obtain that,

[m(0,1) — My () Z WM, piTt < 1),
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But, as in (4.13) we can conclude that (e”"mh) < 24(R! +1)? exp{H(5t)}. Hence,
from the first inequality of equation (3.3) we see that,

(415) (m(0,£) = oy (0,1)|7) < AP (R, + 1)eH (B0~ 23mu1 1/ 2n0)

x Z 2(R02" + 1)) oip(r(RY/(2mt)—1(Ry2" /(2r))
(2(Rp2+1))4 '

Now, using the fact that I is convex, nondecreasing and that I(0) = 0, we see that,

/ 1 on a—1
I Iy -7 Ry <—2"-1D1I M .
2kt 2kt 2
Substituting this back in (4.15), we obtain inequality (4.11) in the case 0 < 5 < 1.

The case f > 1 can be proved using similarly, using Holder’s inequality as in
part (i). O

We end this section with important estimates involving the growth functions.
Given a subset U C Z¢, we define the discrete Laplacian operator with effective
potential v(0) = v4(0) — v_(0) € [~00,00) by its action on functions f : Z¢ — R,
which vanish outside U,, := U N G°(w) (f(xz) =0 for x ¢ U N G°(w)) as

(A+0)f(@) =) (fla+e) = f(@) +v(@)f(x),
eeB
where B is the set formed by the elements of the basis of the free Abelian group Z¢
and its inverses. Defining L?*(Uy) := {f : Y. ez f(2)? < 00, f(x) = 0if & ¢ Uy},
we can check that A 4 v is a bounded self-adjoint operator on the Hilbert space
L*(U,) endowed with the inner product (f,g) := >, 54 f(2)g(x). We then define
{Mn(U,w) : 0 < n < U — 1} as the set of eigenvalues of A + v in L*(U,) in
decreasing order, where U/ is the total number of eigenvalues. We will denote by
1Y% the corresponding normalized eigenfunctions. Let 7 > 0. In the case in which
U = A(z,r), we will employ the notation {\,(z,r,w)} instead of {\, (U, w)} and
P instead of Y®.
We can now state the following important lemma.

Lemma 4.5. Consider the quenched first moment m(0,t,w). Then, for every
B>0,a>1andt>1, there is a constant k1(d, a, ) such that,

kit

(4.16) WW—JFDH(?”(O’W)) < (m(0,1)%) < kl((ﬂt)da(ﬁﬂ) + 1) (m(0, Bt)),
and

1
(4.17) e {iguye (0,B0)) < (e (0,0)°)

(kt)da(B+1) 4 1
< Ky ()4 4 1) (e (0, BE)).

PROOF. We will only prove (4.16), being the proof of equation (4.17) analogous.
Let us first show that for every real @ > 0, 8 > 0 and ¢t > 0 there is a constant
¢(d, B, a) such that,

(4.18) (SL‘ n ’LU) ([ (ﬁlit) ]+1>d/2et>\0(a:,(ﬁmt)“,w)+4de—2nt1((ﬁnt)“*1/2)etM(ﬁm>a.
Note that by inequality (4.14) with v = %, we have that

m(z,t,w) < 4de= 2 (B /2) ot Miswoe | i (2,8, w),
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with U = A(z, (Bkt)*, w). We then need to estimate the truncated quenched first
moment at scale (Bkt)®, M (gup)e(z,t, w). First remark the following expansion in
terms of the eigenvalues {\,(x, (8xt)*, w)} and the corresponding eigenfunctions

{on oy,
(4.19) i gprye (2, b, w) = Zet’\ T (ORD% W) . (BRE) 0 () (g (BR)" 0 1(4)),

where A := A(x, (8kt)® 7w). Now, by the Cauchy—Schwartz inequality we see
that the right-hand side of equality (4.19) is upper-bounded by etro(®:(Bs0)%w)
(UL (PO 1 () U2 (i P05 1(4))*)1/2 which in turn is upper-
bounded by et*o(® (350)".0) V/JA], where 1({z})(y) equals 1 if y = 2 and 0 otherwise.
Using the fact that |A| = |A(z, (Bkt)*, w)| < ([2(Bkt)?] + 1)4, finishes the proof of

(4.18).
Let us now show that for every finite subset U C Z%, it is true that,
(4.20) m(z,t) etho(Uw),
U] Z IU |

zeU

First note the trivial inequality m(z,t,w) > my(z,t,w). We also have the ex-
pansion, my(z,t,w) = ZZ;& eAn Uty U () (8w 1(U)). Therefore we can see
that,

o 2 e 2 e )

zeU
1
> 7eA0(U,w)t (Q/JU’w)z(Z) _ 76)\0(U,w)t,
e 2 g

where we have used in the second inequality the fact that ¢g (x) > 0 and in the
last inequality the normalization condition 3~ (¥")?(2) = 1.

Let us now prove the second inequality of (4.16). By Jensen’s inequality (4.4),
in the case § > 1, or inequality (4.5), in the case 0 < § < 1, applied to (4.18), note
that for some constant c(a, d, ),

(m(x,t)ﬁ> < c((nt)d“’a/Q + 1)<eﬁt)\o(z,(ﬁmt)a,w)> Jr4def2@:-;1&1((,8;95)“—1/2) <eﬁtM(ﬁm)a,>.

Now, by the first inequality of equation (4.9) and a computation similar to the one
leading to (4.13), the second term of the right hand side of the above inequality, is
upper bounded by,

(4.21) 4d2%((Brt)* + 1)d exp{ - 2ﬂﬁt[(W2)al> + 2dm€}<m(x, t)%).
On the other hand, by inequality (4.20) with U = A(0, (kt)®), we see that,
(PP Br%w)) < (2[(Brt)*] + 1) 4 (m(z, B)).
It follows that,
(m(z,t,w)%) < e((k)*EHD 1) (m(x, Bt)),

where we have used the fact that for a > 1, the term (4.21) is negligible with respect
to (m”). The second inequality of equation (4.16) now follows noting that for a > 1
the second term in the right-hand factor of the above inequality is negligible with
respect to the first term.
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Let us now prove the first inequality of equation (4.16). In the case 0 < 8 < 1,
by inequality (4.5) and the bound (4.20), we have that,

(4.22) Z mB(x,t,w) > eftrolw),
zeU
But when 3 > 1, by Jensen’s inequality we have that

B
5w Gatiw) 2 07O (L mat))

zeU zclU
and (4.22) is still satisfied. Choosing U = A(0, (8xt)*), and using translation
invariance we get,

(m(0,)7) > (2[(Brt)?] + 1)~ 4 PRoOBR0)" w),

Using again the bound (4.18), neglecting the second term, we finish the proof in
the case 0 < 3 < 1. O

An important consequence of Lemma 4.5, is that it shows that Assumption MI
implies the so called intermittency effect [12]. Let us define for 6 # 0, the functions,

Fo(t) = log(m(0, t)1+9) — él + ) log<m(0,t)>.

Note that by Jensen’s inequality, Fy(t) > 0.

Corollary 4.6. Suppose that Assumptions (E) and MI are satisfied. Then,
for every 6 #£ 0,

Fgg(t) —F@(t) _

4.2
(4.23) s flog(kt + e)

4.5. Correlation and variance estimates on the field of quenched first
moments. In order to prove Theorem 2.3(ii), it will be important to have a control
on the variance of the the quenched first moments. In the sequel of this paper, to
avoid heavy notation, we will use m,, instead of m ... Given x,y € Z4 and t > 0,
let us define,

c(z,y,t) := (m(z,t)m(y,t)) — (m(z, 1)) (m(y, 1)),
which we will call the correlation between sites x and y at time t of the field of
quenched first moments. Similarly let us define for a > 0,

ca(T,y,t) = (Ma(x,t)Ma(y, 1)) — (Ma(w, 1)) (Ma(y, 1)),
the correlation between sites x and y at time t of the truncated field of quenched
first moments at scale (kt)®. Let us begin with the following lemma.

Lemma 4.7. Let t > 0. Consider the fields of quenched first moments
{m(z,t,w) : x € Z¢} and truncated quenched first moments at scale (kt)?,
{Mq(z,t,w) : x € Z9}. Then the following statements are true.

(i) The sum of the correlations between site 0 and the other sites of the field
of quenched first moments, behaves asymptotically as t — oo like the sum of the
correlations between site 0 and the other sites of the truncated field of quenched first
moments at scale (kt)®. In other words,

Z c(0,y,t) ~ Z ca(0,9,1).

y€eZd y€eZd
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(ii) Let {U; : t > 0} be a collection of subsets of the lattice Z¢ indezed by t > 0.
Assume that |Ug| ~ |Uy (x)a| as t — oo, where Uy, := {x € Uy : dist(z, Uf) > 2r},
forr > 0. Then,

(4.24) Var, > m(a,t) ~ U] Y c(0,y,1)

J)GAUt yGZd

(4.25) Var, Z M (2, t) ~ |Ut] Z cq(0,y,1t)
z€Ay, yeZ4

and

(4.26) Var, Z ~ Var,, Z M (z,t).
:EGAUt :L’GAUt

PROOF. From the Feynman —Kac representation (4.7) of Lemma 4.3, note that
it is possible to write,

m(z,t,w) = E, {ezzezd v(z)ﬁ(z,t)l(A)} ’

where A := {7ge(y) > t}, L(2,1) := fo s)ds is the local tlme at the point z
of the random walk {X; : ¢t > 0} startlng from x, and 6, : — {0,1} is the
indicator function of the set {z}. From here, using Fubini’s theorem it follows that
we have the following representation for the correlations between site x and y of
the quenched field of first moments.

(4.27) c(z,y,t)
=E;, [<ezzezd “(£+£)1(A N /Nl)> - <ezzezd ”‘CI(A)><eZzezd ”51(/1)>]

where [, (z,1) fo s)ds is the local time at the point z of the random walk
{X,:t >0}, 1ndcpcndcnt of {X; : t > 0}, starting from y, with law P,, and A

is an identical copy of A, but defined in terms of the random walk {)N(t it >0}
Furthermore, E, , := E; ® E,, denotes the expectation with respect to the law of

the independent random walks {X,} and {X,}. Now, the expression (4.27) for the
correlations can be written in terms of the cumulant generating function defined in
equation (1.1),

(4.28) c(z,y,t) = Eq, [ezzezd H(LHL) _ (Scoa H(L) oS coa HE)|
where we have used the independence of the coordinates of the effective potential
{v(z) : * € Z%} under pu. Note that the super-additivity of H (Lemma 4.1(i)),
implies that this expression is nonnegative. On the other hand, a reasoning similar
to the one leading to the representation (4.28), this time based on the Feynman—
Kac representation (4.8) of Lemma 4.3, enables us to deduce that,
(4.29)  calz,y,t)

=By [1(7a > D170 > 1) (eZset HEHD _ (Tocoa HOE o HD))]

where 7, 1= Tp(z,(st)ey = Inf{t > 0 : Xy ¢ Az, (kt)*)} and T4 = Ta(z,(xt)e) =
inf{t >0: X, ¢ Ay, (xt)*)}. From (4.28) and (4.29) it follows that,

(4.30) Y c0,y,6) = Y cal0,y,1).

yezZd yezZd
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But note that in reality, due to the independence between any pair of truncated
quenched first moments at time ¢ at two points at a distance larger than 2(xt)*, we

have 3 74 ¢a(0,y,1) = EyeAQW)a ¢4(0,y,t). Furthermore,

(4.31) Zc(O,y,t)z Z c(0,y,t) + Z c(0,y,1).

A YEA(kt)a YEA2(kt)a

Now, an application of the first inequality of equation (4.9) and Proposition 4.4(ii),
shows that since a > 0, it is true that ZyeAg(ma c(0,y,t) ~ E’yGAz(ms)a cq(0,y,1).
And a second application of equation (4.9) and the first inequality in equation
(3.3), shows that Zy¢A2(m)a c(0,y,t) < Zye/\z(m)a ¢(0,y,t). This, together with
inequality (4.30), ends up the proof of Lemma 4.7(i).

We will first prove (4.25). Remark that,

Var,, Z me(x,t) = Z ca(T,y,t) = Z co(z,y,t),

zeU; z,ycUs z,ycUs
le—yll<2(kt)®
where we used as in the proof of part (i), the fact that m,(z,t,v) and m,(y,t,v)
are independent for ||z — y|| > 2(kt)*. Now, the right-most member of the above
inequality is bounded by, |Uy| Zy:\l yll<2te ¢q(0,y,t), which gives us the inequality,

Var,, Z me(z,t) < |Uy] Z ca(0,y,1).

zeU, yeZa

Similarly we can conclude that,

Var, Z Ma(x,t) > |Uy, (xt)a Z ca(0,y,1).

zeU, yeZ

This finishes the proof of the statement of equation (4.25). The statement of equa-
tion (4.24) now follows from equation (4.25), Lemma 4.7(i) proved above, and the
inequalities,

Var,, Z me(z,t) < Var, Z me(z,t) < Uy Z c(0,y,1).

zeUy zeUy yeZd

Finally, note that (4.26) is a trivial consequence of (4.24) and (4.25). O

5. The annealed and Gaussian regimes

Here we will prove Theorem 2.3(i) and (ii), making use of the estimates obtained
in the previous section, and Theorem 2.11. The main argument which will be used
to prove Theorem 2.3 is a renormalization method, which we call partition analysis,
as developed in [5]. In order to present a self-contained proof, in the first subsection
we recall this technique. Then, in the second subsection, we derive some important
estimates via the partition analysis technique, which will enable us to reduce the
proofs to sums of independent random variables. In the third subsection we prove
the law of large numbers, stated in equation (2.4). In the fourth subsection we
will prove the negative part (absence of a law of large numbers) stated in equation
(2.5). In Section 5.5, we will prove the central limit theorem stated in equation
(2.6). Then, in Section 5.6 we prove the absence of a central limit behavior stated
in equation (2.7). Finally, in Section 5.7, we prove Theorem 2.11.
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5.1. Partition analysis. Here we shall follow closely Section 5.1 of Ben Arous
et al. [5]. For a fixed natural L we consider the box Ap = {z € Z¢ : ||z|| < L}. We
will define two related but different kinds of partitions of Ay. The first one shows
that Ay can be decomposed into disjoint partition bozes {Af : i € T}, indexed by
some set Z, so that Ay = J; Aj. The second one defines a partition of Az in a
strip set and main bozes {A{ : i € Z}. In the first case, the index set Z will be
partitioned in disjoint subsets {Zx : K € K}, where the cardinality of K is 2¢, in
such a way that for each K € K any pair of elements of the collection of partition
boxes {Al :i€ Tk} is at a large Euclidean distance. In the second partition case,
it turns out that the survival probabilities corresponding to sites in the strip set
have a total sum which is negligible, while the main boxes happen to be essentially
independent. To proceed we will need to introduce some notation defining the
corresponding scales and subsets.

Our first parameter is a natural number L’ smaller than or equal to L, which
will be called the mesoscopic scale. By the division algorithm, we know that there
exist natural numbers ¢ and ¢ such that 2L +1 = gL’ + ¢, with 0 < ¢ < q. Note
that this last equation can be written in the form

q
(5.1) 2L+ 1= Lj
=1

with L] = L'+63(i) and () = 1 for i < g and 04(7) = 0 for ¢ > ¢. For our purposes,
the relevant fact is that L’ < L} < L' 4+ 1. In the sequel, for any given pair of real
numbers a,b we will use the notation [a, b]; for [a,b] N Z. We now will subdivide
the box [—L,L]; in intervals according to equation (5.1). Thus, we define I; :=
[—L,—L+L;—1);and for 1 <i < gwelet [ := [-L+Y /) Lj, —L+Y5_; Li—1];.
Note that I, = [L— L, +1, L]; and | ;| = L}. Next, we introduce a second parameter
r which is a natural number smaller than or equal to L’. We will call r the fine
scale. Then, for each I; we define an interval J; such that J; C I;, |J;| = L' — 2r
and the endpoints of J; are at a distance larger than r to the endpoints of I;. To
do so, first let ; := r + 05(7). Then define J; := [-L+r,—L+ L{ —1—r]; and
for 1 <i<gqwelet J:=[-L+ Z;;ll Li+r,—L+375  Li—1—mr].

We now proceed to define the partition in Ay in partition boxes and define
the corresponding decomposition of the index set. First we define the set 7 :=

{1,2,...,q}%, which will correspond to the indexes parametrizing the sub-boxes.
For a given element i € Z, of the form i = (i1,...,4q) with 1 < i <¢q, 1 <k <d,
we define

A;Z:Iil XIiQ X"'XIid.

We will call such a set a partition box. By definition the cardinality |Af| of a
partition box satisfies,

(5:2) (L) <A < (' + 1)

Note also that the partition boxes defines a partition of Ay so that Ay = J;o7 Af
where the union is disjoint.

Next we define a partition of the index set Z. Consider the collection K of
subsets of {1,2,...,d}. Note that |K| = 2¢. Now given K € K we define Zy as the
subset of Z having coordinates which are even for k € K and odd for k¥ ¢ K. In
other words, if we define E as the set of even natural numbers and O as the set of
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odd natural numbers then,
Ik :={i=(i1,...,iq) €EZ: i, €eEifke K,i, €c0ifk¢ K, 1 <k <d}.

Note that {Zx : K € K} defines a partition of 7 so that Z = |J ¢ Zx is a disjoint
union. Hence,

(5.3) DD @) =D f),

KeKi€eTk zeA] rEAL

for every function f: A, — R, which is a consequence of the fact that A, =
Ukex Uiez, Af is a disjoint union. We will refer to such a decomposition as the
parity partition at scale L' of Ay. Furthermore, given K € K and any pair of boxes
Al and A3 with i,j € Tx and i # j we have that,

(5.4) dist(Af, A]) > L.

Here for any pair of subsets A, B C Z? we define dist(4, B) := infyea yep [z —y|. In
other words (5.4) expresses the fact that the distance between any pair of partition
boxes with different sub-indexes in Z is larger than or equal to L’. This completes
the description of the partition of A;, in partition boxes.

Next, we describe the partition of Ay, into the strip set and main boxes. Given
an i € 7 we let,

A;/ = Ji1 X Jig X e X Jid~
Such a box will be called a main box. Its cardinality is |[A}| = (L' — 2r)?. Now let,
Sp=AL— A
ez
Such a set will be called the strip set. Note that S and {A} : i € I} define a
partition of A;. We will refer to such a partition as the strip-box partition at scale

L' of Ap. We furthermore remark the following cardinality estimate for the strip
set which will be useful later,

|SL] - (L' +1)*— (L' —2r))

(5:5) QL+ 1) = ()1 ’

where we have used the fact that |Z| = ¢°.

5.2. Moment and decoupling inequalities. Following [5], we recall here
some standard inequalities and derive inequalities involving sums of the quenched
first moments that will be necessary to perform the partition analysis.

Let us first recall the well-known inequality of von Bahr and Esseen (p. 82,
exercise 2.6.20, of Petrov [16]).

Lemma 5.1 (von Bahr —Esseen). Let X1,...,X,, be mean zero independent
random wvariables and S, = 22:1 X;. Then if E denotes the expectation with
respect to the joint law of these random variables, and 1 < r < 2, it is true that

(5.6) B[S, <2) E[X;|".
k=1
We continue with the following lemma (analogous to [5, Lemma 6]), which is a
consequence of (5.6) and (4.5).
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Lemma 5.2. Leta > 1. Consider the field of truncated quenched first moments
{Ma(z,t,w) : @ € Z} at scale (kt)®. Let L(t), L' (t): [0,00) — N be functions such
that (kt)* < L'(t) < L(t). Then if 1 <r <2, it is true that,

60 (X - )

zEAL
(i) PROOF. The proof of this result is analogous to that of [5, Lemma 6],
requiring the use of the decomposition (5.3) with f(z) = mq(z,t,w) — (m1)(z,t),
von Bahr—Esseen inequality (5.6) and Jensen’s inequality (4.4). O

> < 2(2L" + 2)1 YD 2L + 1)(|g — (Ma)]").

Next, we have the following estimate analogous to [5, Lemma 7].

Lemma 5.3. Let a > 1. Consider the field of quenched first moments
{m(z,t,w) : x € Z¢} and of truncated quenched first moments {mg(x,t,w) : x €Z%}
at scale (kt)®. Let L(t): [0,00) — N be such that (kt)* < L. Then the following
statements are true.

(i) Assume that,

(|l -y«

g =)=

(ii) Asymptotically as t — 0o we have,

Then,

o (BT«
and
oo ([ e <

PROOF. The case k = 0 is trivial, so we will assume that x > 0.
(i) A direct calculation shows us that,

’mP_ Zren, Mo Zmanﬁm+0m—mm‘ZmMma

(m) QL+ 1)%ma)| ~ (2L +1)%(m) (m) (2L + 1)%(ma) |
Now, an application of inequality (4.11) and of the first inequality in equation (4.9)
shows us that, > (|m—mql)/((2L+1)%(m)) < e1(t), where £1(t) := d42d((mf)“+1)d

x e 26tI((x)"7/2)=d)  Gimilarly we have that (|m — mg|)/(m) < £1(t). By the

triangle inequality it follows that,

rnL z: A iﬁa E: A iﬁa
5.10 rELL < 2 (t el % 1),
10 >—5“)+QQL+Uﬂma D

(m) (2L +1)%(mq)
Now, for a > 1, we have I((kt)*~!/2) — oco. Hence, 1(t) — 0 as t — oo. This
clearly implies the statement of part (i) of the lemma.
(ii) Let us first note that the left-hand side of equation (5.8) is upper-bounded
by,

(5.11) 2

Daon il (Lo o Tl (VT T )
Wy Ecrm N Wy Sy, e /Wty e, m
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Now, by Cauchy — Schwartz inequality we have that

<Z(EEAL |ﬁ?’a - <T7La>|> <1
VVar, > cx, Ma /o

On the other hand, by the assumption ¢* <« L we know that the hypothesis of
Lemma 4.7(ii) is satisfied for Uy = A4 so that the asymptotics (4.26) of this lemma
holds, and hence the second term of (5.11) tends to 0 as ¢ — oco. Furthermore,
Cauchy — Schwartz inequality and Proposition 4.4(ii), imply that Y, (jm—mg|) <
(2L + 1)%e9(t)/(m(0,1)2), where

ea(t) = d42 (k)" + 1)7% exp{ =2t ((st)*~1 /2) + 2dt}.
In addition, by Lemma 4.7(ii) we have Var, > _,m ~ (2L + 1)Y" . ¢(0,y,1).
Now, > cza¢(0,y,t) > y/(m?) — (m)2. Thus, the first term of (5.11) is upper-

bounded by a quantity which asymptotically behaves as t — oo like,
ea(t)
1= (m)2/(m?)
But by Corollary 4.6, and the fact that F'y (£) > 0, we conclude that (m)?/(m?) < 1.

In brief, the first term of (5.11) is upper-bounded by a quantity which asymptoti-
cally as t — oo behaves like, £2(t). Obviously, when a > 1 we have eo(t) < 1. O

5.3. The annealed asymptotics. Let us now prove the law of large num-
bers stated in equation (2.4). To simplify the writing of the expressions in the
calculations, we will redefine € as 2¢, assuming that

1
(5.12) L(t) > exp{dF2€(t)},
for some € > 0, and prove that then in u-probability it is true that,
L(o,t
(5.13) m2(0,¢ w)
(m(0,1))

(5.14)

To do so we first remark that by inequality (5.10) of Lemma 5.3, it is enough to
<' ZIEAL ﬁl“ -1

show that for a = %,
1+4e
_w€hy 8 1.
L + 1)) > <

Remark that the right-hand side of equation (5.14) can be rewritten as,

515) SoensMa_ [FN (S uen, (o = D))
' (2L + 1)4(my) (2L + 1)d0+e) (m ) 1+e -

At this point we make use of the parity partition decomposition for Ay previously
defined to deal with the numerator of the right-hand side of equation (5.15) via
inequality (5.7) with » = 14 e. We will chose a time dependent mesoscopic scale
L'(t) = (xt)?, where 0 < a < b. Therefore, by Lemma 5.2, the right-hand side of
equality (5.15) is upper-bounded by

2(2L" + 2)%(|iq — (Ma)|'*)

(2L + 1)d6<7’ﬁa>1+e
Now, since for any nonnegative reals z,y we have |r — y|1t¢ < |z|1Fe 4 |y|ite, it

follows that (|mg — (M )|1T¢) < (MLITE)+ (Mg )1Te < 2langlemlt€), where in the last

-1

(5.16)
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inequality we have used Jensen’s inequality. Hence, since m, < m, the expression
of equation (5.16) is upper bounded by,

2(2L/ + 2)d€ <m1+5>

(2L + 1)de<ffLa>1+e :
But by Proposition 4.4(ii) and (iii), we can replace in the denominator of the above

expression the term (m,) by (m). Thus, (5.16) is upper-bounded by an expression
which is asymptotically equivalent to,

2(2L + 2)dH ey ((rt) 42 Fe) 4 1)t (40 —(1+) Hi(®)
(2L 4 1)de
< ¢((kt)2F) 4 1)(L)) e (Fae ()= Fe (1))

(5.17)

where we have used the second inequality of equation (4.16) in the first inequal-
ity, and assumption (5.12) in the last inequality. Note that when x = 0 the last
expression reduces to e~ €(G2c(0)=G<(t)  Then, Assumption MI shows that the first
and the second terms of the right-hand side of (5.17) tend to 0 as t — cc.

5.4. The nonannealed asymptotics. In this subsection we will prove the
asymptotic behavior of equation (2.5). Again, we will redefine € by 2¢, assuming
that,

(5.18) L(t) < exp{clnge(t)},

for some € > 0. Note that it will be enough to show that,

(519) (|rets > <1

To do so, note from inequality (4.5)) that the left-hand side of equation (5.19)) is
upper-bounded by,

(m'~<(0,1))
(m(0,))!
Now, by the second inequality of equation (4.16) applied with § = 1 — € to the

numerator of (5.20), we see that the left-hand side of equation (5.19) is upper
bounded by,

(5.20) (2L + 1)

(2L + 1)dek1(<ﬁt)da(2—e) + 1)eH1((1—e)t)—(1—e)H1(t)'
Finally, by assumption (5.18), this expression is upper bounded by,
C((Ht)da(Q_E) + 1)e—e(F_F(t)—F_25(t)).

Now, the Assumption MI, implies that this expression converges to 0 as t — oo.

5.5. The Gaussian asymptotics. Here we prove the central limit theorem
stated in equation (2.6). We will perform this time a strip-box partition of the box
Ay into the strip set S; and the main boxes. Let us fix a > 1. Let us fix b and
¢ such that ¢ > b > a, and choose the mesoscopic scale L'(t) = (xt)¢ and the fine
scale r = (xt)?. Note that by Lemma 5.3(ii), it is enough to prove that,

> wen, (Ma(@, t,w) — (Ma(2,1)))
\/Var# erAL mea(z,t)

)
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converges in distribution to the normal law N (0,1). To do so, we write,

(5 21) erAL (ﬁla - <ﬁ7‘a>) _ ersL (ma - <ma>) + ZieI erA;/(ma - <ma>)
VVar, > cn, Ma VVar, >0 cn, Ma VVar, Y ca, Ma

We will first show that the strip component of the decomposition (5.21) converges

to 0 in probability. In fact, note that for ¢ large enough, we have by statement

(4.25) applied with U; = Sp(+) and Uy = Ay, that

Var,, ZzGSL Mg, N 1Sy |
Var, > cn, Ma (2L + 1)d

where for the last inequality we have used estimate (5.5). Since ¢ > b, this tends
to 0 as t — oo.

Therefore, it is enough to prove that the second term of the right-hand side
of equality (5.21), tends in law to N(0,1). For this purpose, since the random
variables {erA;,(ﬁza — (Mg)) : 1 € T—} are independent, it is enough to verify a

< min{, (kt) "¢},

version of the Lyapunov condition. Namely, we will show that,
Ei€I<| ZzeAﬁ’ (Ma — <ma>)|2+s> <1
(> 4ez Var, erA;/ Mg )ite/2 ’

and then apply again statement (4.25) to conclude that the variance of the denom-
inator of the second term of equation can be substituted by » 3. Var, > M.

(5.22)

Now, by the same token, we see that the denominator of the left-hand side of
equation (5.22), behaves asymptotically as t — oo like

1+e/2
(5.23) (2L 4 1)20+¢/2) ( > a0, t)) :
z€Z4
Thus, it is enough to prove the asymptotic behavior (5.22), with the denomi-
nator replaced by (5.23). Now, note that } ;. cq(0,2,t) is lower bounded by
(m2(0,t)) — (m4(0,t))2. And by Proposition 4.4(i) and (iii) and Lemma 4.5, this
variance is lower-bounded by an expression which is asymptotically equivalent to,
(5.24) c((kt)?% + 1) " (m(0,28)) — (m(0,1))%).

Now, Assumption MI with # = 2 and the inequality (m,(0,t)) < (m(0,t)), imply
that, (log(m(0,2t)) — 2log(m(0,t)) > logt. This shows that the second term
c(m(0,t))? of the expression (5.24), is negligible with respect to the first one

c((rt)3de + 1)_1<m(07 2t)). Hence, we conclude that it is enough to prove that,

Diezll Xy (Ma — (Ma))[7+€)

(2L + 1)d(1+e/2) <m(0, 2t)>(1+6/2) <L

By Jensen’s inequality (4.4) and the upper-bound in equation (5.2), we see that,
ez Xaeny (Ma — (Ma))[PTe) < (L' + 1)*0FI (2L + 1)¥(|ig — (7q)]*+€). Using
again the fact that for nonnegative reals x,y we have |z —y|1T¢ < |z|1Te + |y Te, it
follows that (g — (Ma)[2T¢) < (m2F€) + (m)2*¢ < 2(m>*¢), where we have used
Jensen’s inequality in the last inequality. We see that the left-hand side of (5.22)
is upper-bounded by,

(5.25) ((rt)®@ +1)

(m(0,£)**)
(2L + 1)</2(m(0, 2t))(1+€/2)”

((Ht)?)da + 1)(L/ + 1)d(1+e)
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Finally, by the hypothesis on the growth of L this can be bounded by,
((/{t)Sda + 1)2([/ + 1)d(1+e)ee/2Fe/2(2t)—e/2Fg(Qt)’

which by Condition MI, tends to 0 as t — oo.

5.6. The non-Gaussian asymptotics. Here we will prove the asymptotics
of equation (2.7). It will be necessary to perform a parity partition of A with a
mesoscopic scale L’ = (xt)? for some b > 1. First note that by equation (5.9) it will
be enough to show that for some b > a > 1,
2—e¢
)<t

e — (M,

o (e
Var, D cp, M

Now, by equation (4.24), the denominator (Var, Y- c,, m)' =2 of the left-hand

side of equation (5.26), can be lower-bounded by

(2L + )" =D (m?) — (m)?)!~/?
> ¢(2L + 1) =¢/2) (p2)1=</2

where in the second to last inequality we used the Assumption MI and Lemma 4.5
and in the last inequality assumption Lemma 4.5. On the other hand, inequality
(5.7) of Lemma 5.2, applied with r = 2 — ¢, Jensen’s inequality and m, < m, shows
us that the numerator of the left-hand side of equation (5.26) is upper-bounded
by 4(2L' 4 1)41=9(2L + 1)%/2(m?=<). Using the upper-bound (m?=¢(0,t)) <
k1((kt)3 4+ 1)(m(0, (2 — €)t)) of Lemma 4.5, the definition of the intermittency
exponents {Fy} in (1.3), and the assumption L(t) < ef~<(2)/2] we hence see that
it is enough to show that,

(2L/+ ]_)d(l_e)((lit)?’da + 1)286/2F,€(2t)e—e/2F_€/2(2t) < 1.

But this is a consequence of Assumption MI.

5.7. Proof of Theorem 2.11. Let us first prove part (i) for Weibull-type
tails. Note that it is enough to find an = > 0 such that,

mL(O,t) *
<<e(a(7)+5)H(t)) > <L

Now, this expression is upper bounded by,

e*(w(a+5)H(t)*H(wt)*(I*I)WH(t))JrO(H(t))’

where we have used the asymptotics (1.5). Since H € R,y for p’ = p—fl, we see that
the above expression is upper bounded by,

e~ fw(@.ato) H(t)+o(H (D)

where fw(z,b) := 2b — 2# — (1 — 2)y for 2 > 0,b > 0. This function has a unique
root at zg = ((p—1)(b+ 7)/p)p71 when b = a(y). Choosing x = zo, we get the
upper bound,

ST H(®)+o(H(1) o 1.
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This proves Theorem 2.11(i). The proof of part (iv) for Fréchet-type tails is com-
pletely analogous to the previous argument, so it will be omitted. To prove part (ii),
note that in analogy to the proof of part (i), it is enough to show that,

(5.27) o~ EH((a+8)1)/(a+8)— H(zt)~(1—2)7t) +o(t) o 1.

Now, by supposition (2.10) we have

H(xt) —zH ((a+6)t)/(a+0) T
~ —pxlog —.
t a+46
Thus, the expression of equation (5.27), is upper-bounded by

e—fD (z,a+0)t+o(t)
)

where fp(z,b) := pxlog(x/b) — (1 — x)y for x > 0, b > 0. But this function has a
single root at zo = ae(?"1/? when b = a. Hence, we obtain the upper bound,

e %o log(1+44/a)+o(t) < 1.

This proves Theorem 2.11(ii). The proof of part (iii) for almost bounded potentials
is analogous to the proof of part (ii) so it will be omitted. (]
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