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Abstract

Consider the stochastic heat equation d;u = (**/2)Au + o (u)E, where
the solution u := wu(z) is indexed by (t,z) € (0,00) x R%, and F is a
centered Gaussian noise that is white in time and has spatially-correlated
coordinates. We analyze the large-||z|| fixed-¢t behavior of the solution u
in different regimes, thereby study the effect of noise on the solution in
various cases. Among other things, we show that if the spatial correla-
tion function f of the noise is of Riesz type, that is f(z) o ||z||™%, then
the “fluctuation exponents” of the solution are ¢ for the spatial variable
and 29 — 1 for the time variable, where 1 := 2/(4 — «). Moreover, these
exponent relations hold as long as a € (0,d A 2); that is precisely when
Dalang’s theory [12] implies the existence of a solution to our stochastic
PDE. These findings bolster earlier physical predictions [22, 23].

Keywords: The stochastic heat equation, chaos, intermittency, the parabolic
Anderson model, the KPZ equation, critical exponents.
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1 Introduction

Consider the nonlinear stochastic heat equation,
0
ot

where 5 > 0 is a viscosity constant, o : R — R is globally Lipschitz continu-

ous, and {F}(2)};>0.rcra is a centered generalized Gaussian random field [20,

() = g(AUt)(iv) + 0 (ur(2)) By (2), (SHE)

*Research supported in part by the NSFs grant DMS-0747758 (M.J.) and DMS-1006903
(D.K.).



Chapter 2, §2.7] with covariance measure

Cov (Fu(@), Fy(y)) = dolt = ) (= — ) (1.1)

of the convolution type. We also assume, mostly for the sake of technical sim-
plicity, that the initial function ug : R — R is nonrandom, essentially bounded,
and measurable. In particular, we assume the following once and for all:

Throughout this paper, we assume that [uo|| - (re) < 00, (1.2)

and that the correlation function f is sufficiently nice that there exists a unique
strong solution to (SHE); see the next section for the technical details.

Our first result (Theorem 2.1) tells us that if the initial function ug decays
at infinity faster than exponentially, then the solution z — wu:(z) is typically
globally bounded at all nonrandom times ¢t > 0. The remainder of this paper is
concerned with showing that if by contrast ug remains uniformly away from zero,
then the typical structure of the random function z — u;(x) is quite different
from the behavior outlined in Theorem 2.1. In particular, our results show that
the solution to (SHE) depends in a very sensitive way on the structure of the
initial function ug. [This property explains the appearance of “chaos” in the
title of the paper.]

Hereforth, we assume tacitly that ug is bounded uniformly away from zero
and infinity. We now describe the remaining contributions of this paper [valid
for such choices of ug).

Loosely speaking, Ft(as) is nothing but white noise in the time variable ¢, and
has a homogenous spatial correlation function f for its space variable z. In a
companion paper [10] we study (SHE) in the case that F' is replaced with space-
time white noise; that is the case where we replace the covariance measure with
do(t — 8)0o(z —y). In that case, the solution exists only when d = 1 [12, 26, 28].
Before we describe the results of [10], let us introduce some notation.

Let h,g : R — R, be two functions. We write: (a) “h(x) = g(x)” when
lim supy|, | —oo[A(7)/g()] is bounded below by a constant; (b) “h(z) < g(z)

(

when h(z) > g(z) and g(z) = h(z) both hold; and finally (c) “h(x) =~ g(x)”
means that logh(x) =< log g(z).

Armed with this notation, we can describe some of the findings of [10] as
follows:

1. If ¢ is bounded uniformly away from zero, then u;(x) = >~ "/**(log ||x||)"*
a.s. for all times ¢ > 0, where the constant in “>~” does not depend on ;

2. If o is bounded uniformly away from zero and infinity, then wu:(z) =
s~ *(log||z||)/* a.s. for all t > 0, where the constant in “<” holds uni-
formly for all 3 > 3¢ for every fixed 3¢5 > 0; and

3. If o(2) = cz for some ¢ > 0—and (SHE) is in that case called the
“parabolic Anderson model” [7]—then

o og|lz|N)?
us(z) 2 exp (Ug””> : (1.3)

29 —1



for ¢ = 2/3 and 2¢) — 1 = 1/3, valid a.s. for all ¢ > 0.}

Coupled with the results of [18], the preceding facts show that the solution to
the stochastic heat equation (SHE), driven by space-time white noise, depends
sensitively on the choice of the initial data.

Let us emphasize that these findings [and the subsequent ones of the present
paper] are remarks about the effect of the noise on the solution to the PDE
(SHE). Indeed, it is easy to see that if ug(z) is identically equal to one—this is
permissible in the present setup—then the distribution of u:(z) is independent
of x. Therefore, the limiting behaviors described above cannot be detected
by looking at the distribution of u;(z) alone for a fixed x. Rather it is the
correlation between uy(z) and u:(y) that plays an important role.

The goal of the present paper is to study the effect of disorder on the “inter-
mittent” behavior of the solution to (SHE); specifically, we consider spatially-
homogeneous correlation functions of the form f(z — y) that are fairly nice,
and think of the viscosity coefficient ¢ as small, but positive. Dalang’s theory
[12] can be used to show that the stochastic PDE (SHE) has a solution in all
dimensions if f(0) < oco; and it turns out that typically the following are valid,
as ||z|| — oo:

1. If o is bounded uniformly away from zero, then u;(z) = (log ||z||)"/* for all
times ¢ > 0, uniformly for all ¢ > 0 small;

2'. If o is bounded uniformly away from zero and infinity, then wu:(z) =<
(log ||z||)"/* for all ¢ > 0, uniformly for all 5 > 0 small; and

3. If o(2) = cz for some ¢ > 0 [the parabolic Anderson model] then (1.3)
holds with ¢ = 1/2 and 2¢) — 1 = 0, for all ¢ > 0 and uniformly for all
2 > 0 small.

Thus, we find that for nice bounded correlation functions, the level of disorder
[as measured by 1/x] does not play a role in determining the asymptotic large-
||z|| behavior of the solution, whereas it does for f(z —y) = do(x — y). In other
words, 1/, 2/, and 3’ are in sharp contrast to 1, 2, and 3 respectively. This
contrast can be explained loosely as saying that when f is nice, the model is
“mean field”; see in particular the application of the typically-crude inequality
(4.29), which is shown to be sharp in this context.

One can think of the viscosity coefficient s as “inverse time” by making
analogies with finite-dimensional diffusions. As such, (1.3) suggests a kind of
space-time scaling that is valid universally for many choices of initial data uy;
interestingly enough this very scaling law [¢) versus 21— 1] has been predicted in
the physics literature [23, 22], and several parts of it have been proved rigorously
in recent works by Baldzs, Quastel, and Seppéliinen [2] and Amir, Corwin, and
Quastel [1] in a large-t fixed-z regime.

IEven though the variable z is one-dimensional here, we write “||z||” in place of “|z|”
because we revisit (1.3) in the next few paragraphs and consider the case that =z € RY for
d>1.



We mentioned that (1.3) holds for ¢ = 2/3 [space-time white noise] and ¢ =
1/2 [f nice and bounded]. In the last portion of this paper we prove that there are
models—for the correlation function f of the noise F'—that satisfy (1.3) for every
¥ € (1/2,2/3) in dimension d = 1 and for every ¥ € (1/2,1) in dimension d > 2.
It is possible that these results reinforce the “superuniversality” predictions of
Kardar and Zhang [23].

We conclude the introduction by setting forth some notation that will be
used throughout, and consistently.

Let p;(z) denote the heat kernel for (»#/2)A on R%; that is,

pi(2) == (27r%1t)d/2 exp (— H;jt > (t>0, z€R%). (1.4)

We will use the Banach norms on random fields as defined in [19]. Specifi-
cally, we define, for all £ > 1, § > 0, and random fields Z,

k _

MP)(7) = sup [0 Zy(2)|I1] » (1.5)
wE/Rd

where we write

1Z]|x == (E (|Z\"C))1/l~c whenever Z € L*(P) for some k € [1,00). (1.6)

Throughout, S denotes the collection of all rapidly-decreasing Schwarz test
functions from R? to R, and our Fourier transform is normalized so that

§(&) = /Rd ¢™Sg(x)dx  for all g € L'(RY). (1.7)

On several occasions, we apply the Burkholder-Davis-Gundy inequality
[4, 5, 6] for continuous L?(P) martingales: If {X;};>0 is a continuous L*(P)
martingale with running maximum Xy := sup,¢o 4 | Xs| and quadratic varia-
tion process (X), then for all real numbers k > 2 and ¢t > 0,

1 1 < 14K4X e )7, (BDG)

The factor 4k is the asymptotically-optimal bound of Carlen and Kree [8] for
the sharp constant in the Burkholder-Davis—Gundy inequality that is due to
Davis [14]. We will also sometimes use the notation

Uy 1= Lnéd uo(z), Ug = sup uo(x). (1.8)
z zER!

2 Main results

Throughout, we assume tacitly that f is a measurable function [which then is
necessarily nonnegative] and

f(&) o
/Rd TNGE d¢ < oo. (2.1)

4



Condition (2.1) ensures the existence of an a.s.-unique predictable random field
u = {uy (%) }4>0 rera that solves (SHE) in the mild form [12].? That is, u solves
the following random integral equation for all ¢ > 0 and = € R%:

ut(x) = (pt * uo)(x) + / Pi-s(y —x)o(us(y)) F(dsdy)  as.  (22)
(0,t)x R4

We note that, because f is positive definite, Condition (2.1) is verified auto-
matically [for all d > 1] when f is a bounded function. In fact, it has been shown
in Foondun and Khoshnevisan [17] that Dalang’s condition (2.1) is equivalent
to the condition that the correlation function f has a bounded potential in the
sense of classical potential theory. Let us recall what this means next: Define
Rgs to be the B-potential corresponding to the convolution semigroup defined
by {pi}i>0; that is, Rg is the linear operator that is defined via setting

u%@@y_Amem@ﬂ¢mmm (t >0, z € RY), (2.3)

for all measurable ¢ : R® — R,. Then, Dalang’s condition (2.1) is equivalent
to the condition that Rsf is a bounded function for one, hence all, 8 > 0; and
another equivalent statement [the maximum principle] is that

(Rsf)(0) < oo for one, hence all, 5> 0. (2.4)

See [17, Theorem 1.2] for details.

Our first main result states that if ug decays at infinity faster than exponen-
tially, then a mild condition on f ensures that the solution to (SHE) is bounded
at all times.

Theorem 2.1. Suppose limsup | _« [|z[| 7! log [ug ()| = —oo and fol 5% (ps *
[)(0)ds < oo for somea € (0,1/2). Also assume o(0) = 0. Thensup,cga |u: ()]
00 a.s. for all t > 0. In fact, supycga|ui(z)| € LF(P) for all t > 0 and
ke [2,00).

Our condition on f is indeed mild, as the following remark shows.

Remark 2.2. Suppose that there exist constants A € (0,00) and a € (0,dA2)
such that sup|, s, f(z) < Az~ for all z > 0. [Just about every correlation
function that one would like to consider has this property.] Then we can deduce
from the form of the heat kernel that for all r, s > 0,

(9 * F)(0) < (2mres) /2 / f@)de+ sup f(a)

Izl <r [l >r
oo
< (2mses) ™2 Z/
k=0Y2"

const ko1 yd—a A rd-«
—k— —a
<Sdﬁ.k§_0(2 ’I") +TQ<COHSt'|:Sd/2+T :|

fla)dz + % (2.5)

Ftrg|ll|<2—Fr

2Dalang’s theory assumes that f is continuous away from the origin; this continuity con-
dition can be removed [17, 26].

<



We optimize over 7 > 0 to find that (ps * f)(0) < const - s~*/2. In particular,
(R3f)(0) < oo for all B > 0, and fol s7%ps * f)(0)ds < oo for some a €
(0,1/2). O

Recall that the initial function wug is assumed to be bounded throughout.
For the remainder of our analysis we study only bounded initial functions that
also satisfy inf,cga uo(x) > 0. And we study only correlation functions f that
have the form f = h * h for some nonnegative function h € W,0*(R?), where
h(z) := h(—z) denotes the reflection of h, and W,>*(R?) denotes the vector
space of all locally integrable functions ¢ : R — R whose Fourier transform is

a function that satisfies

/ |22 §(x)2dz < o0 for all > 0. (2.6)
|

Because L?(RY) C Wllo’f(Rd), Young’s inequality tells us that f := hx h is
positive definite and continuous, provided that h € L?(R?); in that case, we
have also that sup,cga |f(2)| = f(0) < co. And the condition that h € L*(R%)
cannot be relaxed, as there exist many choices of nonnegative h € Wllof (R \
L?(R?) for which f(0) = oo; see Example 3.2 below. We remark also that (2.1)
holds automatically when h € L2(R%).

First, let us consider the case that h € L?(R%) is nonnegative [so that f is
nonnegative, bounded and continuous, and (2.1) is valid automatically]. Accord-
ing to the theory of Walsh [28], (SHE) has a mild solution v = {u;(2)}¢~0 zere—
for all d > 1—that has continuous trajectories and is unique up to evanescence
among all predictable random fields that satisfy sup;e g ) sup,era E(|us(z)[?) <
oo for all T > 0. In particular, u solves (2.2) almost surely for all ¢ > 0 and
x € RY, where the stochastic integral is the one defined by Walsh [28] and
Dalang [12].

Our next result describes the behavior of that solution, for nice choices of
h € L?>(R%), when viewed very far away from the origin.

Theorem 2.3. Consider (SHE) where inf,cga uo(x) > 0, and suppose f = hxh
for a nonnegative h € L?*(R%) that satisfies the following for some a > 0:
f”z‘|>n[h(z)]2dz =0 %) asn — oco. If o is bounded uniformly away from

: |ue ()]
limsup ——~+—
2] —oo (log [l2]])*/

If o is bounded uniformly away from zero and infinity, then

: |ue ()]
0 < limsup ———————
2l —oo (log[|z])"/2

zero, then

>0 a.s. for allt > 0. (2.7)

< 00 a.s. forallt > 0. (2.8)

Remark 2.4. Our derivation of Theorem 2.3 will in fact yield a little more
information. Namely, that the limsups in (2.7) and (2.8) are both bounded
below by a constant ¢(s) := c(t, 5, f ,d) which satisfies inf,.c (g ,,) ¢(3) > 0 for
all 59 > 0; and the limsup in (2.8) is bounded above by a constant that does
not depend on the viscosity coefficient s. O



If g1, go, . . . is a sequence of independent standard normal random variables,
then it is well known that limsup,_, . (2logn)~"?g, = 1 a.s. Now choose and
fix some ¢t > 0. Because {ut(z)},crae 18 a centered Gaussian process when o
is a constant, the preceding theorem suggests that the asymptotic behavior of
x — uy(x) is the same as in the case that o is a constant; and that behavior
is “Gaussian.” This “Gaussian” property continues to hold if we replace F' by
space-time white noise—that is formally when f = Jy; see [10]. Next we exhibit
“non Gaussian” behavior by considering the following special case of (SHE):

0 » .

aut(x) = §(Aut)(a:) + ug(x) Fy(x). (PAM)
This is the socalled “parabolic Anderson model,” and arises in many different
contexts in mathematics and theoretical physics [7, Introduction].

Theorem 2.5. Consider (PAM) when inf,cgauo(z) > 0 and f = h* h for
some nonnegative function h € L*(R?) that satisfies the following for some
a>0: fuz‘|>n[h(z)]2dz =0(n~%) as n — oo, Then for every t > 0 there exist
positive and finite constants A, () = A(t, s ,d, f,a) and Ay = A(t,d, f(0),a)
such that with probability one

: logus(z) _
A, (») <limsup ———— < A;. (2.9)
! o —oo (log [lz]])*/2
Moreover: (i) There exists » := so(f ,d) € (0,00) such thatinf,.c (g ..,y A (5¢) >
0 for all t > 0; and (ii) If f(z) > 0 for all x € RY, then inf,.c (g ..,) Ay(3) > 0
for all 11 > 0.

The conclusion of Theorem 2.5 is that, under the condition of that theorem,
and if the viscosity coefficient s is sufficiently small, then for all ¢ > 0,

1 B
< lim sup 0g ts() a.s., (2.10)

el —oo (log[lz])¥ = s2¥—1

29 —1

with nontrivial constants B and B that depend on (¢, d, f)—but not on »—and
¥ = 1/2. Loosely speaking, the preceding and its proof together imply that

lo 1
sup u(x) (28) eonst-(log 1) /2, (2.11)

llzll <R

for all s¢ small and R large. This informal assertion was mentioned earlier in
Introduction.

In [10] we have proved that if F' is replaced with space-time white noise—
that is, loosely speaking, when f = Jp—then (2.10) holds with ¢ = 2/3. That
is,

lo 2/: 1
sup u(x) (e eeonst-(log R) 7/ /3, (2.12)

lzll<r



for all s > 0 and R large.

In some sense these two examples signify the extremes among all choices of
possible correlations. One might wonder if there are other correlation models
that interpolate between the mentioned cases of ¥ = 1/2 and ¢ = 2/3. Our
next theorem shows that the answer is “yes for every ¢ € (1/2,2/3) when d =1
and every ¢ € (1/2,1) when d > 2.” However, our construction requires us
to consider certain correlation functions f that have the form h x h for some
he Wl (RY)\ L2(RY).

In fact, we choose and fix some number « € (0,d), and consider correlation
functions of the Riesz type; namely,

f(z) := const - ||z|| = for all z € RY. (2.13)

It is not hard to check that f is a correlation function that has the form h * h
for some h € Wllof(Rd), and h ¢ L?(R%); see also Example 3.2 below. Because
the Fourier transform of f is proportional to ||£[|~(¢=®), (2.1) is equivalent to
the condition that 0 < a < min(d,2), and Dalang’s theory [12] tells us that if
ug : R? — R is bounded and measurable, then (SHE) has a solution [that is
also unique up to evanescence], provided that 0 < @ < min(d,2). Moreover,
when o is a constant, (SHE) has a solution if and only if 0 < o < min(d, 2).
Our next result describes the “non Gaussian” asymptotic behavior of the
solution to the parabolic Anderson model (PAM) under these conditions.

Theorem 2.6. Consider (PAM) when inf, crauo(x) > 0. If f(z) = const -
lz|| = for some o € (0,d A 2), then for every t > 0 there exist positive and
finite constants B and B—both depending only on (t,d,a)—such that (2.10)
holds with ¢ := 2/(4 — «); that is, for all t > 0,

B <l log u:(x) B
o/(d—a) S HSUD (log [z])2/G=) S sa/Gi—a)

llzl|—o0

a.s. (2.14)

Remark 2.7. We mention here that the constants in the above theorems might
depend on wuy but only through inf,  ra uo(z) and sup,cgra uo(x). We will not
keep track of this dependence. Our primary interest is the dependence on s¢. [

An important step in our arguments is to show that if x1,...,xy are suf-
ficiently spread out then typically ui(z1),...,us(xy) are sufficiently close to
being independent. This amounts to a sharp estimate for the socalled “correla-
tion length.” We estimate that, roughly using the arguments of [10], devised for
the space-time white noise. Those arguments are in turn using several couplings
[16, 24], which might be of some interest. We add that the presence of spatial
correlations adds a number of subtle [but quite serious] technical problems to
this program.



3 A coupling of the noise

3.1 A construction of the noise

Let W := {W(2)}4>0 zere denote (d 4 1)-parameter Brownian sheet. That is,
W is a centered Gaussian random field with the following covariance structure:
For all s,¢ > 0 and z,y € R,

d
Cov (Wi (z), Ws(y)) = (s A t) H 5] A [Y51)L0,00) (2595)- (3.1)

Define F; to be the sigma-algebra generated by all random variables of the
form W;(z), as s ranges over [0,¢] and = over R%. As is standard in stochastic
analysis, we may assume without loss of generality that {F;}:>o satisfy the
“usual conditions” of the general theory of stochastic processes [15, Chapter 4].

If h € L2(RY), then we may consider the mean-zero Gaussian random field
{(h* W)()}t0.2era that is defined as the following Wiener integral:

(h W) () ;:/ Bz — 2) Wi(d2). (3.2)
Rd
It is easy to see that the covariance function of this process is given by

Cov ((h+ Wi)(x), (h+ We)(y)) = (s A) f (@ —y), (3.3)

where we recall, from the introduction, that f := h * h. In this way we can
define an isonormal noise F*) via the following: For every ¢ € S [the usual
space of all test functions of rapid decrease],

FM(¢) := /(0 -~ o) (h*dWy)(z)dz (¢t > 0). (3.4)

It is easy to see that the following form of the stochastic Fubini theorem
holds:

FM(g) = /( O R W s ). (3.5)

[Compute the L?(P)-norm of the difference.] In particular, {Ft(h)(¢)}t>0 is a
Brownian motion [for each fixed ¢ € §], normalized so that

var (F{0)) = |

[The second identity is a consequence of Plancherel’s theorem, together with
the fact that |h(€)|* = f(£).]

~ 2 1 o 97
R e G (L S



3.2 An extension

Suppose h € L?(R%), and that the underlying correlation function is described
by f := h x h. Consider the following probability density function on R%:

d
1-— .
x) = H (7:;;%) for € RY. (3.7
j=1 j

We may build an approximation { g, },>1 to the identity as follows: For all real
numbers n > 1 and for every x € RY,

d

) +
0n(z) = no(nz), s that @n@)_r[(l"j;') e

for all £ € RY.
Lemma 3.1. If h € L?(R?), then for all ¢ € S and integers n,m > 1,

B ( sup | F{"" o) () Fé“@"’(@\z)

te(0,T)
<tomir [ 1R (115 jerac

Proof. By the Wiener isometry and Doob’s maximal inequality, the left-hand
side of the preceding display is bounded above by 47T'Q, where

o [ (R - (ooi72)
= gt o, JPOF 1a0en©) = 0u(©) ()t

(3.9)

2
‘dx

(3.10)

we have appealed to the Plancherel’s theorem, together with the fact that f &) =
|h(€)|?. Because

+ d
Og l_én(g) < 1- <(1_1 max §]|) > S %7 (311)

n 1<j<d

it follows from the triangle inequality that |gy,4+m (&) — 0,(&)| < 2d||€]|/n. This
implies the lemma, because we also have |d,4m(€) — ( ) < llontmllLmay +
||QTLHL1(Rd) =2 g 2d.

Lemma 3.1 has the following consequence: Suppose h € Wlf)f (R%), and
f := h*h in the sense of generalized functions. Because h € Wl{)f (R%), the
dominated convergence theorem tells us that

lim 16(6))? ( |§”2> f(€)de =0 forall ¢ € S. (3.12)
Rd

n—00
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Consequently, F\™ (¢) := lim,, o F\"*?")(¢) exists in L*(P), locally uniformly
in t. Because L?(P)-limits of centered Gaussian random fields are themselves
Gaussian, it follows that F(®) := {Ft(h)(qﬁ)}t)o,(beg is a centered Gaussian ran-
dom field, and {Ft(h)}t>0 is a Brownian motion scaled in order to satisfy (3.6).
We mention also that, for these very reasons, F(") satisfies (3.5) a.s. for all ¢ > 0

and ¢ € §. The following example shows that one can construct the Gaussian
random field F(") even when h € Wllof (R%) is not in L2(RY).

Example 3.2 (Riesz kernels). We are interested in correlation functions of the
Riesz type: f(x) = co-||z|| =, where z € R [and of course a € (0, d) so that f is
locally integrable]. If is well known that f(€) = ¢; - ||€]| =4 for a positive and
finite constant ¢; that depends only on (d,«a,cp). We may define h € L}, (R?)
via h(€) == c/* - ||€]|~(@=2)/2_ Tt then follows that f = h h; and it is clear from
the fact that f = |h|* that b € W2 (R?) if and only if [, _, [|I€]|2£(€) d¢ < oo,
which is satisfied automatically because « € (0,d). O

Of course, even more general Gaussian random fields can be constructed
using only general theory. What is important for the sequel is that here we
have constructed a random-field-valued stochastic process (t,h) — Ft(h); ie.,
the random fields {Ft(h)(¢)}¢€3 are all coupled together as (t,h) ranges over
the index set (0,00) x W22 (R%).

loc

3.3 A coupling of stochastic convolutions

Suppose Z := {Z;(x)}+>0,zera is a random field that is predictable with respect
to the filtration F, and satisfies the following for all t > 0 and = € R:

/0 ds // Ay dz pra(y—2)p1—o(z—2) [ (Zo() Zo(2)| Fly—2) < co. (3.13)

RIxR?

Then we may apply the theories of Walsh [28, Chapter 2] and Dalang [12] to the

martingale measure (¢, A) — Ft(h) (1.4), and construct the stochastic convolution
p* ZEF™ as the random field

(pe20™) (2):= /( o P DA POy, 31

Also, we have the following It6-type isometry:

2

E (3.15)

/ De—s(y — ) Za(y) FM (ds dy)
(0,t)xR4

= / ds/ dy [ dz pis(y —2)pe—s(2 — 2)E[Zs(y) Zs(2)] f(y — 2).
0 R4 R4

11



If h: RY — R, is nonnegative and measurable, then we define, for all real
numbers n > 1,

hn(z) := h(z)on(x) for every = € RY. (3.16)

Some important features of this construction are that: (a) 0 < h,, < h pointwise;
(b) h, — h as n — oo, pointwise; (c¢) every h,, has compact support; and (d) if
h € W52(R?), then h, € WL2(RY) for all n > 1.

For the final results of this section we consider only nonnegative functions

h € L?>(R%) that satisfy the following [relatively mild] condition:

sup [Ta ~ / [h(z)]? dx] < 00 for some a > 0. (3.17)
r>0 ||lz||>r

Lemma 3.3. If h € L?(RY) satisfies (3.17), then there exists b € (0,2) such
that )
sup {nb / <1 A ”CEL> [h(:v)]Qd:U] < 0. (3.18)
n>1 R4 n

Proof. We may—and will—assume, without loss of generality, that (3.17) holds
for some a € (0,2). Then, thanks to (3.17),

[Edls 2 o (k 2
/| o @) dr <S4 / ()2 de

k=0

2=k=1In<||z||<2=*n (319)
o0
< const - 24*’“ (275 1n) .
k=0
and this is O(n~*) since a € (0,2). The lemma follows readily from this. O

Proposition 3.4. If h € L?(R%) is nonnegative and satisfies (3.17), then for
all predictable random fields that satisfy (3.13), and for all § > 1, x € RY,
n>=1,andk > 2,

. . k
ME) (p* ZFM _ py ZF(hn>) < C\/; M (2) (3:20)

for some positive constant C' which does not depend on s, where b is the constant
introduced in Lemma 3.3 and M((;k) is defined in (1.5).

Remark 3.5. This proposition has a similar appearance as Lemma 3.1. How-
ever, note that here we are concerned with correlations functions of the form
q * ¢ where q := hg,,, whereas in Lemma 3.1 we were interested in ¢ = h * o,.
The methods of proof are quite different. O

Proof. The present proof follows closely renewal-theoretic ideas that were de-
veloped in [19]. Because we wish to appeal to the same method several more

12



times in the sequel, we describe nearly all the details once, and then refer to the
present discussion for details in later applications of this method.

Eq. (3.5) implies that p s ZF(") —p s ZE(n) = p« ZF(P) as. where D :=
h —hy = h(1 — 9,) = 0. According to (BDG),

k

E / De—s(y — ) Za(y) F P (ds dy) (3.21)
(0,t) xR4

k/2
t
<E| |1 / ds / dydz prs(y — D)pr—s(z — Zf Py —2)| |,
0

RIxRA

where Z := | Z,(y)Zs(z)| and f(P) := DxD; we observe that f(?) > 0. The clas-
sical Minkowski inequality for integrals implies that || f(o t)dede( M2 <

f(o tyxraxra | lk/2- Therefore, it follows that
k
B[/ pey- 0z sy (3.22)
(0,t)xRd
k)2

< |ak /0 ds / / dydz pos(y — D)pr—s(z — 2)FP (2 = 9| Ze) Zo(2) s

RIxRd

Young’s inequality shows that the function f() = D % D is bounded uniformly
from above by

IDI172ray = (1 = 8)I72Ro) (3.23)
g i z z 2 z z 2 z = nfb
(n) /Zw@[n 1h(2)]2dz + /zm[h( JPdz = O(n~),

where |2|oo = maxig <n |2;|; see also Lemma 3.3. Therefore

N

k
E / Pr—s(y — ) Z(y) FP) (ds dy) (3.24)
(0,t)xR4
k/2
t
=0 ) |k [ ds [ ayde pieaty - pia e~ DI 2.2
0

RIxRA

According to the Cauchy—Schwarz inequality, || Zs(y) Zs(z) ||,1C//22 is bounded above
by sup,,cra || Zs(w) || < e‘ssMgk)(Z), and the proposition follows. O

13



4 Moment and tail estimates

In this section we state and prove a number of inequalities that will be needed
subsequently. Our estimates are developed in different subsections for the dif-
ferent cases of interest [e.g., o bounded, o(u) oc u, f = h* h for h € L?(R%),
f(z) o ||x|| =%, etc.]. Although the techniques vary from one subsection to the
next, the common theme of this section is that all bounds are ultimately derived
by establishing moment inequalities of one sort or another.

4.1 An upper bound in the general h € L?(R%) case

Proposition 4.1. Let u denote the solution to (SHE), where f := h* h for
some nonnegative h € L*(R®). Then, for all t > 0 there exists a positive and
finite constant v = ~(d, f(0),t)—independent of sx—such that for all A > e,

sup P {uy(z) > A} <y le7(oe N? (4.1)
zeR?

Proof. Because |(pg * o) ()| < |Juol| . (re) uniformly in z € R, we can appeal
to (BDG) and (2.2) in order to obtain

l[ue (@)l < [luollLoe ey +

/ Pe—s(y — )0 (s () F® (ds dy)
(0,t)xR4 k

k21\ VE O (4.2)
t
<||U0||Loo(Rd)+2\/E E /ds // dydz Q ,
0

RIxRA

where Q = f(y — 2)pi—s(y — @)pi—s(z — x)o(us(y))o(us(2)); see the proof of
Proposition 3.4 for more details on this method. Since |Q| is bounded above by
W= f(O)pe—s(y = 2)pi—s(z = 2)|o(us(y)) - o(us(2))| we find that
1/2
¢
@)l < ol + {46 [ a5 [[ ayaz Ve | a3
0 RixR4

Because |o(2)| < |o(0)] + Lip,|z| for all z € R, we may apply the Cauchy—
Schwarz inequality to find that ||u:(x)||x is bounded above by

t 1/2
foollnsy + (46 £0) a5 [ ay peesto = olotw)IR) (14)

t 1/2
< luolly + (10 50) [ as [ aypicsto =) [00) + Ling huct)lil?)

We introduce a parameter 6 > 0 whose value will be chosen later on. It follows
from the preceding and some algebra that

lue (@)% < 2lluol| 2 (may + 16kF(0) (|o(0)*t + Lipze** A) . (4.5)
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where A := [ dse 2(=9) [ dy p,_s(y — )™ 2" |us(y)[|3. Note that

! —25(t—s) (k) 2 1 (k) 2
A< [ dse dy pi—s(y — ) [,/\/l(; (u)} < [Mé (u)] . (4.6)
0 R 20

Therefore, for all § > 0 and k > 2, [./\/l((;k)(u)]2 is bounded above by

Lip? 2
2|u||? e ) + 16%£(0) <|a(0)2sup [te=2%] 4 =Le [Mg@(u)} > (4.7)
s 26

Let us choose § := (1 V 16f(0)Lip2) k to find that ./\/l((sk)(u)2 < (4supgera uo(z)?+
Ck) for some constant C' > 0 that does not depend on k, and hence,

sup [fue(a)l5 < const - Vi (1167 (O)Lip? )kt (4.8)
xTE

Lemma 3.4 of [10] then tells us that there exists 7 := ~y(¢) > 0 sufficiently small
[how small depends on ¢ but not on (3, z)] such that E[exp(y(log u:(z))?)] <
0o. Therefore, the proposition follows from Chebyshev’s inequality. O

4.2 Lower bounds for h € L*(R%) when ¢ is bounded

Lemma 4.2. Let u denote the solution to (SHE), where o is assumed to be
bounded uniformly away from zero and infinity and inf cgauo(xz) > 0. If f =
hxh for some nonnegative h € L*(R%), then for all t > 0 there exist positive
and finite constants ¢; = c1(3¢,t,d, f) and ca = ca(t,d, f)—independent of
wx—such that uniformly for all X > e,

crte N < inf P{|uy(x)| > A} < sup P{lug(z)] > A} < ¢zle 2N (4.9)
ze€RY reRA

Furthermore, sup,,¢( c1(32) < oo for all 39 < 0.

0,2c0)
Proof. Choose and fix an arbitrary 7 > 0, and consider the continuous L?(P)

martingale {M; };e[o,-) defined by

M, = (p, #uo) (&) + /( Py W) PO sy, (110

as t ranges within (0, 7). By Itd’s formula, for all even integers k > 2,

M} = (pr *ug)(z)* + k/t MFtdAM, + (g) /Ot MF=24(M),. (4.11)

0

The final integral that involves quadratic variation can be written as
t
[ [ [ [ ety psc = (e - y>2] ds,  (412)
0 R4 R4
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where Z := o(us(y))o(us(z)) > € for some ¢y > 0. This is because o is
uniformly bounded away from 0. Thus, the last integral in (4.11) is bounded
below by

€ /Ot My [/Rd dy /m dz pr_s(y — 2)pr—s(z — ) f(z —y) | ds i

t
- 6(2)/ M§72 (pT—s yDr—s * f)L2(Rd) dS,
0

where (a,b) r2(ra) := [ga @(2)b(z) dz denotes the usual inner product on L*(R%).
This leads us to the recursive inequality,

k t
k
B > ((inf, o)) + () [ BOLE A0 Do as
zeR4 2 0
(4.14)
Next, consider the Gaussian process {(;};>o defined by

G = eo/ pr—s(y — ) F(h)(ds dy) (0<t<T). (4.15)
(0,t)xR4

We may iterate, as was done in [10, proof of Proposition 3.6], in order to find
that

k/2

k
E(M{) > E ([ inf uo(z) + ct} ) > E (¢F) > (const - kE [¢F]) (4.16)

z€R

Now E(¢?) = €2 f(f(pT,S yPr—s * f)r2mayds. Since p; s € S for all s € (0,7),
Parseval’s identity applies, and it follows that

<p‘rfs yDr—s * f>L2(Rd) = (2711-)d Ad f(é-)e—%(‘r—s)H&Hz d§ (417)
Therefore,
2 — e—=l¢l?
B(C2) — € A 1—e d
D= G o 7O | 1 ¢

(4.18)

e £
Z 3an) /R e

This requires only the elementary bound (1 —e™?)/z > (2(1 + 2))~!, valid for
all z > 0. Since My = u(x) when ¢ = 7, it follows that

c(e)Vk < nf T (@), (4.19)

for all k& > 2, where ¢(3) = c¢(t,s, f,d) is positive and finite, and has the
additional property that

inf ¢(3¢) >0 for all »¢ > 0. (4.20)

2€(0,500)
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Similar arguments reveal that

sup [lus()|[ < ¢VE, (4.21)
zeR4

for all £ > 2, where ¢ is a positive and finite constant that depends only on
(t,f,d). The result follows from the preceding two moment estimates (see [10]
for details). O

Lemma 4.3. Let u denote the solution to (SHE), where o is assumed to be
bounded uniformly away from zero and inf ,cra ug(z) > 0. If f = hxh for some
nonnegative h € L?(R%), then for all t > 0 there erists a positive and finite
constant a(s) = a(s,t,d, f) such that uniformly for every A > e,

exp (—a(%)/\4) '

a()

P{lui(x)] = A} > (4.22)

Furthermore, sup,.c g ;) a(5) < 0o for all 9 > 0.

Proof. The proof of this proposition is similar to the proof of Proposition 3.7
in the companion paper [10], and uses the following elementary fact [called the
“Paley—Zygmund inequality”]: If Z € L?(P) is nonnegative and € € (0, 1), then

(eEZ)

P{Z>(1-9BZ} > o

(4.23)
This is a ready consequence of the Cauchy—Schwarz inequality.

Note, first, that the moment bound (4.19) continues to hold for a constant
c(s) = c¢(t, s, f,d) that satisfies (4.20). We can no longer apply (4.21), how-
ever, since that inequality used the condition that o is bounded above; a prop-
erty that need not hold in the present setting. Fortunately, the general estimate
(4.8) is valid with “const” not depending on s. Therefore, we appeal to the
Paley—Zygmund inequality (4.23) to see that

UL\ T 2k)1? 2
P {lue) > Jlun(olle | > W > const - (%N, (4.24)

as k — oo, where C' € (0,00) does not depend on (k, ). Since |lug(x)|l2x =
() - V2k, it follows that P{|us(2)] > c(3) - /k/2} = exp(—C'k?) as k — oo
for some C’ which depends only on ¢. We obtaln the proposition by considering
A between ¢(5¢) - /k/2 and ¢(x) - \/(k+1)/2. O

4.3 A lower bound for the parabolic Anderson model for
h € L*(RY)

Throughout this subsection we consider u to be the solution to the parabolic
Anderson model (PAM) in the case that inf,cga uo(z) > 0.
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Proposition 4.4. There exists a constant Aq € (0,00)—depending only on
d—such that for all t, >0 and k > 2,

k k
[ inf wo(a)] Mo <B (ju@)]*) < Lseué)duo(@} O (4,25)

where ap = ai(f,2) >0 for all t,c > 0, and is defined by

52 4t
= — (1IN — inf . 4.26
@ = sup [4%( 52 )xegto@f(x)] (4.26)

This proves, in particular, that the exponent estimate (1 \Y 16f(0)Lip(2,) k2t
derived more generally in (4.8), is sharp—up to a constant—as a function of k.

The proof of Proposition 4.4 hinges on the following, which by itself is a
ready consequence of a moment formula of Conus [9]; see also [3, 21] for related
results and special cases.

Lemma 4.5 ([9]). For allt > 0, and x € R, we have the following inequalities

k t
E(|ut($)|k) > Lienri;duo(x)} -Eexp ZZ/O f(\/; {bg) 7b£j)D dr |,

1<i#j<k

k t
E (Jus(z)]") < [sup uo(x)} -Eexp ZZ/O f (\/; [bf) ,b7(nj)D ar |,

z€RI 1<i#j<k
(4.27)

where b b2 . denote independent standard Brownian motions in RY.

Proof of Proposition 4.4. The upper bound for E(|us(x)|*) follows readily from
Lemma 4.5 and the basic fact that f is maximized at the origin.

In order to establish the lower bound recall that f is continuous and f(0) > 0.
Because f(x) = qlpo,s (z) for all § > 0, with ¢ = ¢(d) := inf,ecp,s) f(2), it
follows that if (1), ... b(*) are independent d-dimensional Brownian motions,
then

S5 [ 5 (v 0] a

1<i#j<k
t
>q ZZ /0 1p0,6/v5) (bg) - b@) dr (4.28)

1<i#i<k
t

> ‘JZZ/ 1500,6/(2v52) (0 ) Lp(0,6/25) (b)) 7.
1<#i<k 70

Recall Jensen’s inequality,
E(e?) > e¥%, (4.29)



valid for all nonnegative random variables Z. Because of (4.29), Lemma 4.5 and
the preceding, we can conclude that

t
E (|uy(2)") > 1" Eexp [ ¢ D) /0 50,5/ (2v52) (01 50,5 /2752 (b)) dr
1<iAj<k

]

where I := inf ug and G(z) := (27)~%/? f\lw\|<z e lI21°/2 4z for all z > 0. Because

k(k —1) > k2/4 for all k > 2, and we find that E(|us(z)[¥) > I* - exp(Ask?),
where As is defined as

e lan) o | )] v oo

Finally, we observe that

(4.30)

1/2
5G(z)} < . (4.32)

0 < Ag:= inf [1/\2‘1

z>0

A few lines of computation yield the bound, sups.oAs > Aga;. The lemma
follows from this by readjusting and relabeling the constants. O

5 Localization when h € L*(RY) satisfies (3.17)

Throughout this section we assume that h € L?(R) is nonnegative and satisfies
condition (3.17). Moreover, we let u denote the solution to (SHE).

In order to simplify the notation we define, for every = := (z1,z2,...,24) €
R? and a € Ry,
[t —a,x+a]l =[xy —a,z1+a] X X[zqg—a,zq+ al. (5.1)

That is, [z — a,z + a] denotes the £>° ball of radius a around x.
Given an arbitrary 8 > 0, define U to be the solution to the random
integral equation

U? (z) (5.2)

— (< w)(o) + [ pi-sly = 2)o (U (y)) O (dsdy),
(0,t) x [z—BVE,xz+BV1]

where hg is defined in (3.16). A comparison with the mild form (2.2) of the
solution to (SHE) shows that U®) is a kind of “localized” version of u. Our

goal is to prove that if § is sufficiently large, then Ut(ﬁ )(a:) ~ u(x).
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The method of Dalang [12] can be used to prove that the predictable ran-
dom field U® exists, is unique up to a modification, and satisfies the estimate
SUDPte(0,7] SUPzeRd E(|Ut(6)(:z:)|k) < oo for every T > 0 and k > 2. Further-
more, the method of Foondun and Khoshnevisan [19] shows that, in fact U
satisfies a similar bound as does u in (4.8). Namely, there exists a constant
D; € (0, 00)—depending on ¢ and t—such that for all ¢ > 0 and k > 2,

sup sup E <|Ut(ﬁ)(w)|k) < DRt (5.3)
B>0 zeR4

We skip the details of the proofs of these facts, as they require only simple
modifications to the methods of [12, 19].

Remark 5.1. We emphasize that Dy depends only on (¢, f(0),d,o). In par-
ticular, it can be chosen to be independent of s. In fact, D; has exactly the
same parameter dependencies as the upper bound for the moment estimate in
(4.8); and the two assertions holds for very much the same reasons. O

Lemma 5.2. For every T > 0 there ezists finite and positive constants G,
and F,—depending only on (T, f(0),d, s ,b,0)—such that for sufficiently large
B>0andk>1,

k G* /2 exp(F, k>
sup sup E <’ut(m) - Ut(ﬁ) (ac)’ > < kbg( ), (5.4)
t€[0,T) v€R4 B
where b € (0,2) was introduced in Lemma 3.3.
Proof. By the triangle inequality,
ur@) - U @), (5.5)

< @) -vP@)|| + || @ -vP @) + | @ - v @)

where
V@) = o))+ [ gy =)o (U0 @) PO dsdy). (50
(0,t)xR4
and
Vi () = (o1 wo) () + /( om0~ 27 (VP @) P9 dsdy). (5.1

In accord with (3.24) and (5.3),

kt
[V — Y@, < const - ’/@eDl”c (5.8)
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where we remind that D; is a constant that does not depend on . Next
we bound the quantity [|[Y® — U@, using the Burkholder-Davis-Gundy
inequality, (BDG) and obtain the following:

v @ - v @),

= pi—s(y — )0 (UP (y)) F ") (ds dy)
/(O,t)x[x—ﬁ\/f,z+[3\/{]c ( ) (5.9)

k

t /2
< const - v/ kf(0) / ds/ dy/ dz W ,
0 [e—BvEa+BV1° [z—BVtz 4BV

where

W=y = opo(z = o) (14 U0 @) ) (1+]

(8)
U (z)Hk) . (5.10)
Therefore, (5.3) implies that

Hﬁ(m(l‘) - Ufm(w)Hk < DoeP2™ 0\ [k f(0) - W, (5.11)

where Dy € (0, 00) depends only on d, f(0), and ¢, and

. 2
W= / ds / dy pi—s(y — ) | . (5.12)
0 [z—BVE z+BV]

Before we proceed further, let us note that

/ e = /) dz <2 < Bt ) (5.13)
o ——————de <2 exp|—F1———|. .
Izﬁgﬁ \/2m(t — s) ds(t — )
Using the above in (5.11), we obtain
d 2
HYt(ﬁ)(x) - Ufﬁ)(x)Hk < 2D5eP2™% [kt £(0) exp (45) : (5.14)
P

Next we estimate |Jus(x) — Vt(ﬁ)(x)Hk. An application of (BDG) yields

ueta) = VP (@)|| (5.15)

<

[ ety o) {otw) - o0 @)} FP sy
(0,t)xR4

k

<2Vk /0 ds/Rddy/Rd dz fly — 2)pi—s(y — )pi—s(z — ) Q

)
k/2
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where Q := |o(us(y)) —U(Us(ﬁ)(y)ﬂ o (us(2)) — O'(US('B)<Z))|. Since o is Lipschitz
continuous, it follows from Minkowski’s inequality that

where Q% := supycpa [us(y) — UL (y)]|2. Equations (5.5), (5.8) and (5.14)
together imply that QF < const~ktﬁ*becon5t'kt+cons‘c~kf(0)~f0t Q* ds. Therefore,

t
wl) - VO @)} < awiw2iso) [ Qias (5.16)

tk.econst-kt
Q7 < const - ( 5 ) for all ¢t > 0, (5.17)
owing to Gronwall’s inequality. Because “const” does not depend on (k,t), we
take both sides to the power k/2 in order to finish the proof. O

Now, let us define Ut(ﬁ ™) to be the nth Picard-iteration approximation of
Ut(ﬂ) (z). That is , Ut(ﬂ’o)(:v) :=ug(z) , and for all [ > 0,

0 (@)

= poruo) @)+ |

pi_s(y— )0 (USW) (y)) Fh)(ds dy).
(0,t)x [z —BVE,z+BV1]

(5.18)

Lemma 5.3. For every T > 0 there exists finite and positive constants G
and F—depending only on (T, f(0),d, s ,b,0)—such that for sufficiently large
B8>0and k > 1,

o K\ _ G*EF/2 exp(Fk?

sup sup E( b2 ,

te[0,T] zeR4

where b € (0,2) was introduced in Lemma 3.3.

Proof. The method of Foondun and Khoshnevisan [17] can be used to show that
if § := D’k for a sufficiently-large positive and finite constant D', then

M((;k) (U(B) - U(B’")) < const -e™" forallm >0 and k € [2,00). (5.20)
To elaborate, we replace the u™ of Ref. [17, (5.36)] by our U*™) and obtain
Ut — g Bm|, o < JUE™ — B o QUK 0), (5.21)

where || X|[k,0 := {supysqsup,er e E(| X (z)|")}/F = M(el;)k(X), for all ran-
dom fields {X;(2)}¢>0.cera, and Q(k,0) is defined in Theorem 1.3 of [17]. We
recall from [17] that Q(k,0) satisfies the following bounds:

20 |7
Qk,0) < \/4kLip§ 5 <k> < const - % (5.22)
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[The function Y is defined in [17, (1.8)].] Therefore, it follows readily from these
bounds that if § := D"”k? for a large enough D" > 0, then

JUEmD — g Em |, < e UG —uBn D, (5.29)

We obtain (5.20) from this inequality.
Finally we set n := [log 8]+ 1 and apply the preceding together with Lemma
5.2 to finish the proof. O

For every z, y € R?, let us define

D(z,y) == 1f<ﬂli£1d|9€l -yl (5.24)

Lemma 5.4. Choose and fix 3 > 1,t > 0 and let n := [logf] + 1. Also fix
2 2@ ... e RY such that D(z® | 2)) > 2n8(1+V/1). Then {UP™ (D)} ez
are independent random variables.

Proof. The lemma follows from the recursive definition of the U(#™)’s. Indeed,
Ut(ﬁ’n)(a:) depends on Ugﬁ’nfl)(y), y € [z — BVt,x+ V], s €[0,t. An induc-
tion argument shows that Ut(ﬁ’n)(a:) depends only on the values of Us(ﬁl)((y)7 as
y varies in [x — (n — 1)3vt, 2+ (n — 1)3v/1] and s in [0,1].

Finally, we observe that {Us(ﬁ’l)(x)}se[()’t]’meRd is a Gaussian random field
that has the property that UL’ ’1)(:1:) and U ’1)(x’ ) are independent whenever

D(x, ') > 26(1+ V). [This assertion follows from a direct covariance calcula-
tion in conjunction with the fact that (hg* hg)(z) =0 when D(0,z) > 24]. O

6 Proof of Theorem 2.1

In this section we prove our first main theorem (Theorem 2.1). It is our first

proof primarily because the following derivation is the least technical and re-

quires that we keep track of very few parameter dependencies in our inequalities.
Define for all k € [2,00), 8 > 0, and predictable random fields Z,

ViN(2) = Sup lexp (—ﬂt+ \/8?% |le> '||Zt(x)||k‘| : (6.1)

zeR?

Let us begin by developing a weighted Young’s inequality for stochastic
convolutions. This is similar in spirit to the results of Conus and Khoshnevisan
[11], extended to the present setting of correlated noise. However, entirely new
ideas are needed in order to develop this result; therefore, we include a complete
proof.

Proposition 6.1 (A weighted stochastic Young inequality). Let Z := {Z;(x)}+~0 zcra
be a predictable random field. Then for all real numbers k € [2,00) and 5 > 0,

VP (05 2F) < ¥(2) - \[2(Rasa f)(0), 62)

where Rg is the resolvent operator defined in (2.3).

23



Proof. For the sake of typographical ease we write ¢ = ¢(8) := +/5/(8)
throughout the proof.
Our derivation of (3.22) yields the following estimate:

[(p+27), )
<4k/0 dS/Rddy/RddZ [y = 2)pe—s(y — 2)pe—s(z — ) - Z,

where Z := [|Z,(y) - Zs(2)llky2 < 1 Zs(W)|lx - |1 Zs(2)||k. Consequently, for all
B >0,

2

(6.3)

2

|(o+27), ] (6.1

k
2 t
<[YP@] - [as [ ay [ - DRwy-0Pee o),
0 R4 Rd

where Py(a,b) := e?s—cllallp,_ (b) for all s > 0 and a € R?. Since |jy| >
Jall — 1 — yll and [12] > lal| — iz — 21|, it follows that

2

| (e 22), @) (6.5)

k

<4k 2 [ 2)] [T e Qe @un ) 0)ds
0

where
Qs(a) := e~ WBs/2Fellally (q)  for all s >0 and a € R%. (6.6)

Clearly,
it 2% > clal. then Qu(@) < pu(a). (6.7)

Now consider the case that (8s/2) < c||a||. Then,

lall* _ _llal? 2s5c o] dsec® la]?
_ — _ 1— < — 1— = — . 6.8
clal 283 283 lal] 283 Ié] 453 (6:8)

We can exponentiate the preceding to see that, in the case that (8s/2) < c|lall,

e—(Bs/2)—llall?/(4s5)

d/2
Grsyar 82 pog(a). (6.9)

Qs(a) <

Since ps(a) < 2%%pag(a) for all s > 0 and a € R?, we deduce from (6.7) and (6.9)
that (6.9) holds for all s > 0 and a € R?. Therefore, the Chapman-Kolmogorov
equation implies that Q, * Q, < 2%p4s, and hence

(oo}

/Doe_ﬁs(Qs*Qs*f)(O)ds<2d/ e P (pgs * f) (0)ds
0 0

=27"%(Rg,41)(0).

The proposition now follows from (6.5). O

(6.10)
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Next we state and prove an elementary estimate for the heat semigroup.

Lemma 6.2. Suppose ¢ : RY — R is a measurable function and L(c) :=
sup,cra (e1%1|@(2)|) is finite for some ¢ > 0. Then yéfg%(p* ¢) < 242L(c) for
all k € [2,00).

Proof. Let us define 8 := 8¢%s, so that ¢ = /3/(85). Then,
I o)) = [ ey =)o) dy
< [ ey =) e Mg ay (6.1)
< L(c) /Rd e_5t+c|‘z‘|pt(z) dz < L(e) " Q+(z) dz,

where the function Q;(z) is defined in (6.6). We apply (6.9) to deduce from this
that e AtFellell|(p, x ¢)(2)] < 292L(c) [ga p2e(2) dz = 24/2L(c). Optimize over ¢
and x to finish. O

We will next see how to combine the preceding results in order to establish
the rapid decay of the moments of the solution to (SHE) as ||z|| — oc.

Proposition 6.3. Recall that ug : R — R is a bounded and measurable func-
tion and o(0) = 0. If, in addition, imsup ., _, ||[z]| 7" log [ug(2)| = —o0, then

logE k
lim sup Og(|||zt||(x)|) <0 forallt>0andk € [2,00). (6.12)
l|||—o00
Proof. For all t > 0 and x € R¢, define ugo) () := up(x), and
ung)(x) = (pt x up)(z) + (p * (a o u(l)) F) (x) foralll>0. (6.13)
t

That is, u¥) is the [*® level in the Picard iteration approximation to the solution
u. By the triangle inequality,

yék) (u(lﬂ)) < yék) (p* uo) + y[(gk) ((p * (a o u(l)) F))

38+ A o) B

see Proposition 6.1. Because |o(z)| < Lip, |z| for all z € RY, it follows from the
triangle inequality that

(6.14)

VO (u0) < Y (o) + 98 (u0) LR RO (619

By the dominated convergence theorem, limg_,oo(Rqf)(0) = 0. Therefore, we
may choose (3 large enough to ensure that the coefficient of y},’“) (uV) in the
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preceding is at most 1/2. The following holds for this choice of j:

)

sup y[gm (uam) < zyé’“ (p % uo) < 200972 gup (eler\/ﬁ/(S%)mo(x)D
>0 zeR4

(6.16)
we have applied Lemma 6.2 in order to deduce the final inequality. According
to the theory of Dalang [12], ugl)(x) — ug(z) in probability as | — oo, for all
t >0 and = € R?%. Therefore, Fatou’s lemma implies that

VP () < 2D sup (lIVITE g ()] ) (6.17)
zeR4
whence follows the result [after some arithmetic]. O

Next we introduce a fairly crude estimate for the spatial oscillations of the
solution to (SHE), in the sense of L¥(P). We begin with an estimate of L' (R%)-
derivatives of the heat kernel. This is without doubt a well-known result, though
we could not find an explicit reference. In any event, the proof is both elemen-
tary and short; therefore we include it for the sake of completeness.

Lemma 6.4. For all s >0 and z € R?,

—x)— const - Il
/Rdlps(y ) = ps(y)| dy < const <\/%/\1>, (6.18)

where the implied constant does not depend on (s, x).
Proof. For s fixed, let us define
wa(r) = pa(r;s) := sup /d Ips(y — 2) — ps(y)|dy  for all » > 0. (6.19)
R

zeR4
llzll<r

First consider the case that d = 1. In that case, we may use the differential

equation pl,(w) = —(w/3s)ps(w) in order to see that
o0 Yy ,
w1 (lz|) = sup / / Pl (w) dw’ dy
z€(0,|z|) / —oco |Jy—2
1

N

© Y T o
—  sup / dy/ dw |wlps(w) = %/ |w|ps(w) dw (6.20)
y—z —00

%8 2e(0,]al) J—oo

2
\ — |z for all z € R.
TS

For general d, we can integrate one coordinate at a time and then apply the

triangle inequality to see that for all = (z1,...,24) € R wa(||z]) <
d

2 jmr i (llzll) < /2/(mses) dl||. Because [ps(y—x) —ps(y)| < ps(y—2)+ps(y),

we also have pq(]|z|) < 2. O
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Proposition 6.5. Let us assume that: (i) imsup),_ [z~ log luo(z)| =

—o0, (ii) a(0) = 0, and (i) fol s7%ps * £)(0)ds < oo for some a € (0,1/2).
Then for allt > 0 and k € [2,00) there exists a constant C € (1,00) such that
uniformly for all z,x' € R? that satisfy ||z — 2'|| <1,

B (o) - u(e)) < Cexp (<L) o arpeirs oy

Proof. First of all, we note that

(s w0)(a) = 00) @) < ol ey - [ ol =) =iy =) dy
< const - ||z — 2'||; (6.22)

see Lemma 6.4. Now we may use this estimate and the same argument that led
us to (3.22) in order to deduce that for all £ € [2,00),

g () — ue(2")||? < const - ||z — '||2 (6.23)

t
—|—const-/ ds/ dy/ dz f(y — 2z) ABs(y) Bs(2),
0 R? JR
where
A= A 2) o= fua) wa(D)Ep, amd .
Bs(w) = |pr—s(w — z) — pr—s(w — ') for all w € R%. .

According to [12], sup,c(o 7] SUpy ere A < 00. On the other hand, (B, * f)(2) <
2sup,,cra(pi—s * f)(w), and the latter quantity is equal to 2(p;—s * f)(0) since
pr * f is positive definite and continuous for all r > 0 [whence is maximized at
the origin]. We can summarize our efforts as follows:

g (@) = ue(2)||7 (6.25)

t
< const - ||z — '||? + const - / (ps * £)(0) ds/ dz |ps(z —z) — ps(z — ')
0 R4

t /
o — ")
< const - ||z — 2'||* + const - / (ps * )(0) ( A1 ds;
0 Vs

see Lemma 6.4 below, for instance. We remark that the implied constants do
not depend on (z,2’). Since r A 1 < r2¢ for all r > 0, it follows that

[l (x) — ug(2')||e < const - ||z — x’Ha/z, (6.26)

where the implied constant does not depend on (x,z’) as long as ||z — 2/|| < 1
[say]. Next we write

E (Jur(2) — ue(a)]*)
< B (Jue(w) = w(@)*2 - {Jun(@)] + fua(a)}?) (6.27)

k/2 k/2 k/2
< const - Jua(z) —u (&)Y (@) v IE?)
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by Hoélder’s inequality. Proposition 6.3 and Eq. (6.26) together complete our
proof. O

Proposition 6.5 and a quantitative form of Kolmogorov’s continuity lemma
[13, pp. 10-12] readily imply the following.

Corollary 6.6. Let us assume that: (i) limsupj,_ |z]| = log |ug(x)| = —o0,

(ii) o(0) = 0, and (iii) fol s7%(ps* f)(0)ds < oo for some a € (0,1/2). Then for
allt >0 and k € [2,00) there exists a constant C € (1,00) such that uniformly
for all hypercubes T C R® of sidelength 2/\/8,

1
E( sup |us(z) — ue(a’ k)gCeX (—inf z) 6.28
(sup, o) (o) p(-gumplel). 629
Finally, we are in position to establish Theorem 2.1.

Proof of Theorem 2.1. Define

T(x) := {y e R%: max lz; — y;] < for every € RY. (6.29)
J

2
<< Vd
Then, for all t > 0 and k € [2,00), there exists a constant ¢ € (0,1) such that
uniformly for every xz € R,

E( sup IUt(y)Ik) <2t {E(Im(ir)’“) +E< sup IUt(y)—Ut(w)’“>}

y€T () y€T ()
1
<L deelal 4 —¢ inf : 6.30
ce e (<e wt W) 30)
see Proposition 6.3 and Corollary 6.6. Because infyep(y |lyll = [|z[ — 1 for

all # € Z4, the preceding is bounded by const - exp(—const - ||z||), whence
E(sup.cre [ue(2)1") < 3, e EGUPer o) ur(y) ) is fiite.

7 Proof of Theorem 2.3

Throughout this section, we assume that f = hxh for some nonnegative function
h € L*(R%) that satisfies (3.17). Moreover, we let u denote the solution to
(SHE).

7.1 The first part

Here and throughout we define for all R,t > 0

uj(R):= sup |ug(x)]. (7.1)
llzll<R

As it turns out, it is easier to prove slightly stronger statements than (2.7) and
(2.8). The following is the stronger version of (2.7).
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Proposition 7.1. If o is bounded uniformly away from zero, then
ui (R)

. t
Bt e Ry 7
Proof. Let us introduce a free parameter N > 1, which is an integer that we
will select carefully later on in the proof.
As before, let us denote n = [log ]+1. Forall §, R > 0and (1), 22 ... 2(N) ¢
R?, we may write

>0 a.s. (7.2)

() Yal < (B.m) (. (5) 1/4
P{ maxN|ut(x )| < 8(log R) } <P {1g;zlng|Ut (V)| < 26(log R)

<<
My — gBn)(,.0) Ya
+P{1m<ja<xN|ut(x ) —U, (V)] > 6(log R) }

(7.3)

We bound these quantities in order.
Suppose in addition that D(z® 2)) > 2nB(1 4+ \/t) whenever i # j,
where D(z,y) was defined in (5.24). Because of Lemma 5.4, the collection

{Ut(ﬁ ) (x;) ;-V:1 is comprised of independent random variables. Consequently,

(Bon) ((3) 1/a
P {ijang |7 (2V)] < 26(log R) }

(7.4)
N
< (P{|u?" @) < 20008 R)}) " < (T4 T)Y,
where
7, := sup P {|ut(:1c)| < 39(logR)1/4},
T d
rz€R: 1 (75)
T = sup P {jur(w) — U7 (@)| > 0log )"}

zeR4

According to Lemma 4.3, T; < 1—a(3)~2 R=2639"a() for all R sufficiently large;

and Lemma 5.3 implies that there exists a finite constant m > 1 such that uni-

formly for allk, 5 > m, T3 < Gkkk/zeF}“2/(9kﬂkb/2(log R)F/*) < e1(k)B*/2(log R)~#/4
for a finite and positive constant ¢y (k) := c1(k,G, F,60). We combine the pre-

ceding to find that

1 N
(z+%ﬂ<<l“”2 +“W>, (7.6)

R2(B0)a(=) " 3kb/2

uniformly for all k, 8 > m. Because the left-hand side of (7.3) is bounded above
by (T1 +T2)N + NT3, it follows that

(7) 1/4
P {12;21<XN lur (') < O(log R) } (7.7)

1 N
<<1_ a(x)” 2 +C1(k)> +cl(k)N

R2(30)%a() T 3kb/2 Bkb/2

29



Now we choose the various parameters as follows: We choose N := [R?]¢
and 3 := R'~9/log R, where q € (0,1) is fixed, and let k > 2 be the smallest
integer so that gqd — %kb(l —q) < —2 so that NG~*/2 < R~2. In a cube of
side length 2(1 + v/f)R, there are at least N points separated by “D-distance”
2n6(1 + +/t) where n := [logf] + 1. Also choose § > 0 small enough so
that (30)%a(s) < ¢. For these choices of parameters, an application of the
Borel-Cantelli lemma [together with a monotonicity argument] implies that
liminfz_ o (log R)~Y*u}(R) > 0 a.s. See [10] for more details of this kind of
argument in a similar setting. O

7.2 The second part

Similarly as in the proof of Theorem 2.1, we will need a result on the modulus
of continuity of u.

Lemma 7.2. If sup,cg |o(z)| < oo, then there exists a constant C = C(t) €
(0,00) such that

B (ju(@) - @) ™) < () -2, (78)
NE
uniformly for all x, 2’ € R? that satisfy ||z — x'|| < (tx)"7>.

Proof. Let Sp := sup,cg |0(2)|. Because |f(z)| < f(0) for all z € R%, the opti-
mal form of the Burkholder-Davis—-Gundy inequality (BDG) and (6.22) imply
that

e (@) = we(2") |y, < const - [l — || +250v/2kf(0) Qe (a — ), (7.9)

where

2

Qi(w) = /Ot ds (/Rd dy [pi—s(y — w) pt_s(y)|> forwe RY.  (7.10)

Lemma 6.4 and a small computation implies readily that @Q:(w) < const -
|wl|\/t/3 whenever |lw| < (t)/?; and the lemma follows from these obser-
vations. O

Lemma 7.3. Choose and fix t > 0, and suppose that o is bounded. Then there
exists a constant C € (0,00) such that

V() — ut(x’)IQ) < % (7.11)

E sup exp ( s

xz, 2’ €T:
la—a"|| <8

uniformly for every § € (0, (ts)"?] and every cube T C R® of side length at
most 1.
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As the proof is quite similar to the proof of [10, Lemma 6.2], we leave the
verification to the reader. Instead we prove the following result, which readily
implies (2.8), and thereby completes our derivation of Theorem 2.3.

Proposition 7.4. If o is bounded uniformly away from zero and infinity, then
uf(R) < (log R)"* a.s.

Proof. We may follow the proof of Proposition 7.1, but use Lemma 4.2 instead
of Lemma 4.3, in order to establish that liminfz . (log R)~*/2u¥(R) > 0 a.s.
We skip the details, as they involve making only routine changes to the proof
of Proposition 7.1.

It remains to prove that

u;(R) =0 ((log R)1/2) (R— o0) a.s. forallt>0. (7.12)

It suffices to consider the case that R > t. Let us divide the cube [0, R]¢
into subcubes I'y, I', . . . such that the I';’s have common side length a := const-
(t3)"/? and the distance between any two points in T'; is at most (¢2)"?. The
total number N of such subcubes is O(R?).

We now apply Lemmas 7.3 and 4.2 as follows:

P{ sup |ut(:r)>2b(lnR)l/2} (7.13)

z€[0,R]?

< P{ max |u(z;)| > b(lnR)I/z} +P { max  sup |ug(z) —ue(y)| > b(lnR)l/z}
1< <N 1

<SISN I,yEFj
const - R?

< const - Rle—c2b’InR .
(tsc)'/? exp (b2 In(R)/Ct/?)

Consequently,

z€[0,m]4

i P{ sup |w(z)| > 2b(lnm)l/2} < 00, (7.14)
m=1

provided that we choose b sufficiently large. This, the Borel-Cantelli Lemma,
and a monotonicity argument together complete the proof of (7.12). O

8 Proof of Theorem 2.5

Let us first establish some point estimates for the tail probability of the solution
u to (PAM). Throughout this subsection the assumptions of Theorem 2.5 are
in force.

Lemma 8.1. For everyt > 0,

log P{luy(a)| >} _ 1
2 S 4tf(0)

lim sup sup

8.1
WSUP SUD 1o ) ®.1)
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Additionally, for everyt >0,

log P{lus(z)| > A} 41(0)

(a2’ (8.2)

h)\nigf xlenpt;d (log \)

where Ay and ay = a(f , %) were defined in Proposition 4.4.

Proof. Let log, (z) := log(z V e) for all real numbers z. Proposition 4.4 and
Lemma 3.4 of the companion paper [10] together imply that if 0 < v < (4t£(0))71,
then E exp(y|log, (u¢(x))|?) is bounded uniformly in z € R?. The first estimate
of the lemma follows from this by an application of Chebyshev’s inequality.

As regards the second bound, we apply the Paley-Zygmund inequality (4.23)
in conjunction with Proposition 4.4 as follows:

wp ()2 2
P{ju@ > o) > el
(8.3)

Let us denote v = ~v(s¢,t) := 16tf(0) — 8Aqa; > 0. A second application of
Proposition 4.4 then yields the following pointwise bound:

lekQ [8Aga;—16t£(0)] . (go/ﬂo)M :

WV

1
P {Jus(@)] > e ek} > 2em 7 (g /7o) . (8.4

The second assertion of the lemma follows from this and the trivial estimate v <
16¢£(0), because we can consider A between = exp(2Aqa.k) and 52 exp(2Aqa,(k—
1)). O

Owing to the parameter dependencies pointed out in Proposition 4.4, The-
orem 2.5 is a direct consequence of the following result.

Proposition 8.2. For the parabolic Anderson model, the following holds: For
all t > 0, there exists a constant 6; € (0, 00)—independent of »—such that

Aaay m inf log u; (1) < lim sup log u; (F)

Btf(0)72 og R)72 = <O, 8.5
(8t£(0))"/2 e (log R)"/> Romo (log R)/2 t (8.5)

where Ag and a;y = a.(f , ») were defined in Proposition 4.4.

Proof. Choose and fix two positive and finite numbers a and b that satisfy the

following:
1 4t £(0)

a< ——w, b>-—
4t£(0) (Aqar)?
According to Lemma 8.1, the following holds for all A > 0 sufficiently large:

(8.6)

e b8 N® < P Ly (z)] > A} < e @08V, (8.7)
Our goal is twofold: First, we would like to prove that with probability one

log |uf (R)| < (log R)"/?> as R — oo; and next to estimate the constants in “<.”
We first derive an almost sure asymptotic lower bound for log |u} (R)|.
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Let us proceed as we did in our estimate of (7.3). We introduce free pa-
rameters 3,k, N > 1 [to be chosen later] together with N points 2", ... M),
We will assume that D(z(® ,20)) > 2n8(1 + v/t) where D(x,y) was defined
in (5.24) and n := [log 5] + 1 as in Lemma 5.4. If £ > 0 is an arbitrary pa-
rameter, then our localization estimate (Lemma 5.3) yields the following for all
sufficiently-large values of R [independently of N and f]:

P{ max_|u(z9)] <e5v1°gR}
1<GEN

< P{ max U™ (20))] < 2e5vlogR} + P{ max_|u(z9)) — Ut(ﬁ’”)(a:(j))’ > eﬁvlogR}

1<<N 1<EN
N NGFEF/2eFM
_ (B,m) (. .(1) ¢VIog R
<(1 P{’Ut (« )’ > 2eVPER L)y SR T (8.8)

And we estimate the remaining probability by similar means, viz.,

{‘U(’B" <1>)‘ > zefvlogR} (8.9)

> P{ (1) ‘ > 365\/71%3} _p {‘ut(x(n) -~ Ut(ﬁ’")(x(l))‘ > e&x/ilogR}
2\ NGFEF/2eFK
_ ¢VIog B _
> exp ( b{log (3575 T) | ) GRb/2 kIR R

We now fix our parameters N and [ as follows: First we choose an arbitrary
6 € (0,1), and then select N := [R?]% and 3 := R'~?/log R. For these choices,
we can apply (8.9) in (8.8) and deduce the bound

P{11<r;a<x lug(z5)| < egvlogR} (8.10)

N
o const GEk/2eF R (log R)* GFER/2eE R (log R)*
S\ T e T R(kb(1—6)—20d)/2 otk\/Tog R R(kb(1—0)—20d)/2 otkvIog R

Now we choose our remaining parameters k and £ so that %kb(l —0)—0d>2
and b¢% < 0/2. In this way we obtain

P {13225\, lug ()] < egm} < exp (70R0/2> + % (8.11)
In a cube of side length 2(1++/t) R, there are at least N points separated by “D-
distance” 2(1++/t)Bn. Therefore, the Borel-Cantelli Lemma and a monotonicity
argument together imply that liminfp .., exp{—&(log R)/?}uj(R) > 1 almost
surely. We can first let 6 | 1, then & T (2b)~"/2, and finally b T 4t£(0)/(Aga;)>*—
in this order—in order to complete our derviation of the stated a.s. asymptotic
lower bound for u; (R).
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For the other direction, we begin by applying (6.22) and (BDG):

[[ue () = ue(y)llyy, < const - ||z — 2’| (8.12)

+2 <4k'f(0) [ s [ [ dwipso - ) - prosfur- ”'D -

We apply Proposition 4.4 to estimate ||us(0)] 2k, and Lemma 6.4 to estimate the
integral that involves the heat kernel. By arguments similar as in Lemma 7.2, we
find that there exists C' = C(t) € (0, 0c0)—independently of (x,y, k&, »)—such
that uniformly for all z,y € R? with ||z — y|| < (t2)"2,

2k k_Atf(0)k? |z — 3/||k
E (Jur(z) — ui(y)[**) < (Ck)e k2 (8.13)
By arguments similar to the ones that led to (7.12) in the companion paper [10]
we can show that

El  sup  Ju(e) —u(y)* | < CFe¥ (8.14)
z,ycT:
lz—ylI<Vis

(where C7 and Cy depend only on t), uniformly over cubes T' with side lengths
at most 1. [The preceding should be compared with the result of Lemma 7.2.]
Now that we are armed with (8.14), we may proceed to complete the proof of
the theorem as follows: We split [0, R]¢ into subcubes of side length a each of
which is contained in a ball of radius %(t%)l/ ? centered around its midpoint. Let
Cgr denotes the collection of all mentioned subcubes and Mg the set of their
midpoints. For all { > 0, we have:

P {u:(R) > 2e<v1°gR} <P { max [ug(z)| > erogR} (8.15)
TEMR

+ P{ sup sup |u(z) — ue(y)| > eclegR} ,
TeCr x,yeT

<O(RY)-P {|ut(0)| > ecm}

# 30 p{ s o) — )] > VTR
TeCr z,y€T

We use the notation set forth in (8.7), together with (8.14), and deduce the
following estimate:

k,Cok?
efagz log R Cle

P {u(R) > 2VoET Y — O(RY) W] . (8.16)

as R — oo. Now choose k := [(log R)/?] and ¢ large so that the above is
summable in R, as the variable R ranges over all positive integers. The Borel-
Cantelli Lemma and a standard monotonicity argument together imply that
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with probability one, limsupp_. . (log R)~/?logu}(R) < ¢. [Now R is allowed
to roam over all positive reals.] From the way in which ¢ is chosen, it is clear
that ¢ does not depend on s. O

9 Riesz kernels

Now we turn to the case where the correlation function is of the Riesz form,;
more precisely, we have f(z) = const - ||z|| = for some « € (0,d A 2). We begin
this discussion by establishing some moment estimates for the solution u to
(PAM). Before we being our analysis, let us recall some well-known facts from
harmonic analysis (see for example [25]).

For all b € (0,d) define Ry(z) := ||z]|~° (z € R?). This is a rescaled Riesz
kernel with index b € (0,d); it is a locally integrable function whose Fourier
transform is defined, for all £ € R?, as

w4224 7T ((d ~ p)/2)
Wy

We may note that the correlation function f considered in this section is pro-
portional to R,. We note also that the Fourier transform of (9.1) is understood
in the sense of generalized functions. Suppose next that a,b € (0,d) satisfy
a4+ b < d, and note that Rdfa(g)Rdfb(f) = {Cd,aCd,b/Cdyaer}Rd,(Hb) (6) In
other words, whenever a,b,a+ b € (0,d),

7%17(5) = Cd’dfblefb(f)7 where Cd,p =

(9.1)

Ci.aCap

Ra—a * Ra—p =
Cd.a+b

Ra—(a+b)» (9:2)
where the convolution is understood in the sense of generalized functions.

9.1 Riesz-kernel estimates

We now begin to develop several inequalities for the solution u to (PAM) in the
case that f(z) = const - |||~ = const - Ry(x).

Proposition 9.1. There exists positive and finite constants ¢ = c(a,d) and
¢ =¢(a,d) such that

f(4—a)/(2—a)

L L h _ kdma)/(2-a)
Uy €XPp (Ct%a/@_a)> <E (|Ut($)| ) < Ug exp (Ct%a/(g_a)> . (93)

uniformly for all x € RY, t,3¢ > 0, and k > 2, where u, and Uy are defined in
(1.8).

Remark 9.2. We are interested in what Proposition 9.1 has to say in the regime
in which ¢ is fixed, » ~ 0, and k ~ co. However, let us spend a few extra lines
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and emphasize also the following somewhat different consequence of Proposition
9.1. Define for all k > 2,

1 k
A(k) = liminf inf >logE (ju(2)|")

(9.4)

1
A(k) :=limsup sup glogE (Jug()[*) .

t—oo zeRd

These are respectively the lower and upper uniform Lyapunov L*(P)-exponents
of the parabolic Anderson model driven by Riesz-type correlations. Convexity
alone implies that if A(kg) > 0 for some kg > 0, and if (k) < oo for all k > ko,
then A\(k)/k and A(k)/k are both strictly increasing for k > kq. Proposition 9.1
implies readily that the common of these increasing sequences is co. In fact, we
have the following sharp growth rates, which appear to have not been known
previously:

c A(k)

— ¢ limint 20 gy 2B °
el S Hmintore=ly Slmsuparnsy S e

(9.5)

These bounds can be used to study further the large-time intermittent structure
of the solution to the parabolic Anderson model driven by Riesz-type correla-
tions. We will not delve into this matter here. O

Proof. Recall that f(z) = A - ||z]|~%; we will, without incurring much loss of
generality, that A = 1.

We first derive the lower bound on the moments of u:(x). Let {b(j)}fz1
denote k independent standard Brownian motions in R?. We may apply Lemma
4.5 to see that

E (Jue(x)[¥) > ubE |exp ZZ/ Hb(z_a/zds , (9.6)

1<i#j<k

We can use the preceding to obtain a large—deyiations lower bound for the
kth moment of us(z) as follows: Note that fot 68 — b(J)||_°‘ ds > (2€) %t1q,

a.s., where () is defined as the event {maxi<i<k Sup,ejo Hbq || < €}. Therefore,
k(k — 1)t

E k) > uk —F | -P(Q.)] . 9.7

(o)) > s sup [exp (T2 ) - peo)] 0:7)

Because of an eigenfunction expansion [27, Theorem 7.2, p. 126] there exist
constants A\; = A1(d) € (0,00), and ¢ = ¢(d) € (0, 00) such that

s€[0,t/e?]

k
P(Q.) = (P{ sup ||V < 1}> > cFeFh/e (9.8)
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uniformly for all k > 2 and € € (0,¢7?]. And, in fact, \; is the smallest positive
eigenvalue of the Dirichlet Laplacian on the unit ball of R?. Thus,

v )]

The supremum of the expression inside the exponential is at least const - tk -
2/ (2=e) /500/(2=@) " where “const” depends only on (a,d). This proves the as-
serted lower bound on the L*(P)-norm of u;(z).

We adopt a different route for the upper bound. Let {R)}x>o denote the
resolvent corresponding to v/2 times a Brownian motion in R% with diffusion
coefficient ». In other words, Ryf = [, exp(—As)(p2s * f) ds = (Y/2)(Ry)2f).
Next define

E (Jur(x)*) > (cup)*  sup ][exp< (9.9)

ec (0,42

Q(k, B) := zk\/ (Rog/if)(0) for all 5> 0 and k > 2, (9.10)

where zj, is the optimal constant, due to Davis [14], in the Burkholder-Davis—
Gundy inequality for the L*(P) norm of continuous martingales [4, 5, 6]. We
can combine [17, Theorem 1.2] and Dalang’s theorem [12] to conclude that,
because the solution to (PAM) exists, (Rxf)(0) < oo for all A > 0. The proof
of [17, Theorem 1.3] and Eq. (5.35) therein [loc. cit.] together imply that if
Q(k,B) < 1 then e P/*||uy(x)||x < To/(1—Q(k,)) uniformly for all ¢ > 0 and
x € R%. In particular, if Q(k, 3) < %, then

E (Jus(z)|F) < e*2Fag,. (9.11)

According to Carlen and Kree [8], 2, < 2V/k; this is the inequality that led also
to (BDG). Therefore, (9.11) holds as soon as k(Rag,x f)(0) < 1/16. Because both
Brownian motion and f satisfy scaling relations, a simple change of variables
shows that (R f)(0) = coA™(27®)/2,,72/2 where c; is also a nontrivial constant
that depends only on (d,«). Therefore, the condition k(Rag/xf)(0) < 1/16—
shown earlier to be sufficient for (9.11)—is equivalent to the assertion that
B> k- C3kj2/(2_°‘)/%a/(2_a) for a nontrival constant c3 that depends only on
(d, ). Now we choose 3 := 2k - c3k?/(2=) / 52/ (2=2) "plug this choice in (9.11),
and deduce the upper bound. O

Before we proceed further, let us observe that, in accord with (9.2),

const
||x|| (d4a)/2?

f(z) = comst_ (hsh)(z) = (h*h)(z) with h(z):=

R

(9.12)

where the convolution is understood in the sense of generalized functions.
As in (3.16), we can define hy,(z) := h(x)on(x) and f, = (h—hy) * (h — hy,).

Lemma 9.3. For alln € (0,1A«) there exists a constant A := A(d,s»,a,n) €
(0,00) such that (ps * f)(0) < An="-s~(@=0/2 for all s >0 and n > 1.
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Proof. Because f, < h* (h — hy,), it follows that
(s * £)(0) < [(ps * b )(0) — (s * % by ) (0)]
— [y [ en@hwhe-D0-w-2) 013
R4 R

dy ps(2) dz ly — =1\ .
<ot | /R -z 1)
see (3.11).

Choose and fix some n € (0,1 A ). Since 1 Ar < 7" for all » > 0,

const dy ps(z)dz
s 0) < '
s 00 < S5 [ e o Ty e

const
= / dy/ dz Rata)/2(¥)ps(2)R(dra—2n)/2(2 — )
n R R4
t
== / 2=+ py (2) dz, (9.14)
nn R4

by (9.2), because p; is a rapidly-decreasing test function for all s > 0. A change
of variable in the integral above proves the result. O

Proposition 9.4. For every n € (0,1 A «), the following holds uniformly for
every k > 2, § > 0, and all predictable random fields Z :

() . / k ()
M(S <p*ZF(h)7p*ZF(h )) gCOHSt‘ m Mg (Z), (915)

where the implied constant depends only on (d, s, a,n).
Remark 9.5. Proposition 9.4 compares to Proposition 3.4. O

Proof. For notational simplicity, let us write

P H (p * ZF(h))t (z) — (p * ZF(h")>t (a:)Hk . (9.16)

We apply first (BDG), and then Minkowski’s inequality, to see that for all § > 0,

= <a[mP@] k[ as [ ay [ dnmn-ome)

2 (oo}
< 420t [Mg’“)(Z)] k/o e 2 (pay * fn) (0)dr

= 2020 [MQ“(Z)]% /0 ¢35 (py * f) (0) ds. (9.17)

The appeal to Fubini’s theorem is justified since: (i) p, is a rapidly decreasing
test function for all r > 0; (ii) p, * p, = p2, by the Chapman-Kolmogorov
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equation; and (iii) p,, fn = 0 pointwise for every r > 0 and n > 1. Now we
apply Lemma 9.3 in order to find that for all n € (0,1 A a),

25tk 9 oo
=2 < const - ¢ ; [.Mgk)(Z)] / e Osgm(@mm/2 g
" 0 (9.18)

25t
ek 2
= const - —— [Mgk)(Z)} o @-atm/2,
nn
Since the right-most term is independent of z, we can divide both sides by
exp(24t), optimize over ¢, and then take square root to complete the proof. O

9.2 Localization for Riesz kernels

The next step in our analysis of Riesz-type correlations is to establish local-
ization; namely results that are similar to those of Section 5 but which are
applicable to the setting of Riesz kernels.

9.3 The general case

Recall the random fields U®), V) and Y'®) respectively from (5.2), (5.6), and
(5.7). We begin by studying the nonlinear problem (PAM) in the presence of
noise whose spatial correlation is determined by f(x) = const - ||z|~“.

Proposition 9.6. Let u denote the solution to (PAM). For every T > 0 and
n € (0,1 A «) there exist finite and positive constants €; := £;(d,a, T, ,n)
[i =1,2], such that uniformly for 3 >0 and k > 2,

k k/2 . .
n(a) - UP@| ) < (F) T

sup sup E(
te[0,T] zeR4

Proof. Notice that
V@) = (prruo)(@) + (px UPFP) (@),
! (9.20)
Y (@) = (pr o uo) (@) + (px UDFID) ().

t

Proposition 9.4 tells us that for all p € (0,1 A ),

k
M (VO =Y ) <O | G MO W), )

where C is a positive and finite constant that depends only on (d, s, a,n). It
follows from the definition (1.5) that

k2(2—a)/2

*) (1,8 _ (ﬁ)) N A
M (V Y < const G 5@tz

MP (e, (9.22)
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where “const” depends only on (d,s,«,n). In order to estimate the latter
./\/lgk)—norm we mimic the proof of the first inequality in Proposition 9.1 to see

that, for the same constant ¢ as in the latter proposition, logHUt(B) @)|e <
g + ctk?/ =) /324/2=) uniformly for all 2 € R%, t,5,6 > 0, and k > 2. We
omit the lengthy details because they involve making only small changes to the
proof of the second inequality in Proposition 9.1. The end result is that

MBI (TP < sup [T ex PPl | (9.23)
) ~ t>g 0 p %a/(2_a) - 05 .

provided that
§ > ck?/ (27 [0/ (2=e) (9.24)

Therefore, the following is valid whenever ¢ satisfies (9.24):

/ k
k
M) (Vw) - y(ﬁ)) <O - IRrCETE (9.25)

where C depends only on (d, »,«,n,0(0),Lip,, o).
In order to bound ||Y;(B)(;v) - Ut(ﬂ)(av)Hk7 we apply (BDG) and deduce that

BV @) - 0 @)") (9.26)

. k/2
4k/ ds/ dy/ dz h§? (2 —y)W
0 [z—BVt,z+BV1]° [z—BVt,z+BV1]°

¢ k/2
< 4k / ds / dy / &z fG— )Wl |
0 [x—BVE, z+BVE]e [x—BVE, z+BVE]e

where we have used Minkowski’s inequality in the last bound. Here, hg’a) =
hg * hg, and W = p;_o(y — )pi_s(2 — ) ul? (y)] - |U§B)(z)\. In particular,

<E

v, e

||W||k/2 <pi—s(y — 2)pr—s(z — ) sup
yeR4

thanks to the Cauchy—Schwarz inequality. By the definition (1.5) of Mgk),

sup Us(ﬁ)(w)H < e‘ss./\/lgk) (U(ﬁ)) for all s > 0. (9.28)
weRA k
Therefore,
[Wllx/2 < const - eQaspt_s(y — T)pi—s(z — x)./\/lgk)(U(ﬁ))Z. (9.29)

Let us define

¢
L o 20s . o
@.—/O dsi/Adydz f(z—y)e*p_s(y — 2)pi—s(z — z), (9.30)

40



where we have written A := [z — v/, + BV/1]¢, for the sake of typographical
ease. Our discussion so far implies that

HYJ‘” (z) — UP (x)”k < const - vk MP(U®) . 92, (9.31)

We may estimate © as follows:

t
0 < / sup (p—s * f)(w)e%s ds pi—s(y — ) dy
0

¢
< const - / sup (pi—s * f)(w) exp <—46é52t) + 255) ds
0

weRA »x(t—s

where we used (5.13) and “const” depends only on (d,«). Because p;_s * f is
a continuous positive-definite function, it is maximized at the origin. Thus, by
scaling,

const
s 75> 9.33
U;S;lgd (pt * f) ( ) (t _ S)a/2%a/2 ( )
where “const” depends only on (d, «). Consequently,
const ¢ dg?t ds
0 ——- -+ 205 | —— 9.34
), o (i ) G (8.34)

1 2
< const ) 626t t(27a)/2\/ *dﬁ /(43cs) ds < COHStt(g_a)/Q exp (25t . d) .
0

= 200/2 SO‘/Q = 200/2 Ase

It follows from the preceding discussion and (9.31) that

Mgk) (Y(B) — U(B)) < Ln/s’: =62 /(85) VE, (9.35)
%Ot
provided that § satisfies (9.24).
Next we note that

lue(z) — VP (@) 1k

< Pi—s(y — ) |us(y fUS(B)y F) dsdy
L Pty =) [ VP ) O ]
t
<const-\/k/ ds/ dy/ dz f(y— 2)7,
0 R¢ R4
where
SRR R e |
(9.37)

< pr—s(y — )pe—s(z — x) sup
yeRd

us(y) - U§ﬂ><y>Hk .
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We then obtain

¢ _®oye \ 2
Sup,, ||Us<y) Us (y)Hk dS) ’ (938)

UL\ ) — ) X X const -
o) — Vi@ e < const (k/ T

from similar calculations as before; see the derivation of (9.33). Consequently,

1/3
S —26r
Mg (u - V(’B)) < const - k2 MY (u B U(ﬁ)) </ 67(1/2 dr)
0o () (9.39)

const - k'/? (k)
_ _omsh v _77®
= SarigaayMs (“ v )

Next we apply the decomposition (5.5) and the bounds in (9.39), (9.35), and
(9.25) to see that

M (u - U<ﬁ>) (9.40)

<MW (U, V(B)) + MP (Vw) ,y(ﬁ)) + MW (Y(m _ U(ﬂ))

const - k"2 () k const - k2 _ 5
it _uy® . —dB%/(85)
< %a/45(2—a)/4M5 (“ U ) +C B - §2—at+n)/2 + /4 ¢ )

We now choose § := Ck?/ (2= /52/(2=2) with C' > € so large that the coefficient

of /\/l((;k)(u — U®) in the preceding bound, is smaller that 1/2. Because ¢ has a
lower bound that holds uniformly for all k£ > 1, the preceding implies that

/\/lgk) (u — U(ﬁ)) < const - Vk [ﬂfn/Z + efdﬁQ/(S")} < const-Vk 32, (9.41)
which has the desired result. O

Recall the nth level Picard-iteration approximation Ut(ﬁ ’")(:c) of Ut(ﬁ ) (x) de-
fined in (5.18). The next two lemmas are the Picard-iteration analogues of
Lemmas 5.3 and 5.4.

Lemma 9.7. For every T >0 and n € (0,1 A «) there exist finite and positive
constants €; :=4;(d,a,T,»,n,0) [i =1,2], such that uniformly for 8 > 0 and
k>2

(8, [log Bl +1) k Lok k/2 (A4-a)/(2=a)
ug(z) — U 18 (x)’ > < (B”) ehk . (9.42)
Lemma 9.8. Choose and fit 3 > 1,t >0 andn > 1. Also fitzM, 23 ... ¢ R4
such that D(z™ |, £()) > 2nB(1 4+ v/t). Then {Ut(ﬁ’n)(a?(j))}jez are independent
random variables.

sup sup E(
te[0,T] zeR4

We will skip the proofs, as they are entirely similar to the respective proofs
of Lemmas 5.3 and 5.4, but apply the method of proof of Proposition 9.6 in
place of Lemma 5.2.
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9.4 Proof of Theorem 2.6

The proof of this theorem is similar to that of Theorem 2.5. Thanks to Propo-
sition 9.1 and [10, Lemma 3.4], we have the following: There exist positive and
finite constants a < b, independently of » > 0, such that for all € R? and
A>e,

ae—b(log ) (Am)/2,00/2 < P{|ut(x)| > )\} < be—a(log)\)(47a>/2%a/2.

(9.43)
Define, for the sake of typographical ease,

M - (log R)?/(4=)
Em = En(R) := exp < (%ag/(zxza) >

for all M > 0. (9.44)

For the lower bound, we again choose N points (1, ..., (™) such that D(z(® | z(@)) >
2nB(1 + \/t) whenever i # j; see (5.24) for the definition of D(x,y). Let

n := [log 3] + 1 and choose and fix n € (0,1 A «). We apply Proposition 9.6 and

the independence of the U™ (2())’s (Lemma 9.8) to see that

P{ max_|u(z9))] < EM}

1<G<N

< (1 - P {|Ut(’6’n) (=) > QSM})N + const (9.45)

N
Bkn/ngl&

<(1—|P W) > 3¢ .l ) .
<(1- |ug ()| = 3E0 ¢ — cons a7 + cons G

since &) is large for R sufficently large. Notice that the implied constants
depend on (s ,t,k,d,a,n,0). Now we choose the various parameters involved
[and in this order]: Choose and fix some v € (0,1), and then set N := [R"]?
and 3 := R'™¥. The following is valid for all M > 0 sufficiently small, every k
sufficiently large, and for the mentioned choices of N and G:

P {1m_axN g (29))] < SM} < const - R™2. (9.46)
NYA

Borel-Cantelli Lemma and a simple monotonicity argument together yield the

bound,

log uy(R) C

R (log B2/~ ella) (0.47)

where C' does not depend on . For the other bound, we start with a modulus
of continuity estimate, viz.,

+ 1/2
(o) = el < const-lo =yl + (8 [ sup (@)l Zoas) . 049

0 aeR

where Z, := [[ga, gedwdz [H(w)H(2)|f(w — 2), for H() = pi—s(§ — x) —
pi_s(€ —y) for all £ € RY. Because of Proposition 9.1, we can simplify our
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estimate to the following:

t 1/2
e (2) = e ()l an < comst - | | + TgeToH 2R O /2 <8k |z d5> |
0

(9.49)
The simple estimate [, [H(2)|f(w — z)dz < 2sup,cga(pi—s * f)(2), together
with (9.33) yields

const

const lz —yl
MW./RU[ [H(w)| dw < e ((t—5)1/2 A1), (9.50)

where “const” does not depend on (x,y,s,t), but might depend on »; see
Lemma 6.4 for the last inequality. These remarks, and some computations
together show that, uniformly for all z,y € R that satisfy ||z — y|| < 1 At/2,
E(|ut(z) — ut(y)[**) < Cllz — y||=*, where C := C(k, »,t,d, ) is positive and
finite and @ = min(1,2 — ). Now a quantitative form of the Kolmogorov
continuity theorem [13, (39), p. 11] tells us that uniformly for all hypercubes
T C R? of side length < d=/2(1 At"/?), and for all § € (0,1 At7?),

I <

E| sup |u(z)—u(y)* | <const- (6%k)Fexp (
z,yeT
lz—yll<s

5,5(%)(4—0:)/(2—0:)
%a/(27a) ) ’

(9.51)
where “const” depends only on (,t,d,a). We now split [0, R]? into sub-
cubes of sidelength const- (1 At"/?), each of which is contained in a ball of radius
(1 At?)/2. Let Cr denote the collection of mentioned subcubes and My, the
set of midpoints of these subcubes. We can then observe the following:

P{uj(R) > 26} < > P{lu(a)| >+ 3 P {oqgc(ut) > gM}, (9.52)

xEMR TeCr

where Oscr(g) := sup, 7 |9(z) — g(y)|, and ¢ depends only on (¢,d). In this
way we find that

P {u}(R) > 2E0} < AR x

(9.53)

ApA—)/ (=) —a/(2-a) ]
k)

oMk(log R)2/ (=) = o/ (=)

where A € (0,00) is a constant that depends only on (¢,sr,«,d). Finally,
we choose k := %a/(‘l"”‘)(log R)(zf"‘)/(‘l*“) and M large enough to ensure that
P{u}(R) > 2Ey} = O(R™2) as R — oco. An application of Borel-Cantelli lemma
proves the result. O
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