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Dense blowup for parabolic SPDEs*
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Abstract

The main result of this paper is that there are examples of stochastic partial differential
equations [hereforth, SPDEs] of the type

ou=Au+o(u)y on(0,00) x R?

such that the solution exists and is unique as a random field in the sense of Dalang
[6] and Walsh [31], yet the solution has unbounded oscillations in every open neigh-
borhood of every space-time point. We are not aware of the existence of such a
construction in spatial dimensions below 3.

En route, it will be proved that when o(u) = u there exist a large family of parabolic
SPDEs whose moment Lyapunov exponents grow at least sub exponentially in its order
parameter in the sense that there exist A1, 8 € (0,1) such that

v(k) :=liminf ¢t~ " inf logE (\u(t7x)|k> > Ajexp(A1k?)  forall k > 2.

- t—o0 zERS
This sort of “super intermittency” is combined with a local linearization of the solution,
and with techniques from Gaussian analysis in order to establish the unbounded
oscillations of the sample functions of the solution to our SPDE.
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1 Introduction

Throughout, let us choose and fix a non random, globally Lipschitz-continuous func-
tion ¢ : R — R, and consider the stochastic heat equation,

ou(t,x)
ot
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= %(Au)(t,x) +o(u(t,x))nt, ) for (t,x) € (0,00) x R?, (1.1)
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Dense blowup

subject to initial value u(0) = 1. There is a certain amount of latitude in the choice
of the initial data; we have opted for a constant initial condition as it simplifies the
estimation of the L2-distance of the solution at different spatial points, for the additive
noise case; see Proposition 5.1. Our methods, however, can be extended to cover some
other non-constant initial data as well, though it would require additional technical effort
to carry out many of the ensuing computations.

The forcing term 7 is a white Gaussian noise with homogeneous correlations in its
spatial variable; that is, n is a centered, generalized Gaussian random field with

Cov[n(t,z),n(s,y)] = ot —s)f(x —y)  forall (t,z),(s,y) € Ry x R?,

where the spatial correlation function f : R® — R, is a non random, non-negative,
tempered, and positive semi-definite function. In principle, such equations as (1.1) can
be — and have been — studied on R; x R" for any integer n > 1. We will soon explain
why we study them for n = 3 here.

Let § denote the Fourier transform of any distribution g on R?, normalized so that

9(z) = / e@*g(r)de  forall z € R®and g € L' (R?).
RS

The starting point of this article is the following existence and uniqueness theorem of
Dalang [6]. Recall that f > 0 almost everywhere because f is positive semi-definite.

Theorem 1.1 (Dalang [6]). If

()
/}R3 TEE dz < o0, (1.2)

then (1.1) has a random field solution u. Moreover, u is unique subject to the condition
that

sup sup E (|u(t,z)|*) <oo forallk € [2,00).
te[0,T] zeR3

According to a general form of Doob’s separability theorem [20, Theorem 2.2.1,
Chapter 5], we may — and will — tacitly assume without loss of generality that the
4-parameter process u is separable.

Dalang [6] has observed that Condition (1.2) is also necessary in the case that ¢ is
identically a constant.

Recall that the oscillation function of a function v : R® — R is defined as

Oscy(z) :=lm sup [|¢(a) — ¥(b)] for all z € R?,
el0 a,beB(xz,e)
where
B(z,e):={yeR®: |y—z| <e} forallz € R®ande > 0. (1.3)

The main results of this paper are the following two theorems. In one form or another,
the next two theorems show the existence of models of (1.1) that can have unbounded
oscillations everywhere. This holds despite the fact that u(¢, z) is a finite random variable
at all non random space-time points (¢, x) € (0,00) x R3.

Theorem 1.2. Suppose in addition that c=1{0} = {0} and o is bounded. Then, there
exist correlation functions f : R® — R, that satisfy (1.2) and

P{Osc,)(z) =00 | u(t,z) #0} =1  forevery (t,z) € (0,00) x R®.
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This sort of extremely bad behavior of SPDEs has been observed earlier only for
simpler, constant-coefficient SPDEs [8, 9, 12, 14] and/or exactly-solvable ones [26,
Theorem 1.2] that are forced by “very wild,” non-Gaussian noise terms. We believe that
the methods of the present paper are novel, in addition to being general enough to
include a variety of nonlinear SPDEs that are driven by Gaussian white-noise forcing
terms. For a non-trivial variation of Theorem 1.2, see Theorem 1.3 below.

Before we describe that variation, we first would like to explain why we consider
equations on R4 x R™ only when n = 3: Spatial dimension three is the smallest dimension
in which we know how to establish the blowup results of Theorem 1.2 and the next
theorem.

Theorem 1.3. If0 < inf,cr 0(2) < sup,cg 0(2) < oo, then there exist correlation func-
tions f : R® — R, that satisfy (1.2) and

P {Osc,(z) =00} =1  forevery (t,z) € (0,00) x R®.

Theorems 1.1, 1.2, and 1.3 together imply that there are models of f that satisfy (1.2)
such that, for every ¢ > 0 fixed, the random function u(t) : R* — R has discontinuities of
the second kind. These theorems, particularly Theorem 1.3, fall short of establishing the
following conjectures.

Conjecture 1. Under the hypotheses of Theorem 1.2, there exist correlation functions
f:R3 — R, that satisfy (1.2) and

P {Oscy)(z) = oo forall (t,z) € (0,00) x R*} = 1. (1.4)

Conjecture 2. Suppose o(z) = z for all z € R. Then, there exist correlation functions
f: R? — R that satisfy (1.2) and (1.4) holds.

One of the main sources of difficulty in proving Conjectures 1 and 2 is that we do not
know how to replace conditional probability bounds such as (5.10) by unconditional ones.
An additional difficulty is that we do not know whether, for the covariance function we
constructed in this paper, the solution to (1.1) is strictly positive a.s. In fact, the methods
of this paper are efficient enough to prove Conjecture 1 provided that the answer to the
following is “yes”:

Open Problem. Under the hypotheses of Theorem 1.2, is it true that
P {u(t,z) > 0 for all rational t > 0 and z € Q*} =17

The only strict-positivity type of theorem for SPDEs that we are aware of is a cele-
brated theorem of Mueller [25]; see also [24, pp. 134-135]. But that result, and its proof,
rely crucially on the a priori Hélder continuity of the solution. This is a luxury that we
do not have in the present setting, as is corroborated by Theorems 1.2 and 1.3. The
best-known result, along these lines, is the following consequence of Corollary 1.2 of
Chen and Huang [2].

Theorem 1.4 (Chen and Huang [2, Corollary 1.2]). If, additionally, o(0) = 0, then
P {u(t,z) > 0 for all rational t > 0 andz € Q*} = 1.

The remainder of this paper is devoted to proving Theorem 1.2. At the end of the
paper, we have also included a paragraph which outlines how one can prove Theorem 1.3
from Theorem 1.2. In anticipation of those arguments let us conclude the Introduction
by introducing more notation that will be used throughout the paper.
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Throughout, let p;(z) = p(t,z) denote the heat kernel in R3; that is,
pi(z) == (2mt) 321217/ forall z € R? and ¢ > 0. (1.5)

In particular, p; does not refer to the time derivative of the heat kernel; rather the heat
kernel itself.
We will use the following notation for shorthand. For any two functions A, B : R — R,
where R is a topological space:
e A(r) ~ B(r) asr — 1o means lim,_,,,(A(r)/B(r)) = 1;
* A(r) < B(r) for all » € R means that either A = B = 0 on R or A(r)/B(r) is
independent of r € R;
* A(r) < B(r) [equiv. B(r) 2 A(r)] for all r € R means that there exists a finite
constant ¢ > 1 such that A(r) < ¢B(r) forall r € R;
* A(r) < B(r) for all r € R means that B(r) < A(r) < B(r) forall r € R.
Finally, let us recall that by a “solution” v to (1.1) we mean a “mild solution.” That is:
(i) u is a predictable random field — with respect to the Brownian filtration generated by
the cylindrical Brownian motion defined by B;(¢) := f[o,t]xRB d(y)n(dsdy), forall t > 0
and measurable ¢ : R® — R such that (¢, f *¢) r2(r3) < 00; and (ii) u solves the stochastic
integral equation,

u(t,z) =1 +/ pi—s(y — x)o(u(s,y)) n(dsdy), (1.6)
[0,t]xR3

where the stochastic integral is understood in the sense of Dalang [6] and Walsh [31].
Finally, it might help to recall also that

Cov[Bi(¢1), Bs(¢2)] = min(s, t){(¢1, f * d2) 12(ms),

for all s,¢ > 0 and measurable ¢;, ¢2 : R* — R such that (¢; , f * Gi)r2(ms) < oofori=1,2.

2 Some classical function theory

Recall that a function f : R® — (0, o) is said to be a correlation function if f is locally
integrable, with a nonnegative Fourier transform f The main goal of this section is to
establish the following quantitative variation on a certain form of Wiener’s tauberian
theorem. The following result will be used to show that there are many “bad” correlation
functions on R3.

Throughout, define B(r) to be the centered ball of radius r about the origin; that is,

B(r):={zeR’: |z| <r} for all r > 0. (2.1)

Theorem 2.1. For every o > 1 there are correlation functions f : R* — (0,00) such
that:

1. f,f>0o0nR3;

2. f is uniformly continuous on R? \ B(r) for every r > 0;

3. There exists a nonincreasing function ¢ : R, — Ry such that

f(z) = ¢(|z||) forallz € R?; (2.2)

4. f(x) = [l]| =2 [log(1/|lz])]"* uniformly for all z € B(1/e)\ {0}; and
5. f(z) < ||lz||=* log(||lz|)] ™ uniformly for all x € R?\ B(1/e).
6. f

satisfies Dalang’s Condition (1.2).
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We will fix the notation, introduced in Theorem 2.1, for both f and ¢ from now on.
Interestingly enough, we are only aware of one proof. Though most of that proof can
be translated into the language of classical function theory — specifically, the theory
of Bernstein functions, for example, as described in Schilling, Song, and Vondracek
[29] — our proof is decidedly probabilistic at a key point. The reason is that, thus far, the
unimodality result (2.6) below only has a probabilistic derivation, as it depends crucially
on the strong Markov property; see Khoshnevisan and Xiao [22, Lemma 4.1] for details.
From now on, a > 1 is held fixed. We follow an idea of Khoshnevisan and Foondun
[12], and first define an absolutely-continuous Borel measure v on (0, c0) whose Radon-
Nikodym density at » blows up a little bit more slowly than »—3/2 as r | 0. Specifically,
let
W (log(1/r))”
—(r) := 73/2
dr 0 otherwise.

if0<r<e,

Because

rl/2

® ot — [ (os/m)*
/0(1/\)((1)/0 dr < oo,

the structure theory of Lévy processes — see Sato [28, Chapter 4] — tells us that v is
the Lévy measure of a subordinator T := {7} };>¢ such that 7; = 0 and

Eexp (—AT;) = exp(—t®(A))  forallt,A >0,

where

o] e ! 767)\75 o «
B(\) ;:/0 (1—eN) z/(dt):/o (1= e™™) Uog(1/D)" 4

$3/2

The following lemma describes the asymptotic behavior of ® near infinity.
Lemma 2.2. ®(\) ~ (470)Y/2 (log \)* as A\ — oo.

Proof. Thanks to scaling and a simple application of the dominated convergence theorem,

o(3) = V- /Ae (1= =) (o) 4 1og e [,
’ 0

$3/2 $3/2

as A — oco.! Now write 1 —e™% = f(f exp(—r) dr, plug this into the preceding integral and
apply Tonelli’s theorem in order to deduce the lemma. O

Next let U denote the 1-potential measure of the subordinator 7T'; that is, for all Borel

sets A C R4,
U(A) = / P{T; € A}e"dt. (2.3)
0
Evidently, U is a Radon probability measure on R. We refer to this property of U many
times in the sequel, and will sometimes even do so tacitly.

One can write (2.3) equivalently as follows: f gdU = Eg(Ts), for all bounded Borel
functions g : Ry — R, where S denotes an independent random variable with an
exponential, mean-one distribution.

The following estimates the U-measure of a small interval about the origin.

Lemma 2.3. U[0,¢) =< £'/2[log(1/¢)]~ foralle € (0,e™1).

'Indeed, 0 < log(A/s) < log A + s~ 1/(40) 4 s1/(42) forall X > 1 and s € (0,1/2).
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Proof. The Laplace transform of U can be computed easily as follows, thanks to several
applications of the Fubini-Tonelli theorem: For all A > 0,

o0 o0 1
LU) (A ;:/ e MU(dt :E/ e tAT dt:/ e Wl = — —_ (2.4)
(ZU)(N) 0me) (dt) ; ; TE o0
Therefore, Lemma 2.2 ensures that
1
(LU)(A) ~ as A — oo. (2.5)

(47\)1/2 (log \)“
Now we apply a standard abelian argument as follows: First of all, because
(LU)N) = / e MU(dt) = e 'U[0,1/))  forall A >0,
[0,1/X)

we can deduce from (2.5) that U[0,1/)\) < A~'/2(log \)~® for all A > e. In order to obtain
the remaining converse bound, let us first recall that U is “4-weakly unimodal” in the
sense that

Ulx—r,z+7r)<4U[0,r) for every x € R and r > 0; (2.6)

see Khoshnevisan and Xiao [22, Lemma 4.1]. Consequently,

LU\ < e "Un/A,(n+1)/)\) <4 e "U0,1/\) = Ul0,1/\).
( )()n; [n/A, (n+1)/X) nz:% [0,1/2) = —U[0,1/})
A second appeal to (2.5) completes the proof; to finish we simply set A := 1/e. O

Proof of Theorem 2.1. Let T denote the subordinator that we just constructed in Lemma
2.3, and let W := {W(t)};>0 be an independent standard Brownian motion in R3. Then,

Xy = W(T,) [t=0]

is an isotropic Lévy process in R?. We can see, by first conditioning on 7}, that the
characteristic function of X is given by

2
Eexp(iz - X;) = Eexp <22” Tt> =exp (—t® (||z]|*/2))  forallt>0andz € R

Recall that the heat kernel p,(z) — defined in (1.5) — is the probability density of
W (s) at 2 € R? for every s > 0. Therefore, for every measurable function v : R3 — R,

E/OOO Y(Xy)e tdt = /000 e tdt /OOO P{T; € ds} /11{3 dz ps(z)y(z)
= [ v [ st = [ v

where -
f(z) ;:/ ps(x)U(ds)  forall z € R®. (2.7)
0

This is the function f that was announced in Theorem 2.1.
Clearly, f > 0 on R3. Also, Fubini’s theorem and (2.4) together imply that the Fourier
transform of f is
1

f(z) = /000 e—slI=P/2 7 (ds) = (2U) (I1z117/2) = [ EEE)] for all z € R3.
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Among other things, this calculation shows that:
(@) 0< fg 1; and in particular,
(b) f is positive semi definite.
It follows that f is a correlation function, and Part 1 of the theorem is also proved.
Since U(R3) < 1, and because (s,z) — ps(z) is bounded uniformly on (0,00) x
[R3\ B(r)] for every r > 0, the continuity of # — p,(z) and the dominated convergence
theorem together prove that f is continuous uniformly on R? \ B(r) for every r > 0,
whence follows part 2 of the theorem.
Part 3 follows immediately from (2.7) and the isotropy and monotonicity properties
of the heat kernel.
In order to verify part 4 of the theorem we decompose f as follows:

-1

flay = [  n@ U+ |

=f1(z) =f2(x)

o0

1 ps(x) U(ds),

Because p,(r) < s73/2 forall z € R® and s > 0,

> U(ds) & /<”+1>el U(ds) _ i Ulne™, (n+ 1)e1)

swp ) < [ S = e iy

z€R3 ne—1

n=1 n=1

<4e32U00,e7Y) - Zn_3/2 < 0.
n=1

We have used the weak unimodality [see (2.6)] of U in order to deduce the second line
from the first. Therefore, it remains to prove that f;(x) < ||z|| =2 log(1/||z||)~“ as long as
x| <e .

Lemma 2.3 implies the existence of two finite and positive constants a and b such
that, uniformly for every ¢ € (0, e’l),

ac'?log(1/e)~® < U[0,¢) < be'/?log(1/e) ™.

Consequently, as long as we choose a large enough constant K > 0, the following holds
uniformly when |[|z||? < K~te !

fl(x) _ (2’/T)_3/2 /e exp (7“13” /(23)) U(ds)

; 372
Kl exp (—||2]1%/(2s))
—3/2
> (2n) /| N 2 u(ds) 08

L U0, Kljz|*) U [0, [|=]*)
= K3/223/27T3/261/2Hx||3

2 Nl =2 log(1/llz|N] ==

Since ¢ is monotone, the preceding holds also when K ~le~! < ||z||? < e~!. Similarly, we
can decompose

el exp(— |22/ (25
e X[ p(lel/25)

3/2
neEZ: (1) ||]|2 8§

e Mlz]?ge !

_ e”  3(n+1 n
ED> exp(—+())U[0,e ]

2 2
nez:

e " lf?<e !
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< )72 Z exp (—e;l—i-n) [log (e"/||x|\2)}7a.

nez:
e Mlel®<e ™!

This readily yields the complementary bound to (2.8) and completes the proof of part 4.
Part 5 was proved in Foondun and Khoshnevisan [12]; see the argument that led to
Theorem 3.14 therein (ibid.).
In order to complete the proof we verify part 6 of the theorem. Let {R)}-( denote
the resolvent of the heat semigroup on R?, run at twice the standard speed; that is,

(Rxg)(z) = /Ooo(pgs * g)(x)e_‘”‘ ds, (2.9)

for all functions g : R* — R for which the preceding Lebesgue integral is defined.
The theory of Foondun and Khoshnevisan [12, Theorem 1.2] implies that Dalang’s
Condition (1.2) is equivalent to the condition that (R, f)(0) < co. Therefore, it remains
to prove that (R, f)(0) is finite. This is a well-known calculation about the Newtonian
potential in dimension three. The computations will be carried out here for the sake of
completeness.

One can integrate as follows:

0< (Ruf)(0) < / " (pas % £)(0) ds = [ p)ds / T pn(@dsoc [ 18 g

re ]

Therefore, the lemma follows once one proves that [, |lz]| ™" f(2) dz < oc; that is, once
we prove that f has finite Newtonian potential.
Note that

/ Ps(2) dz o 5712,
R

s ]|

uniformly for all s > 0. It follows from the definition (2.7) of f that the Newtonian
potential of f can be written as

(I)dxcx/oo U(ds) o LU (ds) 1U(ds)+1.
0

o Tl 7Sl e s [

It remains to prove that fol s—1/2 U(ds) is finite; this endeavor will complete the proof
since U is a probability measure. To see that fol s12U (ds) is finite, one simply integrates

by parts,
1 1 1
U(ds) 1 Ulo,r] 1 / Ulo,r
== dr+U[0,1] < = dr+1,
/0 NG 2/0 r3/2 r+U.1 2 Jo 132 T
and applies Lemma 2.3 together with the fact that a > 1. This completes the proof.

O

3 Preliminary estimates

Recall that we are studying (1.1) for a Lipschitz-continuous, non-random function
o : R — R, subject to u(0) = 1.

From now on, we restrict attention to a noise model for n that corresponds to a spatial
correlation function f : R® — R that satisfies properties 1-5 of Theorem 2.1; the choice
of f is otherwise arbitrary.
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3.1 Existence, uniqueness, and moments
The following result follows from Theorems 1.1 and 2.1 (part 6).

Lemma 3.1. The stochastic partial differential equation (1.1), subject to w(0) = 1 admits
a predictable random field solution u. Moreover, u is unique, up to a modification, subject
to the condition that for all T € (0,00) and k € [2,00),

sup sup E (Ju(t,z)|") < oo.
te[0,T] z€R3

Remark 3.2. Recall ¢ from (2.2) and note that [p, [|z]| =" f(z) dz o [~ r¢(r) dr. Thus,
Lemma 3.1 follows from the fact that fOOO ro(r)dr < oco. This sort of integrability condition
for r — ro(r) arose earlier in the context of hyperbolic SPDEs; see Dalang and Frangos
[7].

Next we produce moment estimates for the solution to (1.1), all the time remembering
that the spatial correlation function f of n satisfies the properties mentioned in Theorem
2.1, and « > 1 is the underlying parameter that was used in the course of the construction
of f.

Theorem 3.3. Let u denote the solution to (1.1), and recall that o is Lipschitz continuous
and non random. Then, there exists a finite constant A > 0 such that

E (\u(t,a:)|k) < AFexp {Aexp (Akl/(afl)) ~t} , (3.1)

uniformly in x € R3 and k € [2,00) and t > 0. For a complementary bound, suppose that
o(z) = z for all z € R. Then, in that case, there exists a finite constant A; > 0 such that

E (|u(t,:c)|k) > A¥exp [Al exp (Alkl/a) ~t} , (3.2)

uniformly for all x € R? and all integers k > 2 and t > 0.

Remark 3.4. Inequality (3.2) is included here mainly because it shows that, for the
spatial correlation function f of the type studied here, the solution to (1.1) is “extremely
intermittent.” One way to say this is as follows: Consider the [lower] moment Lyapunov
exponents,

v(k) :== 1igglft*1 logE (Ju(t,0)[*)  forallk € [2,00).

Then, (3.2) proves that liminfy_,o, k~/“logvy(k) > 0. In other words, the Lyapunov
moments exponents grow extremely rapidly with the moment numbers. For usual
choices of the spatial correlation function f, log~(k) grows as log k, whereas it grows
as k'/® here. This sort of extreme intermittency provides a certain amount of evidence
toward the truth of Conjecture 2, though it certainly does not prove Conjecture 2.

In order to prove the upper bound (3.1) we will use a general result of Foondun and
Khoshnevisan [12, Theorem 1.3]. For the lower bound (3.2) we first use a Feynman-
Kac type moment formula to represent the solution, and then reduce the problem to a
small-ball estimate for three-dimensional Brownian motion.

The proof of the upper bound requires two technical lemmas which we develop next.

Lemma 3.5. (pa; * £)(0) < t~1[log(1/t)]~* uniformly for allt € (0,e™1).

Proof. We find it more convenient to work with p; rather than p.;; a change of variables
[2t — t] will adjust the constants for correct later use.
We integrate in spherical coordinates to see that, for all ¢ > 0,

o0 o]
e O 72 [ e gy dr o [ e (V) ds o T 4 T,
0

0
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where

- /01/\/5526—32/2<p (S\/g> ds, Ty 1= /;O\/Tsz —s2/2 (8\[>

both are functions of the time variable ¢ which we suppress.
The second quantity 75 is bounded uniformly in ¢. In fact, the monotonicity of p —
see Theorem 2.1 — yields

® (1/\/5) /OO 5267512 ds < o0.
0

Therefore, it remains to prove that 7; < t~!|logt|~® for all t € (0,ty), where t, > 0 is a
sufficiently-small constant.
Choose and fix a constant K > 2e. Thanks to part 4 of Theorem 2.1, we can write

l/m —«
T = t_l/ log (1> e /245 = L’l a 71’2,
0 s\/f t
where
K log(1/t) 1 —a R
Ti1 ::/ log( > e % /2 ds,
0 sVt
1/VKt 1 —a
T2 = / log () e=%/2 gs.
/K log(1/t) 5\/£

If0 < s < /K log(1/t), then |log(sv/t)| > log(1/t). Therefore,

T S log(1/o) - [ T2 ds < flog(1/8)]

Similarly;,

Tis < ‘log (1/\/?) ]7‘1 e=/2ds = o ([log(1/8)] ™) ast] 0.

/, /2log(1/t)
In this way we have proved that 77 < ¢t~ ![log(1/t)]~“, whence also
(pe * £)(0) St~ [log(1/8)]*

for small values of ¢ > 0.
The other bound is even simpler to establish since

e I\ [? _»
lo e /2ds > |lo ( ) / e % /2ds,
g(w)’ “\Vi ;

for all sufficiently-small values of . O

2
Tiai+Ti2 > /

Let R := {Rx}A>0 denote the resolvent of the Laplace operator %A; compare with
(2.9). We can write R in terms of the heat kernel of Brownian motion as

(Rah)(x) = / " (pa« W) (@)e ds,

for all z € R?, A > 0, and Borel functions h : R® — R,.
Lemma 3.6. (R, f)(0) < (log\)~**! forall A > e

EJP 24 (2019), paper 118. http://www.imstat.org/ejp/
Page 10/33


https://doi.org/10.1214/19-EJP372
http://www.imstat.org/ejp/

Dense blowup

Proof. First, let us observe that (R f)(0) < oo for all A > 0 for the same sort of reason
that showed that (R, f)(0) < oo.
Next we write (Rxf)(0) := 71 + T2, where T; = T;(\) [i = 1,2] are defined as follows:

oo

1/2
T ::/ (pe * f)(O)e*’\t dt and T ::/ (pt * f)(O)e*M dt.
0 /7

We estimate 7; and 7> separately.
A change of variable shows that

1

1
T = )‘71‘/0 (pu//\ * f) (O)eiu du = )‘71/0 (pu/A * f) (0) du.

Therefore, Lemma 3.5 ensures that
1
du —a+1
T x/ ———— = (log A +
s Wlogjule ~ 18N

Because f > 0 (Theorem 2.1), it remains to prove that 73 = o(77) as A — co.
By the semigroup property of the heat kernel,

(Pe+s * £)(0) = (ps * pe x )(0) < Seu]l%(pt * f)(x).

Since p; * f is a continuous, positive semi-definite function, it is maximized at the origin.
Therefore, we can deduce from the preceding display that ¢ — (p¢ = f)(0) is non increasing.
In particular,

T2 < (paa* f) (0) - /1/A e Mdt SATH (pyya* f) (0) < (log \) ™2,

thanks to Lemma 3.5. This and the estimate for 7; together imply that 7; = o(72) as
A — 00, which completes the proof. O

Proof of Theorem 3.3. First we prove the claimed upper bound on the moments of
u(t, ).
According to Lemma 3.6,

Qk,\) == ; + 24/k (Raaif) (0) S ; + W’

uniformly for all A > ek/2 and k > 2. If, in addition,
log A > CkY/(e=1), (3.3)

for a sufficiently large C' > 0, then the preceding simplifies to the following inequality:

k1/2

EAV< — —
Q( ’ )N (logA)(a,I)/Q

<1,

In particular, (3.3) tells us that there exists a positive and finite constant A such that
inf{A>0: Qk,\) <1} < Aexp (Ak;l/(a*l)) for all k > 2.

Theorem 1.3 of Foondun and Khoshnevisan [12] now shows that

limsupt~!log sup E (|u(t,x)\k) < Aexp (Akl/(a—1)> ’

t—00 z€R3
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for all k¥ > 2. This proves an asymptotic, large-¢, version of the stated upper bound (3.2)
of the theorem. The asserted fixed-t result holds because of the proof of Theorem 1.3
of Foondun and Khoshnevisan (ibid.); consult Lemmas 5.4 and 5.5 of that reference for
details.

To prove the lower bound (3.2) let us recall the following Feynman-Kac formula for
the moments of the parabolic Anderson model; see Hu and Nualart [18] and Conus [4]:

I t
E (|u(t,x)|k) =E [exp ZZ / f (wgi) — ng)) ds
i 1<i<j<k ’0
- t | |
B o | S [ ol - uil)as) |,
i 1<i<j<k 0
where w!), ... w¥) are independent, standard Brownian motions on R?. Let E,, := E, ;. ,

denote the event that ||w§1)|| <nforalll <i<kandse|0,t]. Then clearly,

B(ut, ) > o | S5 [ o (lu - wtl)as | 5,

1<i<j<k

Thanks to (2.2), if 0 < n < exp(—e), then we can find a positive constant L such that,
uniformly for all s € [0,# and 1 < i < k, o(|w'” — w||) > Ly~2|logn|~* almost surely
on E,. Thus, we see that

log E (Ju(t, x)\k) > sup [log P(E,) + (3.4)

Lk(k— 1)t }
n€(0,exp(—e))

2n?(log(1/m))*

It is well known, and easy to see directly, that there exists a universal positive constant ¢
such that

k
P(E,) = [P{ sup ] < nH > exp (—ckt/r?) |

0<s<t

uniformly for all t > 0 and n € (0,e"!). [The preceding probability can in fact be
computed explicitly; see Ciesielski and Taylor [3, Theorem 2].] We plug this inequality
into (3.4). A line or two of further computations conclude the proof. O

The proofs of Theorems 1.2 and 1.3 will rely on the following variation of Theorem
3.3.

Proposition 3.7. Suppose, in addition, that ¢ is bounded. Then,

sup E (|u(t7x)\k) < (14 kt)*/2,
zER3
uniformly for all (t,k) € Ry x [2,00).
Proof. In accord with (1.6) and suitable form of the Burkholder-Davis—-Gundy inequality
[19],
2
lut, 2)li S 1+

/ pi—s(y — x)o(u(s,y)) n(dsdy)
[0,t] xR® .

<tk [Cas [ ay [y b= 2 = o)l ) - aluts )yl (0 =)

t
<1tk / ds / dy / Y De—s(y — Dpe—sly — 2)F (g — o),
0 R3 R3
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uniformly for all (t,z,k) € Ry x R?® x [2,00). Now, the boundedness of the function o
simplifies the preceding as follows:

fut.a)E S 1+ [as [ aw [y pn) =)
=1k [ as [ aynoo D)
:1+k/0 (p2s * £)(0) ds.

Since pos and f are both positive semi-definite, so is their convolution. Moreover, pos * f
is manifestly continuous. Therefore, by elementary properties of continuous, positive
definite functions, pos * f is maximized at the origin. Therefore, Lemma 3.5 implies that

(p2s * f)(w) < (p2s * £)(0) S ! forall s € (0,e '] and w € R®.

™ s[log(1/s)]*

Moreover, the semigroup property of the heat kernel implies that pas = pa/c * Pa(s—(1/¢))
for all s > e~ !, whence

(p2s * )(0) < [Pars—(1/e)) * (P2(1/6) * [)] (0) < Sugs(mu/e) * f)(w) S 1,
we
uniformly for all s > e~!. Consequently,

¢ 1
2 ax 1 aa
Jut, 2)[li <1 +k/0 m {1 " sllog(1/s)]

uniformly for all (¢t,z,k) € Ry x R3 x [2,00). O

}dslerkt,

Remark 3.8. In order to highlight the efficacy of Proposition 3.7, let us consider the
case that o is a constant function; say, o = 1. In that case, u(¢, z) is a mean-one Gaussian
random variable with variance,

¢
Var[u(t,z)] = /0 ds /R3 dy /]R3 dy pi_s(y —2)pi—s(y —2)fly — ') < 1+,

by the same sort of computation as the one used in the course of the proof of Proposition
3.7. Special properties of mean-zero Gaussian distributions then imply that when ¢ =1,

E (Ju(t,z) —1|*) < Ek/2 {Valf[u(t,:U)]}kz/2 = kF2(1 4 t)R/2,

uniformly for all (t,z,k) € Ry x R?® x [2,00). One can conclude readily from this
inequality that the statement of Proposition 3.7 is, in its essence, unimprovable.

3.2 Moment bounds for the spatial and temporal increments

In this subsection we give estimates for the quantity
E (|u(t,z) —u(t’,2")[*),

when t ~ t' and = ~ z’. These estimates will be used in an ensuing “local linearization
argument” that will be highlighted in Proposition 4.1. Throughout this paper, we set
log, 0 :=log(0 Ve) forall § c R.
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Proposition 3.9. Assume that o is bounded. Then for all T € (0, 00) there exists a finite
constant A depending on T such that

Ak k/2
sup E(|U(t,l’) —u(t,x/)|k < ( ) (a—1)k/27
te(0.7) [log , (1/[|lz — a’|])]

uniformly for all distinct x,z’ € R3, and all real numbers k > 2.

Proof. Choose and fix ¢t > 0 and x, 2’ € R3. According to (1.6) and a suitable application
of the BDG inequality (see [19] for details), for every real number k£ > 2,

E (|u(t,x) —u(t,x’)|k)
k
=FE

/ (Pees(y — ) — Pr—sly — ")) (u(s , ) n(ds dy)
(0,t) xR3

k/2

< (4k)*/? Uot dS/]RS dy/R3 dy’ IPt_s(y)Pt_s(y’)lf(yy')f(s,y)f(s,y’)} :

where
P,(a) :=pr(a —2) —p.(a—2') forallr >0andac R,
and
E(s.y) = {E (lo(uls, )} "
Since o is bounded, there exists a finite constant B > 1 such that uniformly for all ¢ > 0,
k>2 yeR3 ands e 0,1,

k/2

b (u(e.) — it a)) < 892 [ [as [ o [ af pwp.wlso-0)] @9

. k/2
o | [as [a [ ay PPwlet-v] s
0 R3 R3

see (2.2) for the definition of ¢. At first one might expect that the absolute values in
the integral introduce additional logarithmic factors which can damage our estimates
since the left-hand side is quite large already [remember that we are trying to prove
that the left-hand side is at most a negative power of the iterated logarithm of ||z — 2||].
Remarkably, the introduction of the absolute values turns out to be harmless. In order to
prove this we will use the following elementary inequality: Uniformly for all z € R? and
s> 0,

[ nto=2-nlars Elan G.6)

For a detailed proof see Lemma 6.4 in [5]. Now we analyze (3.5).
Throughout the remainder of this calculation, let us define

!
Z =T —x.

Theorem 2.1 and two back-to-back applications of (3.6) together show that

/ot as [[ | oxo. W PPN oy /1) S ella]) / t (”f" A 1)2 as

ly=y'I> =l
< —2 —a K M 2 (3.7)
S M1zl [log, (1/]2(1)] ; A1) ds

\/g
< llog ¢ (1/[l21D)* .
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Next we estimate the same integral as above, but with its region of integration replaced
by {y,y' € R3: ||y — ¢'|| <||z||}. [t might help to consult (3.5) to see why.] With this aim
in mind, define for all y € R? and for every integer n > 0,

An(y) :={y eR®: ly—y'|| <277z}

By the monotonicity properties of ¢ [Theorem 2.1],

t t
/0 ds / dydy’ [P )P ellly — ') < o (21 / Ho(s)ds, (3.8

v,y  €ER3:
y' €An (Y)\Ant1(y)

all the time noting that the implied constant also does not depend on (x,z’')—whence
also on z—and

:/ dy/ Ay [pa(y — 2) — pa@)| - Ipay’ — 2) — palt')]
R3 An(y)\AnJrl(y)

The elementary properties of the heat kernel p and the inequality (3.6) together allow us
to write

Poy — 2) — ()] dy < /A e =2 ) A
n (Y n+1Y

/An(ll)\AnJrl(y) ,

53/2

27|
< (5t

where the implied constant does not depend on (n, s, z). Therefore,

where the implied constant does not depend on (n, s, z). In particular,

[ [ (E). <f)

2 3 rlzl? 4
GIE L BE (T g
8 wuzu? 8" Jjjz)2

where the implied constant does not depend on (n,t, z). In light of the preceding bound
and (3.8), we find that

/ // yeR®, dy dy’ |Ps(y)Ps(y) ey — /1)

ly—y'I<]1 2|
—z/ as [[ dyay PPl -y )
y' €R?:
y GA (y)\An+1( )
HZII2 -
< Z (27" Il
EJP 24 (2019), paper 118. http://www.imstat.org/ejp/
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where the implied constants do not depend on (¢, z). Therefore, Theorem 2.1 ensures
that

t > 1
/ ! _ ! <
Las [] e 0 d PPl = < Y

ly—y'I<I|z] = (log, (2"F1/||z[[))~

o0 Y g,
Sl |
n=0

an|z) (logym)®

< / dr
1/)12|| 7(logy )«

o [log, (1/]12[)] ~*F", (3.9)

and, as before, the implied constants do not depend on (¢, z). In light of (3.5), (3.7), and
(3.9), we can deduce the existence of a finite constant B such that, uniformly for all
O<t<Tandk > 2,
Bkkk/2
(a—1)k/2°
[log,. (1/]|z —a/|)]"*

B (Ju(t,2) — u(t.)]") <

where B is also independent of (x, 2’). We can replace A by a possibly larger constant in
order to complete the proof of the result. O

Next, let us consider bounds on the temporal increments of the solution to (1.1). The
main result of the section is recorded as the following proposition.

Proposition 3.10. Assume that o is bounded. Then for all T € (0,00) there exists a
finite constant A depending on T such that

) Akkk/Z
sup E (|u(t,z) —u(t',2)|") < (a—1)k/2°
veR? [log (1/[t = ¢'})]

valid uniformly for all distinct t,t' € [0,T] and all real numbers k > 2.

Proof. We write u(t+ h,z) —u(t,z) = Ti(t,h,x) + T2(t, h,x), where

Tt = [ gy — adoluls, ) n(dsdy),
(t,t+h) xR (3.10)

Ta(t b, x) = /(0 s [Pein—s(y — ) = pi—s(y — )] o(u(s, y)) n(ds dy).

The proof readily follows from combining the subsequent Lemmas 3.11 through 3.13. O

Lemma 3.11. Recall T1(t,h,z) from (3.10). If o is bounded, then there exists a finite

constant A such that
Akkk/2

[log (1/m) =172
uniformly for allt > 0, h € (0,e72), x € R3, and k € [2,00).

E(7i(t,h,)") <

Proof. A suitable form of the BDG inequality for martingales implies that

t+h
ITi(t o o)|2 < 4k / ds / dy / Ay Devns(y — Dprens(y — 2)
t R3 R3

o (uls, ) - o(uls, y Nl £y =)
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see [19]. By the boundedness of o, we obtain,

h
Imnlf <k [ ds [ an [ ay pm )i -y)

h

xk [ ds dw efSH“’HQJ?(w)
0 R3

1 — e—hllwl?Y
—k = ) fw) dw,
- ( fo ) )

thanks to Parseval’s identity. Since 1 — exp(—a) < min(1,a) for all a > 0, it then follows

that
It )l Sk [ i (1h> Flw) duw. 3.11)
N

The integral can be considered separately in two parts: Where |w|| < 1/vh and where
|w|| > 1/v/h. The first part is estimated as follows:

h/ f(w) dw = h/ f(w) dw + h/ f(w) dw
lwll<1/vh wl<h=1/4 h=t/A<]lw||<h=1/2

d
< B4 4 h/ —wa [see Theorem 2.1]
h=1/4<||w||<h—1/2 [|w||(log [Jwl])

ho rdr
o /4
h +h/h—1/4 (logr)e
(log(1/R))~*
< [log(1/m))" "

The second bound is handled similarly, viz.,

X

~

flw) dw oo dr —a
J gz ¢ 2 TwlFQog ) s,z rogrye < L8/
lw]>1/vR I|W llw||>1/vR [1W]7 {108 ||w 1/v/n TUOgT

The lemma is a ready consequence of the preceding two displays and (3.11). O

In order to estimate the quantity 73(¢,h,x) — see (3.10) — let us define
DM (a) := |pryn(a) — pr(a)]  forallr > 0anda e R (3.12)

s

Lemma 3.12. For some universal constant C' > 0, it holds that
t
/O DI (gsy ds < Ch for all t,h > 0.
Proof. Because

2
pe(z) == %pt(x) = %f) [”‘Z' - 3] forall ¢ > 0 and = € R?,

we apply the fundamental theorem of calculus to see that

s+h s+h 2
D (z) < / b ()] dr < / pr(7) <M+1> ar.

r r

Integrate the preceding [dz] in order to see that

0l = [ PO ars [ Y g (142).
R3 s T S
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Hence, by change of variable u = h/s,

t t h 2
0 0

where A := [~ u™?[log(1 + u)]* du < oo. This proves the lemma. O

Lemma 3.13. Recall T5(t,h,z) from (3.10). If o is bounded, then there exists a finite

constant A such that
Akkk/2

flog (1/m)] =172
uniformly for allt € [0,T], h € (0,e72), z € R?, and k € [2, 00).

E(|72(t,h,2)") <

Proof. We begin as in the proof of the preceding lemma. Namely, we begin by observing
that a suitable form of the BDG inequality for martingales implies that

1Tt ) 2
s ") (o — &) ||o(u(s co(u(s,y 2 -y,
4k/d /Rgdy/Rde D (g — )P — ) llo(u(s ) - o (s, 5 kg2 £ — o)

By the boundedness of ¢ and the Cauchy-Schwarz inequality,

ITat 1) 2 k/ ds/ dy/ Qy DY GDP ) fy—y),  (3.13)
R3 R3

where Dgh) (z) was defined earlier in (3.12); see the derivation of (3.11). Denote the
triple integral in (3.13) by I. The integral I can be expressed as follows:

I =1+ 1,, where

t
I ::/ ds/ / dy'dy DM (y)DM () fly — )
0 R3 J|y —y|<Vh

t
I ::/ ds/ / dy'dy D (y)DM () f(y — /).
0 R3 J|y' —y|>Vh

Next, I1 and I, are estimated separately, and in reverse order. Theorem 2.1 and Lemma
3.12 together imply that

t
Vi) [ as / / dy'dy D) (5D (')
0 R3 J|y' —y|>vVh

t
< b [log(1/h)] / 1D 2. o, dis

< [log(1/h)] ™"

(3.14)

In order to estimate I, one can use the trivial inequality Dgh)(y’ ) < psan(¥) + ps(v) in
order to see that

t
I < / ds /R Ly /| PP B ) S )

<Y (2 VA /dey/ e P e+ 210,

n=0
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Because p,.(z) < r=3/2 for all z € R® and r > 0, and since p, is a probability density, one
can estimate the dy’-integral in the preceding display as follows:

—n—1 3 —n—1 3
(Ps4n(y') +ps(v')dy’ < (W A 1) + <(253/2\/E) A 1)

S (Qnsgi;/ﬁ)g A 1) :

/2“'1\/ﬁ<|yy’|<2”\/ﬁ

Therefore,
00 t —n—1 3
e (27" 'Vh)
I < pl27" 1\/%/ — " Al] ds
T;) ( ) 0 53/2

3
00 (2~ "~ 1v/h)? 0o 27n71\/ﬁ
Z 2" 'Vh) /2 hds—i—/ uds
_ 0

(2-=1vh)2 53/2

<h i 0 (2*”*%/%) 9-2n,
n=0

Now apply Theorem 2.1 to see that

L Z {log (2n;1)] ilogl/m]as /owwﬂjsz[log(l/h)]l—

where B := [[1 + u*]~! du < co. The lemma follows from this and (3.14). O

4 Local linearization

For every space-time function ¢ : R, x R3 — R, and for every € € (0,0)3, define

(Ved)(t,2) :=¢(t,x +¢€) — o(t, z).

In other words, V. is a sort of discrete spatial gradient operator on a mesh of size | g|.
In particular, note that

(Vep)(t,x) = p(x + €) — pe(x),

forall e € (0,00)% and « € R?, where p,(-) is the heat kernel, as was defined in (1.5).
We may also observe that V. ¢ makes sense equally well when ¢ depends only on a
spatial variable. In other words, whenever z +— ¢(z) is a function on R3,

(Veo)(z) = d(x +€) — ¢(x),

forall e,z € R3.

In the next section we show that, under some additional assumptions on o, the
solution to (1.1) can be discontinuous at any given space-time point. The idea is that, in
a strong sense,

(Veu)(t,z) = o(u(t,z))(VeZ)(t,z) whenever e = 0, 4.1)

for all t > 0 and = € R®. Hence, the discontinuity of Z(¢, ) — which will be proved later
using entropy estimate and concentration of Gaussian measure, see Section 5— will
force the discontinuity of u(¢,z), as long as o(u(t,x)) is not too small. As part of this
work, it will be shown that the error in the approximation (4.1) to V.u does not affect
the discontinuity of the term o(u) x V.Z. The following result makes this assertion more
precise.
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Proposition 4.1. Assume that o is bounded. For any T’ > 0, there exist positive and
finite constants At and ¢, < 1 such that

(ATUO\/E)IC
[log(1/[[])]3+(=D/%"

B (|(Veu)(t, @) = olult, 2)(Ve2)(t, o)) <

uniformly for all (t,z,k) € [0,T] x R® x [2,00) and € € (0,00)? that satisfy ||e| < e.,
where oy is the bound for o, i.e., |0(z)| < o¢ forall z € R.

The proof is somewhat long, and will be presented shortly. But first, let us make a
few remarks on the content of Proposition 4.1.
According to Propositions 3.9, for every k > 2 and 7" > 0,

1(Vew)(t, @)l S Rog(1/[le)]~*~D7,

uniformly for all (¢,z) € [0,7] x R? and |/e|| > 0 sufficiently small. This very inequality
can be applied with k replaced by 2k and ¢ by the constant function 1 in order to yield
the following: Forall K > 2and T > 0,

(Ve 2)(t) 1 S Dlog(1/ ]} =172,

uniformly for all (t,z) € [0,7] x R? and € € R?\ {0} such that ||¢|| is sufficiently small.
Theorem 3.3 and the Lipschitz continuity of ¢ together imply that ||o(u(t,z))||2x is
bounded, for every k > 2 and T > 0, uniformly over all (¢,z) € [0,7] x R3. One can
conclude from this discussion, and the Cauchy-Schwarz inequality, that for all £ > 2 and
T>0,

max {[[(Veu)(t, )|l , lo(u(t,2))(VeZ)(t, )l } < log(1/[e])] 172,

uniformly for all (¢,z) € [0,7] x R?® and ||e|| > 0 sufficiently small. If this bound were
proved to be sharp [it can be, in some cases], then Proposition 4.1 is telling us that,
although A; := (Veu)(t,z) and Ay := o(u(t,x))(VZ)(t, x) are both quite small in L*(P)
norm, their difference A; — A, is smaller still. This is a quantitative way to say that
the locally-linearized form A is a very good approximation to the discrete gradient A,
of the solution to (1.1). This general idea has recently played various roles in SPDEs;
see, for example Hairer [15, 16] and Hairer and Pardoux [17], where this sort of local
linearization is sometimes referred to as a “jet expansion,” and Foondun, Khoshnevisan,
and Mahboubi [13] and Khoshnevisan, Swanson, Xiao, and Zhang [21], where this sort
of local linearization is used to analyse the local structure of the solution to parabolic
SPDEs that are much nicer than those that appear here.
Let us conclude this section with the following.

Proof of Proposition 4.1. Let us first introduce some notation.
For every ¢ > 0 let

Be :=exp (— log(l/s)) and 7. := (166.)"* = 2exp (—%Vlog(l/s)) . (4.2)

As notational advice, let us point out that here and throughout, € > 0 denotes a typically-
small scalar and should not be confused with e € (0, c0)? which is a 3-vector that typically
has small norm.

Forall t,e > 0 and = € R? define

3
B(a:,t,s) = [(t_ﬁa)Jr ,t] X H[xz — Ve, X4 +’Ya] (4.3)

i=1
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to be a suitably-chosen, 4-dimensional, space-time box with “center” (¢, x).
From now on we choose and fix a real number = > 1 and consider an arbitrary
e € (0,00)? that satisfies
=7 le < le| < Ee.

Let us consider the following decomposition of V_u, valid thanks to (1.6)
(vsu)(t,ﬁ) — U(u(t,x))(VSZ)(t,x) = I11 — 112 + IQ1 — I227

where I;; = I;;(t,x ,¢) is defined for all 4, j = 1,2 as follows:

Iy = / (Vep)(t — 5,3 — y)o(uls, u)) n(ds dy);
B(z,t,e)°

~

iy

I
I

olut.e) [ (et 5o —g)nldsdy)
B(z,t,e)°
Iy = / (Vep)(t — 5,2 —y) [o(u(s,y)) — o (u((t = B:), ,2))] n(dsdy); and
B(z,t,e)

Ing = [o(u(t,z)) —o (u((t—B), ,x))] - / (Vep)(t — s,z —y) n(dsdy).

B(z,t,e)
The L*(P)-norms of the I;;’s are estimated next. The computations are somewhat long

and tedious. Therefore, they are presented in five separate steps.

Step 1. A comparison estimate for /;; In the second step of the proof we establish
an inequality that compares the moments of the random variable /;; to moments of a
certain mean-zero Gaussian random variable; see (4.5) below.

A suitable formulation of the Burkholder-Davis—-Gundy inequality [19] implies that

T2 < 4k / / / Dt —s,3—y,5—y) o(u(s, ) - o(uls, 5"l Fly — y') dsdydy’
skoé///wep)(t—s,m—y><vsp><t—s,x—y'nf(y—y’)dsdydy’,

where 2(r,a,a’) :=|(Vep)(r,a)(Vep)(r,a’)
all points

, and the triple integrals are computed over

3
(Sayay/) g BQ(x7t7€) = [(t_ 6€)+ at} X H[.’El — Ve, Tq +’7€]27 (44)

i=1

If X is a random variable with the standard normal distribution, then || X, =< vk
uniformly for all ¥ > 2. This fact and the previous inequality for ||I1;||? together yield

[ lle S Voo , (4.5)

/ (Vep)(t = 5,2 — y)| n(ds dy)
B(xz,t,e)° 9

valid uniformly for all (¢,z,k) € [0,7] x R3 x [2,00) and € > 0, where B(x,t,c) was
defined in (4.3).

Step 2. A Gaussian moment estimate Next we develop a moment inequality for the
Gaussian stochastic integral on the right-hand side of (4.5); the precise statement can
be found in (4.9) below. Since we are only interested in the behavior when ¢ — 0, we
will assume that 5. < ¢ from now on.
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By Minkowski’s inequality,

/ (Vep)(t — 5,2 —y)|n(dsdy)|| < Q% +@", (4.6)
B(z,t,e)c 2
where:
t_Bs 2
0, :=E / / |(Vep)(t = s,z —y)|n(dsdy)| |; and
0 R3
. 2
@=e(|[ [ (Vep)(t = 5.2 —y)|n(dsdy)| |,
t—pBe [x—"/57$+'}’s]c

where [a,b] := []°_,[a; , b;] for all a,b € R3.
After one or two changes of variables [t — s — s, y — x — y],

Q=E (M [ 19 intas) )

:/ ds/. dydy' [(Vep)(s,y) - (Vep)(s, ¥ )| f(y —v')
. Jmey

= Q11 + Q12,
where
t
Quim [ ds [ o dudy [(Tep)(s0) - (Vep)(s. o) lellly — v'])s and
Be S MY SE
ly—y'll=e
t
Quim [ ds [ o dudy [(Tep)ls o) (Ven)(s o'Vl — o)
‘ ly—y'll<e

see (2.2) for the definition of ¢.
According to (4.2), 5. > e2foralle >0 sufficiently small. Therefore, (3.6) and the
monotonicity of ¢ [Theorem 2.1] together imply that

Q<@ [as [ avay ((Ten)e.) - (T)e )

N w(f)/ﬁ (\2 A 1) ds 4.7)
< ple)e? log (t/5:)
< [log(1 /)] /2=

One can estimate Q15 using the same technique that was used in the proof of Propo-
sition 3.9. More specifically, we proceed as follows: For all € > 0 sufficiently small,

oo t
=3 [as] cwn W ((Ten)so) - (Fen)s ol ~ 1)
n= € 2

T legly—y' <27 e

[e’e) t 2_n€ 3
< 9-n—1g / (6 /\1) ( A 1) ds [see (3.6)]
;)so( ) 5 7
[e%e] t
=t Z 87 "p (27" e) g [since f. > £%]
n=0 €

4 o0
9

<= 87 (27" ).
. o)

n=0
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An appeal to Theorem 2.1 and (4.2) yields

2n+1
log ( )
e

by an integral test. This inequality and (4.7) together yield

—

S £_:2ey/log(1/5) [log(l/E)}l_a

b

Q12 g 526‘/103;(1/5) Z 9—n
n=0

Q1 S [log(1/e)) /22, (4.8)

valid uniformly for all (¢,z) € Ry x R?® and all sufficiently small £ > 0.
In order to bound ()5, we change variables and then use the simple inequality,

[(Vep)(s, w)| < ps(w + &) + ps(w),

in order to deduce that for all ¢ sufficiently small,

Be
@[ o[ af e n@) ) )] S )

ﬁ/‘:
< 4/ ds/ dy/ dy’ ps(y)ps(y') fly =)
0 [_’76/27’)’2/2]c [_75/27’)’5/2]0

BE
<4/ ds/ dy ps(y)(ps * £)(y)-
0 [_75/27’75/2]C

Because p;s and f are both positive semi-definite, so is p,* f. Moreover, ps* f is continuous
and bounded. Therefore, elementary facts about positive definite functions tell us that
ps * [ is maximized at the origin. In this way we find that

QQS/OBE(ps*f)(O)dS/

[=ve/2,7:/2]¢

pwavs [ oo (-E) oo o

e
S

since P{|| X| > R} < exp(—R?/2) for all R > 0 when X is a 3-vector of i.i.d. standard
normal random variables. An appeal to Lemma 3.5 now yields

Be 72 ds
Q5 /0 exp <_8> sllog(1/s)]*
e\ [ ds
< exp (8/85) /0 m ds

< exp H exp (; logu/s))] (log(1/e))1=)/2
< llog(1/)] /)=

thanks to the definition (4.2) of 7. and ..

It is easy to deduce from the preceding that lim sup, VB:log Qs < —%, and hence
for every k > 0, Q2 < [log(1/€)]™", uniformly for all ¢ > 0 sufficiently small [with room to
spare]. This inequality, (4.6) and (4.8) together accomplish the main objective of Step 3;
namely, they imply that there exists ¢ € (0, 1) such that for some constant Ay > 0,

[ 1Tt sia - pladsdy)| S Arlog1/e) IR @)
B(z,t,e)c 9

forall (t,z) € [0,7] x R3 and € € (0, &p).
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Step 3. Estimates for [;; and /> It is now easy to find suitable estimates for the
LF¥(P) norm of I;; and I;5. The requisite bounds will appear in (4.10) and (4.12) below.
First of all we simply combine (4.5) with (4.9) to obtain the following estimate for 7;::

I lle S ArVkagllog(1/e)] /D =e/2, (4.10)

valid uniformly for all (¢,z,k) € Ry x R® x [2,00) and € € (0, p).
Next, we estimate the L*(P) norm of I, as follows: By the Cauchy-Schwarz inequality,

[ Tzllk < [lo(u(t,z))l2 - (4.11)

/ (Vep)(t — 5,7 — y)n(ds dy)
B(z,t,e)c

2k

Because ¢ is bounded, and recall that if X has a standard normal distribution, then
| X|lx < vk, uniformly for all & > 2. Therefore, the second quantity on the right-hand
side of (4.11) can be bounded as follows:

< Vkao

2k

/ (Vep)(t — 5.2 — ) n(dsdy) / (Vep)(t — 5,2 — y)n(ds dy)
B(z,t,e)c B(z,t,e)c

S Arvkao[log(1/)] /D702,

thanks to Step 2; see (4.9). We can combine the preceding inequalities to deduce the
following estimate for I15: There exists B € (0, c0) such that

1Tiallie £ Arvkao[log(1/e)] /D072, (4.12)
uniformly for all (t,x,k) € [0,7] x R? x [2,00) and ¢ € (0, ).

2

Step 4. Estimates for /5; and /55 In this step we derive a bound for the moments of
I5; and I59; the end results are (4.14) and (4.15) below.

Let us recall the sets Ba(x,t,¢) from (4.4). By a suitable application of the Burk-
holder-Davis—-Gundy inequality,

[I21]7 < 4k/B ( )P(S,y)P(S,y’)U(S,y)U(S,y’)f(y —y')dsdydy/, (4.13)
2(x,t,e

where

P(s,w):=|(Vep)(t — s,z —w)| and U(s,w):= Ha(u(s,w))—o(u ((t—ﬁ€)+ ,x))”k,

for all (s,w) € B(z,t,e). Of course, the functions P and I/ depend also on the variables
(t,x,¢e), but this dependency is not immediately relevant to the discussion.

Because of the Lipschitz condition of o, Propositions 3.9 and 3.10 together imply that
when ¢ is sufficiently small,

Uls,w) S Jlulsw) —u (= Be)y sw) |+ lu (6= By yw) —u((E = Bo), o),
S ATO'O\/E [|1Og(55)|—(a—1)/2 + |10g(2%)|—(a—1)/2}
< ApoogVk[log(1/e)] (2= 1/4,

uniformly for all (s, w) € B(z,t,¢), and 1/00 := 0 to account for the possibilities s = t— .
and w = x. Consequently, (4.13) yields
Il S oS [ Pl )Pl )~ o)y
21k S T 71 (a1 /2 5,9 Y Yy—Yy)dydy ds
b [1 g(l/g)](a /2 By (z,t,e)
< rogh // P(s,y)P(s,y)fly —y')dydy ds
S Tt fy o P00 o
< ATUO
™~ flog(1/e)]3te=1/2”
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the last line follows from (3.7) and (3.9) [simply apply the latter two inequalities with
|lz|l = €, for instance]. This readily yields the following, with room to spare: There exist
finite and positive constants A and ¢; < 1 such that

| Z21]|x < ApooVE[log(1/e)PA—)/4, (4.14)

uniformly for all (¢,z,k) € Ry x R? x [2,00) and ¢ € (0,&1).
Finally, we obtain ||I5;||; from (4.14), using the Cauchy-Schwarz inequality in the
same way that /15 was derived from I;; in Step 4, in order to obtain

[ I22lx S ArooVk[log(1/e)]P=)/4, (4.15)

uniformly for all (t,z,k) € [0,7] x R? x [2,00) and € € (0,¢1).

Step 5. Conclusion of proof The proposition follows from an application of Minkowski
inequality, using the results (4.10) through (4.15) of Steps 1 through 5. O

5 Proof of Theorems 1.2 and 1.3

So far, everything that was considered held for any o > 1. From now on, we restrict
the choice of the spatial correlation function f further by assuming that f comes from
Theorem 2.1 in the special case that

l<a<2. (5.1)

This assumption will be in place throughout the remainder of this paper, and used
sometimes without mention.
We first define the [constant-coefficient] linearization of (SHE). That is, we consider
the stochastic partial differential equation,
oZ(t,x) 1
—— 1 = _(AD)(t t
S = S(AD)(Ex) + (),
subject to Z(0) = 1. As is well known, the solution is the following centered Gaussian
random field:
23y =1+ [ (- a)(dsdy)
(0,t)xR3
as the preceding Wiener integral has a finite variance. This can be seen from an
application of Lemma 3.1 with o = 1.
Recall the function ¢ from (2.2). The elementary properties of Wiener integrals show
us that Z is a centered Gaussian random field with covariance

Covlz(t,) 2t = [ as [ ay [ puto = pipnte’ =)0 )

t
= / ds/ dy [ Ay ps(x—y)ps(a" —y")e(lly — v'll),
0 R3 R3

forall t > 0 and z,2’ € R3. In particular, it follows readily that Z(t) is a centered,
stationary Gaussian random field — indexed by R>® — for every fixed t > 0.

The proof of Theorems 1.2 and 1.3 hinges on an L?(P)-modulus of continuity of
x> Z(t, ).

Proposition 5.1. Uniformly for allt > 0 and z, 2’ € R?,
1—e /2 e

— SE(Z(t,2) - 2(t,a")]?) S —
log . (1/|}z —')]* " ( ) log., (1/[}z —2'[)] "~
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Proposition 5.1 implies that x + Z(t,x) is continuous in L?(P), and hence in L?(P)
since the L?(P) norm of a Gaussian random variable is controlled by its L?(P) norm. In
particular, Doob’s regularity theory implies that « — Z(¢,z) has a separable, in fact,
Lebesgue measurable, version; see Chapter 5 of Khoshnevisan [20]. After we establish
Proposition 5.1 we always tacitly refer to that separable version.

Proof of Proposition 5.1. By Parseval’s identity,
[ [ W pte=wpte =31 = [ v [ a pule =o'~y )f - v)
R3 R3 R3 R3
1 . n
= @) /]RS exp (iz - (z — 2') — s||z|]?) f(z) dz

= ﬁ /]R3 cos|z - (z — 2')]e*I=I” F(2) dz

Therefore, an appeal to Lemma 4.1 of Foondun and Khoshnevisan [12] yields

(1—e )T <E(|Z(t,2) — Z(t,2)]*) < e'/>T, (5.2)

where ) ) o "

—coslz - (z —2')]
= dz. 5.3
e S v m G o
Thanks to Theorem 2.1,
= 1—cos[z - (z — )] dz x/ 1 —cos[z - (z — )] &,
R? 14|22 14 ||zl|(logy 121>~ Jgra 1+ ll2]1(og, [I2])*

Since 1 — cos® < min(1,60?) forall § € R,

min (1, ||z)|?||x — 2'||?
= 1 ( ”3”1 ” Ha) dz 5 [l —a/|I* + / G(|1z]) dz, (5.4)
R3 +||Z|| (Og+ ||Z||) e<||z||

where
min(1,7?[|x — 2'||?)

G(r) = for all r > e.

r3(logr)®
Integrate in spherical coordinates to find that

/ Gllalyas= [~ o [ S oglae - o))
lI1211>1/llz—a"| Ulla—ar T108T)  Jiog(1/fa—ar]) 5
(5.5)

Similar computations yield the following:

V== 1/y/Te—a]
/ Glel) = x o~ | = She-a? [
e<llzll<1/ /o] e (logr) e

S Ml — 2/

rdr

(5.6)

and

!’
Yllz=2'l gy

G(lll) dz o [z — o/ /
1/y/llo—a] (logm)*

o Y= (5.7)
<l — oI [log(1/]lz — ') / rdr
1/4/llz—2'||

/1/\/ lz—a’[I<[Iz|<1/[lz—=’||

< llog(1/||z — 2'|)]' ™
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Therefore, we can combine (5.5), (5.6), and (5.7), and plug the end result into (5.4) to
see that )
T < Nlog(1/[lz — '|)] . (5.8)

This and (5.2) together imply the upper bound for E(|Z(t,z) — Z(t,2')|?).
For the corresponding lower bound, we once again use (5.2) and (5.3). In this way
we can show that

/()
— . —_ ! —
'7'()(/]R3 (1 —cos|z - (z x)])l—FHZH? dz
/()
> ) 1— A — 2 L
R (1 —coslz - (x —2")]) NRE dz
lzlI>1/]|z—2"]
f(2)
> .
~ 2€R3: 1+ ||Z||2 dZv
lzlI>1/[|z—2"]

see Lemma 4.8 of Foondun and Khoshnevisan [12] for an explanation of the last line. For
|z — 2’| < e~! we apply Theorem 2.1 in order to deduce the following:

> rdr & dr 1
7= /1/|zm’| (14 72) (log(1/r))* & /1/||wz'| r(og(1/m)* * log(1/z — /)"~

and for the case |z — 2’| > e~!, we merely write

o) s [ e .

eR% T+ |22 er?: 1+ ||z
I211>1/ ' | 11>

Because of (5.8), the preceding and (5.2) together complete the task. O
We now are ready to prove the main results of the paper.

Proof of Theorem 1.2. We start by observing that
P{u(t,r) >0} >0 foreveryt>0andz € R (5.9)

This is because E[u(t,z)] = 1, as can be deduced from (1.6).

Next we observe that one can reduce the scope of the problem to the case that
o(z) 2 0 for all z € R without incurring any loss in generality. This is because o is
continuous and crosses zero at — and only at — the origin. A second appeal to the
assumption 0 ~1{0} = 0 reduces the problem to proving the following:

P sup u(t,y) =occoforallr >0
yEB(z,r)

o(u(t,z)) > 0) =1, (5.10)

for every (t,z) € (0,00) x R3, where the open ball B(z,r) was defined in (1.3).
Owing to (5.9), we can find two finite numbers 0 < A < B where B = sup ¢ such that
P{o(u(t,z)) € [A,B]} > 0. (5.11)

We plan to prove that the following holds for every such pair (A4, B) of real numbers that
satisfy (5.11):

limP | sup wu(t,y)=o0|o(u(t,z))e[A,B]]| =1 (5.12)
r=0 y€B(z,r)
EJP 24 (2019), paper 118. http://www.imstat.org/ejp/
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This will do the job since we may let A | 0, using Doob’s martingale convergence theorem,
to finish the proof. Thus, it remains to prove (5.12).

For the remainder of the proof let us choose and fix an arbitrary space-time point
(t,x) € (0,00) x R3 for which we plan to verify (5.12). Also, let us choose an arbitrary
real number § > 0. Define

1 1
I1(6) :—{i—(il,ig,i3)€Z3: - — fort/—l,273},

V6 Vo

and
Yi ::x+(z’1,i2,i3)6 for all ¢ EH((S)

For every real number M > 0,

P t,y;) — u(t, >2M
(s e — ute, )

o(u(t,x)) € [A,B])

>1-P ( max o(u(t,x)|Z(t,y;) — Z(t,x)] <3M
i€I1(5)

o(u(t,x)) € [A7B]>

—pP Dy(z,y)| > M
(irer%)l (2, i)

o(u(t,z)) € [A,B])
=:1— P1(8) — P»(9),
where the definition of (P; , P») is clear from context, and
Dy(z,y) :==ult,y) —u(t,z) —o(u(t,2)) [Z(t,y) — Z(t,x)], (5.13)

for every y € R3, and the mean-zero Gaussian random field Z is, as before, the solution
to (1.1) with o = 1. We are going to prove that P;(6) and P»(d) both tend to zero as § | 0.
Since M > 0 is arbitrary, this will complete the proof.

Consider the Gaussian process

{Z(t,vi) — Z(t,2) Yien(s)-

As can be seen from Proposition 5.1, the canonical distance d imposed on R? by Z(t,-) —
Z(t,x) satisfies

d(i,j) = \/EI(Z(t,yi) — Z(t,x)) = (Z(t,y;) — Z(t,2))[?

1 —(a—1)/2 (5.14)
= |1 _
[Og (nz'—jaﬂ ’

for every i, j € II(6). We plan to apply a metric entropy argument in order to estimate
the quantity on the left-hand side of (5.15) below.
Recall from Dudley [10] and Fernique [11] that

diam(I1(4)]
E(max |Z(t,yi)—Z(t,:U)|> x/ log, N () de, (5.15)
i€I1(5) 0
where NV (g) = Nys)(e) denotes the minimum number of d-balls of radius € > 0 that are
needed to cover I1(4) — this is the metric entropy of II(§) — and diam[II(J)] denotes the
diameter of II(¢) in the metric d; that is,
diam|[I1(9)] := d(i,7)-
[T1(5)] | max (i.7)
It might help to also recall that the implied constants in (5.15) can be chosen to be
universal and hence do not depend on the various parameters of our problem [10, 11].
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If i, j € TI(§) satisfy ||i — j|| = 1, then (5.14) assures us that
d(i, j) = [log(1/8)]” " V/? = &,

and hence,
N(e) <16|73/%  uniformly for all € € (0,&).

And a combinatorial argument that uses only (5.14) shows that there exists a universal
constant ¢; € (1,00) — independently of § — such that

cf163/2 exp (0;1672/@71)) <N(e) < c10%/2 exp (015*2/(0‘*1)) , (5.16)

uniformly for every ¢ > (. In the same way, we can find a universal constant ¢, € (0, c0)
— independently of § — such that

¢ Hlog(1/6)]1~/2 < diam[I1(6)] < eo[log(1/8)]—)/2. (5.17)

One can plug the results of (5.16) and (5.17) into (5.15) in order to deduce the following
bounds:
E Z(t,y;) — Z(t,
((ms 120000 - 20,00
caflog(1/8)] (@~ 1/2 1 1/2
SEO 10g(1/5)+/ l:—log(l/(;)-i-gQ/(a_l) de

€0

S llog a1~/

where the parameter dependencies are, as before, uniformly over all choices of (¢, z,0) €
(0,00) x R? x (0,00). Similarly, one derives a matching lower bound, thus leading to the
following:
E (max \Z(t,y:) — Z(t,x)) = |log 6|~/ =: o(t, ). (5.18)
i€IL(3)
Careful scrutiny of the parameter dependencies shows that ¢ does not depend on z.
Because a € (1,2),

%1&)19(15,5) = 00. (5.19)

By the Borell, Sudakov-Tsirel’son inequality [1, 30], for some ¢ > 0 small enough,

c *lo(t,9))?
P Z(t,y;) — Z(t, < —o(t,d)p <2 —— ) 5.20
{ s 120000 - 200,00 < ot0.0)} < 20 (- 200 (520
where
V(t) := max [Var(Z(t,y;) — Z(t,x))].
i€ll(5)
Owing to Proposition 5.1,

[o(t,6)]?
2V (t)
uniformly for all 6 > 0. Therefore, we apply (5.18) one more time, and plug the end

result in (5.20) in order to see that there exists a finite constant ¢ > 1 such that

V(t) < [log(1/6)]*~*, whence = log(1/9),

P {_ml%()g) |Z(t,y:) — Z(t,z)| < Zg(t,é)} < ¢6Y9  uniformly forall § € (0,1). (5.21)
1€
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Consequently,

i P{ s ou(t, 2|20, - 200.0)] < colt,0), olut, ) € [4. 5]

) co(t,9)
<limP Z(t,y) — Z(t,z)| <
i { g 1200190 - 0.0 < 45

207

thanks to (5.21), where A is defined in (5.11). It follows from this fact that lims o P, (J) =
0.

In order to complete the proof, it remains to show that

lim P,(0) = 0. (5.22)

Let us recall (5.13) and write

p{ s Do )| > 0(0,0) . o(utt ) € (4. 8]} < P { 1D 0] > o0,
i€TI(5) ieTI(5)

< |II(6)| max P{Dy(x,y;) > o(t,d)}
1€II(5)

<$ 6732 max P{Dy(x,y:) > o(t,0)},
Pi€T1(5)

uniformly for all sufficiently-small 6 > 0, where | - - - | denotes cardinality. We may notice
that

Di(x,yi) = (Veu)(t, z) — o(u(t, 2))(VeZ)(t, ),

for a certain e = e(z,y;) € (0, 00)? that satisfies ||e|| < v/J, where the implied constant
is universal and finite. Therefore, Proposition 4.1 implies that every random variable
|Dy(x ,y;)| is sub Gaussian. In fact, there exists Ay > 0, small enough, such that, for all
T e (0,00),

sup sup max E [exp {)\0 [log(l/é)]?’(o’_n/2 |Ds(x,yi)|2H <1,
s€[0,T] zeR3 t€II(9)

uniformly for all sufficiently-small é > 0.
Therefore, by Chebyshev’s inequality and (5.18),

P{IDy(w,y:)| > o(t,8)} S exp (Ao llog(1/0)]* ™" [o(t,0)]?)

< exp (—=C llog(1/6))*7?)

for a finite constant C' > 0 that depends only on ¢ € [0, T]. Since the cardinality of II(¢)
satisfies |II(6)| < 6—3/2, it follows from the preceding displayed inequality that

P {g% |Dy(,y:)| > olt, 5)} S exp (~Cllog(1/0)] /2 + 210g(1/9))

which tends to 0 as 6 — 0. A scaling argument implies that

lim P Dy(z,y:)| > Xo(t,8) =0 fixed A > 0.
lim {igll%l t(@, i) > Ao( )} or every fixed \ >
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In particular, for all A > 0,

P {1%55 ultys) — ult, @) < Nelt18) | o(ult,2)) € [A,B}}

N

P {mngg) 29— 2(t.2)] < 2o(t.0) | ofult. ) € [A,Bl}

P Dy(z,y;)| > Mo(t,
+ 2 { e 1912901 > (e, 5) |

<P { mx 1200) - 20,9 < Zal0.0) | o(ult. ) < 14,81} + o)

as § | 0. Thanks to (5.18) and Borell’s inequality, that is, for any set A C R3 and z > 0,

"

then we can choose A\ := A(A) small enough to ensure that the right-most probability
above also tends to zero as ¢ | 0. In light of (5.19), this verifies (5.12) and hence
concludes the proof of Theorem 1.2. O

22

_ < _ .
gl€a1§<|Z(t,m)| E {I;leaf)l(Z(t,xHH > z} < 2exp ( ) ; (5.23)

2sup,ers Var[Z(t, z)]

The derivation of Theorem 1.2 admittedly required some effort. But now we can
adjust that derivation — without a great deal of additional effort — in order to verify
Theorem 1.3.

Proof of Theorem 1.3 (sketch). The conditioning in the equivalent statement (5.10) to
Theorem 1.2 arose because, during the course of the proof of Theorem 1.2, we needed
to prove that

lim P{ max |o(u(t,x))| - |Z(t,y:) — Z(t,z)| < )\Q(t,5)} =0, (5.24)
6—0 | ier(s)

for a suitably-small choice of A > 0, and (¢,z) — o(u(t,z)) could, in principle, be
frequently close to — or possibly even equal to — zero. In the present setting however,
o is bounded uniformly from below, away from zero. Therefore, in the present setting,
(5.24) follows immediately from (5.23), as long as X is a small-enough [but otherwise
fixed] positive constant. The remainder of the proof of Theorem 1.2 remains essentially
intact. O
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