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Abstract

We consider the stochastic heat equation of the following form

9
ot

where L is the generator of a Lévy process and Fisa spatially-colored,

ug(x) = (Lug)(x) + blug(x)) + o(ug(x)) Fy(z) for t >0, 2 € RY,

temporally white, gaussian noise. We will be concerned mainly with the
long-term behavior of the mild solution to this stochastic PDE.

For the most part, we work under the assumptions that the initial data
ug is a bounded and measurable function and o is nonconstant and Lipschitz
continuous. In this case, we find conditions under which the preceding
stochastic PDE admits a unique solution which is also weakly intermittent.
In addition, we study the same equation in the case that Lu is replaced by
its massive/dispersive analogue Lu — Au where A € R. And we describe
accurately the effect of the parameter A\ on the intermittence of the solution
in the case that o(u) is proportional to u [the “parabolic Anderson model”].

Furthermore, we extend our analysis to the case that the initial data
ug is a measure rather than a function. As it turns out, the stochastic
PDE in question does not have a mild solution in this case. We circumvent
this problem by introducing a new concept of a solution that we call a
temperate solution, and proceed to investigate the existence and uniqueness
of a temperate solution. We are able to also give partial insight into the
long-time behavior of the temperate solution when it exists and is unique.

Finally, we look at the linearized version of our stochastic PDE, that is
the case when o is identically equal to one [any other constant works also].
In this case, we study not only the existence and uniqueness of a solution,

but also the regularity of the solution when it exists and is unique.
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CHAPTER 1

Introduction and Statements of Main Results

The principle aim of this paper is to describe the asymptotic large-time

behavior of the mild solution w := {u¢()};>( ere of the stochastic heat
equation,

0 .
(1.1) aut(x) = (Lug)(z) + b(ue(x)) + o(ue(x)) Fi(x),

where t > 0 and z € R?, and the preceding stochastic PDE can be under-
stood in the sense of Walsh [Wal86].

For the most part, we consider the case that the initial data ug is a
nonrandom, as well as bounded and measurable, function. But we will also
consider the physically-interesting case that ug is a nonrandom finite Borel
measure on R The latter case will be the subject of Chapter 6.

Throughout we consider only functions o,b : R — R that are non-
random and Lipschitz continuous. Also, we let £ be the L?-generator of a
d-dimensional Lévy process X := {X;}+>0, and assume that X has transition
functions.

In the above discussion, we have used the standard notation of probabil-
ity theory: Namely, g; denotes the evaluation of a [random or nonrandom]
function ¢ at time ¢, and never the time derivative of g. This notation will
be used throughout the rest of the paper.

As regards the forcing term F' in (1.1), we assume that F'is a generalized
Gaussian random field [GV77, Chapter 2, §2.4] whose covariance kernel
is do(s — t)f(x — y), where the “correlation function” f is a nonnegative
definite, symmetric, and nonnegative function that is not identically zero.'
Alternatively, one can use the following
8d+1

(1.2) Fy(z) :

= F
81581‘1 ce 8xd <t ’ .’B),

IThe symbol “f” is reserved for this correlation function here and throughout. We never
refer to any other function as f.
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in the sense of generalized random fields, where F' is a centered generalized

Gaussian random field with covariance kernel

Cov ( / odF | ¢ dF)
R+XRd R+XRd

_ /0 " ds /R da /R Ay G(2)G ()T (2 ),

where [¢dF and [(dF are Wiener integrals of Ry x R? 3 (s,z)
#s(z) and Ry x R 3 (s,z) +— (s(x) with respect to F, and ¢ and ¢ are
nonnegative measurable functions for which the right-most multiple integral

(1.3)

in (1.3) is absolutely convergent.
According to the Bochner—Schwartz theorem [GV77, Theorem 3, p.
157]:
(a) The Fourier transform fof fisa [nonnegative Borel] tempered
measure on R%: and
(b) Conversely, every tempered measure f on R¢ is the Fourier trans-

form of one such correlation function f.

The measure f is known as the “spectral measure” of the noise F'. Through-
out, we assume without further mention that F' “has a spectral density.”
That is,

A~

(1.4) f is a measurable function.

This implies that f is locally integrable on R as well. Strictly speaking,
these conditions are not always needed in our work, but we assume them
for the sake of simplicity.

By enlarging the underlying probability space, if need be, we introduce
an independent copy X* := { X/ };+>0 of the dual process —X. We can then

use X* to define a symmetric Lévy process X := {X;};>0 on RY via the
assignment
(1.5) X=X+ X/ for all t > 0.

Motivated by the works of Kardar, Parisi, and Zhang [KPZ86] and Kardar
[Kar87], we may refer to X as the replica Lévy process corresponding to X
and will therefore call the resolvent {R,}a>0 of X, the replica resolvent.?
We will consider the condition that the correlation function f has finite

a-potential at zero for all & > 0. That is, we consider the following:

2These quantities are defined in more detail in Chapter 2.
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CONDITION 1.1. (Rof)(0) < oo for all a >0

The above condition will imply an existence and uniqueness result for
the stochastic heat equation (1.1). Moreover, our proof of existence and
uniqueness is closely linked to the large-time behavior of the solution itself
[via a priori estimates]. We describe these results next. But first, let us de-
fine two important quantities: The first denotes the upper LP(P)-Liapounov
ezponent of the solution u := {uy(7)};~¢ ere to (1.1) at the spatial point
r € R%:

. 1
(1.6) Yo (p) = limsup - In E (Jus(2)[") ;
t—o0 t
and the second the upper mazimum LP(P)-Liapounov exponent:
. 1
(1.7) 7. (p) :=limsup = sup InE (Ju(z)|").
t—oo zeR4

The above two quantities are variants of the well known Liapounov exponent.
We are now ready to state the first main contribution of this paper.

THEOREM 1.2. Assume that Condition 1.1 holds, and suppose ug : R —
R is bounded and measurable. Then, (1.1) has an a.s.-unique mild solution

which satisfies the following: For all even integers p > 2,

(1.8) F.(p) <inf{8>0: Q(p,B) <1},
where
(1.9) Qv 3) = PP+ 2 Lin, (e )0,

and z, denotes the largest positive zero of the Hermite polynomial He,.

Let us make two remarks before we continue with our presentation of
the main results of this paper. The first one is consequence of the above
result.

REMARK 1.3. It is possible to deduce from Condition 1.1 and the mono-
tone convergence theorem that lim, o (Raf)(0) = 0. This, in turn, implies
that

(1.10) lim Q(p,B) =0.

p—o0

Consequently, Theorem 1.2 implies among other things that 7, (p) < oo for
all p € (0, 00). O
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REMARK 1.4 (Borrowed from [FK09, Remark 2.2]). It might help to
recall that

(1.11) Hey ()

1
= WHk (\2) for all integers k£ > 0 and z € R,

where {H}}7°, is defined uniquely via the following:
—2xt—t? o~
(1.12) e = — Hyp(z) forallt>0andx € R.

k!
k=0

It is not hard to verify that

(1.13) z=1 and 2z =1\/3+V6 ~2.334.

This is valid simply because Hey(z) = 22 — 1 and Hey(z) = 2* — 622 +3. In

addition,

z
1.14 zp ~ 24/p asp— oo, and sup(p>:2;
( ) P f p>1 \/]3

see Carlen and Kree [CK91, Appendix]. O

Next we put Theorem 1.2 in the context of the existing literature on the
stochastic heat equation. With this in mind, define for all 5 > 0,

1 f(€)
(1.15) 1(5) = (QW)d/ﬂ—i—QRe‘I/(f)

where W is the characteristic exponent of the Lévy process X. Dalang

dg,

[Dal99] has established a very general result which guarantees the existence
and uniqueness of solutions to large families of SPDEs. If we apply Dalang’s
result to the present parabolic problem (1.1), then we find the following: If
ug is a constant, then the condition

(1.16) T(1) < 00

insures the existence and uniqueness of a [mild] solution to (1.1). Moreover,
Dalang’s result shows that (1.16) is necessary and sufficient for existence and
uniqueness in the case that (1.1) is a linear SPDE; that is, when o(u) = 1 and
b(u) = 0. For closely-related results [that also include hyperbolic equations]
see Carmona and Molchanov [CM94], Conus and Dalang [CDO08], Dalang
and Frangos [DF98|, Dalang and Mueller [DMO03], Dalang, Mueller, and
Tribe [DMTO08], Dalang and Sanz-Solé [DSS09], and Peszat and Zabczyk
[PZ00].
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Our next result implies among many other things that Dalang’s con-
dition (1.16) is generically equivalent to the potential-theoretic Condition
1.1.

THEOREM 1.5 (A Maximum Principle). For all 5 > 0,
(1.17) (Rsf)(0) = SUPI{)d(Rﬁf)(CU) =T(3).
Te
Thus, Condition 1.1 holds if and only if (1.16) holds. Furthermore, if Con-
dition 1.1 [and/or (1.16)] holds and f is lower semicontinuous, then for all
B> 0 there exists m5 € Co(R?) such that Rgf = 75 almost everywhere.

In light of Theorem 1.5 and Dalang’s theorem [Dal99], the novel con-

tributions of our Theorem 1.2 are:

(a) The condition that wug is a constant can be improved to one about
the boundedness of ug; and more significantly
(b) As an a priori consequence of existence, we obtain a uniform upper
bound for the maximum LP(P)-Liapounov exponent of the solution
to (1.1).
This second contribution leads to the weak intermittence of solutions, which
is a notion that is rooted in the literature of statistical mechanics. With this
in mind, let us recall the following [FKO09]:

DEFINITION 1.6. Suppose that there exists an a.s.-unique solution w :=
{ue() }150.2ere to (1.1). We say that w is weakly intermittent if

(1.18) F.(p) < oo forallpe|[2,00), and infdix(Q) > 0.
z€R

The same reasoning that was employed in [FK09] can be used to deduce
that if the solution to (1.1) is nonnegative for all ¢ > 0, then weak inter-
mittence implies the much better-known property of intermittency [CM94,
Mol91, ZRS90]; that is, the property that

(1.19) D %jp(m is strictly increasing on [2,00) for all 2 € R%.

There is a large literature which shows that, under further mild hypotheses
on £ and/or f, if ug is nonnegative then the solution to (1.1) is nonnegative
at all times; see, for example the papers by Assing and Manthey [AM95],
Carmona and Molchanov [CM94]|, Donati-Martin and Pardoux [DMP93],
Hausmann and Pardoux [HP89|, Kotelenez [Kot92], Manthey [Man86],
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Manthey and Stiewe [MS92, MS91], Mueller [Mue91]|, Nualart and Par-
doux [NP92], and Shiga [Shi97, Shi94].3

Thus, we can draw the conclusion that, in all such cases, weak intermit-
tence actually implies intermittency.

A quick calculation, using only Holder’s inequality, shows that p —
7,(p)/p is always nondecreasing on [2,00). However, the mentioned strict
monotoncity does not always hold. When it does hold, then it has some
physical significance; see Zeldovitch, Ruzmaikin, and Sokoloff [ZRS90] for
a physical discussion of intermittency. And Molchanov [Mol91] for a math-
ematical explanation of that physical phenomenon.

Our next main goal is to find nontrivial conditions that guarantee the
weak intermittence of the solution to (1.1). In light of Theorem 1.2, we
aim to derive a positive lower bound on inf, cga7¥,(2). Unfortunately, it is
quite hard to do this at the level of generality of the conditions of Theorem
1.2. In fact, informal arguments suggest that the solution to (1.1) might not
always be weakly intermittent. Thus, we seek to find reasonable restrictions
of the various parameters of (1.1) which guarantee that the solution to (1.1)
is weakly intermittent.

Let § denotes the Fourier transform of a locally-integrable function g,
and consider the following:

CONDITION 1.7. Suppose:

(1) f(ﬁ) depends on ¢ € R? only through |& |, ..., |&4];
(2) &) — £(€) is nonincreasing for every j = 1,...,d; and
(3) Re¥(¢) depends on ¢ € R? only through |&],..., |4l

These are relatively mild provisions on the spectral density f and the
process X. Our conditions on the spectral density can be applied to all of
the examples that we would like to cover. It is possible to show that they

include the following choices for f:

(i) Ornstein—Uhlenbeck-type kernels.

_ —col|z||* R . a —i&-x—ca|z||*
f(2) = cye—cellel [f@ _ W/Rde dllall® gy
for constants ci,c2 € (0,00) and a € (0,2];

3In connection to matters of positivity and regularity, we mention also a closely-related
and fundamental paper by Dawson, Iscoe, and Perkins [DIP89], where (1.1) with o(u) =
const - y/u is considered. And positivity of the solution is shown to follow from many-
particle approximations to the underlying SPDE.
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(ii) Poisson kernels.

fz) =

C1
(]| + e2)@+1/2

for c1,c0 € (0, 00).

[f(f) = const e*‘zonStHfH] 7

(iii) Cauchy kernels.
fz) =

C1
d
Hj:l(CQ + 37]2)

for ¢1,c2 € (0,00); and

[f(f) — const - e~cOmt X5 |€j\] 7

(iv) Riesz kernels.

C

fo) = e |i©

for c € (0,00) and « € (0,d).

B const]
€4 ]’

And one can construct a great number of other permissible examples as well.
Having introduced Condition 1.7, we can now present the third main
result of this paper.

THEOREM 1.8. Suppose b = 0 and Conditions 1.1 and 1.7 hold. Suppose,
in addition, that n := inf_ cgauo(z) > 0 and there ezists L, € (0,00) such
that o(z) > Lg|z| for all z € R. Then,

B 9d—1
1200 @ s {550 (RO |

where sup @ := 0.

Before we pause to make a few remarks, let us briefly study an example.
Consider the case that (Rof)(0) = co. In that case, (Rgf)(0) > 2¢71/L2 for
all 8 > 0 sufficiently small. Hence, in this case, the hypotheses of Theorem
1.8 guarantee weak intermittence of the solution to (1.1) without further

restrictions.

REMARK 1.9. (1) In the case that F is space-time white noise, the
condition “o(z) > L,|z|” can be replaced with the slightly-better
condition “|o(z)| > Ls|2|” [FK09].

(2) We will see later on that, when d = 1, the lower bound (1.20)
and the upper bound (1.8) can sometimes match. However, the
two bounds can never agree when d > 2. This phenomenon is due
to the fact that level sets of 3 — (Rgf)(0) cannot describe the
growth of u exactly. The correct gauge appears to be a much more
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complicated function, except in the cases that Fis space-time white
noise and when d = 1; compare with [FK09] for results on the case

that F' denotes space-time white noise. O

We are aware of a few variants of Theorem 1.8, but the next one is
perhaps the most striking since it assumes only that the nonlinearity term
o is asymptotically sublinear. Thus, the local behavior of ¢ is shown to not
have an effect on weak intermittence, provided that the initial data wug is
sufficiently large. A significant drawback of this result is that its proof does
not provide any information about how large “sufficiently large” should be.
We introduce the following condition.

CONDITION 1.10. (Rof)(0) = oo.
The following result is the mentioned variant of the Theorem 1.8.

THEOREM 1.11. Suppose b = 0 and Conditions 1.1, 1.7, and 1.10 hold.
Suppose, in addition, that o > 0 pointwise, and q := liminf |, o(2)/[z| >
0. If ug(x) > 0 and P{us(x) >0} =1 for all t > 0 and x € RY, then

(1.21) ¥,(2) >0 for every x € RY,
provided that n := inf, cra uo(x) is sufficiently large.

The preceding results describe our main contributions to the analysis
of the stochastic heat equation (1.1) in the case that o is not a constant
and that ug is a bounded and measurable function. But we also study the
linearization of (1.1); this is the case when o is identically equal to one. In
addition to studying existence-and-uniqueness issues, we use the theory of
Gaussian processes to study continuity properties of the solutions. Moreover,
we produce a class of interesting examples which we briefly describe next.

Consider the linear stochastic heat equation

(1.22) 2 wle) = (Bug)(x) + Fal),

where w9 = 0, z € R3?, t > 0, and the Laplacian acts on the x variable
only. Then, we construct families of noises F' which ensure that (1.22) has a
solution u := {u¢()};>0 rcre that is a square-integrable random field. But
that random field is discontinuous densely with probability one. In fact,
outside of a single null set [of realizations of the process u],

1.23 sup wut(x) = — inf w(z) = oo,
(123 S ()= nt ()
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for all open balls V' C R, x R? with rational centers and radii!* We
know of only a few examples of SPDEs with well-defined random-field solu-
tions that have unbounded oscillations densely; see Dalang and Lévéque
[DL06, DL04b, DLO04a], Mytnik and Perkins [MPO03], and Foondun,
Khoshnevisan, and Nualart [FKNO09|. The preceding (1.23) yields a quite-
simple example of an otherwise physically-natural stochastic PDE [the op-
erator is the Laplacian in R? and the noise is white in time] which has a
very badly-behaved solution.

This paper was influenced greatly by the theoretical physics literature
on the “parabolic Anderson model” (see, for example, Kardar, Parisi, and
Zhang [KPZ86], Krug and Spohn [KS91, §5], Medina, Hwa, Kardar, and
Zhang [MHKZ89], and the book by Zeldovitch, Ruzmaikin, and Sokoloff
[ZRS90]), as well as the mathematical physics literature on the very same
topic (see, for example, Bertini and Cancrini [BC98, BC95], Bertini, Can-
crini, and Jona-Lasinio [BCJL94], Bertini and Giacomin [BG99, BG97],
Carmona, Koralov, and Molchanov [CKMO01], Carmona and Molchanov
[CM95, CM94|, Carmona and Viens [CV98], Cranston and Molchanov
[CMO07b, CMO07a], Cranston, Mountford, and Shiga [CMS05, CMS02],
Florescu and Viens [FV06], Gértner and den Hollander [GAHO06], Gértner
and Konig [GKO05], Hofsted, Konig, and Mérters [vdHKMO6|, Konig, La-
coin, and Mérters [KLMSO09], Lieb and Liniger [LL63], Molchanov [Mol91],
and Woyczyriski [Woy98| for a partial listing). Furthermore, there are in-
teresting variations of the parabolic Anderson model that correspond to
continuous directed-polymer measures; see Comets and Yoshida [CYO05]
and Comets, Shiga, and Yoshida [CSY04, CSYO03].

In a nutshell, the parabolic Anderson model is equation (1.1) where
o(u) is proportional to u. There are many good reasons why that equation
has been studied intensively; see for instance the Introduction of Carmona
and Molchanov [CM94]. Two such reasons are that the parabolic Anderson
model it is exactly solvable in the two cases where ug = constant and ug = o;
and it is related deeply to the stochastic Burgers equation as well as the KPZ
equation of statistical mechanics.

And perhaps not surprisingly, the results of our Theorems 1.2, 1.8, and
1.11 are sharpest for the parabolic Anderson model, particularly when d = 1.

4Tt would be wonderful to construct versions of these examples that apply to fully nonlinear
problems; but we do not know how to proceed in a fully nonlinear [or even semilinear]
setting.
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However, an inspection of Theorems 1.2 and 1.8 reveals an inconsistency:
Our upper bound on the Liapounov exponent [Theorem 1.2] does not require
the drift b to be zero; whereas our lower bound [Theorem 1.8] does.

David Nualart has asked us whether we know how the drift b can affect
the weak intermittence of the solution to (1.1). This seems to be a hard ques-
tion to answer rigorously when the drift b is a general Lipschitz-continuous
function. But it is intuitively clear that a sufficiently-strong drift ought to
destroy the natural tendency of the solution to be weakly intermittent.

Although we are not aware of general theorems of this type, we are able
to give a partial answer to Nualart’s question; and the striking nature of
that partial answer confirms our initial suspicion that it might be rather
difficult to answer D. Nualart’s question in good generality.

Here is an instance where we can rigorously prove weak intermittency:
Consider the one-dimensional parabolic Anderson model for the relativistic
[or massive/dissipative| Laplacian; i.e., the stochastic PDE

0 A :
(1.24) gut(x) = (Auy)(z) + B up(x) + kug(z) Fy(z),
where t > 0and x € R, k # 0, A € R, and 14y : R — R is a measurable
function that is bounded uniformly away from zero and infinity. Let us
consider the special case that the correlation function of the noise is of
Riesz type; that is,

(1.25) f(z) == ||z~ for all z € R,

where b € (0,1). Then, Example 5.8 on page 71 implies that weak intermit-
tence holds if and only if

2/(1+b)
(1.26) A > — | ¥(+D) g=(1-b)/(14) F(b/Q)FE/(EJF 1)/2) '
s

This completes our investigation of the solution to (1.1) when the initial

data ug is a bounded and measurable function.

We conclude this paper by considering (1.1) in the other physically-
interesting cases where ug is a finite Borel measure on R?. This condition
on ug is very natural, as in many physical applications ug denotes the ini-
tial distribution of particles in a particle system in a disordered medium
[KPZ86, MHKZ89, KS91, Mol91, CM94, BC95|. From a purely
mathematical point of view, this problem is interesting since it leads us
to a different notion of a solution, which we call temperate. Our proposed
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temperate solutions differ from the much better-known notion of “mild solu-
tions” [Wal86, Chapter 3|. They also lead us to an extension of the notion
of a stochastic convolution, which defines stochastic integrals at almost ev-
ery time, rather than pointwise. We believe that the notion of temperate
solutions has other uses in describing otherwise hard-to-define SPDEs. In
order to describe our results on temperate solutions—the final main con-
tributions of this paper—we would have to develop some machinery. The
details can be found in Chapter 6.

A brief outline of the paper follows: In Chapter 2 we review, very briefly,
some analytical facts about Lévy processes and their generators, and also
construct examples that will be used in subsequent chapters.

Chapter 3 is concerned with positive-definite functions and their connec-
tions to potential theory and harmonic analysis. And Theorem 1.5 is shown
to be a consequence of these connections. Chapter 3 also contains a prob-
abilistic characterization of the analytic condition (1.10) and Condition 1.1
in terms of continuous additive functionals of the replica process X. Also,
a family of useful correlation functions is constructed in that chapter; that
construction uses the results of Chapter 2 on probabilistic potential theory.

In Chapter 4 we study the linearization of (1.1), and derive necessary and
sufficient conditions for the existence and spatial continuity of the solution.
We also consider various examples that include (1.22) above.

Chapter 5 contains the proofs of Theorems 1.2 and 1.8. In that chap-
ter we consider also the relativistic version of (1.1), thereby constructing
examples that include the mentioned analysis of (1.24).

Finally, we conclude with Chapter 6, where a new notion of “temperate
solution” is introduced. And then that notion is used to produce solutions
to (1.1) in the case that b = 0 and ug belongs to a suitable family of finite
Borel measures on R,

Let us conclude the present chapter by introducing some notation that

will be used throughout the paper. For all integers k& > 1,

(1.27) |z = (2] + -+ a:,%)l/Q for every = € R”.
And if g : R¥ — R is a function, then
(1.28) Lip, := sup lo(x) = 9(y)] g(y)]
z,yeRk HZU - y”
TFy

This socalled Lipschitz constant of ¢ is well defined, but might be infinity.
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143

Throughout this paper, “ 7 denotes the Fourier transform in the sense

of L. Schwartz; our Fourier transform is normalized so that
(1.29) g(&) == / e@tg(z)dz for all € e R? and g € LY(RY).
R

Finally, if ¢ : R? — R is a function, then we define
(1.30) g(x) = g(—x) for all z € RY.
And similarly, if 4 is a Borel measure on R?, then for all Borel sets A C R9,

(1.31) a(A) := p(—A), where —A:={—a: a€ A}.

Acknowledgements. Many thanks are due to the following: Michael
Cranston, who among many other interesting things, pointed us to the sto-
chastic heat equation with spatially-correlated noise; David Nualart, who
asked about the interplay between drift and intermittence; Steven Zelditch,
who told us about the lovely book by Zeldovitch et al [ZRS90]; and Daniel

Conus for his insightful remarks and suggestions on this topic.



CHAPTER 2

Lévy Processes

2.1. Preliminaries

We begin this chapter with the definition of a Lévy process which through-
out this paper, will be denoted by X := {X}+>o0.

DEFINITION 2.1. We say that X := {X;};>0 is a Lévy process if:

(1) Xi4s—X,isindependent of the sigma-algebra generated by {Xr}re[o,s}
for every s,t > 0;

(2) Xi4+s — X5 has the same distribution as X; for every s,¢ > 0;

(3) t — X; is continuous in probability; that is, X converges to X; in
probability as s — t; and

(4) Xo=0.

By adopting a suitable modification of the paths, we can and will always
assume, without loss of generality, that the trajectories of X are cadlag; i.e.,
t — X; is almost surely right-continuous with left limits. Comprehensive
treatments can be found in the books by Bertoin [Ber96], Jacob [Jac05],
Kyprianou [Kyp06], and Sato [Sat99].

Let m; denote the distribution of X; for every ¢t > 0; that is,

(2.1) my(A) :=P{X; € A} for all ¢ > 0 and Borel sets A C R

Let us recall that throughout this paper we are assuming that the process

X has transition functions; that is,
(2.2) m(de) < dz for all t > 0.

According to Theorem 2.2 of Hawkes [Haw79], we can always select a ver-

sion of these transition functions that has the following regularity features:
(1) [,pe(z)dz =my(A) for all t > 0 and Borel sets A C RY;
(2) (0,00) x R? > (t,x) — ps(z) € Ry is Borel measurable;
(3) z +— p(z) is lower semicontinuous for all ¢ > 0;
(4) prrs(x) = (ps * ps)(x) for all s, >0 and = € RY,

13



14 2. LEVY PROCESSES

Wy "

where “x” denotes the convolution operator, defined in the sense of L.
Schwartz. We work only with such a version of these transition functions.
Note that for all ¢ > 0 and x € Rd, and for every Borel-measurable function
¢:R!— Ry,

Eo(z + Xy) = /Rd o(2)pe(z — ) dz
= (¢ p)(@),

(2.3)

where we recall p(x) := pi(—x).
Alternatively, one can work with the semigroup {P;}¢>o of X, which is
defined via

(2.4) (Po)(x) := E¢(z + Xy).
It is easy to verify that {P;}:>0 is a Feller semigroup; i.e.,
(2.5) P, : Co(RY) — Cp(RY),

where Cp(R?) denotes the collection of all continuous functions g : R? — R
that vanish at infinity. In fact, under the present conditions, {P;};>0 is
strong Feller in the sense of Girsanov [Gir60]; see Hawkes [Haw79].

Let us emphasize that

(2.6) Pip = ¢ * py,

valid for all £ > 0, and for instance for every nonnegative Borel-measurable
functions ¢ : R — R.
Let {Rq}a>0 denote the resolvent of {P;}>o; i.e.,

(2.7) R, ::/ e “Psds.
0
It follows that if ¢ : R — R, is Borel measurable, then
d(2)ra(r —2)dz
(2.8) /
= (¢ *7a)(2),

where
o0
(2.9) ro(z) = / e Yp,(x)dt for & > 0 and z € R%.
0
Each “a-potential density” r,(z) is well defined, but could well be infinity

at some [in fact, even all, when o = 0] 2 € R% Nevertheless, the reg-

ularity properties of the transition functions imply that every r, is lower



2.2. THE GENERATOR 15

semicontinuous. Furthermore,
(2.10) R, : Co(RY) — Cp(RY) for every o > 0.

In fact, R (Co(R%)) is uniformly dense in Co(R?) when o > 0; see Blumen-
thal and Getoor [BG68, Exercise (9.13), p. 51].
The characteristic exponent of the process X is a function ¥ : R4 — C

that is defined uniquely via
(2.11) EeitXt — o=t¥(8) for all ¢ € R% and t > 0.

The Lévy—Khintchine formula [Ber96, Theorem 1.2, p. 13], and a theorem
of Schoenberg [Sch38a, Sch38b] together imply that the family of all Lévy
processes is in one-to-one correspondence with the family of all “negative-
definite functions.”

2.2. The Generator

We will be working with the L2-theory of generators, as developed, for
instance, in the book by Fukushima, Oshima, and Takeda [FOT94] for
more general Markov processes. We outline the details in the present special
case; matters are greatly simplified and in some cases generalized because
of harmonic analysis.

Define

(2.12) Doml[£] = {qs € L2(RY) : T4 e L2(Rd)} .

Plancherel’s theorem guarantees that ¢ € Dom[L] if and only if ¢ : R — R

is Borel-measurable, locally integrable, and

(21 | 0+ 1weR) ) d < .
It is well known that the following holds:
LG
(2.14) lim sup | (52)’ < o0.
lel—oo €]l

This can be derived directly from the Lévy—Khintchine formula; see the book
by Bochner [Boc55, (3.4.14), p. 67]. In the “Notes and References” section
for Chapter 3 [Boc55, p. 169] of his influential book, Bochner ascribes (2.14)
in part to Kolmogorov and Lévy.

Recall that

(2.15) WL2(RY) = {¢> € L2(RY) : V¢ € L2(Rd)} .
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Because of Plancherel’s theorem,

(2.16) 160ty + 1003y = [ (1 IEIP) 196D e
Therefore, we can see from (2.14) that
(2.17) Wh2(R%) C Dom[£] C L?(RY).

Of course, S is dense in W12(R?), when the latter is endowed with the usual

Sobolev norm,

(2.18) ||¢||%V1,2(Rd) = ||¢||%2(Rd) + ‘|V¢||%2(Rd)-
According to Plancherel’s theorem,

(¥, Pt¢)L2(Rd) = (¢ xmy, ¢)L2(Rd)

(2.19) 1 e
= W iy P(&) P(§)e dg,
for all t > 0 and 1, ¢ € L*(R%). Moreover,

Po—¢ R S v SN
e (v.750) =G, dcb(f)w(&)[ t ]d@

It follows easily from this and (2.12) that

. Po—9
(2.21) Lo := lglrg "

exists in L2(RY) if and only if ¢ € Dom[£]. Indeed, the sufficiency follows

from the elementary bound

(2.22) [em¥© — 1) < fwe)),

and the Cauchy—Schwarz inequality. And the necessity follows from Fatou’s
lemma, upon setting ¢ := (P,¢ — ¢)/t.

Thus, we have the socalled generator [L?-generator, in fact] £, defined
on its domain Dom[L]. In addition, £ can be thought of as a convolution

[or pseudo-differential] operator with multiplier [or symbol] £ = —¥. More
precisely,
(2.23) L) = —T(£)(€) for all ¢ € Dom[L] and ¢ € RY.

Let us note that for all t > 0, ¢ € R?, and ¢ € L'(RY),
2 .
| = O o)

(2.24) Po(e)
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Therefore, the well-known nonnegativity of Re¥(§)—which we prove at the

beginning of the following section—implies the following.

LEMMA 2.2. P; is a contraction on WH2(RY) for allt > 0. Hence, aR,,

is also a contraction on WH2(R?) for all a > 0.

2.3. The Replica Semigroup and Associated Sobolev Spaces

Let X* denote an independent copy of the Lévy process —X and, fol-
lowing Lévy [Lév37]|, define

(2.25) X; =X+ X, forallt>0.

It is easy to see that X* := {X/};>¢ is the dual process to X, and X :=
{X;}¢>0 is a symmetric Lévy process on R?. And if we denote the distribu-
tion of X; by my, then

(2.26) mi(A) = (my * ;) (A)  for all Borel sets A C RY,

where m(A) := my(—A). Note that the Fourier transform of m; is

ﬁ/ﬁ(f) = ’mt(f)‘Q

(2.27) — o~ 2tRe¥ ()

Among other things, this implies the classical fact that
(2.28) ReW (&) > 0 for all £ € RY.

The absolute-continuity condition (2.2) implies that every m; is abso-
lutely continuous with respect to the Lebesgue measure on R? [t > 0]. We
denote the resulting transition density by p;. Every p; is a symmetric func-
tion on R [t > 0.

We can always choose a version of p that has good regularity features
[of the type mentioned earlier for p|. In fact, the following version works:

Pe(x) == (pe * pr) ()

(2.29) ]
= / pe(z + 2)pe(z) dz for z € R and ¢t > 0.
R

Equivalently, if P := {P;};>0 denotes the semigroup of X, then
(2.30) P, = P,P; forallt>0,

where P} denotes the adjoint of P, in L?(RY). Every P; is a self-adjoint
contraction on L?(R%).
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Motivated by the work of Kardar [Kar87], we refer to X and P respec-
tively as the replica process and the replica semigroup. The corresponding
generator is denoted by £ and its domain by Dom[L].

For all a > 0, we can define the replica a-potential density 7o, as

(2.31) Ta(x) := / e “ps(x)ds for all z € R%.
0

Clearly, 7o (x) is well defined; but 7,(x) can be infinite for some [and even
all, in the case that a = 0] z € R? The resolvent R := {Ry}a>0 of the
semigroup P can also be defined as follows

(Ro)(@)i= [ e (Pag)(a) ds
(2.32) 0
= d(2)Ta(z — x) dz,

for all @ > 0 and = € R%. Since 7, is a symmetric function on R?, it follows
that Ra¢ = ¢ * 7q.

The preceding quantity which is called the a-potential of ¢ makes sense,
for example, if ¢ : R? — R, is Borel measurable, or when ¢ € LP(R?) for
some p € [1,00] because every P is a contraction on LP(RY).

2.4. On the Heat Equation and Transition Functions

We begin by recalling some generally-known facts about the fundamental
[weak]| solution to the heat [or Kolmogorov| equation for £: We seek to find
a function H such that for all t > 0 and z € R%,

0
o 5 Hil@) = (LH)(@),
HO = 5z7

where z € R? is fixed. By rewriting the above in terms of the [spatial]
Fourier transform H; and using the fact that the [weak] Fourier transform
of LH; is —U - Hy [see (2.23)], we obtain the ordinary differential equation,

(2.34) 5116 = WO H(©),

ﬁo(f) = ei&z.

The unique solution to this ODE is

A~

(2.35) Hy(€) = €1V,
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Direct inspection of the Fourier transform reveals that Hy(x) = pi(z — x).
Thus, we find that the fundamental solution to (2.33) is the measurable
function (0,00) x R x R% 3 (t;2,y) — pi(y — ). In particular, we might
observe that in order to have a function solution to (2.33), it is necessary as
well as sufficient that the underlying Lévy process X has transition densities.

We are thus led to the natural question: “What are the necessary and
sufficient conditions on the characteristic exponent ¥ that ensure the exis-
tence of transition densities of the corresponding Lévy processes”? Unfortu-
nately, there is no satisfactory known answer to this question at this time,
though several attempts have been made in the first half of the twentieth
century; see, for example Blum and Rosenblatt [BR59], Fisz and Varadar-
jan [FV63], Hartman and Wintner [HW42], and Tucker [Tuc65, Tuc64,
Tuc62].

More recently, Bass and Cranston [BC86] applied Malliavin calculus to a
family of stochastic differential equations driven by jump noises. Their result
can be used to supply good sufficient conditions that ensure the existence
of smooth transition functions. And in [NS06], Nourdin and Simon have
proved, among other things, that if a Lévy process has transition functions,
then so does the same process plus a drift.

We will use the following unpublished result of Hawkes. It typically
provides a good-enough sufficient condition for the existence of transition

functions. We include a proof in order to document this interesting fact.

PROPOSITION 2.3 (Hawkes [Haw84]). The following conditions are equiv-

alent:
(1) Condition (2.2) holds and p; € L*(R?) for all t > 0;
(2) Condition (2.2) holds and p; € L= (R?) for all t > 0;
(3) Condition (2.2) holds and p; € L*(R?) for almost every t > 0;
(4) Condition (2.2) holds and p; € L™(R?) for almost every t > 0;
(5) exp(—ReW) € LY(RY) for all t > 0.
(6) exp(—ReW) € LY (RY) for almost every t > 0.

Moreover, any one of these conditions implies that: (i) (t,z) — pi(x) has a
continuous version which is uniformly continuous for all (t ,x) € [, 00) x R4

for every n > 0; and (ii) py vanishes at infinity for all t > 0.
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PrROOF (HAWKES [Haw84]). Recall that [p.pi(z)dz = 1 and p; =
Dy/2 * py/2- Therefore, two applications of Young’s inequality yield

(2.36) Iptl oo (may < Hpt/2||%2(Rd) < Ipes2ll Lo (may for all ¢ > 0.

Consequently, (1)<(2) and (3)<(4).
Next let us suppose that (6) holds. Because

5u(&)] = |79

(2.37)
< o tRe¥ ().

Plancherel’s theorem ensures that
1

||pt||i2(Rd) - (27T)d HﬁtHiQ(Rd)

< e,

(2.38)
(Rd)
Since Re¥ > 0, it follows from (6) that p; € L?(R?) for every t > 0; i.e.,

(6)=(1). Moreover, we have—in this case—the following inversion formula:
For almost all z € R? and every t > 0,

1 it
(2.39) piz) = W/Rde Eo—t(g) ge.

It remains to prove that (1) and equivalently (2) together imply (5).
Recall that p(z) := p:(—z) and observe that

(2.40) pt/4/*\]5t/4 = ¢ (t/2)Re¥
Therefore, by Plancherel’s theorem,
—ReW¥ _ ||a—(t/2)Re¥
He HLt(Rd) o He L2(R9)
-2
(241) = (27-(-)d Hpt/4 * pt/4HL2(Rd)

< (27r)d Hpt/4 *ﬁt/llHLoo(Rd) .

Consequently, Young’s inequality, implies that

(2.42) e | o ey < M) Npe/allT2may:

which has the desired effect.
Finally, if (5) holds then the inversion theorem applies and tells us that
we can always choose a version of p that satisfies the properties of the final

paragraph in the statement of theorem. O
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There is also the following 1970 theorem of J. Zabczyk, which charac-
terizes (2.2) in special though important cases.

PROPOSITION 2.4 (Zabczyk [Zab70, Example (4.6)]). Ifd > 2 and ¥ is
a radial function, then (2.2) holds if and only if
(2.43) lim V(&) = oo.

€l —o0

We now put this beautiful result in context. By the Riemann-Lebesgue
lemma, if the process X has transition functions then equality (2.43) holds.
Proposition 2.4 states that the converse also holds, provided that d > 2 and
U is radial. In other words, the Riemann—Lebesgue lemma is a necessary
and sufficient condition for the existence of transition functions whenever
d > 2 and U is radial. As was mentioned in Zabczyk [Zab70], the preceding
is not in general true when d = 1. This can be seen by considering ¥ to
correspond to two independent one-dimensional Poisson processes.

2.5. On a Family of Isotropic Lévy Processes

The main result of this section will be needed to construct a counterex-
ample in Chapter 4. It is possible that it is known but we were not able
to find an explicit reference. So we provide a complete proof. We begin by
recalling a few definitions used to study Lévy processes.

We say that a Lévy process X = {X;}+>0 is isotropic if its characteristic
exponent VU is a radial function [and hence also real-valued and nonnegative].
Such processes are also known as radial processes; see Millar [Mil73].

A [standard] subordinator T := {T:}+>0 is a one-dimensional Lévy pro-
cess that is nondecreasing and 79 := 0. According to the Lévy—Khintchine
formula [Ber99, Theorem 1.2, p. 13], every subordinator 7 is determined
by the formula

(2.44) Ee At = ¢ 1%

)

where t, A > 0, and
(2.45) ®()\) = / (1 —e*AZ) TI(dz),
0
for a Borel measure II on (0, 00) that satisfies
(2.46) / (1A z)II(dx) < oo.
0

The function ® is the socalled Laplace exponent of the subordinator 7.
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We have the following lemma.

LEMMA 2.5. Choose and fiz two numbers p € (0,1) and ¢ € R. Then,

there exists a subordinator T on R whose Laplace exponent satisfies

. B(N) D(N)
2.47 0 f ————= < a2
(2.47) < Aoe AP (log N\)4/2 — iig AP (log \)9/2

PROOF. Define a measure II via
T1(dz) 2177 (log(1/2))? if0 <z < &,

(2.48) =
dzx 0 otherwise.

Since p € (0, 1), it follows that (2.46) holds, whence II is a Lévy measure.
We can also apply the definition (2.45) of the Laplace exponent and

write ®(A) = APQ()N), where

A21 _ =z
(2.49) Q) = /0 11-174-617 (log(A/z))¥? dz for A > 0.

In order to complete the proof, we will verify that Q(\) = (logA\)¥/? for
A > e.! We do so in the special case that ¢ > 0; similar arguments can be
used to estimate () in the case that ¢ < 0.

Whenever A > e, we can write

(2.50) Q(\) =11 + I,

where

(2.51) G
I = /0 = (log(Ma)? da
Evidently,
dx
/2.
I; < (log \)? / T
(2.52)

Since I; > 0, it remains to prove that
(2.53) I = (log \)%/? for A > 1.
TAs usual, h(z) < g(z) over a certain range of a’s is short-hand for the statement that,

uniformly over that range of z’s, h(z)/g(x) is bounded above and below by positive and
finite constants.
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We establish this by deriving first an upper, and then a lower, bound for I5.
Because 1 —exp(—y) <y for y > 0, and since sup_¢ (g 1) 2“1log(1/z) < oo for
all e € (0,1), it follows that

! <1 . 1og<1/:c>)q/2 da

xP

I, < (1 q/2./
2 < (log A) log A

0
< const - (log \)?/2.

(2.54)

And a similar lower bound is obtained via the bounds: (i) 1—exp(—xz) > z/2;
and (ii) log(A/x) > log A; both valid for all z € (0,1). O

The following is the main result of this section. It gives a special con-
struction of an isotropic Lévy process X := {X;}+>0 whose characteristic

exponent is regularly varying in a special manner.

THEOREM 2.6. Choose and fix r € (0,2) and q € R. Then, there exists
an isotropic Lévy process X := {X¢}i>0 such that

| (o) ()

2.55 0 f — 22 — > .

(2:55) < e, Tl g €T = 3, e o €7 =
l€l>e lell>e

PRrROOF. Let B := {B(t)}+>0 denote a d-dimensional Brownian motion,
independent from the subordinator 7 := {7 };>0 of Lemma 2.5. Define

(2.56) X := B(m) for all ¢ > 0.

It is well known—as well as easy to check—that the process X := {X;}+>0

is a Lévy process with characteristic exponent
2
(2.57) E [e’g'xt} = exp <—t<1> <”52’>> for all t > 0 and € € R

That is, ¥(¢) = ®(||€]|?/2); Lemma 2.5 [applied with p := r/2] completes
the remainder of the proof. ([l






CHAPTER 3

Positive-Definite Functions, Fourier Analysis, and
Probabilistic Potential Theory

A large part of this paper relies heavily on our ensuing analysis of
positive-definite functions and their many connections to harmonic anal-
ysis. In this chapter we develop the requisite theory and prove Theorem
1.5. We also give intrinsically-probabilistic interpretations to the two cen-
tral potential-theoretic hypotheses of this paper; namely Conditions 1.1 and
1.10. Even though, most of the results derived in this chapter will be use
later in this paper, they might be of independent interest.

3.1. Fourier Analysis

Let us begin by recalling some basic facts from harmonic analysis.
First, let us recall our definition of Fourier transform.

(3.1) g(&) = / e@lg(z)dx for all ¢ € R? and g € LY(RY).
Rd

This particular normalization is standard in probability theory and leads
to the following form of the Parseval identity, which plays a big role in the

ensuing theory:

1 R =
(3.2) /R 9@ he)ds = /R GO h(E)de for all g, € L*(RY),

The preceding is another way to say that the Fourier transform is an “isom-
etry” from L%(R%) onto itself.!

Recall that a function ¢ : R? — R is tempered if it is Borel-measurable
and there exists £ > 0 such that

ool
(3.3) S Tt Rl

IStrictly speaking, this is not true, as is evidenced by the multiplicative factor of (2m) %2
in the right-hand side of equation (3.2). And that is why the word isometry appears in
quotations: In order for the Fourier transform to be a proper isometry from L> (Rd) onto
itself, we need to use a different normalization than the one used here. We have not done
that as it would be nonstandard for probability theory.

25
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Also, recall that g has at most polynomial growth [at least polynomial
growth, resp.] if the preceding holds for some k£ > 0 [k < 0, resp.]. Finally, we
say that g € S if g and all of its derivatives have at least polynomial growth.
The collection S is the usual space of rapidly-decreasing test functions on
RY.

The following is an elementary, but important, variant of the Parseval

identity.

LEMMA 3.1. Parseval’s identity (3.2) is valid when g € S and h : R* —

R is continuous and tempered.

We leave the proof to the interested reader.

3.2. Positive-Definite Functions

Recall that a function ¢ : R? — R is positive definite if g is tempered
and (¢, g* ) 2R = 0 for all rapidly-decreasing test functions ¢. That is,

(3.4) /Rd o o(x)p(y)g(z —y)dedy >0 for all ¢ € S.

The following central result of L. Schwartz characterizes positive-definite

functions.

PROPOSITION 3.2 (Schwartz [GV77, Theorem 3, p. 157]). Ifg: R? — R

is positive definite, then there exists a tempered measure I' on R% such that

g=T.

The preceding has an elementary converse as well: Recall that a Borel
measure I' on R? is of positive type if I' > 0 in the sense of distributions;
that is, f(qb) > 0 for all nonnegative ¢ € S. Then it is straightforward to
check that if T' is a tempered measure of positive type on R, then [ is
positive definite.

Schwartz’s theorem is a generalization of the following theorem of Her-
glotz [d = 1] and Bochner [d > 2]:

PROPOSITION 3.3 (Herglotz [Her11], Bochner [Boc33]). Ifg: RY — R
is continuous and positive definite, then there exists a finite Borel measure
I' on R such that g = I.

Recall also that a continuous function ¢ : R — R is positive definite if

and only if is is positive definite in the sense of Herglotz, Bochner, Pdlya,
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etc.; that is if

N
(3.5) Z a;a; g(x; —xj) > 0 for all a1,...,ay € C and z1,...,2N € R
i,j=1
The proof uses elementary integration theory, and we merely recall the [easy]

steps: Define the finite complex measure
N

(3.6) W= Z a;0z,,
=1

and choose a sequence ¢1, ¢o, . .. : R? — R of probability density functions,
each in &, such that qgn — 1 pointwise as n — oco. Then, one can make

precise the following approximation: As n — oo,

N
> aiajglai—x)) = /(9 1) dps
(3.7) =1

~ [ (g% 0nx ) d(60 <),

And the final quantity is nonnegative because ¢ is positive definite and
Re(¢n * p), Im(¢py, *x u) € S for all n > 1.

3.3. A Preliminary Maximum Principle

Now that we have recalled the basic definitions and properties of positive-
definite functions, we can begin our proof of our maximum principle [Theo-

rem 1.5]. But first let us prove the following technical result.

LeEmMMA 34. If ¢ € S, then there exists a version of f x ¢ that is in
Co(R%). Consequently, Rz(f * ¢) € Co(R?) for every B > 0.

PROOF. Because f is tempered, the following defines a uniformly con-

tinuous function on R :
1

(3.9) ha) = G /R M) e for all 7 € R

In fact, h € Cy(R?) because of the Riemann-Lebesgue lemma. Furthermore,
if ¢ € S, then

1 =

/ Sayh(x)de = —— [ §€) F©)de) de
Rd ™ Rd

(3.9) (2m)
- / b(@)(f * 8)(x) de.
Rd
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The first line is justified by the Fubini theorem, and the second by the
Parseval identity. It follows from density and the Lebesgue differentiation
theorem that h = f % ¢ almost everywhere. This proves the first assertion
of the lemma. In addition,

(Rah)(a) = | oty = a)h(s) dy

(3.10) :/Rd 7(y — x)(f * ) (y) dy

= (Rs(f * ¢)) (z).
Since h € Co(R?), it follows from (2.10) that Rg(f+¢) = Rgh € Co(R%). O

The following contains a portion of the said maximum principle of The-
orem 1.5. It also provides some of the requisite technical estimates that are
needed for the remainder of the proof of Theorem 1.5.

PROPOSITION 3.5. For all 3 >0,
(3.11)  Y(B) = sup (Rgf)(x) = ess sup(Rgf)(x) = limsup(Rg f)(z),
zERY z€ERY z—0
where Y (0) := limg|o Y(5).

PROOF. First, we prove the proposition in the case that g > 0.
In accord with Lemma 3.4, if ¢ € S, then Rg(f * ¢) is continuous.
Therefore, the Plancherel theorem applies pointwise: For all € R?,

1 f(©)d(e<
(2m)4 Jra B+ 2Re¥(§)
[Without the asserted continuity, we could only deduce this for almost every
r € RY.] In particular, for all probability densities ¢ € S,

(3.13) sup (Rg(f * ¢)) (z) < Y(B).

z€R4

(3.12) (Ro(f *¢))(w) = dg.

[T was defined in (1.15).] If {¢,}22, is an approximate identity consisting
solely of probability densities in S, then

(3.14) Rgf <liminf Rg(f * éy,) [pointwise],
n—oo
by Fatou’s lemma. Consequently, (3.13) implies that

(3.15) SEUII{)d(Rﬁf)(x) < Y(B).
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In order to prove the reverse bound, define the Gaussian mollifiers {¢y, }22 ;:

(3.16) On(2) = <%>d/2 exp <_||z!2n> .

And observe that
1 F(€)elIEN?/@2n)

(Ba(f % 0n)) (0) = 553 | 5 oRew ()
= (L+o(W)Y(B)  asn— oo,

(3.17)

thanks to the monotone convergence theorem. On the other hand,
(RalF #0) (0) = [ 7(0)( = 0)(0)

(3.18) = | (Ranwsuwdy
< ess sup(Rsf)(),
zeR?

since [ga @n(y)dy = 1. This and (3.13) together prove that Y(3) is the
maximum of the (-potential of f; and the maximum J-potential is finite
if and only if Y(5) is. We can choose the ¢,’s so that in addition to the
preceding regularity criteria, every ¢, is supported in the ball of radius 1/n
about the origin. In that way we obtain

(Rs(f * dn)) (0) = ((Rgf) * ¢n)(0)

< sup (Rgf)(x).
llzl|<1/n

And this proves (3.11) for every 5 € (0, 00).
The case that 3 := 0 has to be handled separately because Ry is not a

(3.19)

finite measure. Therefore, we next derive (3.11) in the case that § = 0.

First of all, 3 — Y (f) is nonincreasing. Therefore, Y (0) := limg|o T(3)
exists as a nondecreasing limit. Because Rgf < Rof [pointwise] for all
£ > 0, we can deduce that

(3.20) T(0) < ess sup (Rof)(),
and
(3.21) Y(0) < limsup (Rof)(x).

z—0
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For the reverse bound, recall (3.13), and let 5 | 0. Since Y(8) — Y1(0),
we find that for every probability density ¢ € S and = € RY,

(3.22) lim (Ro(f * 6n)) (x) < X (0),
But the left-hand side is

im - * X e P5ds| = (R % T
323 | [ oK) 5] = (Rals #60) (o),

thanks to the monotone convergence theorem. Another application of Fa-
tou’s lemma shows that (Rof)(x) < T(0) for all x € RY. This establishes
(3.11), and hence the proposition, in the case that 8 = 0. O

3.4. Proof of the Maximum Principle

The main goal of this subsection is to establish Theorem 1.5. This sub-
section also contains a harmonic-analytic estimate that might be of indepen-
dent interest. We will use that harmonic-analytic to demonstrate Theorem
1.5, as well as the subsequent Theorems 1.8 and 1.11.

In order to motivate our estimate, let us first consider the important

special case that the correlation function f is of Riesz type. That is,
(3.24) f(z) = ||z~ for z € RY,

where 0~1 := co. Clearly, f is locally integrable when b € (0, d), a condition
which we assume, and in fact its Fourier transform is

/2287 (b/2) e
I'((d—1)/2) ’

See Mattila [Mat95, eq. (12.10), p. 161], for example. Then, it is well known

(3.25) f(&) =

that
/ f(ﬂ:—y)u(dw)u(dy)Z// Hl,_y”d b
_nPPT®/2) [ AP
(3:26) @) e TP

- g L, ORF©) a

It is easy to guess this famous identity from an informal application of the
Fubini theorem. However, a rigorous derivation of (3.26) requires a good
deal of effort; see Mattila [Mat95, Lemma 12.12, p. 162], for instance.
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In the language of potential theory, the preceding asserts that the Riesz-
type “energy” of the form [[ ||z — y|| =4 u(dx) u(dy) is equal to a constant
multiple of the Pélya-Szegé-type energy [pa [(€)[?]|€]| 70 d¢. The following
proposition shows that there is a very general lower bound that is valid for

every correlation function f.

PROPOSITION 3.6. For all Borel probability measures p on RY,

g [[ e puannan > g [ R a

Proor. We will assume, without incurring any loss in generality, that

(3.28) // f(z —y) p(dz) p(dy) < oo
for there is nothing to prove otherwise. We also observe that
(3:29) // [z —y) p(dz) p(dy) = /(f * ) dp.

This is essentially the famous “reciprocity theorem” of classical potential
theory.

Because f * u € L'(u), Lusin’s theorem implies that for all € > 0 there
exists a compact set A in R? such that:

(i) (A7) < ¢ and
(ii) f * p is continuous on A..

Let

(3.30) () = (e 1 A
denote the restriction of u to A, and recall the Gaussian densities {¢}5°;
from (3.16). Because
(3.31) lim (f * P2 * p) = f*p, uniformly on A,
n—oo

it follows from (3.29) that
//f(x —y) p(dz) p(dy) > / (f % p)dp

~ [t man.
(3.32)

= lim [ (f* ¢py2* 1) dpte

n—oo

> lim sup/(f * /2 * fhe) dfte.

n—oo
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Since @n/? = ¢n * qbnv

639 [[ 1@ =) utae)uay) = timsp [ (7 )@ ela) o

n—oo

where pip () = (¢n * pe)(z). Since ppe € S and f * pype is C*° and
tempered, Lemma 3.1 implies that

/ (f * Nn,e)(x)ﬂn,E(JU) dx =
Rd

(3.34) (271r)d /Rd

— o [ P ag

This, (3.32), and the monotone convergence theorem together imply that

a3 [[ fa-puanuan > g [ laderie a

Since p. converges weakly to p as € — 0, we know that fi. converges to ji

pointwise. The proposition follows from this and Fatou’s lemma. [l

An elementary computation [Mat95, Lemma 12.11, p. 161] and Propo-
sition 3.6 above together yield the following corollary.

COROLLARY 3.7. If f is lower semicontinuous, then for all Borel prob-

ability measures p on R?,

a36) [ fa—wuannan) = g [l

Even though we do not use the above result in the sequel, we have chosen

2f(¢)de

to include it as it is an interesting fact about energy forms that are based on

lower semicontinuous positive-definite functions. A weaker version of this

result has been proved by Khoshnevisan and Xiao [KX09, Theorem 5.2].
We are now ready to prove Theorem 1.5.

ProoF OF THEOREM 1.5. Note that for all ¢ > 0,
(Pf)(0) = (P P.f) (0)
(3.37) (Pt * pe * f) (0)
/ f(z —y)pe(x)pe(y) dr dy.

This requires only the Tonelli theorem. Now Proposition 3.6 can be applied

to show us that

p 1 —2tRe
(3.38) (PIO) > g [ e2mevt®

>

(§) de.
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Multiply both sides by exp(—/t) and integrate [dt] to find that

. 1 £
(Fs/)0) 2 55 /Rd 3+ 2Rew(g) ©
=T(8).

This and Proposition 3.5 together imply (1.17). Consequently, (1.1) holds
if and only if Y(3) < oo for all g > 0.
Next we prove that Rgf € Co(R?) whenever Y(3) < oo and f is lower

semicontinuous.

(3.39)

When f is lower semicontinuous we can find compactly-supported con-
tinuous functions f, that converge upward to f as n — oo. Recall from
(2.10) on page 15 that R maps Co(R?) to Cp(R?). Consequently, Rgf,, €
Co(R%), and from this we may conclude that Rgf is lower semicontinuous.

Next, let us define

_ 1 e f(9)
(3.40) mg(z) = ) /Rd 3+ 2RV (E) d¢.

If T(B) < 0o, then mg € Co(R%). Moreover, a few successive applications of
Fubini’s theorem tell us that for all ¢ € S,

(3.41) [ oot = [ (Rof)@pola) da.

Thus, 5 = Rgf a.e.
It remains to prove that if T(1) is finite, then so is Y () for every 5 > 0.
We have shown that if Y (1) is finite, then R;f = 7 almost everywhere,
71 € Co(R%); also, Ryf is bounded [Proposition 3.5]. If hy = hy almost
everwhere and hq, ho : R — R are measurable, then

(Roh)(a) = [ mowhsa =) dy

(3.42) _ /R (el — ) dy
= (Rph2)(z),

for all z € R%. Therefore, (2.10) on page 15 and the fact that 71 € Cp(R?)
together imply that Rgm € Co(RY) for all 3 > 0. In particular, RgRyf €
Co(R?¥)—whence RgR; f is bounded—for every 8 > 0. And by the resolvent
equation [see Blumenthal and Getoor [BG68, (8.10), p. 41]],

(343)  (Rsf)(x) = (Rif)(@) + (1 = B)(RsRuf)(x) for all z € RY.
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Thus, it follows from the boundedness of R f and RgR;f [for all 3 > 0]
that Rg f is bounded for every 8 > 0. Consequently, Proposition 3.5 implies
the finiteness of Y(53) for every 3 > 0. O

3.5. Probabilistic Potential Theory

Define, for all measurable functions ¢ : R? — R, a process t — L;(¢)
as follows:

(3.44) Li(¢) == /Ot #(Xs)ds for all t € [0, 00].

The random field (t,¢) — L(¢) defined above is often called the occupa-
tion field of the Lévy process X; see, for example, Dynkin [Dyn84]. Tt is
well defined, but might well be infinite even in simple cases. The following
example highlights this, and also paves the way to the ensuing discussion

which yields a probabilistic interpretation of Conditions 1.1 and 1.10.

EXAMPLE 3.8 (After Girsanov, 1962 [McKO05, §3.10, pp. 78-81]). Con-
sider d = 1, and let X denote one-dimensional Brownian motion, normalized
so that

(3.45) Ee Xt = ¢ 17/4 forallt >0 and £ € R.

In this way, X is normalized to be standard linear Brownian motion; that
is,

(3.46) Eeé Xt = ¢ 17/2 forallt >0 and £ € R.

Let ¢(z) := ||~ for all z € R, where a € (0, 1) is fixed. By the occupation
density formula [see Corollary (1.6) of Revuz and Yor [RY91, p. 209]],

(3.47) L= [ S

oo |2l

where ¢ denotes the process of local times associated to X. According to
Trotter’s theorem [RY91, Theorem (1.7), p. 209] and the occupation density

formula,
(3.48) P{¢; € Ch(R) for all t > 0} = 1.

It is a well-known consequence of the Blumenthal zero-one law and Brownian
scaling that

(3.49) P{¢ >0foralt>0}=1
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Consequently [if we ignore the null sets in the usual way|, Li(¢) < oo for

some—hence all—t > 0 if and only if o < 1. At the same time, we note that

t ds
0 | Xs|®

t dS 1 o0 o —22
:/0 SCY/Q\/%/ |Z| (§ /2dZ.

This requires only Brownian scaling and the Tonelli theorem. Thus, EL;(¢)

ELt(¢) =E
(3.50)

is finite for all ¢ > 0, if and only if @ < 1. In rough terms, we have
shown that L;(¢) < oo if and only if ELi(¢) < oco. As we shall see, a
suitable interpretation of this property can be generalized; see Theorem
3.13 below. 0

It is convenient to use some notation from Markov-process theory: Recall
from Markov-process theory that P, denotes the law of the underlying Lévy
process started at z € R? [so that P = Py, and E, denotes the corresponding
expectation operator. Since the underlying Lévy process X is Lévy, P, can
be interpretted as the law of X, + z. Thus,

(3.51) (Rut)(2) = Bs /0 e (X,) ds.

Before we state and prove the main result of this section, let us first
establish some technical facts which will be needed in the proof of the main

result.

LEMMA 3.9. For all t,oc > 0 and measurable functions ¢ : R* — R,

(3.52) sup E, (sup [e_O‘SLs(qb)]) < sup (Ra9)(2) < xal(t) sup EpLi(¢),

zeR4 >0 z€R4 zeR4
where
eat
(3.53) Yalt) =

REMARK 3.10. Let us point out the following elementary bound for the
right-most term in the preceding display: For all £, > 0,

(3.54) e ™ sup E,Li(¢) < sup E, (sup [e_asLs(gb)]) .
zeR4 r€RI 5>0
This shows that the quantities on the two extreme ends of (3.52) are one

and the same, up to a multiplicative constant that depends on « and t in

an explicit way. O
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PrROOF OoF LEMMA 3.9. Because ¢ is nonnegative, we have the sure in-
equality,

(3.55) e “Ls(p) < / e” " p(X,)dr, valid for all s, > 0.
0

We take suprema over s > 0 and then apply expectations [dP;] to deduce
the first inequality in (3.52). For the second bound, let us note that for all
a,t >0 and z € R,

0 (n+1)t B
S [ evan
n=0 nt
00 t -
< Zeanth/O ¢(Xs+nt) ds
n=0

This implies the second inequality, because

(3.56)

/d’ s+nt dS—EEXm/ d)
(3.57)
< sup Eg [L(¢)],
r€RY
in accord with the Markov property. ([l

LEMMA 3.11. For allt > 0 and measurable ¢ : R* — R,

2

(3.58) sup By (th(¢)\2) <2 (Sup E. [Lt(¢)]> .
zeR4 2€R?
ProOF. We can write
(3.59) \Lt —2/ du/ dv E, (¢(Xy)o(X, ))
Since
t t—u

(3.60) E, ( ’ H(X,)dv | Xy s < u> =Ex, ; #(Xs)ds

it follows that

(3.61)

0 z€R4
The lemma follows since L;—y,(¢) < Li(¢). O
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The following constitutes the third, and final, technical lemma of this

section.

LEMMA 3.12. For all a,t > 0,

(Rah)O) | 1
- mp{n z SR

where Xq(t) is defined in Lemma 3.9.

PRrROOF. Recall the Paley-Zygmund inequality [PZ32]: If Z is a nonneg-
ative random variable in L?(P) with EZ > 0, then

2
(3.63) P {Z > ;EZ} > 4(5(22)2)

We can apply this with Z := L;(¢)—where ¢ : R? — R is bounded away
from zero and infinity—to see that for all z € R%,

1 (B=Li(9))*
3.64 sup P, < L > -E,L >
Go0 P {062 000} > i O
By selecting z appropriately, we can ensure that
(3.65) E.Li(¢) > (1—¢€)- sup E.Li(9),
zeR

where € € (0, 1) is arbitrary but fixed. Let € | 0 and appeal to the continuity
properties of probability measures to deduce that

I (50D, gt B Li(0))’
P,.<L > — E.L >
(3.66)  wers {t(¢) 2 o t(d’)} T5up,era Ba (I (D))
>1;
-8

see Lemma 3.11 for the last inequality. A monotone-class argument shows
that the preceding holds true for all bounded and measurable functions
¢ # 0. We apply it with ¢ := min(f,N) in place of ¢, where N > 1 is
fixed. In this way we obtain

oo =

1
(3.67) sup P, {Lt(f) > 5 sup Eth(¢N)} >
zeR4 zeR4
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This and Lemma 3.9 together tell us that

sup P, {Lt(f) > (RWN)(O)}

R4 2Xa(t)
3.68 (Radn)(2)
o > a0 mp B2
1
> —.
-8
As N T o0, (Ra9¢n)(0) T (Raf)(0), and the lemma follows. O

The next result yields a probabilistic characterization of Condition 1.1
which we recall for the reader’s convenience.

(Raf)(0) < oo for all a > 0.

THEOREM 3.13. Under Condition 1.1,

(3.69) P.{L(f) < oo forallt >0} =1 for all z € RY.
Moreover, in this case, t — Li(f) grows subexponentially. That is,
log L
(3.70) P, {lim sup Ogtt(f) < 0} =1 for all z € R%.
t—o0

On the other hand, if Condition 1.1 fails to hold, then

(3.71) P.{Li(f) < oo for somet >0} =0 for some z € R%.

REMARK 3.14. Consider the stochastic heat equation where F is space-
time white noise. Formally speaking, this means that f := g is our corre-
lation “function.” In this case, one can [again formally] interpret

(3.72) Lu(f) = Li(bo) = / 50(X

as the local time of the replica process X at zero. And if we interpret
Theorem 3.13 loosely as well, then Theorem 1.2 suggests that (1.1) has a
mild solution if and only if X has local times. This interpretation is correct,
as well as easy to check, and leads to deeper connections between SPDEs
driven by space-time white noise on one hand and local-time theory on the
other hand [EFK09, FKNO09]|. In the case of the parabolic Anderson model
[that is, (1.1) with o(u) = const-u and b = 0], Bertini and Cancrini [BC95]
and Hu and Nualart [HNO9] discuss other closely-related connections to
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local times. In the case that x is a discrete variable [for example, because £
is the generator of a Lévy process on Z%; i.e., the generator of a continuous-
time random walk], similar connections were found earlier; see Carmona and
Molchanov [CM94], for instance. O

PROOF OF THEOREM 3.13. If (R,f)(0) < oo for some a > 0, then
(Rgf)(0) < oo for all B > 0 by Theorem 1.5. It follows from the first
inequality of Lemma 3.9, and Theorem 1.5, that for all 3 > 0 and z € R,

(3.73) . [sup (eﬁfof)ﬂ < (Ryf)(0) < oo.
t>0
This implies (3.69); it also implies that
(3.74) lim sup [e*th(f)} < 0 almost surely [P.].
t—o00

This implies (3.70) because 3 > 0 and z € R? are arbitrary.

In order to finish the proof, let us consider the remaining case that
(Rof)(0) = oo for all a > 0.

According to Lemma 3.12,

1
(3.75) sup Py {Li(f) = 00} > = for all ¢ > 0.
reR4 8
In particular, there exists z € R? such that
1
(3.76) P, {L¢(f) = oo for some ¢t > 0} > g

Because t — Li(f) is nondecreasing, the Blumenthal zero-one law applies

and implies that
(3.77) P, {Li(f) = oo for some t > 0} = 1;
this implies the remaining portion of the theorem. U

We now have the following consequence of Theorem 3.13. It is particu-
larly useful because its hypothesis are verified by all the examples that we

have mentioned in the Introduction.

COROLLARY 3.15. Suppose f is bounded uniformly on the complement
of every open neighborhood of the origin. Then, Condition 1.1 is equivalent
to the following: P{L:(f) < oo for somet >0} = 1.

PRrOOF. According to Theorem 3.13, if Condition 1.1 holds then

(3.78) P, {Li(f) < oo for somet >0} =1  forall z € R%
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Set z := 0 to obtain half of the corollary.
Conversely, suppose Condition 1.1 fails. According to Theorem 3.13,
there exists a point z € R? such that

(3.79) P, {Li(f) < oo for some ¢t > 0} = 0.

We need to prove that z = 0. This holds because if z were not equal to the
origin, then
(3.80) P, {L(f) <ooforallte[0,7)} =1,

where 7 denotes the first hitting time of the open ball of radius ||z||/2 around
0. Indeed,

(3.81) sup Ly(f) <7 sup  f(u) < oo,
0<t<r lull=l2]1/2

P.-almost surely. Since the paths of X are right-continuous, P,{7 > 0} =1,
and hence (3.79) is contradicted. O

Condition 1.10 [p. 8] also has a probabilistic interpretation that is given
by following proposition.

PROPOSITION 3.16. If (R, f)(0) < oo for some, hence all, « > 0, then:

(3.82) (Rof)(0) < o0 — Loo(f) <00 a.s.;
and
(3.83) (Rof)(0) = o0 = Loo(f) =00 a.s.

PROOF. If (Ryf)(0) < oo, then because (Rof)(0) = ELoo(f) < oo, it
follows that Lo (f) is finite a.s.
If, on the other hand, (Rof)(0) = oo, then because

(3.84) E / ¢ f(X,)ds = (Raf)(0),
0

the Paley—Zygmund inequality (3.63) implies that

1

(3.85) P {/OOO e F(X,)ds >

O |

. [(Ra)(0)]°
Ra > .
( f)(o)} E (!f0°° e*an(Xs)dsF)
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It follows from this and Lemma 3.11—see also the proof of Lemma 3.12—
that

Y H(Rds > LR (Raf)(0)
(3.86) I){jg F)ds =5 ® af)()} jsupxeaﬂ(ﬁ of)()

=3
owing to Theorem 1.5 [p. 5]. Let v | 0 to find that

. —j{/ IR0 =oo}

But according to Theorem 3.13, fOT X,)ds < oo, for all T > 0 a.s., because
(Rof)(0) < oo for some [hence all] & > 0. This implies that

(3.88) {hm/ F(X,)ds = }

That is: (i) P is the probability of a tail event; and (ii) P is strictly positive,
in fact P > 1/8. By the Hewitt—Savage zero-one law [HS55], P = 1. O

3.6. A Final Observation

Let us conclude this chapter with an observation that will be used later
on in Theorem 4.9 [p. 51] in order to produce a stochastic PDE whose
random-field solution exists but is discontinuous densely.

Let X := {X;}+>0 denote a Lévy process on R with characteristic
exponent W. Recall that X has a one-potential density v if v is a probability
density on R? that satisfies the following for all Borel-measurable functions
¢:RY— Ry

(3.89) B [ /0 e (X ds] = [ oy
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Because ¢ > 0, the preceding expectation commutes with the ds-integral.
Recall that mgs denotes the law of X, and restrict attention to only non-

negative ¢ € S§. In that case,

/000 e *E¢p(X;)ds = /000 e ® (/gf)dms) ds
1

(3.90) = @ /0 e "ds [R g G(g) e

_ 1 / ) 4
(2m)? Jra 1+ ¥(§)
We compare this to the right-hand side of (3.89), and then apply Plancherel’s

theorem to the latter, to deduce the following well-known formula:
1

(3.91) b(€) = ITE) for all £ € R%.

If we consider only the case that X is symmetric, then ¢ is rendered
nonnegative, since ¥ is nonnegative in this case. This observation and the
Bochner—Schwartz theorem [Theorem 3.2] together imply that v is a correla-
tion function. Because products—and hence integer powers—of correlation
functions are themselves correlation functions, Theorem 2.6 yields the fol-

lowing byproduct.

THEOREM 3.17. Choose and fix a > 0 and b € R. Then, there exists a
correlation function v on R? such that

(392)  o(¢) !

= Teetog e [or € € B with [IE] > e.



CHAPTER 4

The Linear Equation

Before we study the fully nonlinear equation (1.1), we analyse the far
simpler linearized form of the same equation [0 = 1, b = 0], and show that
it has many interesting features of its own. Because the solutions, if any, to
the said linear equations can only be Gaussian random fields, we are able
to use the theory of Gaussian processes in order to produce some definitive
existence and regularity results. Our results should be compared with our
carlier joint effort with Eulalia Nualart [FKNO9], in which ' was space-
time white noise. Our earlier effort was, in turn, motivated strongly by the
earlier works of Dalang and Frangos [DF98], Dalang [Dal99]|, and Peszat
and Zabcyzk [PZ00].

4.1. Existence and uniqueness

The linearized form of (1.1) is the stochastic PDE
92
ot

subject to up being the initial function, which as mentioned in the Intro-

(4.1) ug(z) = (Lug)(z) + Fi(x),

duction is assumed to be a nonrandom bounded and measurable function
up : RY — R. One can follow through the theory of Walsh, and define the
weak solution to (4.1) as the Gaussian random field u = {u(¢)}i>0.0es,
where [we recall] S denotes the collection of all rapidly-decreasing test func-

tions on R?, and

(42)  w() = /R o) (P o)) dr + /0 /R (pr-s#9) (y) Flds dy).

The double integral is a Wiener integral and {F; };>0 is the semigroup as-
sociated to the dual process X; := —X; [t > 0].
There are two main questions that one needs to answer before one pro-

ceeds further:

(a) Is u well defined?
(b) What is the largest family of ¢’s for which wu;(¢) is well defined?

43
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An affirmative answer to the first question would imply existence of solutions
in the general sense of Walsh [Wal86]. Since the analysis of the nonrandom
quantity [ga uo(2)(Pf¢)(x)dx is standard, we can reduce our problem to
the special case that ug = 0. In that case, these question are addressed by
the following estimate. Here and throughout, we define

! (&P f(€)
(4.3) E(v) = 2(27)d /Rd A7t +Re¥(¢) &

for all Schwartz distributions v whose Fourier transform is a function.

LEMMA 4.1. The weak solution u to (4.1) with ug = 0 exists as a well-
defined Gaussian random field parametrized by t > 0 and ¢ € S. Moreover,
forallt, A\ >0 and ¢ € S,

(4.4) a(®)Ex(6) < B (lus(0) ) < bOE9),
where a(t) := (1 —e™2/*) and b(t) := e/,

In fact, Lemma 4.1 holds under far greater generality than the one pre-
sented here. For instance, it holds even when transition functions do not
necessarily exist, and when the correlation function is a general correlation

measure. The less general formulation above suffices for our needs.

PRrOOF. If ¢ € S then p}qg € S for all £ > 0. Since the Fourier transform
is an isometry on &, this proves that

(4.5) P'¢=p,xp €S foreveryt>D0.

Therefore, in accord with (1.3), the second moment E(|us(¢)|?) is equal to
t 2
) dsd
2 < | 0w pasay )
4.6 _ 1 ! =)W > [ 2ren2F
(46) =yt [ 4 [ acfe Cderfe

t A~ ~
= gt [ ds [ ag e O o) (o),

And the lemma follows from the preceding and Lemma 3.5 of [FKN09]. O

There are standard ways to extend the domain of Gaussian random

fields. In our case, we proceed as follows: Consider the pseudo-distances
{pi}io defined by

@) o) = {B () —u@P)} " frsuves
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Because L?(P)-limits of Gaussian random fields are themselves Gaussian
random fields, we deduce the following: Suppose v is a Schwartz distribution
such that limy, oo pe(v,v * ¢p) = 0 for all ¢ > 0, where {¢,}>2, is the
sequence of Gaussian densities, as defined in (3.16) [p. 29]. Then u:(v) is
well defined in L?(P), and the totality {u;(v)} of all such random variables
forms a Gaussian random field.

We follow [FKNO09] and say that (4.1) has a random-field solution if we
can obtain u;(8,) in this way for all z € R%.

Consider the space Hy of all ¢ € S such that &£ (¢) < oo for all ¢t > 0.
Evidently, Hy can be metrized, using the distance

(4.8) 5(6,0) = VE(6—¢) forpeS.

Define H; to be the completion of Hy in the distance 6.

LEMMA 4.2. Condition 1.1 holds iff 6, € Hy for some, hence all, x € R%.

PRrROOF. First of all, we recall (1.15) and check that

Ex(0y) = 2(2m)d /Rd A=+ 2ReW (&)

_ %T(l/)\).

In particular, the value of £,(8,) does not depend on z € R%. And Theorem
1.5 implies that £(d;) is finite for some A > 0 if and only if it is finite for
all A > 0.

Let us first suppose that £,(0;) is finite. We can note that d, * ¢, =
on(e —z) € S, where {¢,}22, was defined in (3.16). Therefore, for all
n,m > 1,

5)\(692 * an - 5:(3 * ¢m)
(4.10) _ 1 / L 1o lelE-2l [ g,
2(2m)¢ Jra A7 + 2Re¥(§)

Since €)(0;) is finite, the dominated convergence theorem tells us that the

(4.9)

sequence {0z*@y, } 02 4 is Cauchy in Hy. A calculation similar to the preceding
shows that the quantity €y(0, * ¢, — ;) converges to zero as n — co. And
therefore, 6, € H;.

Conversely, if 6, € Hy, then E\(d * P, — 0z % &) — 0 as n,m — co. We
can extract an unbounded subsequence ny; < ng < --- of positive integers
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such that
(4.11) Ex(O * b, — Oz % Pp,,,) <277 forall j > 1.

It follows from (4.10) that if k=1 < \nj_l - nj_jl], then

1 1 2/(2n) |
- _ 1 _ o lIElI%/(2K)
Ex(0gp — 0z * ) 2(2m)d /Rd A=l + 2Re¥ (&) ¢
(4.12) < EX(Oz * Py — Oz * Py )
<27,

Let K — oo and then j — oo, in this order, to deduce from the preceding
discussion that

(4.13) Jlim Ex(8z — 8, % ¢r) = 0.
Because v — /) (v) satisfies the triangle inequality, it follows from (4.11)
that for all £ > 2,
VEN(0z) < VENBs — b0 * O1) + V/E\(0x * )
< VEN(w — 6 % Dk) + V/EN(Ow * bk — O % 1)
+ VE(0z * Pr—1)

(4.14) < VEAGr — 0g % i) + 27 FTI2 4 /€ (6, * )
k—1 A
SVENOe = 0u o) + Y27 4 \/Ex(00 * 1)
j=1

We have shown that the first quantity on the right-hand side converges to
zero as k — o0o; and the second term remains bounded. Finally, the third
quantity on the right-hand side of the preceding is finite since ¢; € S.
Therefore, it follows that if 6, € H; then £,(d;) < co. This concludes our
proof. O

For more general initial functions ug > 0, (4.1) has a random-field solu-
tion if and only if Condition 1.1 holds and (Pug)(z) < oo for all ¢ > 0 and
z € R?% Let us conclude this section with a lemma that provides simple
conditions that ensure that (Pyug)(x) is finite for all ¢+ > 0 and 2 € R%.

LEMMA 4.3. Suppose exp(—ReW¥) € LY(RY) for all t > 0, and ug €
LP(RY) for some B € [1,00]. Then, (Pug)(z) < oo for all t > 0 and
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z € R%.  Moreover, Paug is uniformly bounded and continuous for every
fized t > 0.

PROOF. Since P, is a contraction on L>(R?), it suffices to consider only
the case that 1 < 3 < oo.
Choose and fix some ¢t > 0. According to Young’s inequality,

[ Pruo]| oo (ray = [1Pe * uo| oo (Ra
(4.15) (R4) (R4)
< ||pell Lo mey - 1woll Lagray,
where p~! + ¢! = 1. On the other hand, for all p € (1, 00),
(4.16) [Ptll o (ray < [Ptll oo (mA)s

and this is finite, thanks to Proposition 2.3 on page 19. Therefore, it remains
to prove continuity.
First consider the case that 8 < oo. In that case, we can bound the

quantity
(4.17) | (Pruo)(2) — (Pruo)(2')| = | (B * wo)(x) — (Pt * uo)(a)

from above, by

/ p(y) [0y — ) — uoly — 2')| dy
Rd

1/8
(4.18) < </det(y) luo(y — ) —uo(y—x')’5 dy>

< Ipell 2 gy - lluo(e = 2) = wo(e = 2)|| oy -

)

It is a classical fact that uy € L°(R?) implies that ug is continuous in
L°(R%). Therefore, Piug = P * up is continuous.
Next let us consider the case that 3 = co. In that case, we write
| (Bt * o) () — (Be * o) (a)|

< ||U0HL<><>(Rd) : Hpt(' —z) —pi(e — m/)HLl(Rd) )

(4.19)

which goes to zero because, once again, p; € Ll(Rd) implies that p; is
continuous in L'(R?). O
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4.2. Spatial regularity: Examples

Define for all z,y € R,

1 1 —cos(&: (x — 2 1/2
420 dea)= (g [ g (@)

Then, d defines a pseudo-distance on R?. Let N, denote the metric entropy
of [0,1]¢. That is, for all € > 0, Ny(e) denotes the minimum number of
radius-e d-balls required to cover [0,1]%. We can combine Lemma 4.1 with
theorems of Dudley (see, for example, Marcus and Rosen [MRO06, Theo-
rem 6.1.2, p. 245]) and Fernique [MRO06, Theorem 6.2.2, p. 251], together
with Belyaev’s dichotomy [MR06, Theorem 5.3.10, p. 213], and deduce the
following;:

PROPOSITION 4.4. Suppose exp(—Re¥) € LYR?) for all t > 0, and
T(1) < oo so that (4.1) has a random-field solution w with ug = 0. Then

the following are equivalent:

(1) x — w(x) has a continuous modification for some t > 0;
(2) x — u(x) has a continuous modification for all t > 0;

(3) The following metric-entropy condition holds:
(4.21) / (log Ng(€))/? de < oc.
o+

Next we describe a large family of examples for (4.1) that have continu-
ous random-field solutions. Throughout, we write “h =< ¢” in place of “(h/g)

is bounded, above and below uniformly, by finite positive constants.”

THEOREM 4.5. Suppose f(x) = const/||z||9 % and Re¥(£) =< ||€||* for
some a € [0,2] and B € (0,d). Then (4.1) has a random-field solution if
and only if a + 3 > d. In this case, (4.21) holds. In fact, we have

(422)  de,y)=glle—yl)  wniformly when |lx —yl| < 1/e,
where for all r € (0,1/e),
platf=d)/2  yfo 4+ B e(d+1,d+2),

(4.23) g(r) == r/log(1/r) ifa+B=d+2,
r ifa+ 8 >d+2.

REMARK 4.6. The condition that ReW (&) =< [|£]|* implies that the upper

and lower Blumenthal-Getoor indices of ¥ match and are both equal to



4.2. SPATIAL REGULARITY: EXAMPLES 49

a; see Blumenthal and Getoor [BG61, Theorem 3.2] and Khoshnevisan
and Xiao [KX09] for definitions and further details, including the various
connections that exist between those indices and the fractal properties of
the underlying Lévy process X. ([

PROOF OF THEOREM 4.5. Recall (1.15). In order to prove the existence
of random-field solutions, it suffices to show that T(1) < oco. We begin by

writing

! £
(4.24) T = (2m)d /Rd 1+ 2Re¥() 4

= Il + IQa
where

1 £(©)
— ALY TS d

o) 2m)1 /gnq 1+ 2Re¥ (€) an

1
L=t / A O NS
(27‘(’) ll€]>1 1+ 2Re\I!(§)
It is clear from the hypothesis of the Lemma that 7 is always finite, because
6 < d. We now turn our attention to I, and note that

(4.26) I = /I ds

g>1 NENeT?”

Therefore, Iy < oo if and only if & + 8 > d. This concludes the first part of
the result.

For the second part we assume that

(4.27) |z —yll < 1/e.
We write
(4.28) ‘d(x,y)|2 = (271r)d (J1+ Jo+ J3),
where
_ 1 —cos(§-(x—y)) ;
Jii= /§”§1 1+ 2Re¥(€) F(€)dE,
1 —cos(§-(xr—y)) ;
. Jy = d¢,
(4.29) ’ /£||>1/z—y|| 1+ 2Re¥(§) Hede

1 —cos(&- (x—y))
J3 =
’ /1<||£||s1/my|| 1+ 2Re¥(¢)

We can estimate each J; separately.

f(e)de.
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Because 1 — cosf =< #? for 6 € (—1,1),

Jy= =yl /” IRCRIGEE

(4.30) = lle—y|?- /” el

1
dr
- _ 2. e
-~ Hx y” /0 ph—d—1

Because § < d, the integral term in the above display is finite, and hence
(4.31) Jy = ||z =yl
We estimate Jy similarly:

F(&)d¢
J .
2 = const /s||>1/|xy|| 1€l

/OO dr
- a+pB—d+1"
1le—yll T

The final integral is finite if and only if a + 8 > d; and in this case, we have

(4.32)

the estimate 0 < Jy < const - ||z — y”aJrﬂfd.
Finally,
S I el g
(4.33) <[leN<1/]jz—yl|

~ , [Vl gy
=l =yl™ | e

We evaluate the integrals (4.32) and (4.33) for the different cases of a + 3
to obtain the result. ]

The following is an immediate consequence of Proposition 4.4 and The-

orem 4.5.

COROLLARY 4.7. Ewvery random-field solution uw given by Theorem 4.5

has a continuous modification for all t > 0.

We devote the remainder of this section to a special case of (4.1) namely

0 .
(4.34) aut(@ = (Auwy)(z) + F(x),
where ug = 0, z € R3, t > 0, and the Laplacian acts on the 2 variable only.
The noise F' is a centered Gaussian noise, as before, that is white in time

and homogeneous in space with a correlation function f that satisfies the
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following for a fixed ¢ € R:

) 1
(4.35) 1) = Telitog el

According to Theorem 3.17 on page 42, such correlation functions exist.

for ¢ € R? with ||£]| > e.

The following lemma will be useful for the proof of the main result of

this section.

LEMMA 4.8. If g : R3 — R is a Borel-measurable radial function, then
(4.36) / (1 —cos(z-y))g(x)dx > const - / g(x) dz,
lzl1>1/llyll llz]|>1/]lyll

uniformly for all y € R3\ {0}.

Proor. Clearly,

/ (1 cos(z - y))g(z) de
(4.37) [l[|>1/1ly]l .
:/ r*R(r) dr/ do (1 — cos(y - r8)),

1yl s?
where R is the function on Ry defined by R(||z||) := g(z) for all x € R3.
But for all > 0, the df-integral can be computed as
(4.38) / (1 —cos(y - r6))df = const - <1 - s1n(rHy||)) ,
52 rllyll
and this is bounded below uniformly, as long as r > 1/||y||. We combine the

preceding two displays to obtain the result. ([
The following is the main result concerning (4.34).

THEOREM 4.9. Consider the stochastic heat equation (4.34) in R3, where

the correlation function f of the noise satisfies (4.35) for a given fized value
q € R. Then:

(a) (4.34) has a random-field solution w iff ¢ > 1;
(b) @ +— ui(x) has a continuous modification for all t > 0 iff ¢ > 2.

REMARK 4.10. Theorem 4.9, and general facts about stationary Gauss-
ian processes [see Belyaev’s dichotomy [MRO06, Theorem 5.3.10, p. 213], for
instance], together prove that when ¢ € (1,2], the stochastic heat equation
(4.35) has a random-field solution w that almost surely has infinite oscilla-
tions in every open space-time set. This example was mentioned at the end
of Introduction. (|
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PROOF. In order to show existence of a random-field solution, it suffices
to show that Y (1) < oo if and only if ¢ > 1. Because ¥(¢) = [|£]|?, we may

write Y (1) as follows:
I v

(4.39) "~ 8m3 Jgs 14 2|2

. L+ 1

T 8nd
where

1(©) / f(©)

4.40 I .= ——=r—d d Ir:= ——=rd¢.
(4.40) ' /||5<e1+2H€H2 ©oand b lelse 1+ 212 :
Direct inspection reveals that
1.41 h=[ —"—ar and b=/ —L 4
(44 1A/o (logrye " 2A/e r(logr)a

It follows readily from this that Y (1) < 1 if and only if ¢ > 1.
We now turn our attention to the second part of the proof. Throughout,
we assume that ||z — y|| < 1/e, and consider the following integral:

1 1—cos(§- (z—y)) ;
d 2= _— d
. J1+ Jo+ J3
T 873 ’
where
._ 1 —cos(§-(z—y)) ;
o= [ e
1—cos(é- (x—y)) »
, Jy = de,
(4.43) ’ /Ell>l/w—y|| 1+ 2(¢]1? J&)a

1 —cos(¢- (z—y))
Jy =
’ /e<||£||S1/w—y|| 14 2[|¢]1?

We estimate each of the integral separately. The first term can be dealt with

f()de.

easily, and we obtain the following, using similar computations to those in
the proof of Theorem 4.5:

(4.44) Ji = ||lz — g%
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The estimation of the second term requires a little bit more work, viz.,

1 1= cos(é - (2= ) ;
Jy < = d
2=2 /n£||>1/||xy|| 1€112 fi&)at
£(©)
< . &) 4
= const /§||>1/:c—y|| 1€]2 ¢

(4.45)

0 1
< const - / ——dr
1/lle—y)| T(log7)?

1 —q+1
= const - <log Hx—yH> .

Finally, we consider the final term J3:

Js = |z - yl? / f(6) de
e<|lI<1/||lz—yl|

(1.46) S AR
| ST gy

1 —q
< const - <10g HH) .
Ty

Upon combining the above estimates we obtain the bound

1 —q+1
(4.47) ld(z,y)|* < const - <10g > :
[l = yll

Next, we compute a similar lower bound for |d(z,y)|?. Since the inte-
grands are nonnegative throughout, we may consider only Jo. In that case,

Lemma 4.8 yields the following:

£
Jo > const - LAY
2= oow /nanzl/z—yn el

1 —g+1
> const - (log ” H) .
rT—Y

Thus far, we have proved that

(4.48)

(4.49) d(x ,y) =< | log([|x — y|[)| 972,
uniformly, as long as ||z — y|| < 1/e. From this, we obtain
(4.50) log Ny(e) =< 2/(1=a),

valid for 0 < € < 1/e. In particular, the metric-entropy condition (4.21)
applies if and only if ¢ > 2. Since the other conditions of Proposition 4.4
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hold [for elementary reasons|, the second part of the theorem follows from
Proposition 4.4. [l



CHAPTER 5

The Nonlinear Equation

The primary goal of this chapter is to study the fully-nonlinear stochastic
heat equation (1.1) as described in the introduction.

In the first part, we derive a series of a priori estimates that ultimately
lead to the proof of Theorem 1.2. The latter theorem shows that the finite-
potential Condition 1.1 is sufficient for the existence of a mild solution to
the stochastic heat equation. As a byproduct, that theorem also yields a
temporal growth rate for the solution. This means that under some natural
conditions on the multiplicative nonlinearity o, the mild solution will not
be intermittent.

The second part is devoted to the proofs of Theorems 1.8 and 1.11, and
thereby establishing the fact that, in contrast to the preceding discussion, if
“there is enough symmetry and nonlinearity,” then the mild solution to the
stochastic heat equation is weakly intermittent.

In the third and final part, we give a partial answer to a deep question
of David Nualart who asked about the “effect of drift” on the intermittence
of the solution. In particular, we show that if the drift is exactly linear—
which corresponds to a massive and/or dissipative version of (1.1)—then
there is frequently an explicit phase transition which describes the amount
of drift needed in order to offset the intermittent multiplicative effect of the

underlying noise.

5.1. Existence and Uniqueness

The main goal of this section is to prove Theorem 1.2. With that aim

in mind, we can formulate (1.1), in mild form, as follows:

wn () = (Prao) / s / Ay pe_s(y — 2)b(us(y))

(5.1)
4 /0 /R Pr-s(y — )0 (us(y)) F(ds dy).
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As is customary, we seek to find a mild solution that satisfies the following
integrability condition:
(5.2) sup sup E (Juy(z)]?) < o0 for all T > 0.

t€[0,T] zcR4

In order to prove Theorem 1.2 we apply a familiar fixed-point argument,
though the details of this argument are not entirely standard.

Let F := {Ft}+>0 denote the right-continuous complete filtration gener-
ated by the noise F. Specifically, for every positive ¢, we define F to be the
o-algebra generated by random variables of the form of the Wiener integral
f[O,t]de ¢s(x) F(dsdz), as ¢ ranges over L2([0,t] x R?). Define F} to be
the P-completion of F, and finally define
(5.3) Fo=()F:

s>t
as the right-continuous extension.

We recall from Walsh [Wal86] that a random field {v(7)};>0 era 18
predictable if it can be realized as an L?(P)-limit of finite linear combination
of random fields of the type

(54)  2(2)(w) == X(W)L(gpxalt, ) for t >0, z € R% and w € Q,

where: 0 < a < b < 00, A C R% is compact, and X is an Fy-measurable and
bounded random variable.! Define for all predictable random fields v,
65 Ane) = [ ey - a)oley) F(dsdy),

[0,t] xR

and

(5.6) (Bv)(x) = /0 ds /Rd dy pi—s(y — x)b(vs(y)),

provided that the integrals exist: The first integral must exist in the sense
of Walsh [Wal86]; and the second in the sense of Lebesgue.
Define for all 8,p > 0, and all predictable random fields v,

1/p
(5.7) ||v] .

50 = sup sup [ (Juy(x)]7)]
t>0 zcR4

It is easy to see that the preceding defines a [pseudo-] norm on random

fields, for every fixed choice of B,p > 0. In fact, these are one among

1We are using the standard “(€2, F,P)” notation of probability for the underlying proba-
bility space, of course.
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many possible infinite-dimensional LP-norms. And the corresponding LP-
type space is denoted by Bg,. We make the following definition which will
be in force throughout the rest of the paper.

DEFINITION 5.1. Let B, denote the collection of all [equivalence classes
of modifications of] predictable random fields X := {X;(7)};>0 era Such
that || X ||z, < oo.

One can easily checks easily that || - ||, defines a pseudo-norm on Bg.
Moreover, if we identify X € Bg, with Y € Bg, when || X —Y |3, = 0, then
[the resulting collection of equivalence classes in] By, becomes a Banach
space. Because || X — Y3, = 0 if and only if X and Y are modifications
of one another, it follows that—after the usual identification of a process
with its modifications—Bpg, is a Banach space of [equivalence classes of]
functions with finite || - ||, norm.

Our next two lemmas contain a priori estimates on Walsh-type stochas-
tic integrals, as well as certain Lebesgue integrals. Among other things,
these lemmas show that B and A are bounded linear maps from predictable
processes to predictable processes. These lemmas are motivated strongly
by the theory of optimal regularity for parabolic equations, as is our entire
approach to the proof of Theorem 1.2; see Lunardi [Lun95]. We follow the
main idea of optimal regularity, and aim to find a good function space such
that if ug resides in that function space, then u; has to live in the same
function space for all t. As we shall soon see, the previously-defined Ba-
nach spaces {Bgp} 3 p>0 form excellent candidates for those function spaces.
In a rather different context, this general idea appears also in Dalang and
Mueller [DMO03]. Those authors show that L?(R¢) is also a good candidate
for such a function space provided that o(0) = 0.

Here and throughout, we will use the following notation on Lipschitz

functions.

CONVENTION 5.2. If g : R? — R is Lipschitz continuous, then we can
find finite constants C, and Dy such that

(5.8) lg(x)] < Cy+Dylz| for all z € RY.
To be concrete, we choose C, := |g(0)| and Dy := Lip,, to be concrete.

As mentioned above, the next two results describe a priori estimates for
the Walsh-integral-processes Bv and .Av when v is a nice predictable random
field. Together, they imply that the random linear operators A and B map
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each and every Bg), into itself boundedly and continuously. The respective
operator norms are both described in terms of a replica potential of the

correlation function f.

LEMMA 5.3. For all integers p > 2, real numbers 3 > 0, and predictable

random fields v and w,

p (Ce
(5.9 B0, < 5 (2 + Dol ).
and
pLip
(5.10) [Bv — Bwl|gp < 3 2o = wlg,p-

PROOF. On one hand, the triangle inequality implies that E(|(Bu)¢(x)|P)
is bounded above by the following quantity:

t t P P
dsl/ dy1-~-/ds/ dy Pis, (tx — ) - E b(vs, (y;
f s [y s [ T peate = I v )

On the other hand, the generalized Holder inequality tells us that
P P
(5.11) E | [T 1o(os; (i)l | < TT lIbCos; (9))llp-
j=1 J=1

Therefore, we can conclude that

(5.12) E(|(Bv)()|P) < (Cbt+Db/0 ds /R dy pt_s(y—x)\lvs(y)Hp> :

We multiply the preceding by exp(—pt) and take the the (1/p)-th root to
find that

E (B @)

< Cyte PP 4 Db/ ds dy e =) Pp,_(y — 2)e PP ||ug(y) |,
0 R

(5.13)
_ pD
< Cyte PP 4 *ﬂbnz)n@p-

The first display of the lemma follows because t exp(—ft/p) < p/(ef3) for all
t > 0. In order to obtain the second display we note that

(5.14) [(Bv)i(z) — (Bw)t(x)] < Lipy, - (Bi(|v — w)))s (),



5.1. EXISTENCE AND UNIQUENESS 59

where Bj is defined exactly as B was, but with b(z) replaced by bi(z) = =.
Because we may choose Cp, = 0 and Dy, = 1, the second assertion of the
lemma follows from the first. U

LEMMA 5.4. For all even integers p > 2, real numbers 8 > 0, and
predictable random fields v and w,

(5.15) 1 4vllg,p < 2 (Co + Dollvllgp) 1/ (Ras/pf)(0),

and

(5.16) lAv — Aw|lg < zpLip, [lv — wllgpy/ (Rag/,.f)(0).

PROOF. According to Davis’s formulation [Dav76] of the Burkholder—
Davis-Gundy inequality, E(|(Av):(x)[P) is bounded above by 2} times the
expectation of

t p/2
Gany | [as [ ay [ Vi omely - o - 0f G-y
0 R4 R4
where
(5.18) Vi(y, 2) :== a(vs(y))o(vs(2))
By the generalized Hélder inequality,
p/2 p/2
(5.19) EfT]Ve i) ) <] o (vs, (W)l llo(vs, (2) -
j=1 j=1

Consequently, E (|(Av)(z)[P) is bounded above by 2z} times

w20 ([ [ av [ 0z Vit st o= se-n)

where

(5.21) Vi(y,2) = llo(us@)ll, lo(vs(2))]l, -
We can note that for all s > 0 and y € R,
lo(vs())l, < Co + Dollvs(y)lp
(5.22) < Co + Doe™/?||v]| 5,
< PP (Cy + Do 0ll,p) -
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Therefore, a line or two of computation yield

e’} P/2
(5:29) E((AN@)P) < o3 (€, Dlollay)? ([~ e rmds)
0

where
Hem [ da [ ab fla= bt
Rd Rd
(5.24) = (PIP.f) (0)
= (psf)(o)
And hence,

(525)  E([(Av)(@)") <28 (Co+ Dollv]lg,)” (Ras/pf)(0))"7,

The first assertion of the lemma follows immediately from this.

In order to deduce the second assertion we note that
(5.26) | Av — Aw|g, < Lip, - A1(|v — wl),

where A; is the same as A, but with o(z) replaced by o;(x) = . Therefore,
the first assertion of the lemma implies the second. This completes the
proof. ([l

We are ready to begin a more-or-less standard iterative construction that
is used to prove Theorem 1.2.
Let

(5.27) W() = uo (),
and define iteratively: For all n > 0,

(5.28) ul ™ (z) = (Pauo)(z) + (Bu™)¢(z) + (Au™)¢(z).

LEMMA 5.5. Choose and fix B > 0 and an even integer p > 2. If

(5.29) pgb + zpo/(Rgﬁ/pf)(O) <1,

then sup,,> [|u"||gp < 00.

PROOF. Because Puy is bounded, uniformly in modulus, by sup,cga |uo(x)|,
the triangle inequality implies that

(5.30) [l < sup fuo(x)] + [ Bu"[|g,p + [l Au"{|3,p-

zeR
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Lemmas 5.3 and 5.4, and a few lines of direct computation, together imply
that

(5.31) [ 5p < A+ Bllu"|l5,
where
pCy =
(5.32) A = sup |up(z)| + + 2pCoy/ (Rog/pf)(0),
zeR4 Be
and

(5.33) B = pﬁD” + 2,Do\/ (Rag/pf)(0).

Iteration yields the bound

(5.34) [u" gp <A1+ B+ +B" 1+ B" sup |up(z)| | .
zERY
Consequently, if B < 1 then
A
5.35 k < — .
(5.35) zglfllu lsr < 1—5
Since [|[u®||g, < supgegd [uo(x)| < 0o, the lemma follows. O

We now have all the technical estimates for the proof of Theorem 1.2.

5.1.1. Proof of Theorem 1.2. Without loss of generality, we can find
B > 0 such that Q(p, ) < 1, otherwise there is nothing to prove. Choose
and fix such a (.

Thanks to Lemma 5.5, every u" is well defined and |[u"||g, is finite,
uniformly in n. In particular, u™ € Bg,. Next we apply Lemmas 5.3 and
5.4—with C, := |g(0)| and Dy := Lip,—to find that

[l — g < [1Bu” = Bu g + [ AU — Au" T
<l —u"Hlgp - QP B)

Because Q(p, ) < 1, the preceding implies that

B?
(5.36) g

(5.37) D [lum Tt = ut|g, < const - Y {Q(p,8)}" < oo
n=1 n=1

Therefore, we can find a predictable random field ©> € Bg,, such that

(5.38) lim |lu" —u™| 3, =0.

n—oo
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Our arguments can be adjusted to show also that

(5.39) lim ||Bu™ — Bu™|/g, = 0,
n—oo

as well as

(5.40) lim ||Au™ — Au™||g, = 0.
n—oo

This proves that u> is another solution to (5.1). As we have mentioned, u
is the almost-surely unique solution to (5.1). Therefore, u™ is equal to u, up
to evanescence. It follows that v € Bg ), for all 3 > 0 such that Q(p, ) < 1.
This proves the theorem. U

5.2. Intermittency

In this section we prove Theorems 1.8 and 1.11, which state that the
solution to the stochastic heat equation can be weakly intermittent in the
presence of enough symmetry and nonlinearity. The basic idea is to follow
our earlier work on space-time white noise [FK09] and apply the renewal-
theory methods of Choquet and Deny [CD60]. However, this turns out to
be a difficult adaptation which appears to require a fair bit of harmonic
analysis.

It might help to recall the definition (1.15) [page 4] of the function T,
and the relation [Theorem 1.5, page 5] between the positive number Y(5)
and the maximum value of the replica G-potential of the correlation function
f, as well as the positive number (Rgf)(0) of that replica potential at the

origin.

PrOOF OF THEOREM 1.8. We can assume, without loss of generality,
that there exists 8 > 0 such that
2
5.41 T(8) > —
(5.41) CE

for there is nothing left to prove otherwise. Now consider any such 3.
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Since b(x) = 0, up > n, and o(u) > Ly |u|, we can apply (5.1) to deduce
that for all z,y € R and t > 0,

E (Jug(z)u(y)])
(5.42)
> E (ue(2)u(y))
> 772 +/0 ds /Rd dz /Rd dz’ WS(Z ’ Z/)pt—S(Z - x)pt—s(zl - y)f(z - Z,),
where
Ws(z,2) :=E (a(us(z))a(us(z/))

(5.43) > L2E (Jus(2)us(2)]) -
(

Consider the following R-valued functions on (R%)2:

Hyfa )= [ B (ul@pu)

(5.44) Gala,b) := /OOO e py(a)py(b) dt,

F(a,b) := f(a—0b).
Also consider the linear operator Ag defined as follows: For all nonnegative

Borel-measurable functions & : (R%)? — R,

(5.45) (Agh)(z,y) = (Fh « éﬁ) (z,y).

A line or two of computation shows that the preceding is simply a quick way
to write the following:

(Agh)(z,y)
(5.46) /Rd d“/Rd db F(a,b)h(a,b)Gs(r —a,y —b)

:/Oooe—ﬁtdt/Rd da/Rd db fla — b)h(a, bypi(x — a)pi(y — a).

With the preceding definitions under way, we can write equation (5.42)
in short hand as follows:

2
(5.47) wumz%+mmwmmw
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Since F' > 0 on (R%)?2, we can apply the preceding to find the following

pointwise bounds:

H>77—21 L2(A s L2(AzH,
8= +oﬂﬁ+a(6ﬁ)

B
772 2772 4 42

- ﬁl + LaﬁAgl + Ly A%Hg,

(5.48) , ) )

STy v2l a2 (L s 124,08

=3 + Ls 3 sl + L, i 3 + Lo AgHp
n? n? n?

= ﬁl + LgﬁAgl - L‘},ﬁA%l + L3 A%Hp,

where 1(z,y) := 1 for all 2,y € R% By applying induction we may arrive
at the following simplified bound:
2 k
Hy > T 3L AGL+ LI AL

/=0
(5.49) ]

2
U
27 > LZANL

£=0

Because the parameter k > 0 is arbitrary, it follows that
7 <
20 40
(5.50) Hg > 5 > L AL
(=0

In order to better understand the behavior of this infinite sum, we begin by
inspecting only the first few terms.
The first term in the sum is identically 1. And the more interesting

second term can be written as L2 multipled by
(A1) y) = (F*Gs) ()
(5.51) = [T [ da [ ab favpta - amts )
> (2;)51 /0 ety / de f(£)e 2R git(z-y)

thanks to Proposition 3.6 [p. 31]. We change the order of the double integral
[dt d&] to find that

L[ eEvfE)
(2m)4 | B+ 2Re¥(§)

(5.52) (A1) (z,y) = dg.
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[Theorem 1.5 and condition (1.1) together justify the use of Fubini’s theo-
rem.]
In order to bound the third term in the infinite sum in (5.50), we need

to estimate the following quantity:

(A1) y) = (F(As1) + Gg ) (2,1)

(5:53) 1 f(6) de

— (2m)4 ] B+ 2Re¥(§)

Ze(x,y),

where
(5.54) Z¢(z,y) ::/O e_ﬁtdt/da/db Fla—b)e €@ p(a—2)p(b—y).

[The same ideas that were applied to the second term can be applied here,
in exactly the same manner, to produce this bound.] The Fourier transform

of the function

(5.55) a — exp(i€ - a)pe(a — )

is

(5.56) ¢ expli(€ +C) - 2 — tU(E +0)).

Therefore, Proposition 3.6 implies the following:

(2m) /OOO e Pt / d¢ f(¢)eieFQ) (mmy)—2tRe¥(§+)

1 i€+ (r=y) ()
~ (2m)4 ) B+ 2Re¥ (¢ + ()

Ze(z,y) >
(5.57)

And therefore,
(A31)(z,y)

(5.58) L1 f(&)dg f(&2) A& Qi(E1+62) (z-y)
= (2n)2 | B+2Re¥ (&) ) B+ 2ReV (& + &)

Now, we can apply induction to deduce that we have the following esti-

mate [used to analyse the ¢th term in the infinite sum in (5.50)] in general:
For all integers ¢ > 1 and z,y € R,

(A51)(z,y)

1 f(&)d& f(&2)dé o
(5:59) = (2n)d | B+ 2Re¥(&1) ) B+ 2Re¥ (& + &)
/ f (&) dé o S @)
B+ 2ReW (& + -+ &) '
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Although the preceding multiple integral is manifestly nonnegative, the
integrand itself is complex valued. Fortunately, we wish to only understand
the behavior of ]:él on the diagonal of (R?)2. In that case, the integrand is
real and nonnegative. As such, we can estimate the integrand directly. In
order to do so, let us set y := x in (5.59), and then plug the result in (5.50),
to find that

(5.60)
oS g e ] (&)
=5 Z;(%)M /Rdd& /Rdd& ]H( B+2ReU(Er+ - +&))

A change of variables yields the following;:

inf /OO e P'E (Juy(z)[?) dt

zeR4 Jg
(5.61) 9

where zg := 0.
The preceding holds even without Condition 1.7 [p. 6]. But now we
recall that Condition 1.7 is in place, and use it to produce the announced

lower bound on inf, g4 7, (2).

Define
(5.62) Y= {x = (21,...,2q) € R :sign(zy) = - = sign(:z:d)} .
Equivalently, ¥ := Ri URZ. Because the terms under the product sign

in (5.61) are all individually nonnegative, Condition 1.7 assures us that the
following holds:

inf /OO e P (Juy(z)[?) dt

zeR4 Jg
(5.63) 00 90
n? L zJ —zj_1)
> L d d
~ B Z 27r)“/ o / - H (B + 2Re¥(z;))
If z1,...,24 € X, then the absolute value of the kth coordinate of z; — z;_1

is less than or equal to the absolute value of the kth coordinate of z; for all
k=1,...d; therefore

(5.64) Flzj = zj-1) > f(2)),
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thanks to Condition 1.7. Consequently,

inf /Oo e B (Juy(z)|?) dt

zeR Jg

7P oo LY . f(z)
(5.65) 2 ﬁ ' Z (2m)td /Ez dz H (B + 2Rej\I/(zj))

2 () f
((27T)d /Z (3 + 2Re¥(2)) dz) '

In particular, if there exists 8 > 0 such that

A

(5.66) 1 / F(€)ds > 1.2
by

(2m)d Js; B+ 2ReW(E) — 77
then
(5.67) / e P'E (]ut(x)lz) dt = oo for all z € R%.
0
Thanks to symmetry considerations, Condition 1.7 has the following conse-
quence:
/ fO o an / f(€)de
(5.68) s B+ 2Re¥(¢) re O+ 2Re¥(§)
— 2fd+1fr(ﬂ)_
This and (5.66) together imply that (5.67) holds whenever
2d—l
(5.69) YT(B) > T

Now we can apply a real-variable argument to prove that if (5.67) holds
for some (3 > 0, then

(5.70) 7,(2) > 6 forall z € RY

This and (5.41) together imply the theorem.

Indeed, let us suppose to the contrary that (5.67) holds for our 3, and
yet inf cra 7, (2) < [ for the very same . It follows immediately that there
exists z € R, § € (0, 3), and C € (0, 00) such that

(5.71) E (Jue(2)?) < CeP=9t  for all t > 0.

And hence, (5.67) cannot hold in this case. This produces a contradiction,
and shows that (5.67) implies the theorem. O
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PROOF OF THEOREM 1.11. We begin as we did with (5.42), but can no
longer apply the inequality in (5.43). To circumvent that, note that for all
qo € (0,q) there exists A := A(qp) € (0,00) such that o(y) > qoly| as soon
as |y| > A. We have assumed that P{us(y) > 0} = 1 for all s > 0 and
y € RY. Therefore,

Wy(z,7) > ¢E (us(2)us(2') 5 us(z) Aug(2') > A)

> @B (us(2)us(2')) — A% — AE (us(2) 5 us(z) > A)
(5.72) — goAE (us(2') 5 us(2') > A)
> @GE (us(2)us(2')) — g A* — oA {E (us(2)) + E (us(2)) } -
On the other hand, (5.1) guarantees that
0 < B (u(x))

(5.73) = (Pauo) ()

< [Juol| oo (rey-
Consequently,
(5.74) Wi(z,2) > q {E (us(2)us(2)) — As},
where
(5.75) A, := max (A2, 2|yu0HLoo(Rd)) .

Now we apply the recursion argument in the proof of Theorem 1.8, and find

the following pointwise bounds:

772

Hg > Tt @ {AgHs — A, Azl}
772 2 772 4 42 4 2
> 5 + 4o <5 - A*> Apl + qpAzHp — gy AAZL

2 2 N
> 5+ <’7ﬁ - A*> > adAbt+ gy (A - AA) )
(=1

valid for every integer N > 1. We apply the following obvious inequalities:
n?/B > n*/B — A to the first term on the right; and Hz > 1n?/f to the last
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bracketed term, to find that for all integers N > 1,

N+1
(5.77) Hg > < —A ) Z g AGL.

We can now let N T co and apply the same estimate that we used to derive
(5.65), and deduce the following bound:

inf / e 'E (Juy(2)[?) dt
0

reR4
Uk =~ @ f(2) !
- <B - > p3 <<2£>d /E (8+2Re¥(2)) dz)

=0
(5.78)
2 0o 2 L
_ (7 d0
(F) B (o)
(=0
Thanks to Theorem 1.5, the preceding implies the following bound:
00 2 0 @ £
- -t 2 T :
(5.79) xlergd/o T (fug(z) ?) dt > <ﬂ A*> > <2d (R0 ))
Because (R f)(0) = oo, we can find a By > 0 such that
~ d—1
(580) (B )O) 2~
0

For that choice of §y, the preceding sum diverges. Therefore,

(5.81) / e PUE(Juy(x)[?)dt = oo provided that 7 > v/BoA..
0

This and an elementary real-variable argument; (5.71) and together prove
the theorem. |

5.3. The Massive and Dissipative Operators

David Nualart asked us about the effect of the drift coefficient b in (1.1)
on the intermittent behavior of the solution to the stochastic heat equation
(1.1). At present, we have only an answer to this in a special but physically-
interesting family of cases.

Indeed, let us consider the stochastic heat equation

(5:52) () = (L)) + Sue) + o) Fi(e),
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where z € R%, t > 0, A € R, and F is as before. Moreover, o : R — R is
Lipschitz continuous, also as before. That is, (5.82) corresponds to the drift-
free stochastic heat equation for the massive operator L& := £ 4+ (A\/2)I
when A > 0, the dissipative operator LN = £ —|\/2|I when A < 0, and
the free operator £0) = £ when A = 0.2 Of course, Theorem 1.2—applied
with b(u) := Au/2—guarantees us of the existence and uniqueness of a mild
solution to (5.82).

The operator £V is the generator of the semigroup {Pt(/\)}tzo defined
by

(5.83) (PV¢) () := M2(Pg) ().

This can be seen immediately by a semi-formal differential of ¢ — Pt()‘) att =
0; and it is easy to make the argument rigorous as well. The corresponding

“transition functions” are given by
A
(5.84) pg )(y —x) = e)‘t/th(y —x).

Then the domain Dom[£M] of the definition of L&) is the same as
Dom|[£], and

(5.85) LV =L+ %cb for all ¢ € Dom[£™M].

Let {Pt*(/\)}tzo denote the adjoint [or dual, in probabilistic terms] semi-
group. That is,

(5.86) (B Vo) () := MA(Er o) (@),

with corresponding transition functions,

(5.87) p:(/\) (y —z) := M 2pi(z — y).

And finally there is also a corresponding replica semigroup,

(5.88) (PV9)(w) = M (Pio) (a),

whose resolvent is described by the following:

(5.89) (RV¢)(z) := /0 ” e @V (Pg)(z)ds  for all @ > A

We might note that RQ) f = Ro_,f is merely a shift of the the free replica
resolvent of f. Therefore, the proof of Theorem 1.2 goes through unhindered,

and after accounting for the mentioned shift, produces the following:

2The operator L) is also known as the “relativistic” form of £.
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THEOREM 5.6. Suppose ug : R* — R is bounded and measurable. Then,
under Condition 1.1, the mild solution to (5.82) satisfies the following: For
all integers p > 2 and A € R,

) _ 1
(5.90) ’y*(p)g)\+12)1nf{a>0: (Raf)(0)<ZgLipg},

where z, denotes the largest positive zero of the Hermite polynomial Hep,.

Recall the function @ of Theorem 1.2. Since

(5.91) Oy, 8) > max (;’g . zLip, <Rm/pf><o>)

a few lines of arithmetic show that Theorem 5.6 provides us with a better
upper bound than Theorem 1.2 for the top Liapounov LP-exponent of the
mild solution to (1.1). Next, we produce instances where the solution is
intermittent.
First of all, note that according to (5.90),
_ 1
1Ps

because zo = 2. We apply similar “shifting arguments” together with Theo-
rem 1.8 to deduce that the following offers a converse, under some symmetry
and regularity conditions. We note, in advance, that when d = 1, the pre-

ceding estimate and the following essentially match up.

THEOREM 5.7. Suppose that both Conditions 1.1 and 1.7 hold, n =
inf, cgauo(x) > 0, and there exists L, € (0,00) such that o(z) > Lg|z| for
all z € R. Then,

(5.93) inf 7,(2) > A+ sup {a S0 (Ruf)0) > 2 } ,
zeR4

where sup @ := 0.

We end this chapter with the example mentioned on page 10 of the
Introduction.

EXAMPLE 5.8. Consider the case that £ = —(—A)%/? is a power of the
Laplacian. In that case, £ is the generator of an isotropic stable process

of index ¢, and ¢ € (0, 2] necessarily. Consider also the case that f(z) =
||| =%+ is a Riesz kernel, where b € (0,d). Then [see (3.25) on page 30],

Cap 7227 (b/2)

(5.94) 16 = 1ep- T((d—1b)/2)

where Cyj =
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And therefore,

Rof)(0) = Y(a by Theorem 1.5
(
_ Cayp €)=
= o d¢
(5.95) (2m)® Jra o+ 2[[€]|9
C —1+(d-b)/q
= oy ' / = [z := (2/a)"/¢].
(2m)d - 2(d=0/a  Jga [|2]|P + [|z[|7*?
In other words,
_ A
(5.96) (Raf)(0) = —727.
where
d—b  Cgy dz
(5.97) V= q and Qld,q,b = (27T)d Y /Rd Hsz i Hqu-l—b'

Since b € (0,d), Aqqp—and hence (R,f)(0)—is finite if and only if
q + b > d; this is the sufficient condition for the existence of a unique mild
solution to the resulting stochastic PDE. And not surprisingly, this “g+b >
d” condition is the necessary and sufficient condition for the existence of
a solution to the linear equation [Theorem 4.5, p. 48]. Moreover, when
g+ b > d, we can apply Theorems 5.6 and 5.7 to find that for all z € R,

o, L2\ YY) B
(5.98) A+ < d,3.5 "> <7,(2) < A+ (g qpLip2) )
In particular, consider the massive/dissipative “parabolic Anderson model,”

0 /2 A .

(5.99) (@) = = ((8)%u) (@) + 5 wi(x) + wur(0) Fy (),
where ug : R — R is measurable and bounded uniformly away from zero
and infinity, and x # 0. The preceding discussion shows that the parabolic
Anderson model has a solution if ¢ +b > d. And when ¢+ b > d, we obtain

the following bounds for the upper L2-Liapounov exponent of the solution:
For all z € R,

(5.100) A+ < 24 <F(2) S A+ (ggun?) T

Theorem 1.2 shows also that 7,(p) < oo for all p > 2. Therefore, we
have no weak intermittency if A < —(Qld,%blﬁz)l/ (1=v) whereas there is weak
intermittency if A > — (g 4% /(2771))Y 7). Our condition is sharp when,
and only when, d = 1. In that one-dimensional case, we have a solution if
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and only if ¢ + b > 1, and if this inequality holds then

92 Cl,b © dz
Lgb = : -
b vr Jo 2P+ 2bta

_ G B (510,

- 2vmg a’ q
where B(z,y) := I'(x)I'(y)/I'(x + y) is the beta function. Thanks to (5.94),
this implies that
20V (b/2)
5.102 A g = B2, 1-122),
(5.102) v = g - oy B U7 )
and we find that weak intermittency holds if and only if

(5.103) A — (A g62) 0T

(5.101)

Another simple though tedious computation shows that this example [ap-
plied with ¢ := 2] includes the material that led to (1.26) of page 10.






CHAPTER 6

Temperate Solutions to Parabolic SPDEs

In this chapter we continue the study of the stochastic heat equation of

the following form:

(6.1) 2 onla) = (Lu(@) + o)) i)

where ¢ : R? — R is Lipschitz continuous, as before. But here u can be a
finite Borel measure.

Such a problem arises naturally in various specific cases; see, for ex-
ample, Bertini and Cancrini [BC95], Carmona and Molchanov [CM94],
and Molchanov [Mol91]. It is also motivated by the physical literature on
statistical mechanics, where wg typically represents the initial [probability]
distribution of a particle system in a random environment that interacts
with it random environment. In fact, the role of ug as a measure is typically
taken for granted and little or no mention of ug is made explicitly in the
physics literature [KS91, Kar87, KPZR86).

Thus, our present goal is to continue and produce solutions to (6.1),
even though the initial data is a measure.

The fact that ug is no longer a function poses some fundamental prob-
lems for the existing theory of SPDEs. In fact, we argue next that in order
to make sense of (6.1) in the case that u is a finite Borel measure, we need
to impose regularity conditions on both the semigroup {P;};~o and the ini-
tial measure. More importantly, we need to develop a slightly less restrictive
concept of a solution than the well known, as well as standard, notion of a
mild solution.

Let us begin with a few observations.

It follows from the properties of the Walsh stochastic integral [Wal86,
Chapter 2] that if w is a predictable random field which is the mild solution

75
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of (5.1) [with b = 0] and satisfies (5.2), then
B (ju(x)P)

(62) = |(Puo)(a)P +E (' | ety =)ot Flasay)

)
> [(Pruo) ()",

where as usual,

(63) (Pruo)(@) = | iy =) uo(ay).

Thus, in particular, (5.2) implies that the following is a necessary condition
for the existence of a mild solution:
(6.4) sup sup |(Pup)(z)| < oo for all T > 0.

te(0,T) zeR4
It is clear that the latter condition rules out many interesting choices of wuyg.
For instance, consider the case that £ = A and one of the most natural

choices ug := d, for initial data. In that case,

e~ lla—z1?/(4t)

6.5 Pé, =

(65 (Ps)e) =
and hence

(6.6) sup sup |[(Pd;)(z)| = o0 for all T > 0 and z € R%.

t€(0,T) zeR4
Thus, we can never have a mild solution to (6.1) when the initial data is
a point mass. But when o(u) = const - v and £ = A, (6.1) is expected to
have a solution defined by the Feynman—Kac formula in many cases where
f is “nice”; see Bertini and Cancrini [BC95] and Carmona and Molchanov
[CM94], for example. It is therefore natural to try to use a different defini-
tion of a solution to handle such problems.

It turns out that one can turn the suggested strategy into a fruitful
rigorous approach. In fact, in this chapter we consider a different notion of
solution which satisfies, among other things, the following condition in place
of the more restrictive condition (5.2):

(6.7) sup E (Juy(z)]?) < o0 for almost every ¢ > 0.
zeR4
Now suppose we want to know when (6.1), with ug = ¢, has a random-

field solution which satisfies (6.7). Similar considerations as those of the
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previous paragraph tell us that a necessary condition is that p; is a bounded
function for almost all ¢ > 0. Thanks to Hawkes’s theorem [Proposition 2.3,
p. 19], (6.7) implies that

(6.8) exp(—Re¥) € L'(RY) for all ¢ > 0.

Thus, we will will need to assume, at the very least, that (6.8) holds.

Recall that a mild solution w of (6.1) is a predictable random field that
satisfies (5.1) with b = 0. To be specific, one requires that for all nonrandom
pairs (t,2) € (0,00) x R%, the random equation (5.1) holds almost surely.
The following is a slightly less stringent notion of a solution.

DEFINITION 6.1. Let w := {u(¥)};~0ere be a predictable random
field. We say that w is a temperate solution to (6.1) if there exists a null set
Ny C R such that for all ¢ ¢ Ny, the following holds for every = € R%:

(6.9)  wu(z) = (Pruo)(x) —I—/O /Rd pr—s(y — x)o(us(y)) F(dsdy) a.s.

As we shall see in the next section, the stochastic integral in (6.9) can
be defined properly though, technically speaking, it is not a Walsh integral.

Regardless, we have the following, which is the main result of this chapter.

THEOREM 6.2. Suppose o : R* — R is Lipschitz continuous and ug is

a finite Borel measure on R¢ such that

[a0(€)] + (€)
(6.10) /Rd mdé < o0.

If, in addition, (6.8) holds, then there exists a temperate solution u :=
{ue(®)}i>0,2era to (6.1).

There is also a corresponding [limited] uniqueness result for these tem-
perate solutions; see Proposition 6.14.
Let us remark that (6.10) holds if and only if:

(a) Condition (1.1) holds; and
(b)

|0 (€)]
(6.11) /Rd1+2%{e\11(5)d5<00'

In addition, in the case that ug is a positive-definite function, the preceding
display holds if and only if ug has bounded potentials; more precisely, that

(Rau)(0) = sup,yera(Rauo)(x) < oo for all @ > 0; see Theorem 1.5 for a

more precise statement.
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COROLLARY 6.3. Suppose d = 1, 0 : R — R is Lipschitz continuous,
and Condition 1.1 and the following are both wvalid:

Then, (6.1) has a temperate solution for every finite initial measure .

REMARK 6.4. Condition (6.12) is equivalent to the property that the
replica process X has local times; see Hawkes [Haw86]. In that case, it can
be shown, as in our earlier work with E. Nualart [FKIN09], that (6.1) has a
temperate solution even when F is space-time white noise. We have stated
Corollary 6.3 for d = 1 only because (2.14) [see p. 15] implies fairly readily
that (6.12) can never hold when d > 2. O

REMARK 6.5. Corollary 6.3 has the following remarkable consequence:
When (6.12) holds, the stochastic heat equation (6.1) has a temperate so-
lution for every finite measure ug; this includes every ug € L'(R). This
property fails to hold for a mild solution that satisfies the usual integrability
condition (5.2). O

We conclude this section with our final main result concerning temperate
solutions to (6.1). This result yields an upper bound for the growth of the
solution. Since our solution is not in general a mild one, we will need to also
adapt our previously-used notion of Liapounov exponents. Thus, we intro-
duce the following, which seems to have a number of desirable mathematical
properties.

DEFINITION 6.6. We define the integrated LP(P)-Liapounov exponent

A«(p) of the temperate solution to (6.1)—when it exists—as

00 2/p
(6.13) Ai(p) :=inf< 3>0: / e Pt { sup E(|ut(m)|p)} dt < oo,
0

zcR4

where inf @ := oco.

THEOREM 6.7. Suppose (6.8) holds, 0 : R — R is Lipschitz continu-
ous and nonrandom, and ug is a nonrandom finite Borel measure on RY
that satisfies (6.10). Then the temperate solution w to (6.1) satisfies the
following:

(6.14) (D) ginf{6>0: (Rgf)(0) < 22127;92;}
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According to Theorem 1.5, the integral condition (6.10) implies that
(Raf)(0) < oo for all @ > 0, whence limg_,oo(Rsf)(0) = 0, thanks to
the dominated convergence theorem. Consequently, Theorem 6.7 implies,
among other things, that \.(p) < oo for all p > 2.

It would be interesting to find nontrivial conditions on f and £ that
ensure that the preceding temperate solution satisfies \.(2) > 0, and in this
way derive a version of weak intermittency for temperate solutions. Such
an undertaking would also require nondegeneracy conditions on ug. But it
seems hard to find nontrivial conditions that can be placed on an initial
measure uo that guarantee the strict positivity of A\.(2) without assuming
that ug is a bounded measurable function [and not just a measure] which is
also bounded away from zero.

We end this section by making a final observation about weak intermit-

tency.
Suppose (Rof)(0) < co. Then, A\(p) = 0 provided that
1
(6.15) Lip, <

J222(Rof)(0)

We can apply (6.15) with p = 2 to deduce that if o is sufficiently smooth in
the sense that
1

NGO

then A\.(2) = 0, and “weak intermittency” [with respect to the new Lia-

(6.16) Lip

pounov exponents {A«(p)}p>2] does not hold.

6.1. Stochastic Convolutions

Define for all predictable random fields Z := {Z;()};~0 zera;

010 Ge2Pue)= [ [ ey 0)Zi) Plasdy)

provided that the preceding Walsh-type stochastic integral exists. Note, in

particular, that whenever v := {v(2)};~0 rcra is a predictable random field,

(6.18) Av=px (cov)F,

provided that the Walsh stochastic integrals are well defined.
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According to the theory of Walsh [Wal86], the stochastic-convolution
process p* ZF is well defined provided that the quantity

©019) [as [ ay [ 4z B1Z.0)Z0) ety = oimieslz =)= 2)

is finite for all choices of (¢,2) € (0,00) x R% In that case,
b (|6+zu)])
(6.20)
/ dS/Rddy/RddZE Z4(2)) pr—s(y — 2)pr—s(z — ) f(y — 2).

Define for all 3 > 0 and all predictable random fields v := {v4(2) };~0 zerd>

- 1/2
(6.21) Np(v) = </0 e Pt Seulng (Joe(2)[?) dt) :

Each N3 is a norm on equivalence classes of square-integrable predictable

processes that are modifications of one another.

DEFINITION 6.8. Let Z := {Z;(7)};~0 zcra be a random field. We say
that Z is (p, F')-Walsh integrable if Z is predictable and the quantity in
(6.19) is finite. We frequently abuse notation and write “Walsh integrable”
in place of “(p, F')-Walsh integrable.”

In other words, Walsh-integrable random fields are random fields for
which the stochastic-convolution process p * Z F is defined by the stochastic
integration theory of Walsh [Wal86].

The following is a key “embedding” theorem for our extension of sto-
chastic convolutions.

LEMMA 6.9. If Z := {Zi(2) }4>0 zere 15 Walsh integrable, then

(6.22) Ns(p* ZF) < N3(Z (R3f)(0) for all g > 0.
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PROOF. Owing to (6.20), the following is valid for all t > 0 and = € R%:
i 2
E <‘(p* ZF)i(w)| >
! 2
< [ sw E(1Z@f) ds [ dy [ depey-opese - 0f - 2)
0 R4 R4

acR4
(6.23)
- / s E (1)) (Pr—op)(0) ds.
0 acR4

Since the right-most quantity is independent of z € R?, we can take the
supremum over all 2 € R?, multiply the preceding by exp(—ft) and then
integrate [dt] to deduce the lemma. O

We now use Lemma 6.9 to extend the Walsh definition of a stochastic
convolution as follows. Suppose (Rqf)(0) < oo for some a > 0; because of
Theorem 1.5 we know that (R f)(0) < oo for all 8> 0. Define L% to be the
collection of all [equivalence classes of modifications of]| predictable random
fields Z such that N3(Z) < o0.! Clearly, L% is a Banach space for every
8> 0.

LEMMA 6.10. If Z € L% for some 3 > 0, then there exist Z*, Z%,--- € L%
such that lim, o Z" = Z in L%, and Z™ is Walsh integrable for all n > 1.

PROOF. We may assume without loss of generality that Z;(xz) > 0 for
all t > 0 and = € RY; for otherwise we can consider the predictable random
fields (Z(z))* and (Z¢(z))~ separately [they too are in L%]

For allt > 0,2z € R%, and n > 1, let Z}*(z) denote the minimum of Z;(x)
and n. Then Z" converges in L% to Z as n — oo, thanks to the dominated

lAsis customary in the study of LP spaces, we treat the elements of L% slightly carelessly
as if they are random fields, rather than equivalence classes of random fields. This is done,
as in the case of L spaces, merely to simplify the otherwise-cumbersome notation. There
should be no loss in precision, as ought to be clear from the context.
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convergence theorem. And

/Fm/ dy [ dz B(Z0W)20E)) prosly — o)prs(z — )y — 2)
0 Rd Rd
n? s zps(y —x)ps(2 — -z
< /Od/Rddy/Rddp(y )ps(z — ) fly — 2)

— 2 t*S s
- Awﬁ@d
< n?’(Rgf)(0),

(6.24)

which is finite. |

Now let us choose and fix some Z € L%. According to Lemma 6.10
we can find Z" — Z [in L%] such that every Z™ is (p, F')-Walsh integrable.
Lemma 6.9 tells us that lim,, o (p * Ao ) exists in L%. Thus, we can define

the stochastic-convolution process p * ZF' for every Z € L% as follows:

(6.25) (p* ZE)i(x) := lim (p % Z"F);(z),

n—oo

where the limit takes place in L%. Of course, the preceding limit does not
depend on the choice of {Z"}5° ;. But it also does not depend on 3 because

(6.26) L3C L], ifa<p
We abuse notation slightly and write for all ¢ > 0 and z € R¢,

t - s = (p* ZF)y(x) for 2
021 [ [ pestu=)Z0) Fasay) e zPute) forze 23

It is easy to see that many of the standard properties of the Walsh stochastic
convolution transfer, by limiting arguments, to those of the present exten-
sion. Chief among them is the fact that Z — (j * ZF) is a random linear
map from L% to itself. In other words, if Z, W € L% and a,b € R, then

(6.28) px(aZ +bW)F = a(p* ZF) +b(p * ZF).

We emphasize that the preceding means that, as elements of L%, the two
sides agree. In particular, because of the Fubini theorem, we obtain the
following equivalent formulation of (6.28): There exists a null set No C Ry
such that for all ¢ € Ny and all z € R¢,

(6.29) P{(ﬁ* (aZ + bW) F)t (z) = a (p* ZF)t (z) +b (p* WF)t (g;)}

is equal to one.
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We conclude this section by emphasizing that the stochastic convolution
process t — (p * ZF)t is hereby not defined for all ¢ > 0. However, it is
defined for almost all ¢ > 0; and if (p * ZF )¢ is defined for a given ¢ > 0,
then (p* ZF);(x) is well-defined for every = € RY, and  +— (p * ZF);(z) is
a random field in the usual sense.

Our stochastic convolution is thus quite different from the existing ones
in the literature. For example, for the most commonly-used infinite-dimensional
stochastic convolution [see, for example, Chapter 5 of Da Prato and Zabczyk
[DPZ92, §5.1.2]], each random process z — (p* ZF);(z) is defined for every
t > 0, typically as an element of a certain Hilbert space. But, in that case,

the random variables (j* ZF);(z) cannot in general be defined for every .

6.2. A Priori Estimates

We now proceed to establish a prior: estimates for Walsh-type stochastic
integrals of the form Av, thereby showing that the random linear operator A
maps every L% to itself continuously and boundedly. As such, the following
result should be compared to Lemma 5.4 on page 59.

LEMMA 6.11. For all 8 > 0 and predictable random fields v and w,

(6.30) Nis(Av) < (;ﬂ n DUNﬁ<v>) V2(Ra1)(0),

and

(6.31) N (Av — Aw) < Lip,N3(v — w)1/2(Rzf)(0).

PROOF. According to (5.20) and (5.22), E(|(Av).(z)|?) is bounded above
by

/Othds/Rddy/Rddz pi_s(y — 2)pi_s(z — ) f(2 — y)
(6.32) = /0 t QZds /R dy /R e p () f (2~ )

t —
(6.33) - / Q2 - (Pr_of)(0) ds,
0
where
(634) Qs = Ca + DO’ sup HUS(G)HQ'

acR4
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Therefore,
[T e ) as [Terqias [T e B0
(6.35) 70 o 0
= [T e @tas- o).
Since
(6.36) Q% <2C2 +2D2 sup E (|vs(a)|2) ,

a€R4

the first part of the lemma follows from the Minkowski-type bound
(6.37) (lal + [b)'7* < [a]'/? + |p]'/2,
valid for all a,b € R..

The first follows from the second as in the proof of Lemma 5.4. O

According to Theorem 1.2, if ug and vy are bounded and measurable
functions, then there exist a.s.-unique mild solutions u and v to the stochas-
tic heat equation (6.1). Our next lemma shows that if ug and v are suitably

close, then u and v are as well.

LEMMA 6.12. Assume Condition 1.1 holds. Let u and v be two mild
solutions to (6.1) whose initial functions ug, vy : R* — R are both bounded
and in Ll(Rd). Then there exists Bo which depends only on f and Lip,,
such that for all B > (o,

. 4 |d0(§) — Bo(§)]
(6.38) Nalu—v) < (2r)d /Rd B+ 2Rev(e) &

Proor. Throughout we suppose that ¢ > 1. Now let us consider a
fixed x € R% and ¢t > 0, and define «™ and v" to be the respective Picard
approximation to v and v at the nth stage. Then,

(6.39) lu (@) = oft (2) 3 < 2|(Pruo) () — (Proo) (2)]* + 2077,

where Q?_l is defined as

2

040 | [ [ sty =) (o037 )~ ot ) Flasay

Define for all ¢ > 0 and n > 1,

2

(6.41) HY'i= sup E (yu?(a) . vf(a)ﬁ) .
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Then it follows from our construction of stochastic convolutions [and (6.19)]
that Q?_l is bounded above by

t
Lipg/ Hgfl ds/ dy/ dz pi—s(y — x)pi—s(z — x) f(z — y)
0 R4 R4

(6.42) .
= Lip? - / H" Y(P,_,f)(0)ds.
0
And hence,
(6.43) /0 o0 Q1 dt < Lip? /0 IHP AL - (Ryf)(0).

This and (6.39) together prove that

/ e PHMAE < 2 / e P sup |(Piug)(x) — (Powo)(x)[* dt
(6.44) 0 0 reR4

+ 2Lip? - / e PPV dr - (Ryf)(0).
0

Condition 1.1 and the monotone convergence theorem together imply that
limg_,oo(Rsf)(0) = 0. We can choose 3 so large that

(6.45) ALipZ(Rg, £)(0) < 1.
Since
(6.46) /OO e PLHD dt = {Ns(u™ — o™},
0

it follows that for all 3 > [y,

zeR4

_ 1/2
N (u™ —o™) <2 (/ e sup |(Puo)(x) — (Prvo)(z)[? dt)
(6.47) ’

< 2/ e Pt/2 sup |(Pyug)(x) — (Pwo) ()| dt,
0 zeRJ

thanks to Minkowski’s inequality. Recall from the proof of Theorem of 1.2
that, among other things,

(6.48) |lu" —ull2 + ||[v" —v|l2 — 0 as n — oo.

Therefore, Fatou’s lemma implies that for all 3 > [y,

(6.49) Ng(u—wv) <2 /000 e P2 seué)d |(Prug)(z) — (Pyvo) ()| dt.
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In order to complete the lemma, we choose (§ as large as needed in order
to ensure that the preceding inequality holds, and define

(6.50) q = ug — V.
Hawkes’s theorem [Proposition 2.3, p. 19] assures us that p; and p; are both

in L'(R%); in Fourier-analytic language, p; is in the Fourier [or Wiener]

algebra
(6.51) ARY) = {h cLY(RY: he Ll(Rd)} ,

for all ¢ > 0. It is easy to see that the Fourier transform is one-to-one and
onto on A(R?). And continuous elements of A(R?) are in fact in Co(R?),
by the Riemann—Lebesgue lemma. Since ug and vy are integrable, it follows
also that Puug, Pvg € A(RY) for all t > 0, and that Pyug and Pwg are
both continuous. The inversion theorem of Fourier analysis can be applied
pointwise to the elements of A(R?). Therefore,

sup |(Piq)(z)] < |[[Pegllprray
zcR4

1
(6.52) = (2m)1 /Rd

(27’[’) Rd
And hence,
1 [ _ 1 |ti0(§) — vo(§)]
6.53) - pt/2 P, dt < / de.
This proves the lemma. O

6.3. Proof of Existence

Having prepared the background material, we are ready to demonstrate

Theorem 6.2. Before we begin the proof, let us recall the following:

DEFINITION 6.13. Let {¢,,}5°; denote a collection of measurable func-
tions from R? to R such that: (i) n — [%nll L1 (re) 18 uniformly bounded;
and (i) lim, .o ¢ = 1 pointwise. Then we say that {,}°°, is a weak

mollifier.

Clearly, weak mollifiers are mollifiers in the usual sense. But the converse
is not in general true, because weak mollifiers need not have very good

smoothness properties.
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We need this definition because our strategy of the proof is the following:
Let {¢n}32, denote a weak mollifier. Then, according to Theorem 1.2, we
can solve (6.1) subject to the initial condition ug * v, since ug * ¢, is a
bounded and measurable function. If u(™ denotes the solution, we then
proceed to show that w := lim,,_, u(™ exists in a suitable sense and is a

temperate solution to (6.1). Now we write down the details of this argument.

ProOOF OF THEOREM 6.2. Recall that ug is a finite Borel measure and
define u(()n) == 1y, * ug, where {1}, is a weak mollifier. According to
Theorem 1.2, there is a solution w(™ to the following SPDE:

0
o
and the solution is unique up to evanescence. Theorem 1.2 also assures us
that

(6.54) () = (Luf™) (@) + o (ul™ (2)) Fy(x),

2
(6.55) Cy :=sup sup e *E (’uﬁ”) (x)‘ > < 00,
t>0 zeRd

provided that a > 0 is sufficiently large. Note that if 8 > «, then

Ny(u™) < Ca/ e~ 0=t gy
6.56 0
(6.56) e

= < 0.
0— «

That is, u(™ € Lg for all 8 sufficiently large. According to Lemma 6.12, for
alln,m > 1,

(657) N (u® —u) < o [ SO 16,6 - dn(©)] ag
provided that 8 > (g for a By that depends only on f and Lip,. Therefore,
it follows that if 8 > By, then {u(")};’le is a Cauchy sequence in L%. Let
u = {ut() }4~0 rere denote the limit. By definition,

. (n) o . 2
(6.58) nh_)rgou =u in ﬂ L.
B>po
And therefore, Lemma 6.11 and our extension of stochastic convolutions
together imply that
(6.59) lim (u(”) - Au(")) =u— Au in ﬂ L%,

n—oo
B>PBo



88 6. TEMPERATE SOLUTIONS TO PARABOLIC SPDES

where Au(™ is defined in (5.5) on page 56; and Aw is defined in the same
way, but now interpreted as a stochastic convolution in the sense of the
present chapter.

In particular, for all T > 0,

T
(6.60) /0 sup B (1w (@) = (A", ()] — [u(@) — (Au), (@)]?) dt o,

as n — oo. This follows simply because

T e
(6.61) /0 k(s)ds Se’@T/O e Pk (s) ds,

for all nonnegative measurable k : Ry — R.
Since u™ is a mild solution to (6.1) with initial data u[()”) = 9, * ug,

Tonelli’s theorem implies that
(6.62) ul™ (@) = (Au")(@) = ((Prug) * ) (@).

Hawkes’s theorem [Proposition 2.3, p. 19] implies that Pug is uniformly
continuous for every ¢ > 0. Therefore, for every ¢ > 0 fixed,

(6.63) lim (Pyug) * ¢, = Prug uniformly.
n—oo
It follows from the preceding and Fatou’s lemma that for all T' > 0,
T
(6.64) / sup E <|ut(3:) — (Pyug) (z) — (Au)t(;c)|2> dt = 0.
0 zeRd
This proves the theorem. O

The following is the final result of this section. It shows that the temper-
ate solution to (6.1) is unique among a natural family of possible solutions.
It is entirely possible that one can establish the uniqueness of the temperate
solution among a larger family than that offered below. But we are not

aware of such further improvements.

PROPOSITION 6.14. The temperate solution w, provided by the preceding

proof, does not depend on the choice of the weak mollifier, up to evanescence.

PRrROOF. Let {£,}5°; be another weak mollifier, and define v to be the
temperate solution that the preceding proof yields based on {x,}22;; that
is, v™ is obtained from {r;};°; in the same way that u™ was obtained from
{Zz)l}?iy

Let By be as in the proof of Theorem 6.2 [see also Lemma 6.12], and
recall that Gy does not depend on {9, }° 1, {kn}o2, etc. In accord with
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Fatou’s lemma,

Ng(u — v) < liminf Ng (u" —v")

(6.65) 1 G
< —— liminf ——=— (&) — Rn d¢,
< oy limin /R Rt " [9n(O) — Rn(©)] de

for every 3 > fy, owing to Lemma 6.12. And the preceding is zero by the

dominated convergence theorem. This proves the proposition. U

6.4. More A Priori Estimates

Let ug be a finite Borel measure on R? that satisfies (6.10). In order
to investigate the large-time behavior of the temperate solution to (6.1), we
need to introduce a suitable family of Banach spaces. The task of the present
section is precisely to do that. Our analysis of the temperate solution to
(6.1) will resume after this section.

Define for all 8 > 0, finite real numbers p > 1, and predictable random

fields v := {v¢(%) };50,0eR

1/2
o
(000)  Npy(o)i= ([ sup (B (o))} de)
0 zeR?
so that N3 2(v) is the same quantity as Ng(v); the latter was defined earlier
in (6.21). And, just as was the case with Nz when p = 2, every Ng, is a
norm on equivalence classes of p-times integrable predictable processes that

are modifications of one another.

DEFINITION 6.15. Let Lg denote the collection of all predictable random
fields v := {v;(2)}4~0 zera such that N ,(v) < oo.

Thus, our present definition of L% agrees with our older one.
The following generalizes Lemma 6.11 to the case that p is an integer
> 2.

LEMMA 6.16. For all 8 > 0, even integers p > 2, and Walsh-integrable
random fields v and w,
Co

(6.67) N,B,p(Av) < % (ﬁl/Q

+D0Nﬁ,p<v>) 2(Raf)(0),
and

(6.68) N3 (Av — Aw) < 2,Lip, N p(v — w)y/2(Rsf)(0).
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PRrROOF. The ensuing argument is a generalization of the proof of Lemma
5.4. Indeed, by (5.20), E(|(Av)¢(2)[P) is at most z} times

o) ([as [ v [ aa Vi msty—2mse -0l - z))m ,

where

Vi(y,2) = llo (vs@))Il, - llo (vs(2)Il,,

2
(6.70) < <Ca + Dy sup ||vs(q)!|p>
geR?
< 20,
where
(6.71) O, 1= CZ + D sup [[os(q)ll;.
geR4

It follows that E(|(Av)¢(2)|P) is bounded above by 2P/22 times
E(|(Av):(2)[")

p/2
(6.72) <2p/2zp</@ds/Rddy/Rddets Y)pi—s(z )f(y—z)>

/2

2p/2zp</e (P f)(0)d ) |

thanks a direct computation that was made already during the course of the
proof of Lemma 5.4.

Let us examine the preceding display next: The right-most quantity is
independent of the variable xz. Therefore, we can maximize the extreme
terms in that display over all z € R?, raise the resulting inequality to the
power 2/p on all sides, and then finally multiply by exp(—/t) and integrate
[dt] to obtain the following:

(6.73) N () < zp\/ 2 /O 550, ds - (Rsf)(0)

The first bound of the lemma follows after a few direct computations. The
second bound follows from the first in a manner that has been pointed out
several times already; see, for example, the end of the proof of Lemma 5.4

for an outline. O

Note that if v is a Walsh-integrable random field, then so is cov, and then

Av is none other than the stochastic convolution  * (o o v)F. Therefore,
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the following is a refinement of Lemma 6.16 that works in the setting of
stochastic convolutions.

LEMMA 6.17. Recall that o0 : R — R is a predetermined nonrandom and
Lipschitz-continuous function. Choose and fix a real 5 > 0 and an even

integer p > 2. Then, for all predictable random fields v and w,

670 Ny (35 (70 0)F) = 5 (37 + DA ) ) | 2ARa1)(O),

and

Ny (B (0 00)F = (o0 w)F)
< 2 Lip N (v — w)y/2(R51)(0).

PrROOF. We can, and will, assume without loss of generality that the
three quantities (Rgf)(0), N3,(v), and N, (v — w) are all finite.
Since p > 2, it follows that the stochastic convolution p * vF is well

(6.75)

defined. Moreover, we can find a sequence v',v?,... of Walsh-integrable
random fields such that p * v"F converges to p vF in L%. In particular,
there exists a Lebesgue-null set Ny C R such that for all ¢ ¢ Np,

(6.76) lim sup E (Jo}(z) — v (2)[*) = 0.

Therefore, we may apply Fatou’s lemma to the [pseudo-] norm N, and
deduce the following:
Nsp (]5 * UF) < liminf N3, (ﬁ * U"F)
(6.77) e _
< z,liminf N, (v™) 1/ (Ra[f)(0),
n—oo

because we can apply Lemma 6.16 to each Walsh-integrable process v™ [with
o(u) := u]. Among other things, this proves that p * vF e L, and

(6.78) Nisp (B 0F) < 2pNip(0)/2(Rsf)(0):

The first inequality of the lemma follows from the above and Minkowski’s
inequality, since o(vi(z)) < Cy + Dy|v(z)| pointwise.
Because we also have that N3 ,(w) < oo, we can deduce the second

inequality from Lemma 6.16 as well. U

We will not need the entire strength of the preceding lemma itself. We
have stated it for two reasons: First of all, it suggests that our extension
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of the stochastic convolution has good continuity properties, viewed as ele-
ments of the Banach spaces L%; and also, this is a simple setting in which
an approximation method introduced via the proof of Lemma 6.17. We will
use that method later on.

6.5. An Upper Bound for Growth
The goal of this section is to establish Theorem 6.7.
PROOF OF THEOREM 6.7. Let {"}>2, be a weak mollifier, and let

= {Ugn)(x)}t>07xeRd be the solution to (6.1) with initial data ™ * uy.
By the Minkowski inequality, the following is valid for every integer n > 1:

(6.79) Nsp ( ")> < N3p (Peug) + Npp (p* (Gou(")> ) .

The first term on the right is estimated easily, thanks to Minkowski’s in-

u™

equality, as follows:
o 1/2
Npp (Peug) = </ e sup |(Poug)(z)? dt)
0 r€R4

(6.80) g/ e P2 sup |(Pyug)(x)| dt
0 zeR4

2 a0 (€)] ,
= @2n)d /Rd 5+ 2Rew() 1
see (6.53). Therefore, Lemma 6.17 implies that
2 |d0(£)]
Ny (u) < (2m)1 /Rd 55 2Rew(e)
+ zp <ﬁ1/2 +D ./\/’gp ( ))> Q(Rﬁf)(())

Let us assume, for the time being, that we could prove that Ng,p(u(”)) is
finite—that is, (™ is in the Banach space Lg—provided that?

(6.81)

(6.82) Do/ 2(Rsf)(0) <
Then we could rearrange (6.81) and find that

. 2 6] e 5C)
(6.83) Nop <u > s¢ <(27r)d /Rd B+ 2ReV (&) e ;1/2 7

2(6.82) holds for all 8 sufficiently large because thanks to (1.1), lims_ o (Rsf)(0) = 0.
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where

(6.84) =
1~ 2D\ /2(R3f)(0)

And therefore, the proof of Lemma 6.17 implies that
Npp (u) < lim inf/\/'@p(u(”))
n—od

(6.85) 2 [io(€)| 2Co
= ((%)d /R 5 2reu(e) X G > |

In other words, we have shown the following: If we could prove that u(™ e

Lg for every n, then in fact {u(™}22, is bounded in Lp , whence u € Lg
and Theorem 6.7 follows.

Now we proceed as follows: Let
(6.86) ugn’o) () == (" *up)(x) for all t > 0 and z € RY,

and iteratively define

(6.87) u\™") (z) == (Puo)( / /R [ pisy—a)o ( 2””“’1)@)) F(dyds).

By the Minkowski inequality and (6.53),

~ 1/2
Ny () = ( e s (R ) () dt)

2 / [&n(E)] - o (€)]
= 2m)7 Jpa B+ 2ReV(€)

which is finite; it is in fact bounded uniformly in n since sup,,>1 [[¥nl L1 (R

(6.88)

dg,

is finite by the very definition of weak mollifiers. Now the argument that
led to (6.81) leads also to the following:

(met1) 2 a0 (8)]
N3z, (u + ) < (2r)d /Rd B+ 2Re¥ () d

(6.89)

This, (6.88), and induction together prove that if (6.82) is in effect, then

(6.90) sup N3, <u("’k)> < 00.
k>1

By the Borel-Cantelli lemma, and owing to Theorem 1.2 and its proof,

2
(6.91) hm sup E <‘ (nk )(x)’ ) =0 for all t > 0.

k—oo ycRrd
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[In fact, this is essentially (6.76), but we have noted further that “almost
all t” can be replaced by “all t” in the present setting, since u™ is a mild
solution to (6.1).] Therefore, Fatou’s lemma proves that

(6.92) Nip () < lim inf Ay, () < 0.

This establishes Theorem 6.7. O
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Awv, a stochastic integral, 56

Bg , a family of stochastic Banach
spaces, 57

Co(R?), the space of all real-valued
continuous functions on R? that
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Dom|[£], the domain of the generator,
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L%, an L? space of predictable random

fields, 81

an L? space of predictable random

fields, 89

L, the generator, 16

P
Ly,

N3, a family of Hilbertian norms, 80

N3 p, a family of norms, 89

Pi, {P:}i>0, etc., the underlying
semigroup, 14

Py, {P;}s>0, etc., the replica semigroup,
17

Ra, {Ra}a>o0, etc., the resolvent, 14

Re, {Ra}a>o0, etc., the replica
resolvent, 18

S, the space of all rapidly-decreasing
test functions., 26

X* := —X, the dual process, 17

X, the underlying Lévy process, 13

X, the replica process, 17

pe(x), {Pt(2)} 150, 2era, ete., the
underlying transition functions, 13

Pe(x), {Pt(2)}450,0erds €te., the replica
transition functions, 17

r«, a-potential density, 14

T«, the replica a-potential density, 18
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7. (p), the maximum upper
LP(P)-Liapounov exponent of the
solution., 3

7.(p), the upper LP(P)-Liapounov
exponent of the solution at z, 3

Generator, 15
Positive-definite function, 26

Replica
process, 18

semigroup, 18

Temperate solution, 77



