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MOMENTS AND GROWTH INDICES FOR THE NONLINEAR
STOCHASTIC HEAT EQUATION WITH ROUGH
INITIAL CONDITIONS!

BY LE CHEN AND ROBERT C. DALANG
Ecole Polytechnique Fédérale de Lausanne

We study the nonlinear stochastic heat equation in the spatial domain R,
driven by space—time white noise. A central special case is the parabolic An-
derson model. The initial condition is taken to be a measure on R, such as the
Dirac delta function, but this measure may also have noncompact support and
even be nontempered (e.g., with exponentially growing tails). Existence and
uniqueness of a random field solution is proved without appealing to Gron-
wall’s lemma, by keeping tight control over moments in the Picard iteration
scheme. Upper bounds on all pth moments (p > 2) are obtained as well as
a lower bound on second moments. These bounds become equalities for the
parabolic Anderson model when p = 2. We determine the growth indices in-
troduced by Conus and Khoshnevisan [Probab. Theory Related Fields 152
(2012) 681-701].

1. Introduction. The stochastic heat equation

a v 92 ) )
(1.1) (5—QQ)M(M)=p(u(t,x))W(t,x), xeR, 1 e R¥,

u(0, ) = p(-),

where W is space—time white noise, p(u) is globally Lipschitz, y is the initial
data, and Ri =10, oo, has been intensively studied during the last three decades
by many authors: See [2-5, 8§-10, 16, 19] for the intermittency problem, [14, 15]
for probabilistic potential theory, [26, 27] for regularity of the solution and [12, 22,
23, 25, 28] for several other properties. The important special case p (1) = Au is
called the parabolic Anderson model [5]. Our work focuses on (1.1) with general
deterministic initial data i, and we study how the initial data affects the moments
and asymptotic properties of the solution.

For the existence of random field solutions (see Definition 2.1 below) to (1.1),
the case where the initial data u is a bounded and measurable function is covered
by the classical theory of Walsh [29]. Initial data that is more irregular than this
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also appears the literature. For instance, when w is a positive Borel measure on R
such that

(1.2) sup sup +/1(p * Gy (t, 0))(x) < 00 forall T > 0,
t€[0.T] xeR

where * denotes convolution in the spatial variable and

2
(1.3) Go(t, x) = exp{ a } (t.x) eR* x R.

1
2t 2vt
Bertini and Cancrini [3] gave an ad-hoc definition of solution for the parabolic
Anderson model via a smoothing of the space—time white noise and a Feynman—
Kac type formula. Their analysis depended heavily on properties of the local times
of Brownian bridges. Recently, Conus and Khoshnevisan [9] have constructed a
weak solution defined through certain norms on random fields. In particular, their
solution is defined for almost all (¢, x), but not at specific (¢, x). Their initial data
has to verify certain technical conditions, which are satisfied by the Dirac delta
function in some of their cases. More recently, Conus, Joseph, Khoshnevisan and
Shiu [8] also studied random field solutions. In particular, they require the initial
data to be a finite measure of compact support.

After the basic questions of existence, the asymptotic properties of the solution
are of particular interest, in part because the solution exhibits intermittency prop-
erties. More precisely, define the upper and lower Lyapunov exponents as follows:
log E[|u(z, x)|7]

n_1p(x) ;= lim sup—mmmm,
t—>+00 t

. JogE[|u(r, x)|7]
mp(x) = liminf ————.
1—>+00 t

1.4)

When the initial data is constant, these two exponents do not depend on x. In this
case, following Bertini and Cancrini [3], we say that the solution is intermittent if
my, :=m, =m, for all n € N and the following strict inequalities are satisfied:

(1.5) m1<@<---<@<---.
2 n

Carmona and Molchanov gave the following definition [5], Definition III.1.1, on
page 55.

DEFINITION 1.1. Let p be the smallest integer for which m, > 0. If p < oo,
then we say that the solution u (¢, x) exhibits (asymptotic) intermittency of order p,
and if p = 2, then it exhibits full intermittency.

Carmona and Molchanov [5] showed that full intermittency implies the intermit-
tency defined by (1.5) (see [5], Theroem III.1.2, on page 55). This mathematical
definition of intermittency is related to the property that the solutions are close to
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zero in vast regions of space—time but develop high peaks on some small “islands.”
For the parabolic Anderson model, this property has been well studied; see [5, 11]
for a discrete formulation and [3, 16, 19] for the continuous formulation. Further
general discussion of the intermittency property can be found in [30].

When the initial data are not homogeneous, in particular, when they have certain
decrease at infinity, Conus and Khoshnevisan [10] defined the following lower and
upper exponential growth indices:

1
(1.6) Ap) = sup{oc > 0:limsup — sup logE(|u(t, x)|") > O},

t—oo I |x|>at

(1.7) Ap) = inf{a > O:limsupl sup logE(|u(t, x)|") < O}.
t—>oo I |x|>at

These quantities are of interest because they give information about the pos-
sible locations of high peaks, and how they propagate away from the origin.
Indeed, if A(p) = A(p) =: A(p), then there will be high peaks at time ¢ in-
side [—A(p)t, A(p)t], but no peaks outside of this interval. Conus and Khosh-
nevisan [10] proved in particular that if the initial data u is a nonnegative, lower
semicontinuous function with compact support of positive Lebesgue measure, then
for the Anderson model,

A2 - A2
(1.8) S-=AM2)=A2) =
2 2
In this paper, we improve the existence result by working under a much weaker
condition on the initial data, namely, © can be any signed Borel measure over R
such that

(1.9) / e~ |u|(dx) < +oo  foralla >0,
R

where, from the Jordan decomposition, 4 = w4+ — (— where u are two non-
negative Borel measures with disjoint support and || := p4 + p—. Note that the
condition (1.9) is equivalent to

(Il % Gy(2, ) (x) < 400 forallt >0and x € R,

which means that under condition (1.9), the solution to the homogeneous heat
equation with initial data u is well defined for all time.

On the one hand, condition (1.9) allows for measure-valued initial data, such
as the Dirac delta function, and Proposition 2.11 below shows that initial data
cannot be extended beyond measures to other Schwartz distributions, even with
compact support. On the other hand, the condition (1.9) permits certain exponential
growth at infinity. For instance, if u(dx) = f(x)dx, then f(x) =exp(a|x|?),a >
0, p €]0,2[ (i.e., exponential growth at 00), will satisfy this condition. Note
that the case where the initial data is a continuous function with linear exponential
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growth (i.e., p = 1) has been considered by many authors; see [23, 25, 28] and the
references therein.

Next, we obtain estimates for the moments IE(|u (¢, x)|”) with both ¢ and x fixed
for all even integers p > 2 (see Theorem 2.4). In particular, for the parabolic An-
derson model, we give an explicit formula for the second moment of the solution.
When the initial data is either Lebesgue measure or the Dirac delta function, we
give explicit formulas for the two-point correlation functions [see (2.27) and (2.30)
below], which can be compared to the integral form given by Bertini and Can-
crini [3], Corollaries 2.4 and 2.5 (see also Remark 2.6 below).

Recently, Borodin and Corwin [4] also obtained the moment formulas for the
parabolic Anderson model in the case where the initial data is the Dirac delta
function. When p =2, we obtain the same explicit formula. For p > 2, their pth
moments are represented by multiple contour integrals. Our methods are very dif-
ferent from theirs: They approximate the continuous system by a discrete one. Our
formulas allow more general initial data than the Dirac delta function, and are use-
ful for establishing other properties, concerning for instance growth indices and
sample path regularity.

Our proof of existence is based on the standard Picard iteration scheme. The
main difference from the conventional situation is that instead of applying Gron-
wall’s lemma to bound the second moment from above, we keep tight control over
the sequence of second moments in the Picard iteration scheme. In the case of the
parabolic Anderson model, this directly gives an explicit formula, and for more
general functions p it gives good bounds. Note that series representations of the
moments are obtained in [17], yielding a Feynman—Kac-type formula.

Concerning growth indices, we improve (1.8) by giving upper bounds on A(p)
for general functions p, and, in the parabolic Anderson model, by showing that
A(2) =1 (2) = A2 /2 when p is a nonnegative measure with compact support (see
Theorem 2.12), and we extend this result to a more general class of measure-valued
initial data (not necessarily with compact support). This is possible mainly thanks
to our explicit formula for the second moment. Our result implies in particular
that with regard to the propagation of high peaks, an initial condition with tails
that decrease at a sufficiently high exponential rate [as least as fast as e #*I with
B > 1%/(2v)] produces the same behavior as a compactly supported one.

This paper is organized as follows: All the main results of this paper are stated
in Section 2. In particular, in Section 2.1, we define the notion of random field so-
lution of (1.1), and then show, assuming existence of the solution, that one obtains
readily formulas for the second moments in the case of the Anderson model. Then
we state and prove our theorem on existence, uniqueness and moment estimates,
discuss various particular initial conditions, including Lebesgue measure and the
Dirac delta function, and we show that existence is not possible if the initial condi-
tion is rougher than a measure. In Section 2.2, we state the results about the growth
indices. Proofs of the results in Sections 2.1 and 2.2 are given in Sections 3 and 4,
respectively. Finally, in Section 4.3, we gather various calculations that are used
throughout the paper.
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2. Main results. Let M(RR) be the set of locally finite (signed) Borel mea-
sures over R. Let Mg (R) be the set of signed Borel measures over R satisfy-
ing (1.9). Denote the solution to the homogeneous equation

3 v o’ .
(2.1) { (5—5@%(“):0, xeR, 1t eRY,
M(O’ ):l’l’()v

by

Jolt.x) = (1% Gy (1, ) () = /R Gy(t.x — Y)(dy).

2.1. Existence, uniqueness and moments. Let W = {W,;(A), A € Bp,(R),t >
0} be a space—time white noise defined on a complete probability space (€2, F, P),
where B (R) is the collection of Borel measurable sets with finite Lebesgue mea-
sure. Let

Fi=0(Ws(A),0<s<t,AeBp(R)) VN, t>0,

be the natural filtration of W augmented by the o -field ' generated by all P-null
sets in JF. In the following, we fix the filtered probability space {2, F, {F;,t >
0}, P}. We use || - ||, to denote the L7 (£2)-norm (p > 1). With this setup,
W becomes a worthy martingale measure in the sense of Walsh [29], and
I [0.1]xR X (s, y)W(ds, dy) is well defined in this reference for a suitable class of
random fields {X (s, ), (s, y) e R4 x R}.

We can formally rewrite the spde (1.1) in the integral form:

(2.2) u(t,x)=Jo(t,x)+1(t,x),

where
I(t,x):= //[O,t]xR Gyt —s,x —y)p(u(s, y))W(ds, dy).

We use the convention that G, (¢, -) = 0if r <0. Hence, [0, 7] x R in the stochastic
integral above can be replaced by R x R. In the following, we will use % to denote
the simultaneous convolution in both space and time variables,

DEFINITION 2.1. A process u = (u(t, x), (t, x) € R} x R) is called a random
field solution to (2.2) if:

(1) u is adapted, that is, for all (r, x) € R% x R, u(z, x) is F;-measurable;

(2) u is jointly measurable with respect to B(R}. x R) x F;

(3) (G2 * [[p(w)3)(t, x) < +oo for all (t,x) € R% x R, and the function
(t,x) — I(t, x) mapping R% x R into L2() is continuous;

(4) u satisfies (2.2) a.s., for all (¢, x) € RY x R.
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Notice that the random field is only defined for # > 0, which is natural since at
time ¢ = 0, the solution is defined to be a measure.

According to property (3) in this definition, proving the existence of a random
field solution requires some estimates on its moments. On the other hand, if we
assume existence, then one can readily obtain moment formulas or bounds. Indeed,
consider for example, the parabolic Anderson model, and set

f(t,x) =E(u(t, x)?).
For (t,x) € R} x Rand n € N, we define

)LZ
Lo(t,x) = Lo(t, x;v, 1) :=22G2(t, x) = ——Gya(t, x),

Lo(t,x)=L,(t, x;v,)):=(Lox---%Ly)(t,x) forn > 1.
\—/—4

n+1 times of Lg

(2.3)

Then by (2.2) and 1t6’s isometry, f (¢, x) satisfies the integral equation

(2.4) ft,x) = JE, x) + (f * Lo)(t, x).

Apply this relation recursively:
ft,x)=J3t,x) + ([J§ + (f * Lo)] * Lo)(t, x)
= Jg(t,2) + (Jg * Lo)(t,2) + (f % L1)(1, %)

n—1

= Jy(t,x)+ > (Jg* Li)(t, x) + (f x La)(¢, X).
i=0

It follows from (2.7) below and Definition 2.1(3) that (f « £,)(t, x) converges to 0
as n — 00, and the sum converges to (JO2 * K)(t, x), where

(2.5) K@, x) =K@, x;v,0) := Y Li(t,x;v,}).
i=0

Thus,

(2.6) E(u(t, x)?) = J3(t, x) + (J§ x K) (1, x).

A central observation is that (¢, x) can be computed explicitly, as we now
show. Let

X —1/2 — 2 2 2 X 2
CI>(x)=/ Q)27 2 dy, erf(x):—f e dy,
00 ﬁ 0

erfc(x) =1 — erf(x).
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Clearly,
O(x) = S(1+erf(x/v2)),  erf(x) =2d(v2x) — 1,
erfe(x) = 2(1 — ®(v/2x)).
Let I'(-) be Euler’s gamma function [24].

PROPOSITION 2.2. Let b = «/_ For all n € N and (t,x) € R} x R, let
L,(t, x) and K(t, x) be defined in (2.3) and (2.5), respectively. Then

CNE R
M((n+1)/2)

with B, (t) := gD/ 2pnn/2 F(%), and

2.7 Ln(t,x)=Gyp(t, x) = Lo(t,x) B, (1),

e At
(2.8) K(t,x)=Gupl(t, x)( + —e“’/(““)cb(/\z i))

JAmvt  2v 2v
Furthermore,
(2.9) (Kx Lo)(t, x) = K(t, x) — Lo(t, x),

and Y52 o(By ()™ < 400, for all m € N*.

PROOF. Since I'(1/2) = /7 (see [24], Equation 5.4.6, page 137), the equa-
tion (2.7) clearly holds for n = 0. Suppose by induction that it is true for n. Using
the semigroup property of the heat kernel,

L1 (2, x) = (Ln x Lo) (1, x)

(by/m)"! ts_l/z(t =172 g
T'((n+1)/2) Jo )

Therefore, (2.7) is obtained by using the Beta integral (see [24], (5.12.1), page 142)

=Gyp(t,x)b

t
0 '((n+2)/2)
Because
00 2n—1 00 2(n—1)
exzerf(x) = al X ol

;F((2n+1)/2) and e zngr(zn/z)

(see [24], Equation 7.6.2, on page 162, for the first equality), we see that for x > 0,

n—1 1 00 xn—l

> S CEY R L G

n=1

1 +erf(x)) =
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Move the term —1/(y/mx) to the left-hand side, choose x = ~/7wb?t, and then
multiply by 7b*G, ,2(t, x) on both sides. Hence, from (2.7), we see that

G Z(t’x)[% b zeﬂbZZq’(Wﬂ = Gupa(t, %) Z r(@/;)l)/z) o

o0

=Y Lu(t) =K, x),

which proves (2.8).
Formula (2.9) is a direct consequence of (2.5). Finally, fix m € N*. Apply the

ratio test;:
(B! 1/m( I'(n/2) )“m
(Bu_1(@)/m (W/mtb) C((n+1)/2)

2\ 1/Cm)
~ (\/mb)l/'”<—> -0 as n — 00,
n

where we have used [24], Equation 5.11.12, page 141, for the ratio of the two
gamma functions. Therefore, >"°° ((By, (1))!/™ < 400. This completes the proof.
0

(2.11)

REMARK 2.3 (Moment formula via the Fourier and Laplace transforms). If
we assume the existence of a random field solution, then under additional as-
sumptions, one can also obtain the moment formula by using Fourier and Laplace
transforms. In particular, consider the case where p(u) = Au. Then f(¢,x) =
E[u(z, x)?] satisfies equation (2.4). Assume that the double transform—the Fourier
transform in x and Laplace transform in —of Joz(t, x) exists. Note that this as-
sumption is rather strong: If the initial data has exponential growth, for example,
u(dx) = Pl dx with B > 0, then Jy(¢, x) has two exponentially growing tails
[see (4.5)], and hence the Fourier transform of Joz(t, x) in x does not exist in the
sense of tempered distributions. Apply the Fourier transform in x and then the
Laplace transform in ¢ on both sides of (2.4):

LFIf1(z.8) = LF[J§](z. &) + X2LF[G2] (. ) LF£1(z. §).
Solving for LF[ f1(z, &), we see that
M LF[G2(z, &)
1 - 22LF[G2](z, §)

Apply the Fourier and Laplace transforms to G%(t,x) as follows (see [18],
page 135):

LFIf1(z, &) = LF[I](z, &) + F[I3](z, &)

exp(—vt|€]?/4)
4 vt

1
Javz g2

FIG2t, )] ) = and

F[G%(z, &) = R[z] >0
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Now apply the inverse Laplace transform (see [18], (4) on page 233) to see that

_1[ MLFIGz, £) ]
1= 22LFIG31(z. €)

:E_l[\/éﬁgzvz_xjm
—exp( L J%%exp(g)q)(xz@)).

Finally, take the inverse Fourier transform of the above quantity to obtain K(z, x)
as in (2.8), together with (2.6).

Assume that p : R — R is globally Lipschitz continuous with Lipschitz constant
Lip, > 0. We need some growth conditions on p: Assume that for some constants
L,>0and ¢ >0,

(2.12) )P <L2(c2+x?)  forallx eR.

Note that we can always take L, < V2Lip ,» and the inequality may even be strict.
In order to bound the second moment from below, we will sometimes assume that
for some constants /, > 0 and >0,

(2.13) o) = B(s2+x?)  forallx eR.

We shall give special attention to the linear case (the parabolic Anderson model):
p (1) = Au with A # 0, which is a special case of the following quasi-linear growth
condition: for some constant ¢ > 0,

(2.14) lp@|?=22(c*+x?)  forallx eR.
Recall the formula for K(¢, x) in (2.8). We will use the following conventions:
K, x): =K@, x;v,x),  K(t,x):=K(@, x;v,L,),
(2.15) K@, x) =K, x;v,1,), Kp(t, x) :=K(t, x;v,ap z2pLp)
for all p > 2,
where the constant a,, z (< 2) is defined by

2(p=D/p, ifc#£0,p>2,
(2.16) apzi=1+2, ifg=0,p>2,

1, if p=2,
and z, is the universal constant in the Burkholder-Davis—-Gundy inequality
(see [10], Theorem 1.4; in particular, z; = 1), and so

2.17) 2p <2p for all p > 2.
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Note that K p(t, x) implicitly depends on ¢ through a,, =z, which will be clear from
the context. If p =2, then ), (¢, x) = K(t, x). For t > 0, define

(2.18) Hz: v, A) =1 *K)(t, x) = 2ek4f/<4”)q>(x2/2z) —1
V

(see Lemma A.1 for the second equality). In particular, by (2.8) we can write

4
(2.19) Kt x; v, k):Gv/z(t,x)( —}—2—1)(7-[(1‘:1),)»)—%1)).

)\‘2
Namvt
We also apply the conventions of (2.15) to the kernel functions £, (¢, x; v, A) and
H(t; v, A).

Let - and o denote time and space dummy variables, respectively. For t > ¢ > 0
and x, y € R, define

Z(t,x,T,y;v,6,M)

= xZ/OZ drfR dz[J3(r, 2) + (JE (- 0) % K(-, 03 v, W) (1, 2) + S*H(r; v, 1)]

(220) xGy(t—r,x—2)G,(t —r,y—2)

»g? x =yl Jx =yl
+——x—y[P| —— ) - | ——
v Vot +1) Jv(t —t)
+222[t+ DGt +1,x —y) — (T = DG y(t —1,x — y)].
When t =t in this formula, we set ®(|x — y|/0) = 1.

THEOREM 2.4 (Existence, uniqueness and moments). Suppose that the func-
tion p is Lipschitz continuous and satisfies (2.12), and n € Mg (R). Then the
stochastic integral equation (2.2) has a random field solution u = {u(t, x), (t,x) €
R% x R}. Moreover:

(1) u is unique (in the sense of versions).
(2) (t,x) > u(t,x) is LP(2)-continuous for all integers p > 2.
(3) For all even integers p>2,allt>t>0and x,y € R,

2 _ B0+ (B *K) (. x) + SHHQ), ifp=2,
@21 Ju@, 0|, < 20201, %) + (202 % Kp) (1) + 2H, (1), ifp>2,

and

(222)  Elut, x)u(r, y)] < Jo(t, x)Jo(t, y) + Z(t, x, T, y;v,S, Lp).
(4) If p satisfies (2.13), then forallt >t >0and x,y € R,

(2.23) lu(e, )5 = I3, x) + (JE* ) (1, %) + S H (1)

and

(2.24) Elu(r, x)u(t, y)] = Jo(t, x) Jo(t, y) + Z(t, x, T, y: v, G, lp).
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(5) In particular, if|,0(u)|2 = )»2(5‘2 +u?), thenforallt>t>0and x,y € R,
(2.25) lu(t, 0[5 = I3, x) + (I3 % K) (1, x) + c2H (1)
and

(2.26) Elu(t, x)u(t, y)] = Jot, x)Jo(r,y) + Z(t, x, T, y; v, G, 1).

This theorem will be proved in Section 3.3. We note that it is not clear
if (2.21) holds when p > 2 is a real number but not an even integer. However,
if k€{2,3,...} and 2(k — 1) < p <2k, then |lu(t, x)||? < [lu(t, x)||3; and (2.21)

applies to |Ju(t, x)ll%k.

COROLLARY 2.5 (Constant initial data). Suppose that |p(u)|* = A2(c? + u?)
and p is Lebesgue measure. Then for all T >t > 0 and x,y € R,

Elu(t, x)u(z, y)]
227) =1+(1+¢?)

X[ (w—zmx—y|)efc<|x—y|—x2z-> efc< lx — y| )}
ex ric| ——————=—) —er = R
P 4 2000172 200012

where t = (t +1)/2, and
(2.28) E[Ju(r, x)|*] =14 (1 + cH)H@).

PROOF. In this case, Jo(f,x) = 1. Formula (2.28) follows from (2.25)
and (2.18). By (2.26) and using Lemma A.9 to account for the last two terms
in (2.20), we see that

Efu(t, x)u(z, )] =1 +k2/0t dr/R dz[¢? + 14+ (1 + cHH™)]

XGyit—r,x—2Gy(t—r,y—2)

t
=1+2%(1+ gz)/o (H@r) + 1)qu(t+7t —rx = y) dr,

and this last integral is evaluated by Lemma A.6. [

REMARK 2.6. If p(u) =u (i.e., A =1 and ¢ = 0), then (2.28) recovers, in the
case n = 2, the moment formulas of Bertini and Cancrini [3], Theorem 2.6. As for
the two-point correlation function, [3], Corollary 2.4, states the integral formula

Efu(t, x)u(t, y)]

tox—yl { (x —y)? r—s} ( t—s)
= d - @ .
fo S«/m)s3 °xp 4vs + 4v 2v

(2.29)




MOMENTS IN THE STOCHASTIC HEAT EQUATION 3017

By Lemma A.7 below, the integral is equal to
U2 =D/ @ erfe((4ur) =12 (Ix — y| — 1)),
so their result differs from ours. The difference is a term
1 —erfe((4vr) "2 |x — y|) = erf((dvr) 12 |x — y)),

which vanishes when x = y. However, for x £ y, this is not the case. For in-
stance, as t tends to zero, the correlation function should have a limit equal to one,
while (2.29) has limit zero. The argument in [3] should be modified as follows (we
use the notation in their paper): (4.6) on page 1398 should be

5 [ow( 2] = [ prcanetexn( P per 2o

The extra term P (T: > t) is equal to
/Oo 1 exp<—£> ds :erf(ﬂ) :erf(u)
t A 2ms3 2s V2t Vave )

With this term, (2.27) is recovered.

EXAMPLE 2.7 (Higher moments for constant initial data). Suppose that
w(dx) = dx. Then Jo(z, x) = 1. By (2.21),

4 4 14
a; =z;pL’t
E[huf,xﬂp]fszp‘l4—2p‘4(24—§2Y”2exp(—ﬁéjffiil)-
v
Using (2.17) and (2.16), replace z, by 2,/p, and ap z by 2. Thus, m,(x) =m ) <
25 p3L;‘J /v.If ¢ =0, we canreplace a, ¢ by V2 instead of 2, which gives a slightly
better bound: m), < 23 p3L2 /v. In particular, for the parabolic Anderson model
p(u) = Au, we obtain m ), < 23 p3k4 /v, which is consistent with Bertini and Can-

crini’s formula: m ), = %p(p2 — 1) (see [3], (2.40)).

COROLLARY 2.8 (Dirac delta initial data). Suppose that |p(u)|> = A2(c? +
u?) and p is the Dirac delta measure with a unit mass at zero. Then for all t > 0
and x,y € R,

E[u(t, \)u(t, )] = Gu(t, )Go(t, y) — gzerfc<|x — y')

2/vt
A2 x+y 2 A —2A%x — |
2.30 —G t,
(2.30) +(4v v/Z( 5 )+§)3XP< " )
fo—w—x%)
x erfc] ———
2/vt
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and

1
(2.31) E[|u(t, x)|*] = K0+ SPH®@).
This corollary is proved in Section 3.4.
REMARK 2.9. If p(u) =u (i.e., A =1 and ¢ = 0), then (2.31) coincides with
the result by Bertini and Cancrini [3], (2.27) (see also [2, 4]): El|u(t, x)|?] =

K(t, x). As for the two-point correlation function, Bertini and Cancrini gave the
following integral (see [3], Corollary 2.5):

1 { x2+y2}/1d|x—y| 1
expy — s
2t P 2vt 0 Amvt/s3(1 —ys)

(x_y)zl_s}

Efu(t, x)u(t, y)] =

2.32 —
( ) % exp{ 4pt s

(1O i Lot

This integral can be evaluated explicitly (see Lemma A.8 below) and coincides
with (2.30) for ¢ =0 and A = 1.

EXAMPLE 2.10 (Higher moments for delta initial data). Suppose that u =
8o and ¢ = 0. Let p > 2 be an even integer. Clearly, Jo(t, x) = G, (t, x). Then
by (2.21) and (2.9),

Effu(r, x)["] <271 G2 (1, x) + 20 22L PP K (1, x) P2,

It follows from (2.8) and (2.17) that for all x € R, m,(x) < Ljzyp/(2v) <
23 p3L;§ /v. Note that this upper bound is identical to the case of the constant
initial data (Example 2.7). Concerning the growth indices, we see from (2.8)
that

4

1 2 L
lim — sup logE[]u(t,x)]p]f—Q ZpPip

for all « > 0.
1=>+00 1 |x|=qr 2v 2v

— 2
Hence, %(p) < z2L2. Similarly, 1(2) > 12/2 after using (2.23). Therefore, % <

Ap) < A(p) < Z%L% for all even integers p > 2. The same bounds are obtained
for more general initial data in Theorem 2.12.

The following proposition shows that initial data cannot be extended beyond
measures.
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PROPOSITION 2.11.  Suppose that u = & (the derivative of the Dirac delta
measure at zero). Let p(u) = Au (A £ 0). Then (2.2) does not have a random field
solution.

The proof of this proposition is given in Section 3.4.
2.2. Growth indices. For >0, define
MER) = {u e M(R):/Reﬁ'xum(dx) < +oo}.
Let M4 (R) denote the set of nonnegative Borel measures over R,

M R =ME®NML@®) and My +R) = Mpy(R) N M4 (R).
Recall the definitions of A(p) and A(p) in (1.6) and (1.7).

THEOREM 2.12. (1) Suppose that |p(u)|* > I3 (¢* +u®) and p > 2. If ¢ =

then A(p) = I3/2 for all ju € Mp 1 (R) with ju #0: if ¢ #0, then 1(p) = A(p )
~+o00, for all p € My +(R).
Q) If |,0(u)|2 < L%(?2 + u?) with G = 0 (which implies ¢ = ¢ =0) and n €

/\/lg(]R) for some B > 0, then for all even integers p > 2,

pv s
2Ly . —1,272
p<i 2 Tagr TOSPEVISE
2 2 . —-1,272
2pLps ifB=v=zpL,.
In addition,
L L?
X(Z)S 2 81),3 5 21)
1 2 L,O
“L > L
27 vh= 2v

(3) Suppose that|p(u)|2—k2(g +u?), A #0.Ifc =0and B > & > then x(z)

AQ2) = k2/2f0r all p € MG,+(R) with w# 0; if ¢ # 0, then A(p) = A(p) =
forall pe My +(R) and p > 2.

This theorem generalizes the results in [10] in several regards: (i) more general
initial data are allowed; (ii) both nontrivial upper bounds and lower bounds are
given (compare with [10], Theorem 1.1) for the Laplace operator case; (iii) for the
parabolic Anderson model, the exact transition is proved (see Theorem 1.3 and
the first open problem in [10]) for n = 2 and the Laplace operator case; (iv) our
discussions above cover the case where p(0) # 0. The lower bounds are proved in
Section 4.1, the upper bounds in Section 4.2.
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EXAMPLE 2.13 (Delta initial data). Suppose that ¢ = ¢ = 0. Clearly, dp €

M’g +(R) forall B > 0. Hence, the above theorem implies that for all even integers
2 —_
k>2, %” <Ak) <Ak < z,%L%, which recovers the bounds in Example 2.10.

PROPOSITION 2.14. Consider the parabolic Anderson model p(u) = Au,
A £ 0, with the initial data u(dx) = e ¥ dx (8 > 0). Then

Bv A4 ' 52

_+—’ lf‘0</3§_’

(2.33) A2) =2(2) = 22 8Bv 2v
)\2

This proposition shows that for all ﬂ_e 10, +o00], the exact phase transition oc-
curs, and hence our upper bounds for A(2) in Theorem 2.12 are sharp. See Sec-
tion 4.3 for the proof.

3. Proof of existence, uniqueness and moment estimates.

3.1. Some criteria for predictable random fields. A random field {Z(z, x)} is
called elementary if we can write Z(t,x) = Y1y, 5)(t)14(x), where 0 <a < b,
A C Risaninterval, and Y is an F,-measurable random variable. A simple process
is a finite sum of elementary random fields. The set of simple processes generates
the predictable o-field on Ry x R x €, denoted by P. For p > 2 and X € L?>(R,. x
R, LP(2)), set

2 2
(3.1 ||X||M’p ._//RiXRHX(s,y)desdy<+oo.

When p =2, we write || X || s instead of || X||p.2. In [29], [/ X dW is defined for
predictable X such that || X ||y < +o00. However, the condition of predictability is
not always so easy to check, and as in the case of ordinary Brownian motion [7],
Chapter 3, it is convenient to be able to integrate elements X that are merely jointly
measurable and adapted. For this, let P, denote the closure in L>(Ry xR, LP(Q))
of simple processes. Clearly, P, 2 P, 2 P, for 2 < p < q < +00, and according
to Itd’s isometry, [/ X dW is well defined for all elements of P,. The next propo-
sition gives easily verifiable conditions for checking that X € P,.

PROPOSITION 3.1. Suppose that for some t > 0 and p € [2, +0o0[, a random
field X ={X (s, ), (s,y) €10, t[ xR} has the following properties:

(1) X is adapted, that is, for all (s,y) €10, t[ xR, X (s, y) is Fy-measurable;
(1) X is jointly measurable with respect to B(]0, t[xR) x F;
(ii1) [|X (o) o, () llar,p < +o0.
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Then X (-, 0) 10,4 (-) belongs to P;.

PROOF. Step 1. We first prove this proposition with (ii) replaced by:

(i) For all (s,y) €]0,¢[xR, [|X(s,y)ll, < +oo and the function (s, y) >
X (s, y) from ]O, t[ xR into L?(£2) is continuous.

Fix ¢ > 0 with ¢ < /3. Since || X (-, 0) 110,/ (:)llm,p < 400, choose a = a(e) >
max(z, 2/t) large enough so that

2
// _||X(s,y)||p1]0,t[(s)dsdy <e&.
([1/a,t—1/alx[—a,a])*

Due to the L? (£2)-continuity hypothesis in (ii"), we can choose n € N large enough
so that for all (s, y1), (s2, »2) € [e,t — €] X [—a, a],

t—2/a

&
max{|si —s2l, [y1 — y2l} < = XG0 = X2, 0, <~

Choose m € N large enough so thata/m < (t —2/a)/n. Sett; = J(’_HA —I—é with
j€{0,...,n}and x; =% —a withi €{0,...,2m}. Then define

n—12m—1

Xpm(t, )= > X(t5, XD 110,110 1y 1 ().

j=0 i=0

Since X is adapted, X (¢, x;) is .7-",]. -measurable, and so X, ,, is predictable, and
clearly, X, ,» € Pp. Since X, (¢, x) vanishes outside of the rectangle [1/a,t —
1/a] x [—a, a], we have

2 2
X1y — X :// X (s, )2 1j0,01(s) ds d
X Vot =Xnmlbep = [ | o o X &P o) ds dy

e )
+J§) ;:) /tj /x,- | X (), x) = X (s, p)[, dsdy

no12m—l gy pxigr g2

=&+ [ / Z_dsd
jgg) Z(:) lj x  al Y
2at — 4 282t
=etel g <et ——<e+2
a a

Therefore, X (-, o) 110,4(-) € Pp € P>.

Step 2. Now we prove this proposition under (ii), assuming that X is bounded.
Take a ¢ € CSO(RZ), nonnegative, such that supp(y) C]0,¢[x]—1,1[ and
[lg2 ¥ (s, y)dsdy = 1. Let ¥,(s,y) := n*¢¥(ns,ny) for each n € N*, and
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)N(n(s, y) = (Y, » X)(s,y) for all (s,y) €]0,t[xR. Note that when we do the
convolution in time, X (s, y) is understood to be zero for s ¢ ]0, 7[.
We shall first prove that X, (-, o)1y +[(-) € P2 for all n € N* and

(3.2) 1 X0 ol g0 < IX o) jousll yy.0 < o0

The inequality (3.2) is true since, by Holder’s inequality,
> 2
%00 Olho = [ dsay [ BOC@ D)6~y - 2 dude,
’ [0,/]xR R2

which is less than || X (-, o) 1j0,{(-) ”?\4,2 and is finite by property (iii).

The condition that supp(y/) C RL x R, together with the joint measurability
of X, ensures that X, is still adapted. The sample path continuity of X,, in both
the space and time variables implies L?(2)-continuity, thanks to the boundedness
of X. Hence, we can apply step 1 to conclude that X (-, o)1yo,¢((-) € P, for all
n € N*,

Property (iii) implies that there is ' C € such that P(22') = 1 and for all w €
Q. X(-,0,w) € L2(]0, t[xR). Now fix @ € €. Then

lim | X, (-, 0,0) = X (- 0,0)] 20.1(x) =0

n——+00

and

||Xn(‘a 0, w) ”Lz(]O,t[x]R) = ”X(" 0, w) ||L2(]O,t[><]R)
(see, e.g., [1], Theorem 2.29(c)). Thus, by Lebesgue’s dominated convergence the-
orem, which applies by (iii),

lim E[| X, (-, 0) — X (-, 0) ||i2(]o,t[xR)] =0.

n—oo

We conclude that X (-, 0) 1194 (-) € Pa.
Step 3. Now we consider a general X satisfying (i), (ii) and (iii). For M > 0,
denote

XM (s, y, @) 1j0,(s) = {X(S’ yo)lpals),  if|XG,y o)< M,
’ , otherwise.

Since each XM(., o)ljp(-) is bounded, satisfies (i), (ii) and (iii), and
XM, o)L, s(-) = X (-, 0)ljo () in || - [|pr,2 a8 M — 400 (by Lebesgue’s dom-
inated convergence theorem), we conclude from step 2 that X (-, 0)1y9,((:) € P>.

O

REMARK 3.2. The step 1 in the proof of Proposition 3.1 is an extension (but
specialized to space—time white noise) of Dalang and Frangos’s result in [13],
Proposition 2, since the second moment of X can explode at s =0 or s =+¢.
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3.2. LP-bounds on stochastic convolutions. We will need an extension of [10],
Lemma 2.4, to allow all adapted, jointly measurable and integrable random fields
(see also [19], Lemma 3.4).

LEMMA 3.3. Let G(s,y) be a deterministic measurable function from R% x
R to R and let Z = (Z(s,y), (s, y) € R x R) be a process with the following
propetrties:

(1) Z is adapted and jointly measurable with respect to B(R. x R) x F;
2) E[ff[o,t]xR G (t —s,x — y)Z2(s, y)dsdy] < oo, for all (t,x) € Ry x R.

Then for each (t, x) € Ry x R, the random field (s, y) €10, t{[ xR+ G(t —s,x —
Y)Z(s,y) belongs to P> and so the stochastic convolution

3.3) (G * ZW)(t, x) = //[0 tlng(z —s,x —y)Z(s,y)W(ds, dy)

is a well-defined Walsh integral and the random field Gx ZW is adapted. Moreover,
for all even integers p > 2 and (t,x) e Ry x R,

(G * ZW) (. x)|2 < 22| Gt — -, x —0)Z(-, 0) ||§W :
p p P

We note that [10] assumes that Z is predictable. However, using Proposition 3.1,
the proof of this lemma is the same as that of [10].

PROPOSITION 3.4. Suppose that for some even integer p € [2, +00|, a ran-
dom field Y = (Y (¢, x), (t, x) € R} x R) has the following three properties:

(1) Y is adapted,
(ii) Y is jointly measurable with respect to B(RY. x R) x F;
(iii) forall (t,x) e Ry xR, |G, (t —-,x —0)Y (., O)”%W,p < 4o00.

Then for all (t,x) e R} xR, G,(t — -, x —0)Y(-, 0) € P> and the random field

w(t,x):// G,(t—s,x—y)Y(s,y)W(ds,dy)
10,¢1[ xR
has the property that if Y has locally bounded pth moments, that is, for K C

R% x R compact,

(3.4) sup [|Y (1, %), < +oo,
(t,x)eK

which is the case if Y is LP(Q)-continuous, then w is LP(2)-continuous on
RE x R.

Before proving this proposition, we need the following proposition.
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PROPOSITION 3.5. There are three universal constants C1 =1, Cy = ‘/3%1 ,
and C3 =

f,such that for all s, t with0 <s <t and x € R,

(3.5) / dr/ dz[Gv(t—r,x—z)—GV(t—r,y—z)]zf%Ix—yh

(3.6) /dr/ dz[Gy(t —r,x —2) — Gy(s — rx—z)] 52; t—s,
3.7) /dr/ dz[G, (1 — rx—z)] 53; t—s,

/f (Gt —r.x —2) = Gy(s —r,y — ) drdz
R+XR

J— l‘_
§2C1<|x Y|+v|fs|>’
v v

where we use the convention that G, (t,-) =0ift <O.

REMARK 3.6. Similar estimates can be found in, for example, [28], Lem-
ma 6.2, and [21], Theorem 6.7. The above is a slight improvement because all three
constants are best possible. Since the values of these constants are not essential
here, we refer to [6], Proposition 2.3.9, for the proof. Note that C; = 1 was not
obtained in this reference, but with a slight change in the last lines of the proof
of [6], Proposition 2.3.9(i), the value C1 = 1 can be obtained, and this is optimal.

PROOF OF PROPOSITION 3.4. Fix (z,x) € R} x R. Clearly, X = (X(s, y),
(s,y) €]0,t[xR) with X (s, y) =Y (s, y) G, (t — s, x — y) satisfies all conditions of
Proposition 3.1. This implies that for all (¢, x) e R} xR, Y (-,0)G,(t —-,x —0) €
P>. Hence w(t, x) is a well-defined Walsh integral and the resulting random field
is adapted to the filtration {F;, s > 0}.

Now we shall prove the L?(2)-continuity. Fix (¢, x) € R x R. Let B; , and
a denote, respectively, the set and the constant defined in Proposition A.3. We
assume that (¢', x") € B; . Denote

(t,x), ift' <t,
(', x'), ift! >1t.

(7, x"), ift! <t,

(5, %) = { (1, x), ift’ > 1,

and (7,%) = {

Set K, =1[1/a,t + 1] x [—a,a]. Let A, = SUP (s y)ek, 1Y (s, y)||2, which is finite
by (3.4). By Lemma 3.3, we have

Jw, x) —w(', <)}
[
o[ [iroieun-sn
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G ) 5 p/2
—Gy(t' —s,x" = y))"dsdy

f p/2
#2712 [ 1Yl GRE = 5.8 - ydsdy)

_ ) 3 )
<27 (L (1 x X)) P2+ 207 D (Lo(r, o x, X)) P,
We first consider L. Write L1 = L (¢, ¢/, %, X"y + L1o(t, ', x, x"), where

Lia(t,t, x,x")
:./-/([Ot] R)\K, HY(S’Y)”fa(Gv(f —5.x—y) = Gyt —s.x' — y))*dsdy,
sIx X a
Lyia(t.t', x,x)

- // 1Y (5. D3 (Gult = 5.x = y) = Gt —5,x" = y))* ds dy.
([0,2:]xR)NK,
By Proposition A.3,
sup Gyt —s,x —y) = Gyt —s5.x' = y))?

', x")eB; x
(3.8)
<4G 1t +1-s5,x—y),

for all s € [0, ¢'] and |y| > a. Moreover,
/l 1Y, WIEGAE+1—5,x — y)dsdy
(10,6 1xR)\ Ky b

<[Y(.0Gu(t+ 1= x =0} , <+o0.
Therefore, Lebesgue’s dominated convergence theorem implies that

lim Ll’l(l‘,t/,x,x/)=0.
', x")—(t,x)

By Proposition 3.5, for some constant C > 0 depending only on v,

lez(l, t/,x,x’)

<A (Gult = 5.5 —3) = Gy (i’ — 5.%' — y))*ds dy
([0,£:]xR)NK,

< ALC(|x = x| +/|t = 1']).

Therefore, lim y)— ) L1(¢', 1, x,x") =0.
Now let us consider L. Decompose L into Ly 1(¢,1', x,x")+ Ly a2(t, 1/, x, x'),
where

L z,z’,ﬁ:// Y. )|*G, (& —s. % — y)2dsdy,
21(t,1", %, x) ([t*,f]x]R)\KaH (s, M[,Gv(@ —s,% — y)“dsdy
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2 n N
Los(t, 1, x,x") = // ) ¥ (s, [ ,Go@ =5, % — y)*dsdy.
([t 1xR)NK,
The proof that lim y/)— vy L2,1(t, ', x,x") = 0 is the same as for L1 1, except
that (3.8) must be replaced by
sup G2(f—s, 8 —y)<G2(t+1—s5,x—y).

(t',x")EB; x

The proof for L; 5 is similar to L1 2: by Proposition 3.5,
7
Loa(t, 1, x,x") < Ag ds/ G%(f— s, X —y)dy < A,C\/|t' —t]| >0,
ty R

as (t',x") — (¢, x). Therefore, lim/ ), s x) L2(¢', £, x, x") = 0, which completes
the proof. [

We will need deterministic integral inequalities for the moments of the solu-
tion to (2.2). Define b, =1 if p =2 and b, =2 if p > 2. Recall the formula L
defined in (2.3) and define the associated functions £, and Zo, p using the conven-
tion (2.15).

LEMMA 3.7. Suppose that f(t,x) is a deterministic function and p satisfies
the growth condition (2.12). If the random fields w and v satisfy, for all t > 0 and
x eR,

w(t,x) = f(1,x)+ f f[o g GV =5 = P05, )W s, dy),

where we assume that G,(t — -, x — o)p(v(-, 0)) € Pa, then for all even integers
p=2,

1G> pW) @)} <1 Gule = x = 0)p(vC, )y,

1 ~
< (@ +IviI5) * Lo.p) (1. 0).
p

In particular,

[w(t, )5 < by 2t %) + (€ + IvI13) * Lo.p) (2, %),
and, assuming (2.13),
(3.9) Jw(e, 0[5 = £ %)+ (% + lvI13) * Lo) (2, x).

PROOF. For p =2, by the It isometry, (2.12), and the fact that a; z = 1 and
=1,

lw(t, )% < £t %) + (B2 + vI13) * £o2) (2. x),
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and (3.9) is obtained similarly. Now we consider the case p > 2. Clearly,
[wie. 05 <2l 7@ 0 +2] (G x pW) (. 1)
By Lemma 3.3, we have that
(G pW) (. )|} < 23] Gu(t — . x —0)p(v(- 0)) |3,

If ¢ =0, then [ p(v(s, )3 < L3]lv(s, y)[|3. Otherwise, by (2.12) and subaddi-
tivity of the function x > |x|*/?,

los. M, < L7277/ + [uts, ;).

Combining these two cases proves that
Gbp|Gult = x —0)p(v(,0) 3,
s3ia [ G- sx- @+ e )dsay
= ([ + v, 03] % Lo.p) (2, x),
because afj’o =b,, and af,f =2P=2/p+1 = 22(=D/P for ¢ £0and p > 2. O
3.3. Proof of Theorem 2.4. We begin by stating two lemmas.

LEMMA 3.8. The solution (t,x) — Jo(t,x) to the homogeneous equa-
tion (2.1) with p € My (R) is smooth: Jo € C*°(R% x R). If, in addition,
pu(dx) = f(x)dx, where f is continuous, then Jo € C*(R% x R) N C(Ry x R),
and if f is a-Holder continuous, then Jo € C*°(R% x R) N Cy 2,0 (R4 x R).

PROOF. The property Jo € C*°(R% x R) is a slight extension of standard
results (see [20], (1.14) on page 210). For more details, we refer the interested
reader to [6], Section 2.6. We only show here that Jy € Cy/2,o(Ry x R) if
w(dx) = f(x)dx and f is a-Holder continuous. Fix (¢,x) and (t/,x") e Ry x R
with ¢ > 7. By changing variables appropriately, we see that

Jo(t,x) — Jo(t', x") =/RGV(1, D(f(x —i1z) = f(x —+/1'z))dz.
By the Holder continuity of f, for some constants C and C’,
| Jo(t, x) — Jo(t', x)| < C|/7 — ﬁ}“/ G,(1,2)z¥dz < C')¢" — 1|2,
R

Spatial increments are treated similarly. [
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If the initial data is such that Joz(t, x) is a constant v, that is, u(dx) = vdx,
then (J& % K)(t, x) = (02 x K)(t, x) = v*H(t). Clearly,

! 1 t
3.10) (V%L t,x :vz)»zf ds /d Gyo(s, =022 [ —.
(3.10) ( 0)(, x) o Y e yGya(s,y) V=

For general JO2 (¢, x), we have the following.

LEMMA 3.9. Fix p € My(R). Suppose K (t,x) = Gy2(t, x)h(t) for some
nonnegative function h(t). Then for all (¢, x) € R} x R,

h(t

(3.11) (J§ » K)(t, x) < 23/1|JE 21, %) / ds,

where J§(t,x) = (G, (t,-) * |u])(x). In particular, for all (t, x) € RY x R,
(3.12) (JE*K)(t, x) <2>/me/v|JE @, x)|2(1 + 2exp(%)) < +o00,
(3.13) (J§ * Lo) (1, x) < A2Vt /v|JEQ2t, x)[* < +00.

PROOF. Assume that u > 0. Write JO2 (s, y) as a double integral:

(Ber)en=["as [ [[ Gy =Gy -

X Gyt —s5,x — y)h(t —s)u(dzy)u(dz2).

(3.14)

Then apply Lemma A.4 to G,(s,y — z1)G, (s, y — z2) and integrate over y using
the semigroup property of the heat kernel and setting z = (z1 + z2)/2:

(J§ %K)z, x)
3.15
t
= [ @ [ Gauts.z2 = 20Gupatt,x = DA~ )uenpdz).
0 R2

Applying Lemma A.5 and then integrating over z; and z» proves (3.11). For
a signed measure p, simply replace p by |u|. The inequality (3.13) is proved
by choosing h(t) = x2(4n vt)~1/2 Finally, (3.12) follows from (3.11) by taking

h = 7
that

+5; A /4 and then using the change of variable s = u?/a to see

t pa(t—s)

7 ds = /m/ae" erf(vat) </ /ae", a>0.

This completes the proof. [J

(3.16)




MOMENTS IN THE STOCHASTIC HEAT EQUATION 3029

Comparing the proofs of (3.12) and (3.13), we can see that (102 *K)(t,x) <00
if and only if (102 * Lo)(t, x) < oo: the main issue is the integrability around t =0
caused by the factor % in Lo.

PROOF OF THEOREM 2.4. Fix an even integer p > 2.

Step 1. Define ug(t, x) = Jo(t, x). By Lemma 3.8, ug(z, x) is a well defined and
continuous function over (¢, x) € R} x R. We shall now apply Proposition 3.4
with ¥ = p(ug). We check the three properties that it requires. Properties (i) and
(i) are trivially satisfied since Y is deterministic and continuous over R} x R.
Property (iii) is also true since, by Lemma 3.7,

(3.17)  bpzp|p(uo(-.0)Gy(t — -, x — o) ||ﬁ47p <([%+ 3] * Lo.p)(t, x),

which is finite by (3.10) and Lemma 3.9. Hence, the following Walsh integral is
well defined and is an adapted random field

nex= [ /[o,,]xRp("o“’ M)Gu(t — 5. x — y)W(ds, dy),

The continuity of the deterministic function (s, y) — p(uo(s, ¥)) implies its lo-
cal L?(2)-boundedness [in the sense of (3.4)]. So (¢, x) — I;(t,x) is LP(2)-
continuous on R x R by Proposition 3.4.

Define u (¢, x) = Jo(t, x) + I1 (¢, x). Since Jo(z, x) is continuous on R x R,
ui(t, x) is L?(Q2)-continuous on R% x R. Now we estimate its moments. By It6’s
isometry,

[1@, 03 = (o, 0)Gutt = x = )3,

which equals ([g2 + J02] * L) (¢, x) for the quasi-linear case (2.14), and is bounded
from above [see (3.17) with bzz% = 1] and below [if p additionally satisfies (2.13)],
in which case

([S% + 3] * Lo) (0. x) < | (t. 0|5 < ([3% + J§] * Lo) (1. x).

Since Jy(t, x) is deterministic and since E[/; (¢, x)] =0, |ju1 (¢, x)||% = Joz(t, x)+
|71 (¢, x) 13, and by Lemma 3.7,

Jur (e, 0| < bp g x)+ (G + J3) * Lo.p) (1. )
<byJ3t,x) + (S +bpJd) » Kp)(t, x),

since b, > 1 and Lo , < K, by (2.5).
In summary, u; is a well-defined random field that satisfies (with & = 1) the four
properties (1)—(4) described just below in step 2.
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Step 2. Assume by induction that for all k <n and (¢, x) € Ri x R, the Walsh
integral

I(t,x) = ff[o’[]xRp(uk_ms, )Gt — s, x — y)W(ds, dy)

is well defined such that:

(1) uy := Jo + I is adapted to the filtration {F;};~0.

(2) The function (¢, x) — u(t, x) from R% x R into LP(£2) is continuous.

3) E[uk(t x)] = J0 (t,x) + Z ([g + J 1 x L£;)(t, x) for the quasi-linear
case and it is bounded from above and below [1f p satisfies (2.13)] by

k—1

Jgt.x) + > (6% + I3 * L) (1. x) < E[uz (¢, x)]
i=0

< J3(t, x)+2 24 I3 * L) x).

@) Nug(t, )3 < bpJ3t, x) + (S +bpJ3) x )2, x).

We are now going to define u,1 (¢, x). We shall apply Proposition 3.4 again,
with Y (s, y) = p(u, (s, ¥)), by verifying the three properties that it requires. Prop-
erties (i) and (ii) are clearly satisfied by the induction assumptions (1) and (2). By
Lemma 3.7 and the induction assumptions, we establish property (iii):

bpza | p(n(, 0)Gult =+ x = 0)[3,

< (3% + llunll3) * Lo,p) (¢, x)

< ([ +bpJg + (S +bpJ5) x Kp]* Lo,p) (1. 2)
([ +bp g1 Kp) . ).

(3.18)

by (2.9), and this is finite by Lemma 3.9.
Hence, for all (t,x) e R} x R, p(u,(-,0))G,(t — -, x — o) € P}, and the Walsh
integral

Tos1 (1, %) = f/{o Pl )Gt = 5.3 = Y)W (ds. dy)

is a well defined and adapted random field. By assumption (2), (s,y) —
p(uy(s,y)) is LP(2)-continuous, so Proposition 3.4 implies that (¢,x) +—
I,11(¢, x) is also L?(£2)-continuous. Define

Un1(t, x) = Jo(t, x) + L41(¢, x).
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Now we estimate the moments of u, 4 (¢, x). By Lemma 3.7 and (3.18),
ltn 12 2|5 < bp (e, x) + (G + bpJ) x Kp) (2. x).
As for the second moment, by Lemma 3.7,
J5 @20+ ([ + a3 * Lo) 0, ) < Efuy 1 (1, 2)]
< J§(t.0) + ([ + llun 3] * Lo) (1. ).
Substituting the bounds from induction assumption (3) gives

I3t x) + Y ([* + Jg]* L) (t. x) <E[up, (¢, x)]
i=0

<5t x)+ Y ([ + Jg] * Li)(t, x).
i=0

In the quasi-linear case, the inequalities become the equality

n
Elup, (t,0)] = J5t, %)+ Y _([T* + J3]* Li)(t, x).
i=0
Therefore, the four properties (1)—(4) also hold for k =n + 1.

Step 3. We claim that for all (¢, x) € R% x R, the sequence {u,(t, x)},en is a
Cauchy sequence in L?(2), and we will use u(¢, x) to denote its limit. To prove
this claim, define F),(¢, x) = ||uy+1(t, x) — un(t, x)||f,. For n > 1, by Lemma 3.3
and the Lipschitz continuity of p,

Fu(t, %) < (Fm1 % Lo,p) (1, %)
with Lo, (t, x) := Lo(t, x; v, 2 max(Lip,, ap zLy)).

By analogy with the convention (2.15), the functions En p(t,x) and l\é(t, Xx) are

defined by the same parameters as Evo, p(t, x). For the case n =0, we need to use
the linear growth condition (2.12) instead: By Lemma 3.7,

Fo(t,x) < ([T% + J§]* Lo.p) (1. x) = ([T + I3 ] * Lo.p) (2, ).
Then apply the above relation recursively:
Fu(t.x) < (Fy1 % Lop) (6, %) < -+ < ([T + Jg ] % L p) (. x)
< ([ + 31 % Lo.p) (2. ) Ba D).
by (2.7). Now by Proposition 2.2, for all (¢, x) € R% x R fixed and all m € N*,

o0 o0

MIE @0 < (G2 + I3] * Lop) @, 0™ S Bi(1)] " < oo,
i=0 i=0
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which proves that {u, (¢, x)},eN is a Cauchy sequence in L? (2) by taking m = 2.

The moments estimates (2.21), (2.23) and (2.25) can be obtained simply by
letting n — +o00 in the conclusions (3) and (4) of the previous step and us-
ing (2.5) and (2.18). Now let us prove the L”(£2)-continuity. For all a > 0, set
K, :=1[1/a,a)] x [—a, a]. Since B, (t) is nondecreasing, the above L (2) limit is
uniform over K, because

o0

o0
> swp || < (ZIBMI”’") sup |([% + 3] Lo.p) 1, 0)| /",
i—0 (t.x)eK, =0 (t,x)eK,
By (3.10), (3.13) and the continuity of (¢,x) — Jj(2t,x) over RY x R
(see Lemma 3.8), we see that the right-hand side is finite. Hence,
2720 SUP( vyek, | Fi (t, x)|'/™ < 400, which implies that the function (¢, x) >
u(t, x) from R% x R into LP(2) is continuous over K, since each u,(t, x) is
so. As a can be arbitrarily large, we have then proved the L”(£2)-continuity of
(t,x) — u(t, x) over R} x R.

The following inequality, which will be used in step 4, is a direct consequence
of the upper bound (4) of step 2 and (2.9):

(3.19) ([S2 + lull3] * Lo.p)(t. x) < ([S* + bpJ5 | % Kp) (2, ).

Step 4 (Verifications). Now we shall verify that {u(t, x), (t, x) € R} x R} de-
fined in the previous step is indeed a solution to the stochastic integral equa-
tion (2.2) in the sense of Definition 2.1. Clearly, u# is adapted and jointly-
measurable, and hence it satisfies (1) and (2) of Definition 2.1. The continuity
of the function (¢, x) = u(t, x) from R% x R into L?(R) proved in step 3, Propo-
sition 3.4 applied to Y = p(u,) and (3.19) imply (3) of Definition 2.1. So we only
need to verify that u satisfies (4) of Definition 2.1, that is, u(¢, x) satisfies (2.2)
a.s., forall (r,x) e R} x R.

We shall apply Proposition 3.4 with Y (s, y) = p(u(s, y)) by verifying the three
properties that it requires. Properties (i) and (ii) are satisfied by (1) and (2) in
the conclusion part of step 3. Property (iii) is also true since, by Lemma 3.7 and
also (3.19),

b2y |p(u(-, )Gyt = x = )3y, < (€% + lull3) % Lo,,) (1, x)
< ([&* +bpJg]x Kp) . ),
which is finite by Lemma 3.9. Hence,
pu(-,0)Gy({t —-,x —0)€P, forall (, x) e R} xR,

and the following Walsh integral is well defined and is an adapted random field

I(t,x):= //[OJ]XR,O(M(S, ¥)Gy(t —s,x —y)W(ds, dy).
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Furthermore, by the last part of Proposition 3.4, (¢,x) — I(t,x) is LP(Q2)-
continuous, since by conclusion (2) of step 3, (¢,x) + u(t,x) is LP(Q)-
continuous.

By step 3,

WUJ)=MUJ)+[&HQJRO—&X—ymwm4@yDWM&®0

with u, (¢, x) converging to u(z, x) in L? (£2). We only need to show that the right-
hand side converges in L (2) to Jo(¢, x) + I (¢, x). In fact, by Lemma 3.3,

2

”// Gyt —s,x —y)[p(uls, y)) — p(un(s, y))|W(ds, dy)
[0,¢1xR

p
271:.2 2 2
<z7Li /f Gi(t—s,x — u(s,y) —u,(s, dsdy.
Pl [ 2 W uls, y) —un(s, )|, dsdy

Now apply Lebesgue’s dominated convergence theorem to conclude that the above
integral tends to zero as n — oo because (i) for all (s, ¥) €]0,¢] X R, |lu, (s, y) —
u(s, y)||1%7 — 0 as n — +00; (ii) by step 2,

lun(s. 0 < bpdg (s, )+ ([T + bpJg]+ Kp)(s. ).

and by step 3, the same upper bound applies to ||u(s, y) ||f,. Finally, by Lemma 3.9
and (2.9), the above upper bound, multiplied by G%(t —§,x —y), is integrable
over [0, ] x R. This finishes the proof of the existence part of Theorem 2.4 with
the moment estimates.

Step 5 (Uniqueness). Let u and v be two solutions to (2.2) (in the sense
of Definition 2.1) with the same initial data, and denote w(z, x) := u(t,x) —
v(t, x). The L2(Q)—continuity—property (3) of Definition 2.1—guarantees that
both (7, x) — u(r, x) and (7, x) — v(z, x) are L%(Q2)-continuous since (7, x) >
Jo(t, x) is continuous by Lemma 3.8. Then w(¢, x) is well defined and the func-
tion (7, x) — w(z,x) is L2(§2)-continuous. Writing w(t, x) explicitly and then
taking the second moment, by It6’s isometry and the Lipschitz condition on p, we
have

E[w(t, x)*] < (B[w?] * £§)(t, x)
(3.20)
where L(t, x) := Lo(t, x; v, Lip,).

Now we convolve both sides with respect to K*(z, x) := K(t,x; v, Lip,) and
use (2.9) to obtain

(E[wz] * ) (1, x) < (E[wz] * L§* ) (t, x)
= (E[w?] « £*) (1, x) — (E[w?] * L) (7, x).
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So (E[w?] » L{)(t, x) =0, which implies by (3.20) that E[w(z, x)2] =0 for all
(t,x) € R% x R. Therefore, we conclude that for all (#,x) € RY x R, u(t,x) =
v(t, x) a.s.

Step 6 (Two-point correlations). In this last step, we prove the properties (2.22),
(2.24) and (2.26) of the two-point correlation function. Let u(¢, x) be the so-
lution to (2.2). Fix T >t € RY and x,y € R. Consider the L?(2)-martingale
{U(s;t,x),s €[0, ]} defined by

N
U(s;t,x):= Jo(t, x) +/O A&GV(I —r,x —2)p(u(r, 2))W(dr, dz).
Then U(¢t;t,x) = u(t,x) and E[U(s; ¢, x)] = Jo(¢, x). Similarly, we define the

martingale {U (s; T, y), s € [0, ]}. The mutual variation process of these two mar-
tingales is, for all s € [0, 7],

S
(UC,x),UC T, y), :./0 drAQ dz,oz(u(r, 2))Gy(t —r,x —2)Gy(t — 1,y — 2).
Hence, by It6’s lemma, for every s € [0, t], E[U (s; ¢, x)U (s; 7, y)] is equal to
Jo(t, x)Jo(z, y) —f—/(; dr[l; dzE[,oZ(u(r, )]Gt —r,x —2)Gy(t —r,y —2).

Finally, we choose s = ¢ and note that E[u(z, x)u(t, y)] =E[u(¢, x)U (¢; T, y)] to
get

Efu(t, x)u(z,y)]
(3.21) = Jo(z,x)Jo(z, y)

t
+/0 dr/]R dz|p(u(r, 2))[5Gu(t — r.x = )Gu(T =1,y —2).

Then (2.22), (2.24) and (2.26) follow from Lemma A.9. This completes the proof
of Theorem 2.4. [J

3.4. Proofs of Corollary 2.8 and Proposition 2.11.

PROOF OF COROLLARY 2.8. In this case, Jo(t,x) = G,(t,x) and A2J3(t,
x) = Lo(t, x). So, by (2.25) and (2.9),

1 1
Efju(t, x)[*] = s Lot x)+ 5 (Lox K)(, x) + SPH®),

yielding (2.31). By (2.26) [see also the equivalent formula (3.21)], E[u(¢, x) x
u(t, y)1= Jo(t, x)Jo(t, y) + 221, where

1 1
1=/0 dr/Rdz<g2+ﬁn(r,z)+g2%(r))(;v(t—r,x—z)Gv(z—r,y—Z).
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Use Lemma A.4 to replace the last two factors by G2 (t —r, z— (x +y) /2) G2, (t —

r,x — ), so that z appears in only one factor. Then use formula (2.19) and the
semigroup property of the heat kernel to see that

1 +
S % Gupate =, o)(%)

x+ y) < 1 )2 >
=G t, +H
O b
Therefore,

szothv(t—r,x—y)«g + — Gv/Z(t %))(H( )+1)
1

xX+y
+G (r, —> )dr
v/2 2 amvr

Then apply Lemmas A.6 and A.10 to evaluate the remaining integrals over dr.
g

PROOF OF PROPOSITION 2.11. If = &, then Jo(t,x) = L G,(t,x) =
—%Gv(t, x). Suppose that (2.2) has a random field solution u(¢, x). Fix (z,x) €

R* x R. Hence, by (2.2) and Ito’s isometry [see (2.4)], [lu(t, x)||I3 > J3(t,x).
Therefore,
2
(G2 x|l p(u) 15) @, x) = A2(G2 o ul3) (2, x) = A2(G2 % JE)(2, x).

Write out the space—time convolution and apply the formulas in Lemma A.4 to see
that it equals

Gya(t, x) / (s(t —5) s )
—t d dy y’G — -
43 szm Yy RN
Gyalt, 1 2x?
”/2( *) E[ZZJr—x }ds
4rvd  Jo s2 /50t — )
where Z ~ N (0, vs(t — s)/(2t)) is a Normal random variable. The expectation is
equal to & — "2%2 + Szxz , and the last two terms yield a finite integral, but not the

first term, SO we conclude that (G% * ||,0(u)||2)(t, x) > 4o0. This violates prop-
erty (3) of Definition 2.1. [J

4. Upper and lower bounds on growth indices. Because the quasi-linear
case corresponds to the case where L, =1, =|A| and ¢ = ¢ = ¢, part (3) of The-
orem 2.12 is a direct consequence of parts (1) and (2). Hence, in the following, we
only need to prove parts (1) and (2). We first recall a lemma.

LEMMA 4.1 ([10]). For2<a <b < +00, AM(a) < A(b) and X(a) < A(b).
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4.1. Proof of the lower bound. By the moment formula (2.23), we can bound
the second moment of u(¢, x) from below provided we have a lower bound on
Jo(t, x). The next lemma gives such a bound.

LEMMA 4.2.  Assume that p € My +(R) and pn # 0. For any € > 0 and & €
10, v[, there exists a constant a, ¢, > 0 such that

Jo(t, x) > ag g v1[e,4+00[ (1) Ge(2, X) forallt > ¢ and x € R.

PROOF. It suffices to prove that

=M/Rexp(—(x_”2 x

v 2%

2
gt x) = folt, )

~ Ge(t, x)

Jua)
is strictly bounded away from zero for ¢ € [¢, +oo[ and x € R. Notice that for

O<&<v,

=y P E-v =&/ E )P N
2vt 26t 2vEt 20 —v)t — 2w —¥6)r’

Thus, for ¢ € [, +0o0[,

gt,x) > \/%f e /R0 1 (dy) ZMf /R0 (dy)
R R

=/21(v —&)se/v(Gy_g(e, ) % 1) (0) =: aee v,

which proves the lemma. We remark that (G,_¢ (e, -) * 1)(0) is strictly positive
and finite because © € Mpy 4 (R), u #0,and G,_¢(e,y) >0forally e R. [

PROOF OF THEOREM 2.12(1). Due to Lemma 4.1, we only need to estimate
A(2). Assume first that ¢ = 0. Fix ¢ > 0. For § € ]0, v[, use Lemma 4.2 to choose
a =ag g, > 0 such that

Jo(t, x) > To(t, x) :=al[g 400 (t) Ge (2, X).
By (2.8) and since ®(0) =1/2,

l4
K@x)z LK@x)  with K(x) = Gupae, x)elot/ @),
v

Set f(t,x) = E(u(t, x)?). By (2.23) and the above two inequalities, f(f,x) >
4
%(1&1 * K)(t, x). By Lemma A .4,

e—lgs/(4u)

a’> p t (v—&)s
(0,1* )(#, x) 2J71_5e9 : Guplt » X NG s
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Notice that for s € [¢, t],

Goo (t W —U E)s’x) > Geplt, ) v#

t—@w—¥§)e¢
and
—s/(4v)
t L ds > L /’ e_lés/(4v) ds = 4_‘)(6—1;‘)8/(41)) _ e_lét/(‘h’)).

€ NG Tt e l‘l‘,\/f

Since t > &,
2a2ﬁ &t 4

12, K)(t,x) > Ge (. x). | —— 20 (lp=e)/@v) _ 1),

(o % K)( x)_léﬁ et o (e )
Thus,

1
limsup — sup log f(t, x)

t—>+o00 b |x|>at

>11m1nf— sup log f(z, x)

1=>+00 [ |x|>at

o2

e

The right-hand side is positive for o < \/m% /2. Since & €]0, v[ is arbitrary, we

conclude that A(2) > 15 /2.
As for the case ¢ # 0, forall u € My +(R), f(t,x) > SZ’H(I), and hence

1 I
> lim — sup log( ([_8)/(4V)Gg/2(t,x))=ﬁ—

t—>+00 Ix|>at

1 I
hmmf— sup log f(z,x) = lim — log( 2H(1)) = 4—p >0  foralla > 0.
v

1>00 1 |y|>ar
Therefore, A(2) = 0o, which implies A(2) = oo. This proves part (1). [J
4.2. Proof of the upper bound. We need two lemmas.

LEMMA 4.3. Forallt >0,s >0, 8 > 0and x € R, denote
H(x; B,1,5)

21+ 22
‘= sup qu(S,Zz—Zl)Gu/z(t,x— )exp(—ﬁ|11|—5|22|)-
(z1,22)€R?
Then
——exp xz) i x| < vp
expl —— |, if x| = vpr,
H(x; B.t,s) < | 2Tv/is vt

1
exp(—2 +v zt, ) > ypt.
v dis p(—281x| +vB“1) if|x| = vp
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In particular, forall x e R, 8 >0,t > 0and s > 0,

4.1) H(x; B,t,5) < exp(—2B|x| 4+ vB?t).

1
2mva/ts

PROOF. We only need to maximize over (21, 72) € R2 the exponent

@2} =@+ 0)/2)?

Tos » — Blzil — Blzal.
By the change of variables u = *5%2, w = #, we have that
2 2 2
u X —w X —w
—+¥+ﬂ(|u+wl+lu—wl) > ¥+2ﬂlwl = f(w).
Vs vt vt

Hence, we only need to minimize f(w) for w € R. Hence,

x2

min f(w) =1 ¢’
we 2B|x| —vtp?,  if |x| > vpt.

if x| < vBt,

This also implies (4.1) since f)—z > 28|x| —vtp% forallx e R. [

LEMMA 4.4. Suppose |1 € M’Z(R) with B > 0. Set C = [ e?*!|u|(dx). Let
K (t,x) = G,)2(t, x)h(t) for some nonnegative function h(t). Then

4.2) Jz(t ) < _2 —2Bx|+vp*t
: , X e ,
0 2w vt
C — 2, (Th(t—ys)
4.3 JZ*K fLxX)<——e 2B|x|+vB t/ ) s
( ) ( 0 )( )_ 5 vﬁ A ﬁ

PROOF. Clearly,

J t, < GU tx — =Byl Blx| dv).
[ot.2)| = (s1p Gutr.x = )e ) [ " lulay)

The supremum is determined by minimizing % + Bly| over y € R, which has
been done in the proof of Lemma 4.3, and (4.2) follows. The proof of (4.3) is
similar to Lemma 3.9. By (3.15) and Lemma 4.3,

t
(U3 +K) @) = [ HG: Borsnte —syds [Pl u)dz) i@z

_ </Reﬂ|x|m|(dx)>2/0tH(x;ﬁ,z,s)h(t—s)ds.

Then apply (4.1). U
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Note that one can apply the bound in (3.12) to (2.21) and then Lemma 4.4 to get
r2) < L% /+/2. But we need a better estimate with /2 replaced by 2. This gap is
due to the factor 2 in Jjj'(2¢, x) of (3.12), coming from Lemma A.5, which is not
optimal.

PROOF OF THEOREM 2.12(2). Assume that T = 0. We first consider A(2).
Set f(t,x) =E(u(t, x)?). Fix B > 0. Without loss of generality, assume that u €
M’g(R) is nonnegative; otherwise, simply replace all u below by |u|. By (2.8),

_ _ L L Lt
K(t,x) <h®)G,)2(t, x) with h(t) = NZeT + 2 exp<ﬂ>,
v

s0 (2.21) implies that

ft,x) < I3, x) + (JG(C, 0) x Gya(-, )h())(2, X).
By Lemma 4.4, (2.10) and (3.16),

272
f, —2mx|+vﬂ2r + L _<1 +e pt/<4v>> —2BIx|+vp’t
=27 271/203/2 /f\ 2
Therefore, for a > 0,

c? C2L2 1 2

FPvi—2pat ( t/(4v)> —2Bat+vpi
su r,x) < —— + — +e » .

Sup S0 =5 i\

Now, the exponential growth rate comes from the second term, and

Lit L
4L—2,8at+v,32t<0 — oe>ﬂ—v—|——p.
v

Therefore,

_ 1 4
A(2) < inf{ot > 0:limsup — sup log f(#,x) < O} < % + ﬁ.
v

1—>00 |x|>at

. . L. . L2 . .
Notice that the function 8 +— @ + ﬁ is decreasing for 8 < 55 and 1ncreas1ng for
2

B> ;” , with minimum value 12 /v, and MP c®) S M7 Ly/e )(R) for 8 > > 5 . This
yields the desired upper bound B
Now fix an even integer p > 2. Because the definition of A(p) differs from that

of A(2) by the use of ||u(t, x) ||?,, we only need to make the following changes in the
above proof: (1) Replace f (¢, x) by |u(t, x)||f,. (2) As in (2.21), replace Joz(t, x)
by 2]02 (t,x). (3) Replace K(t, x) by K p(t, x), which is equivalent to replacing L,
everywhere by +/2z pLp. This proves (2). [
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E,0.1(x)

FIG. 1. The dashed lines in both figures denote the graph of ePIX|. The solid lines from bottom
to top are E4 g(x) with the parameter a ranging from 1 to 6 for Figure 1(a) and from 6 to 1 for
Figure 1(b), which are representative of the cases p > 0 and B < 0, respectively. The parameter 3
controls the asymptotic behavior near infinity while both a and B determine how the function ePlxl
is smoothed at zero. The smaller a is, the closer Eqp ©)isto 1.

4.3. Proof of Proposition 2.14. For a > 0 and 8 € R, define
_ af —x af +x
(4.4) E,p(x):=e %(7) +eﬁxq>( 7 )

which is a smooth version of the continuous function e?*! (see Figure 1). Equiva-
lently, by Proposition A.11(ii),

(4.5) Eqp(x)=e P 42(eP kG, (1, ) (x).

Note that the function (¢f!'l x G, (¢, -))(x) is the solution to the homogeneous heat
equation (2.1) with initial condition (dx) = eI dx. See Proposition A.11 below
for its properties.

Recall ([24], Equation 7.12.1) that

e—x2/2
1—dx)~ asx — +o0o and
2w x
(4.6)
e—x2/2
D (x) ~ as x — —o0.

V27 |x|

PROOF OF PROPOSITION 2.14. The fact that A(2) is bounded above by
the expression in (2.33) follows from Theorem 2.12 since u € M’g’ L (R), for
any B’ < B. We now establish the corresponding lower bound on A(2). Set
f(t,x) =Eu(t, x)?). If u(dx) = e Pl dx with g > 0, then by (4.5), Jo(t, x) =
¢#*V1/2E,, _g(x) and by Proposition A.11(iv),

4.7) Ja(t,x) > PV O (— BV Eyr0p ().
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By (4.5) and the lower bound in (4.7),
J2(t,x) = e P2 (—BYuD) (e M % Gy, ) ().

Thus, by (2.25) and the fact that K(1, x) > & G, 2 (1, ) exp(4L),

! 2 2 A4
S = [P R g il =)

« M5/ <6—2ﬁ~| % Gv(t — % .)>(x)ds.

Noticing that by Proposition A.11(ii) and (vi),

<e—2/3"' % Gv(t - % -))(x)

204 20 (+—
=PVESIDE oy ap(x) = PVUTIDE L n _op(x),

we have that

f(t,x) > Ey o —op(x)e? ”t/ o (=B v(t —5))e Ms/(@v) 4.

Choose an arbitrary constant ¢ € [0, 1[. The integral above is bounded by

/ OB —9)e M/ g5 > 2 (- ﬂm)/ st g,

4y

= P2 (—By/v(1 — 1) (X114 _ g1/,

Hence,

(1,0 = v ap (0P @2 (=py/u(1 = e)r) (/) — g1/,
By Proposition A.11(v), for o > 0,

sup Eyr2,—28(x) = Eyj2,—2p(at).

|x|>at

Notice that

Eyvi 2, —2p(at)

ool oo ) eo( (-

If a\/% - 2,8\/% > 0, that is, @ > v, then by (4.6), the second term dominates and
so for large 7,

Evijo,—op(at) > tem2Po
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Otherwise, if « < Bv, then by (4.6), for large ¢,

eiZﬂazq)(:F[ LA oy ] \f> Vvexp(=(B%v +a?/v)i}

oY 2/mla £ puli

So Ey; 2, 2p(at) has a lower bound with the exponent —2Bat if o > Bv,
and —(,321) + az/v)t if « < Bv. For large ¢, by (4.6), the function ¢

®%(—B+/v(I — ¢)) contributes to an exponent ,82v(c — 1)t. Therefore,

24
| cBv + o 2B, if « > Bv,
_ V
t1—1>n<[>lo t |xs|li§, log £(t. %) 2 2 Mooao? .
(c—1Dp v—|—4———, if o < Bv.
V vV

We now consider two cases. First, suppose that 8 < > «/_ This inequality is
. 4
equivalent to % + SAT,‘} > Bv, and

By + a 2Ba>0 < b,

cpbv —_— = o > o< — R
4y 2 8\),3

Therefore, A(2) > % + % in this first case. Second, suppose that f > -—~— A_z_c_

This inequality is equivalent to \/ ’\4—4 + (c — 1)B2v% < Bv, and

4 2

A A4
C—Dv+ 2L 50 o a<i 4@e—1np2
4y v 4

Therefore, A(2) > \/ A4—4 + (¢ — 1)B2v? in this second case.
Finally, since the constant ¢ can be arbitrarily close to 1, this completes the
proof. [

APPENDIX
e 2
LEMMA A.1. 7 J{ ™% & (v/27b2u) du = % yanbit _ Lo,

Pug vz b2u
PROOF By integration by parts, the left-hand side equals ( b%u) |“=0—

p Jo 2y ds. O
LEMMA A.2. For0 <a < b, we have that
log(b 1
(A.D) log(b/a) _ 1
“b—a b

The function f(s) = (a — s)(b — s)log —i is nonincreasing over s € [0, a[ with

infse[0,qr f (s) = lims—4 f(s) = (b — a)log(b — a) and supscg 4 f(s) = f(0) =
ablog(b/a).
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PROOF. Note that (A.1) is equivalent to the following statements:

—logs

>1, s€]0,1[ < s—logs=>1, s €]0, 11.

1—s

Let g(s) = s —logs with s €]0, 1[. Then g(s) is nonincreasing since g’(s) = (s —
1)/s <0 for s €]0, 1[. So g(s) > lims_,1 g(s) = 1. This proves (A.1). As for the
function f(s), we only need to show that

5 <0 for all s € [0, al.
a—s

f's)=(®b—a)— (a+b—2s)log

Let g(s) = fb__“zs — log la’%i. Then the above statement is equivalent to the in-

equality g(s) <O for all s € [0, a[. By (A.1), we know that

b—a b 1 1
g<0>=——log—s<b—a>( ——)50.
a a

+b a+b b
So it suffices to show that
2(b — 1 1
g'@) (b—a) <0  foralls €[0,al.

C(a4+b—=25)2 b—s Ca—s
After simplifications, this statement is equivalent to

21 32
b
s2—(a+b)s+a +

>0 forall s € [0, al,

which is clearly true since the discriminant is —(a + b)? < 0. This completes the
proof. [J

PROPOSITION A.3.  Fix (t,x) € R} x R. Set
Bix={(',x")eRL xR:0<t' <1+ %, and |x" — x| < 1}.

Then there exists a = a; x > 0 such that for all (t',x") € B;x, s € [0,1'] and
|yl > a,

Gy(f' —s,x' —y) <Gyt +1—s5,x—Y).

PROOF. Since ¢ + 1 — s is strictly larger than ¢’ — s, the function y — G, (t +
1 — s, x — y) has heavier tails than y — G, (' —s,x’ — y). Solve the inequality
Gy(t+1—s,x—y)>G,({t —s,x'—y)with t,7, x, x" and s fixed, which is a
quadratic inequality for y:

/ 2 2 /

—_ i l‘_
W=’ -y §v10g< s )

t—s t+1—s t+1—s
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Let y+(t, x,t', x’, s) be the two solutions of the corresponding quadratic equation,
which are

m((t+1 —S)X/—X(I/—S)

+ [(l—i—l—s)(t/—s)

X {(x _x/)z +(t+1- t’)vlog(%)”l/z)

s
Then a sufficient condition for the above inequality is |y| > |y+| V |y—]|. So we
only need to show that

sup sup |y4(t, x, ', x",s)| Vv |y=(t,x, ¢/, x, 5)| < +o0.
(', x")eB; x s€[0,t']

By Lemma A.2, the supremum over s € [0, #'] of the quantity under the square root
is

t+1
1t + 1)[(x — X+ (t+1—1)vlog 7 }

s0, using the fact that |x" — x| < 1, we see that
[y V [y-|
e DAx[+ D+ x|+ [+ DI+ (¢ + 1 —)vlog((r + 1) /tHNY?
- t+1—1t ’
Finally, because ¢’ € [0, t + 1/2], this right-hand side is bounded above by

2+ D(|x|+ 1) + [x]2r + 1)

1T
+ 2[@ + 1)((z +1/2)+1(t + 1)v10g<7>>]

<@ +3) (x| + 1) +20 + D)1 +v/e=:a,

since supy>qslog L =slog |/, = L forallz > 0. This completes the proof. [

LEMMA A.4. For all t, s >0 and x, y € R, we have that G%(t,x) =

=Gt %) and G, (1, )G (5, y) = Gy ({5, B Gy (1 +5,x — y).

The proof of this lemma is straightforward and is left to the reader.

LEMMA A.5. Forallx,zi,z2 € Randt,s > 0, denote 7 = % Az=171 —

22. Then Gy (t,x — )Gy (s, A7) < %Gl((m Vs, x —z21)G1((4H) Vs, x — 72),

where a vV b := max(a, b).
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PROOF. Since (z2 —z1)* +[(x —z1) + (x —22)? > (x — 21)® + (x — 20)?,

1 2 2
Gi(t,x —2)G (s, A7) < e~ =2+ (x=22) " +(z1=22)7)/ 2((41) vs))
271f

LEMMA A.6. [3(H(r) + l)Gz,,(t — na)dr = h(eHTRRD/EY
erfc(lx| “)—erfc( ‘x| )) t>

PROOF. Letu= % By [18], (27) on page 146] and [18], (5) on page 176, the
Laplace transform of the convolution equals

LG (., X)](Z)E[’H(-) + 1]

1 |x|f/f< 1 n N )exp(—(lxl/ﬁ)ﬁ)
«/_f z—u 2=/ v (Jz-n)

Then apply the inverse Laplace transform (see [18], (14) on page 246). [

—x2/(@vr)+(t—r)/(4v)
\/JT VI'3

LEMMA A.7. [} drll
allt >0and x #0.

d( 2v)_exp(’ 2|xl)erfc(lx| ’) for

PROOF. Suppose that x 7 0. Denote the integral by 1 (¢). Let
f@)= \/%e_xz/“”) and g(r) = e/ (/2v)~ ).

Clearly, I (¢) is the convolution of f and g. By [18], (28) on page 146,

L[ f1(z) =2exp(—I|x|V/z/v).

Notice g(t) = (H(¢t) + 1)/2 with H(t) = H(t;v,1). By the calculations in
Lemma A.6,

1 1
G 1)) a1/

L[gl(z) = >
Hence,

e IVETY

VZ(Z=1/Q2yv)’
Then apply the inverse Laplace transform (see [18], (16) on page 247). [

LIIN(z) = LIf N L[N (=) =

LEMMA A8, (232) equals G,(t,x)Gu(t,y) + £Gup(t, 32 x
exp(t 2|x y')erfc(lx )| l)
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PROOF. After some simplifications, the integral in (2.32) is equal to the fol-
lowing integral:

' . (t x+y)/1 gl <_(x—y>2)
dmve P00 T2 0 Js3 P 4vts

x( 1 +mexp(t(l—s)>q)< t(l—s)))l

Jl—s 4y 2v
Denote this integral by /1 (1) 4+ I2(1). Suppose that x # y and let
x =yl (x =)

1
f(S): S3/2 exp<_ 4VlS )7 g(S):x’

Tt t t
h(s) = —”exp(—s><b( —s).
Jv 4v 2v
Then by [18], (28) on page 146, and [18], page 135,

—|x — t
2n«/§eXp( |x Y|\/z/\/v_) .
vz
Apply the inverse Laplace transform (see [18], (6) on page 246),

LIN]1(z) = LIf1(2)L[g)(z) =

_ 2/t (x— y)2
Ii(s) = NG exp(— Tost ) for s > 0.
As for I(s), by the calculation in Lemma A.7,
_Jmif ] Ji
@ =57 (= * NG Tan)

Hence,
1
VZ(z = 1](@v))

Then apply the inverse Laplace transform (see [18], (16) on page 247). Finally, let
s =1and use Lemma A.4. 0

LIL)() = LIf1(2)LIM(z) = wre PV

LEMMA A9. Forv>0,t>t>0andx,y €eR,

/tr Gy(r,x)dr = ?(CID(J/)%) — @(%)) 127G (1, x) — 2tGy (t, X)

and

'
/ dr/ dzG,(t —r,x —2)Gy(t — 1,y — 2)
0 R

- () ()
+@@T+)G,T+t,x—y)— (T —-1)G,(t —t,x —Y).
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PROOF. Consider the first integral. The case where x = 0 is straightforward,
so we assume that x # 0. This right-hand side is obtained by a change variable and
integration by parts:

/TG .2 d 21x| /v
r,x)dr=—— —_
;Y v Jix v V2mu?

e_”2/2 du

2lx| <e—u2/z X/ /T fwm e 13/2
== — du)
Vo \N2mu x|/t lx|//vT 27

For the second integral, use the semigroup property to integrate over z, and then
apply the first integral. [

LEMMA A.10. Fort>0andx,y € R, we have that

/Ot Gy, x)Gs(t —r,y)dr = 2&&&(&(% + %)),

where v and o are strictly positive. In particular, by letting x =0, we have that

’Ga(t—r,y)dr= 1 erfc< |yl ><\/m
0 N 2mvr 2/vo 20t/ T N 2v

PROOF. By [18], (27) on page 146, the Laplace transform of the integrand is

exp(—+/2z(|x|//v + [y1//0))
24/ vo 72 '

and the conclusion follows by applying the inverse Laplace transform (see [18],
(3) on page 245). As for the special case x = 0, use formula [24], (Equation 7.7.1,
page 162) to write

Goy(t,).

LGy, 0)]@) - L[Go (-, ](z) =

2.2

2 e " 2 © 1]
erfc(x) = —e_xzf ¢ dr < —e_xz/ dr=e. 0
g 0 0

1472 —x 1472

PROPOSITION A.11 [Properties of E, g(x), defined in (4.5)]. For a > 0 and
B eR,
(1) Eqo(x)=1; .
(i) forv>0, (P15 G (t,))(x) = P V2 E,; p(x);
(iii) first and second derivatives:

Eqp(x)= —ﬁe“g%(aﬁ%) + ﬂeﬂw(“%x),

2 a2
E{p() = | —e™@F 000 4 B2E, 5(0);
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(iv) for B> 0, Pl < Eq p(x) < ef* + ¥ for p <0, @(Vap)E,45(x) <
Eqp(x) < e 1P
(v) for B> 0,x v+ E, g(x) is strictly convex and infycr Eq g(x) = E4,5(0) =
20(B/a) > 1, with E}; 5(0) = ﬁ,/%e—ﬂzaﬂ +2B%®(B4/a) > 0; for B <0, the
Sunction E, g(x) is decreasing for x > 0 and increasing for x < 0, and it therefore
achieves its global maximum at zero: sup, g E, g(x) = E4 5(0) = 20(BA/a) < 1,
. _p2
with E}l 4(0) = B,/ 7e 742 + 220 (B /a) < 0;
(vi) concerning a — E, g(x),
dEq p(x) B < a’p? + x2>
= eXp _—— .
da 2ma 2a

Hence, for all x € R, then the function a — E, g(x) is nondecreasing for B > 0
and nonincreasing for 8 < Q.

PROOF. (i) Is trivial. (ii) Follows from a direct calculation. (iii) Is routine.
We now prove (iv). Suppose that § < 0. We first prove the upper bound. Since
x +— E,4 g(x) is an even function, we shall only consider x > 0. We need to show

that for x > 0
eﬂXCI)(a’B —x) +eﬁxq><a/3 +x) - JBx

Ja Ja
or equivalently from the fact that 1 — @ (“%x )= d>(_‘i%_x ),

F(x):= eﬁxq>(iﬁ_’c> - e—ﬁxq>(aﬁ\/:_lx> > 0.

This is true since
a a

and limy_ 400 F(x) = 0 by applying I’Hopital’s rule. Note that F(0) =
®(—+/apB) — ®(y/aB) > 0 since B < 0.

As for the lower bound, when 8 < 0, we have that

o[ o( ) sora ()]

oo () g e,

a

Then the lower bound follows from the fact that e 2/l > E,2p(x). As for the
first part of (iv) where B > 0, the upper bound holds since ®(-) < 1. The lower
bound is a consequence of the upper bound with 8 < 0 and the equality E, g(x) =
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ePX e Pr — E4,_g(x), which follows from (4.4). Now consider (v). We first
consider the case § > 0. By (iii), Egﬁ(x) > 0 for all x € R, hence x — E, g(x) is
strictly convex. By (4.5),

d o0

3 Fap(0) = ﬁe—“ﬁz/Z/ PV (Ga(1,x —y) = G,(1, x + y)) dy.
X 0

Clearly, if x > (=)0, then G,(1,x — y) — G4(1,x 4+ y) > (=)0 for all y > 0.

Hence, %Ea,ﬁ(x) > ()0 if x > (=)0 and the global minimum is achieved at

x = 0. Similarly, for 8 < 0, we have %Ea,ﬂ(x) < (>)01if x > (<)0 and the global

maximum is taken at x = 0, which then implies that £ ;/ B (0) <0 [note that by (iii),
" p(x) exists]. As for (vi),

0 qc,sXq)(“:B $x) af £x ( a2,32+x2>
e = exp| ———— ).
9a N N 2

Adding these two terms proves the formula for W The rest is clear. [
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