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WITH SPACE-TIME WHITE NOISE

LE CHEN, YUHUI GUO, AND JIAN SONG

ABSTRACT. In this article, we consider the nonlinear stochastic partial dif-
ferential equation of fractional order in both space and time variables with
constant initial condition:

(628 + g (,A)a/z) u(t,z) = I [)\u(t,m)W(t,m)] t>0, zeR?,

with constants A\ # 0 and v > 0, where 8{3 is the Caputo fractional derivative
of order B € (0,2], I refers to the Riemann-Liouville integral of order v > 0,
and (—A)O‘/2 is the standard fractional/power of Laplacian with a > 0. We
concentrate on the scenario where the noise W is the space-time white noise.
The existence and uniqueness of solution in the It6-Skorohod sense is obtained
under Dalang’s condition. We obtain explicit formulas for both the second
moment and the second moment Lyapunov exponent. We derive the p-th
moment upper bounds and find the matching lower bounds. Our results solve
a large class of conjectures regarding the order of the p-th moment Lyapunov
exponents. In particular, by letting 8 = 2, « = 2, v = 0, and d = 1, we
confirm the following standing conjecture for the stochastic wave equation:

1
n log E[u(t, z)|?] =< p*/2, forp>2ast— oco.

The method for the lower bounds is inspired by a recent work of Hu and Wang,
where the authors focus on the space-time colored Gaussian noise case.
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1. INTRODUCTION

Let W be a space-time white noise, namely, a centered Gaussian noise with
covariance

(1.1) EW(t, 2)W (s,y)] = 6(t — s)d(z — y),
where 0(+) is the Dirac delta function. The following stochastic heat equation (SHE)

0 v 0? .
(SHE) % 2922 u(t,z) = du(t,x)W(t,z), t>0,x2€R,
u(0, +) = wo,

(1.2)

and stochastic wave equation (SWE)

0% v 9? .
5~ 5ag | utr) = Au(t,2)W(t,z), t>0,z€R,
(1.3)  (SWE) otz 20z 5
u(0, +) = uo, Qu(o, ) = uq,
with A # 0, v > 0, ug,u; € R, are two canonical stochastic partial differential

equations.
Denote the p-th moment Lyapunov exponent of u(t, x) by

(1.4) U(p) = Jim +1ogE [lu(t,2)]"].

The corresponding system is said to be intermittent if the function p : [1,00) —
l(p)/p is strictly increasing. For SHE ([Z), the intermittency property suggests
that the solution wu(t,z) develops a few high peaks (see [24,[39]). With the help of
Feynman-Kac representation for the moments of the solution to SHE (L2)), assum-
ing v =1 and up > 0, Chen [19] obtained the precise value I(p) = ’Q\—Zp(p2 —1) which
yields the intermittency property. We refer to [5l8,19-21]23]34.B9L51] and the ref-
erences therein for more literature on the intermittency property of stochastic heat
equations.

In contrast, much less is known for the hyperbolic counterpart—SWE ([L3).
The lack of Feynman-Kac representation poses a notable difficulty; for instance,
the existence of the limit in the definition (I4]) of I(p) in general is not even clear,
except that [(2) (resp. I(p) for p > 2) was obtained in [3[7] (resp. [2]) for SWE with
noise that is white in time (resp. with noise that does not depend on time). Thus,
instead of studying I(p), we aim to provide bounds for lower and upper Lyapunov
exponents:

1 1
(1.5)  COiph < litm inf n log E [Ju(t, )|P] < limsup n log E [|u(t, z)[P] < Cop??,
—© t—o00

with the hope of matching the exponents (i.e. 6; = 65), which also suggests the
presence of some type of intermittency property for the hyperbolic system.

To our best knowledge, only the following upper bound of the p-th moment
Lyapunov exponents are known. In particular, Conus et al [22] proved that for

Licensed to Auburn Univ. Prepared on Thu May 30 22:21:32 EDT 2024 for download from IP 131.204.254.113.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



MOMENTS AND ASYMPTOTICS FOR A CLASS OF SPDES 4257

some constant C' > 0,

1

(1.6) lim sup n log E [Ju(t, z)|P] < Cp3/?  for all p > 2.
t—o0

It has been long conjectured that the exponent 3/2 in (LG) is sharp (i.e., 61 = 0 =

3/2 in ([LH)); yet there lacks a rigorous proof. Dalang and Mueller [27] studied the

three-dimensional SWE with a Gaussian noise that is white-in-time and colored-in-

space with a bounded covariance function, namely,

(L.7) E[W(t,)W(s,9)| = 8(t = )/ (z — ),

where f is a nonnegative, nonnegative definite and bounded function. Using an
earlier developed Feynman-Kac-type formula for moments in [28], they established
the following large-time asymptotics:

1 1
(1.8)  C1p*? <liminf =~ log E [Ju(t, z)|P] < limsup - log E [Ju(t, z)[P] < Cop*/?,
t—oo ¢ t—oo

for all p > 2 and x € R3; see [27, Theorem 1.1]. To obtain the lower bound in
(LX), their arguments crucially depend on the property that one can find a small
indicator function below f(z) near the origin, i.e., cllj;j<,) < f(z) for all z € R3.
This requirement prevents the adaptation of their method to solve the space-time
white noise case.

Recently, Hu and Wang [38] obtained the matching lower and upper p-th moment
Lyapunov exponents for a wide range of SPDEs with space-time colored Gaussian
noise

(1.9) E|W(t,x)W(s,y)| =~(t —s)Alx —y).

Their proof relies heavily on the assumption v(t) > C|t|=? and A(z) > Clz|~*
which does not hold for the white noise case. As a consequence, the small ball
nondegeneracy property for Green’s function (see Section 3.1 ibid.) which plays
a key role in Hu-Wang’s argument does not apply to the white noise case (see
Remark 2.1 ibid.). To resolve this issue, a nondegeneracy property for the product of
Green’s functions is tailored specially for the white noise case (see Proposition [B.1]).
Moreover, in the white noise case, the balanced Feynman diagrams (see Definition
[E7) make the right contribution to the desired lower bound, while all admissible
Feynman diagrams do in the colored noise case. Therefore, just like the SHE case,
the SWE with space-time white noise needs a separate treatment.

One of the major contributions of this paper is to carry out such arguments and
confirm the conjecture, in Proposition B.10, about the moment asymptotics of SWE
(T3) by showing that if up > 0 and ug > 0, then

(1.10a)
1 1
C1p*? < lim inf — log E[|u(t, 2)|”] < limsup —log E[ju(t, z)|"] < C; P2 p>2,
—00 t— o0

(1.10b)
1 1
o » . »
Cit Shprglorgf P log E[Ju(t, z)|P] < llzir;s;}p Y5 log Ef|u(t, z)[P] < Cat, >0,
where
A V2|l

1.11 Ci=———""+ d Cy = .
( ) 1 48\/§ 63/2(27/)1/4 an 2 (2V)1/4
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Note that the above constants C; and Cy are not optimal. For related results in
both parabolic and hyperbolic settings, please see Appendix [Al

It turns out that the method we use to resolve the above conjecture can be
applied to a much wider class of stochastic partial differential equations (SPDEs).
Indeed, in this paper, we will study the following stochastic fractional diffusion
equation with both SHE (L2 and SWE (3] as two special cases:

(8? + % (—A)Q/Q) u(t,x) = I | Mu(t,z)W(t,z)|, t>0, xR
(1.12) (0, ) = ug, if B € (0,1],

(0, +) = wo, %U(O, ) =y, if g e (1,2],
with

a>0, e€(0,2, v>0, A#0, v>0, wug, up €R,
where W is space-time white noise, (—A)a/2 is the standard (o = 2), fractional

(0 < a < 2) or power (o > 2) of Laplacian. The symbol 5‘? denotes the Caputo
fractional differential operator of order 8 > 0:

1 () .

71, o A

A0, itf=n,

where n = [f] is the smallest integer that is not smaller than 8 (i.e., [-] is the
ceiling function), and T'(z) is the Gamma function (see Remark 271 for a brief
recall). We use I to refer to the Riemann-Liowville integral in the time variable
to the right of zero Ij, ; see Definition 211

The SPDE ([[I2) is interpreted as the following integral equation:

(1.13) u(t,z) = Jo(t, ) + )\/0 /Rd p(t — s,z — y)u(s,y)W(ds,dy),

where Jy(¢,z) is the solution to the homogeneous equation (see B3] and (B4),
p(t, z) is the underlying fundamental solution (see ([B2)), and the stochastic integral
refers to the Walsh or Skorohod integral. Set the following four constants:

oy f(t) =

0= 2(,84—7)—2—@, tp = pltTive,
(1.14) @ )
0= (27r)_d/ 3, (~bolel)de, f=OT (04 1)1+,
R4

where the function E,;(z) is the Mittag-Leffler function of two parameters (see,
e.g., [l Section 1.8)), i.e., for a,b > 0,

e k
z
(115) Ea’b(Z) = kE:O m, zeC.

We use the convention E,(-) = Eq1(-).
We will prove in Theorem B3] that under Dalang’s condition

d < 2a+ Smin{2y - 1,0}, if B € (0,2),
(1.16) B
d < amin{2,1+ v}, if =2,
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there exists a unique random field solution u(¢,x) with finite p-th moment for all
p>2t>0and z € R It is an easy exercise to check that Dalang’s condition
(II6) implies that § > —1 and © < oo, so that all constants in (I.I4) are well-
defined. The aim of this paper is to establish Theorem [T which gives the exact
formula for the second moment and the sharp moment asymptotics terms of ¢ and
p, respectively.

Theorem 1.1. Suppose that Dalang’s condition ([(LI8) is satisfied and let u(t,x)
be the solution to (LI2)). Recall that the quantities 6, ©, t, and t are defined in
(LId). Then the solution u(t,x) is stationary in x and the p-th moment satisfies
the following properties:

(a) Whenp=2,
ud Egy1 (A1) if B €(0,1],
(1.17) E [u®(t,z)] = ug Eg+1 (V1)
+2uguqt E9+1 2 ()\2t) Zfﬂ € (1,2],
+2u%t2 E9+1 3 ()\Qf)

for allt >0 and x € RY. As a consequence,

1
(1.18) Jim —logE [u(t,z)?] = (\*OT'(0 + 1)) T for all o € RY.

(b) For anyp > 2,

2uf Fg1 (8A\%pt) if B € (0,1],

119)  Julto)? < 203 Epys (8721
+4uguit Egi1.0 (8A2p§) if B € (1,2],

+4u%t2 E9+173 (8)\2pt )

for allt >0 and x € RY. As a consequence,

1
(1.20) lim sup t—logEHu(t,xﬂp} <

ptf+l oo lp

(8X?Or'(0 + 1)) o

DN |

In particular, by freezing p > 2 ort > 0, we have the following two asymptotics:

(1.21a) lim sup % log E[|u(t, z)P] < (8)\2@F(9 + 1)) pltosT
t—o0
1 1 1
(1.21b) lim sup ———log E|u(t, z)|"] < 5 (8A*OI'(6 + 1)) ™' ¢.

p—=oo p T O+T

(¢) If in addition, we have
(1) either B € (0,2) and the fundamental function p(t,x) is nonnegative or
a=p=2andy=0; and
(2) the initial position ug is strictly positive and the initial velocity uy is non-
negative,
there exists a positive constant C' such that for all x € RY,
(1.22) lim inf t—logIEHu(t z)|P] > C.

ptft+l oo
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In particular, by freezing p > 2 ort > 0, with the same constant C as in (L22), we
have the following two asymptotics:

1
(1.23a) litm inf n log E [|u(t, )|P] > Cptte,
— 00

(1.23b) lim inf — log E [|u(t, z)|P] > Ct.
p—00 P sy

As applications of Theorem [T, in Appendix [A] we shall revisit some SPDEs
which have attracted considerable attention in the literature and calculate sharp

moment asymptotics for the solutions.

Remark 1.2. The motivation of studying the SPDE (IL12)) with the Caputo frac-
tional derivative 8 and the Riemann-Liouville integral I] can be summarized as
follows.

(i) The Caputo fractional derivative 5‘? is a natural choice for the Cauchy prob-
lem with data prescribed at time zero; see, e.g., Chapters 1 and 3 of [31] for an
in-depth discussion. Moreover, the parameter 5 ranges from 0 to 2 so that one can
put SHE ([2)) and SWE (L3) in a unified framework. It is known that there may
exist some property jump for the solution u(t,z) at 8 = 1 or 2, which is a conse-
quence of the corresponding property jump for the fundamental solution p(t,z) at
B =1 or 2. Our results explicitly demonstrate this phenomenon. Depending on the
specific properties under consideration, such property jump may be pronounced or
not at all. For example, for Dalang’s condition (II6]), there is no property jump
at 8 = 1, but one is present at 5 = 2. However, for the moment asymptotics, as
can be seen from (L2I)) and (23], there is no property jump at both § =1 and
2. Note that the observation is consistent with the moment asymptotics when the
noise is time-independent; see Theorem 1.7 and Example 2.7 of [10].

(i) The Riemann-Liouville integral I, was introduced historically in the litera-
ture, e.g., with v =1— 3 (for 8 € (0,1)) in [44], v = [B8] — B (for B € (0,2)) in [6],
v =0 in [13], and a general v > 0 in [I4]. This fractional integral provides some
non-local effect (in time) and demonstrates a smoothing effect, as can be seen from
the moment asymptotics (L2I)) and ([[23]). Mathematically, the incorporation of
this fractional integral is both natural and does not introduce any additional diffi-
culty in the analysis, which can be seen from the proof of Theorem [Z8 Moreover,
such a fractional integral offers a slightly more versatile framework for potential
mathematical modeling.

To conclude the introduction, we highlight some of the contributions of this
paper:

(1) The conjecture on the moment asymptotics of SWE ([[L3]) is solved; see (LI0)
and Example

(2) For the solutions of a large class of SPDEs, explicit representations ([LI7)
for the second moments and (LI8) for the second moment Lyapunov exponents
are obtained; the asymptotic behavior of p-th moments is characterized sharply by
the upper bounds (L20) and the lower bounds ([22)). Regarding the quantities
obtained in Theorem [[L1] as will be shown in Appendix [A] some of them recover
known results for SPDEs with some specific parameters («, 3,7, d) in the literature,
while, to our best knowledge, most of them (in particular the lower bounds for p-th
moments) are new. Moreover, the quantities that characterize the asymptotics of
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the solutions to (LI2) depend on the parameters (a, 3,7, d) in an interesting way
(see also the figures in Appendix [Al for an illustration), which may relate to physical
phenomena and desire further investigation.

(3) For the fundamental solution of ([LI2]), we extend the results in [14] from
a € (0,2] to all & > 0 (see Section 23). As a consequence, Dalang’s condition
([CI8) allows to consider SPDE (II2)) in high dimension d, if « is sufficiently big.

The paper is organized as follows: Some preliminaries on the fractional calculus,
Mittag-Leffler functions, and the fundamental solutions under the settings of a > 0,
B € (0,2] and v > 0 are given in Section Then in Section [3 we establish
the existence and uniqueness of the solution in a slightly more general setting.
The second moment formula and the p-th moment upper bounds are obtained in
Section @t while the lower bounds are derived in Section Bl Finally, in Appendix
[Al we provide some examples with discussions, and in Appendix [Bl we prove some
technical lemmas that are used in the paper.

Notation. Let W = {W;(A) : A € B, (R),¢ > 0} be space-time white noise de-
fined on a complete probability space (Q, F,P), where By(R?) is the collection of
Borel sets with finite Lebesgue measure. Let

Firi=0(Ws(A):0<s<t,AcB,(R))VN  (t>0)

be the natural filtration augmented by the o-field N generated by all P-null sets
in 7. We use [|||, to denote the LP(€2)-norm. The Fourier transform Fg =g of a

function g € L'(R?) is given by

(1.24) Fol©) =a€) = | gla)e .

‘We use

By(e)i={y e RY: ly—al = Vs — 02+ + (ga—2a)? <7}

to denote an open ball centered at # € R? with radius 7. For a € R, [a] (resp. |a])
is the smallest (resp. largest) integer that is not smaller (resp. larger) than a, i.e.,
the ceiling (resp. floor) function. We use the convention N = {1,2,...}.

2. PRELIMINARIES

2.1. Fractional calculus and Mittag-Leffler functions. In this subsection, we
provide some preliminaries on fractional integrals and derivatives in the sense of
Riemann-Liouville and we also recall Caputo fractional derivatives. We refer to
[411[46] for details.

Let oo > 0 be a constant and [a, b] be a finite interval on R. Let f(z) be a complex-
valued function defined on [a,b]. We only recall the left-sided integrals/derivatives
which will be used in this article, and the right-sided case is similar and thus
omitted.

Definition 2.1. The Riemann-Liouville integral I3, f of order o > 0 is defined by

(2.1) (I8 N) = 1 (1a) / ’ a S (tt))ladt, z € [a,b].
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Definition 2.2. The Riemann-Liouwville derivative D, f of order o € Ry \ N is
defined by

(D2.9) () = o (120 ><x>:ﬁdi—"n [ G n=lal,

and when o =n € N, (D¢, f) (z) = dt"f( x). We use the convention that D, f =
I, f, when a < 0.

For 1 < p < 0o, we denote by LP(a,b) the set of complex-valued functions f on
[a,b] with finite LP-norm || f||,, where

b b
( If(fv)lpdt> , 1<p< oo,
Hf”p = ¢

esssup|f(a),  p=oo.
a<x<b

Lemma 2.3 (Property 2.2 on p. 74 of [41]). Fora > 8 >0 and f(x) € LP(a,b),1 <
p < 00, we have

(DB I +f> (x) =15, Bix), forze [a,b] almost everywhere.

Lemma 2.4 (Property 2.5 on p. 81 of [41]). For a, 8 > 0, we have
- I'(8) - - LB pa-
Iatﬁl — B+a—1 d Datﬁl — Bal.
(15 ) (z) I‘(B—i—a)x and (D§, ) (z) I‘(B—a)x
Definition 2.5 ((2.4.1) on p. 91 of [41]). The Caputo fractional derivative of order
a on [a,b] can be defined via the Riemann-Liouville derivative as follows,

RN
(22) (‘D f) (@)= (D |70 = Y F =t | @), zela)
k=0

We are ready to recall the formulas of the solutions to Cauchy problems for
differential equations with the Caputo fractional derivatives. For v € [0,1), we
define the weighted space C,[a,b] of continuous functions as follows,

Cyla,b] == {f(z): (x—a)" f(z) € Cla, b]}.
Consider the following Cauchy Problem, for A\ € R,n € Nand n —1 < 8 < n,
23 {CPLH@ =M@ =y@), e,
’ FE(0) = by, bp eRfor k=0,1,...,n— 1.

We suppose that y(z) € C,[0,b] with 0 < v < 1 and v < 8. Then (Z3) has a
unique solution given by (see [41], (4.1.62)]):

n—1 x
(2.4) f(z) = Z bzl Eg j1(Aa?) +/0 (x — )P Eg s(N(x — t)P)y(t)dt,
j=0

where E, ;(z) is the Mittag-Leffler function; see (II5]). One may get more explicit
expressions for special values of a and b, which will be used in this paper:
(2.5)

Bij(z) = 2¢% @ (\/ﬁz) , Ei(z) =€, Es(z) =cosh(vz), Ea»(z)= Sin}\l/(;/z)w
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12 . . . . . .
where ®(x) = \/% ffoo e~ = dx is the cumulative distribution function of standard

normal distribution. Another formula that will be useful in this paper is

(2.6) B (|2]) - ﬁ — 2| Baars (I20)

which can be obtained immediately using the definition of the Mittag-Leffler func-
tion in (LIH); see also (1.8.38) on p.45 of [41]. The asymptotic behavior of the
Mittag-Leffler function along the positive and negative real lines plays an impor-
tant role in the paper, which has been summarized in Lemma

Lemma 2.6. Ifalla >0 and b € C, we have that

o ifa<2, as z— +oo,
1
Bun(z) = —207D/% exp(21/2) -
a

e ifa>2, as z — +oo,

1 1/ i\ ' 70 AT
E b(2) = ; Z 2% exp | — exp |exp | —— )z

n€Z:|n|<a/4
1 1 1
_rw—@Z+O@ )i
e ifa<2, asz — —o0,
1 1
E _ - —1
ab(2) I‘(b—a)z+0(z )’

e ifa=2, as z — —o0,

Eop(2) = ‘z|(1_b)/2 COS (\/H"" a ;b)ﬂ) - F(bl_ 2) % + O(Z_l)-

ln 17(17 tzculaﬂ, ’07 a/ll C > 0,
h]ll - 1()g Ea b Cta - C .
! 5 ( )

Proof. The case when z — oo is derived from 1.8.27 (resp. 1.8.29) of [4I] when
a < 2 (resp. a > 2). The case when a < 2 (resp. a = 2) and z - —o0 is a
consequence of 1.8.28 (resp. 1.8.31) (ibid.). When a < 2, the statement for the
limit is a direct consequence of the asymptotics at +co. When a > 2, denoting
z = Ct*, we have

.1 .1 1 2nmi]\ 2nmi) 1
tli>rgo n log Eap(2) = tlirrolo n log Z (za exp [ " ]) exp [exp ( o ) za}

n€Z:|n|<a/4

1 1-b 1 2 1—-5)2 1 2
= lim - log E zla exp [zi cos ﬂ} exp [z <w + 24 sin (ﬂ>>}
t—oo t a a a

n€Z:n|<a/4

1 1-b 1 1
= lim ;log(z a exp (za)) =(Cua.
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Remark 2.7. We recall some basic facts for the Gamma function. For complex num-
bers with strictly positive real part, the Gamma function is defined via a convergent
improper integral:

I'(2) :/ t*"te7tdt, Re(z) > 0.
0

Then, Gamma function is defined as the analytic continuation of this integral func-
tion which is a holomorphic function in the whole complex plane except non-positive
integers where the function has simple poles. The Gamma function has no zeros,
so the reciprocal gamma function ﬁ is an entire function which has the following
infinite product expansion:

1 lim 2(z+1)---(z+n)

['(z) nooo nln?

, ze€C.

In particular, we will use the following fact (see, e.g., [45 5.2.1 on p. 136])

(2.7) =0, forz=0,-1,-2

P

I'(z)

and will need the reflection formula for the Gamma function (see, e.g., [45] 5.5.3
on p. 138]), namely,

(2.8) D(2)(1 - z) =

: . 2A0,41,...
sin (7z)

2.2. Fox H-function. The Fox H-function plays a critical role in expressing the
fundamental solutions to our equations. It is a generalization of the Meijer G-
function (see Chapter 16 of [45]). Detailed properties of the Fox H-function can
be found in many books including Chapters 1 & 2 of [40], Section 1.12 of [41],
Section 8.2 of [47]. TIts applications to statistics and astrophysics can be found
n [43]. See also the book [32] for the applications of the Fox H-function to the
pseudo-differential equations of parabolic type. In this part, we give a brief account
of this special function.

Let m, n, p, ¢ be integers such that 0 < m < gand 0 < n < p. Let a;,b; € C
and o, B € Ry fori=1,--- ,pand j=1,---,q. Denote

n p m q
(2.9) =Y wi— > ai+ Yy Bi— > B
=1 1=n+1 Jj=1 j=m+1
q p
(2.10) A=) 8= a,
=1 1=1
JP q
(2.11) 0= Jer I8
i=1 j=1
q p p—q
(2.12) ,u:ij—Zai—k 5

-
I
—
©
I
—
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Now we consider the following ratio of the Gamma functions:

n

HI‘(l—ai—ais) Hr(bj + Bjs)

m,n =1 7=1
(2.13) HIm(s) = = x — .
H I' (aj + a;s) H I'(1-0b;—B;s)
1=n+1 j=m+1

Assume that the two sets of poles of H"."(s) in ([2.I3) (see Remark 7] for the
poles of the Gamma function) do not overlap, i.e.,

— b — 1—a, 4k

(2.14) {bﬂ_ J 67 5_0,17...}(]{6%_ A7 k—0,17-~-}—@7
Bj %

and let £ be any contour that separates these two sets of poles. Then the following

Mellin-Barnes integral, named as the Fox H-function [35],

1 m,n —S8 m,n
(2.15) %/E,Hp/z (s)z”%ds = H," (z

is well defined in many cases. To be more precise, it is analytic with respect to z
in the sector

(a1,a1), 7(‘11770‘13))
(b1751)7“'7(bQ75(1) ’

larg(z)| < a* x g provided a* > 0.

In the case a* < 0, we do not have the sector analyticity, but if A = 0, it is still
analytic for both |z| > § and 0 < |z| < d. At |z| =, the function is well defined
when Re(p) < —1. See Theorems 1.1 and 1.2 of [40] for the precise statement and
[12] for a diagram exposition.

2.3. Fundamental solutions. The fundamental solutions to (LIZ) in the case
when d =1, =1, 7 =0, and a € 2N have been studied in [42] and [36]. In [29],
Debbi studied the fundamental solutions to (L12) when d =1, =1, v =0, and
a € (1,00) \ N and then, with Dozzi [30], they studied the corresponding SPDEs
with space-time white noise. This part can be viewed as a generalization of their
results to a class of more general of SPDEs. The Fox H-function, introduced in
Section 22 allows us to study the fundamental solutions to (I.I2]) with much more
general parameters in a unified way.

Theorem generalizes Theorem 4.1 of [I4] from « € (0,2] and 8 € (0,2) to
the case @ > 0 and 8 € (0,2]. The statement of the theorem remains almost the
same except the conditions on « and 3. The proof also follows the same lines of
arguments as those in [I4]; one may also check the proof of Theorem 3.1 in [I3] for
the case when v = 0. The case when 8 = 2 is new. For the readers’ convenience,
we state the theorem and present its proof below to indicate why the ranges of «
and B can be extended.

Theorem 2.8. For a € (0,00), 5 € (0,2], and v > 0, the solution to

(2.16)
(90 + 322 ult.0) = [ [f(t2)], >0, xR,
8k
ﬁu(ta:ﬂ) = Uk(I)7 0 < k < [B‘| - 17 T E Rda
t=0
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18
t
Q1) () = )+ [ ds [ dy s DT 20— s - ),
0 R

where thiW—ﬁ—V denotes the Riemann-Liouville derivative D(ET_B_7 acting on the
time variable,

[B1-1
(218) Rit)= Y [ o1 2w - gy
k=0 YR?

is the solution to the homogeneous equation and Z(t,x) == Zy g.4(t,x) is the corre-
sponding fundamental solution. If we denote

Y (t,2) == Yo palt, ) = D2, g alt, 2),

Z*(t7x) = ;)g)d(t7l‘) = EZO“ﬁ#j(t,x), Zfﬁ € (172],

then we have the following Fourier transforms:

(2.19) FZapalt;)(€) =t B gy (=37 [€]"),
(2.20) Fopalt, )E) =17 Ep s (—507€]%),
(2.21) FZh 5.4t )E) =t B e (50t |€]%), if B € (1,2].
Moreover, when 8 € (0,2), we have the following explicit expressions:

o —d,[B]-1,.—d 2.1 || (1,1), (TB1.8)
(2.22) Z(t,x) =72t lz[ " Hy' <720¢_1ytﬂ (d/2,0/2), (11), (La/2) | °

Y TR v g Ny A - N RCRONCRRND)
(2.23) Y(t,z) =n"2]z|~% Hy's <2a1,/tﬁ (d/2.0/2), (L1), (La/2) |’
and, if B € (1,2),

. T ey A N NC SN N:)

(2.24) Z*(t,r) = 2 |z[ " Hyy (2“11/t5 (d/2,0/2), (1,1), (17a/2)) )
where H22§ (-+-| ) refers to the Fox H-function [A0).

Proof. The proof follows a standard argument using the Fourier and Laplace trans-
forms in the space and time variables, respectively, which are denoted by f and g.
Let us apply the Fourier transform to (2216 first to obtain

oja(t. ) + Slgl"u(t ) = I} [ft.9)] . cere,

ak

t=0

Apply the Laplace transform on the Caputo derivative using [31, Theorem 7.1 on
p. 134]:
~ 611
clof o) () =" s, = 3 R A(e).
k=0

On the other hand, it is known that (see, e.g., [48, (7.14) on p. 140])

~

£y [ft.6)] =575, R() >0
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Thus,

[81-1 ~

ST S E (&) 4577 (s, 6)
k=0

i(s.6) = (s7+ 2 lel°)

Notice that (see, e.g., [46] (1.80) on p. 21])

a—f
B—1 g _ 8 1/a
L [t" " By g(—=MY)] (s) N for R(s) > |A|™“.
Hence,
[B]-1 y
W(t.6) = Y "By (—5161¢7) wl©)
k=0

t y N
+/ dTT'BJ’»’yilEﬁ#;Jr»y (—5|§|a75) fit—7,).
0

Now if we denote

(2.25) U(t,€) =ty g (—5 1)
using the fact that Dy, = % when v € Z and for all v € R (see [46, (1.82) on p.
21])

DY, (1P Eag(M®)) =777 Eg gy (M%),

we see that

[B]1-1 k t
~ d N 5 -~
w6 = 3 (5000 amw@+ [ ar (DI 7UG) Fe-ro).
k=0 0
It remains to prove the expressions in ([2.22]) — (2.24) under the assumption that
B € (0,2). A key observation is that for Z, 5 4(t,z) defined in ([222)), its Fourier
transform is given by U (¢, ¢) in (Z25]), namely,

(2.26) FZopalt,) (&) =U(t,§), foralla>0,3¢€(0,2),andd > 1.

Indeed, ([2226]) is proved in Lemma 4.2 of [I3], but only for the case of a € (0, 2].
Here we claim that the restriction of o € (0, 2] is not necessary. In the proof of this
lemma, one needs to consider two cases separately: d = 1 and d > 2. In the case of
d =1, the conditions we need are
9 _
—6>0 and 1Aa>0.
o

For the second case — d > 2, the proof is a direct application of Corollary 2.5.1 of
[40], where one needs to verify the following conditions:

Conditions in [40] | the corresponding conditions in our setting
a* >0 2—-8>0
(2.6.8) min(a, d) > 0
(2.6.9) d>1
(2.6.10) d>1
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4268 L. CHEN, Y. GUO, AND J. SONG

Apparently, the above two conditions hold for all & > 0 and S € (0,2). Hence,
Lemma 4.2 of [13] is true for all @ > 0 and 8 € (0,2). This proves both ([2I9)
and (222)). Once one obtains the expressions for Z, g4(t,z) and FZy s.4(t,)(£),
it is routine to obtain the corresponding expressions of their fractional or integer
derivatives/integrals; see [I3] for more details. This completes the proof of Theorem
2.5] ]

Remark 2.9. For the case 8 = 2, the expression in (ZI9) can be simplified using
the fourth expression in ([2.1H).

Remark 2.10. The corresponding parameters (a*, A,0) in (Z3), 2I0), and ZTII)
for the Fox H-functions Z(1,x), Z*(1,z) and Y (1, z) are all the same:

a*=2-8, A=a—-p, and 622_0‘(20‘/2@“/24—04@)6_5.

The corresponding p parameters ([212]) are equal to, respectively,

%(_2[5] 1), %, and %(_25 — 2y 4 d+1).

Remark 2.11. When 8 € (0,2), we have the condition ¢* = 2 — 3 > 0. Then
thanks to part (iii) of Theorem 1.2 in [40], the Fox H-functions Z(1,z), Z*(1,x)
and Y (1, ) are nontrivial analytic functions for x # 0, where the expressions can
be obtained by using residue calculus. By the identity theorem (see [I, Theorem
3.2.6]) and the fact that analytic functions Z(1,z), Z*(1,z) and Y (1,x) are not
identical to zero, the support of analytic functions Z(1,z), Z*(1,z) and Y (1,x) is
the whole pace. In this context, we have omitted the verification of condition (1.1.6)
from the same reference, which confirms the absence of overlapping poles. These
conditions have been verified in [I3]. For an in-depth discussion on checking these
conditions, we refer the interested reader to the symbolic computational tools and
the corresponding documentation in [I2]. It should be noted that these functions
potentially exhibit singular behavior at x = 0. The comprehensive analysis of their
asymptotic properties near zero has been given in Lemma 4.3 and Remark 4.4
of [14].

3. EXISTENCE AND UNIQUENESS OF THE SOLUTION FOR THE
NONLINEAR EQUATION

In this section, we shall establish the well-posedness of (II2]) by working under
shghtly more general settings as follows. For o > 0, 5 € (0,2], v > 0, v > 0, and
W as in ([I2)), consider
(3.1)

(07 + 5 =) ) utt,0) = 7 [p(ult,a) W(t.o)|, t>0,zeRY,
) = ug(x) r € R if B € (0,1],
(

0,z

0

w(0,2) = up(x) au(o,x) = uy (), r e R if B e (1,2],
where p is Lipschitz continuous and ug, u; € L™ (]Rd). The fundamental solutions
for B0, as well as (LI2), consist of three components: Z, 5.4(t, ), Z; 5 4(t, 7)
and Y, g.~.4(t, x), which have been studied in [I4, Theorem 4.1] for the case when
B € (0,2) and « € (0,2]. The more general setting, namely, the case when o > 0

u

)
b
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and S € (0,2], is proved in Theorem 28 Throughout the rest of the article, we
will write

(32) p(t, 1') = Ya,ﬁ,ﬁy,d (ta (E),

whose Fourier transform is given in (2:20).
The solution to the homogeneous equation of ([BI)) is given by

(3.3)
Jo(t, JJ)

/ Zap,dt,z — y)uo(y)dy, if 8 (0,1],
Rd

/l;d Z:;,B,d(tv €T — y)UO(y)dy + [Rd Za,ﬁ,d(tv €T — y)ul (y)dy7 if B € (17 2]
When the initial conditions ug and u; are two constants, then by (Z19) and (221)),
Jo(t, z) does not depend on x and hence is denoted by Jy(t) later on:

uoF Za,p,a(t, ) (0) = uo, if 8¢ (0,1],
(3.4) Jolt) =
’LLO‘/—"Z;’B’d(t, )(0) + Ulea,/37d(t, )(0) = Ug + ult, if ﬂ S (1, 2]

Definition 3.1. A process u = {u(t,z):t >0,z € R} is called a random field
solution to (B if it is adapted to the filtration {F;};>0, jointly measurable with
respect to B ((0,00) x R?) x F, square integrable in the sense that

t
/ ds/ dy p(t — s,z — y)’E [p (u(s,y))ﬂ < oo, forallt>0andazecR
0 R4

and satisfies the following integral equation a.s.

(35)  ult,x) = Jolt, ) + / / plt = 5,7~ y)p (uls,4) W (ds, dy).

for all t > 0 and 2 € R?, where Jy(t, ) is given by (B.3]) and the stochastic integral
on the right-hand side is the Walsh integral [50].

The existence and uniqueness of the mild solution to (Bl with the bounded
initial conditions are well covered by the classical Dalang-Walsh theory; see [25]126],
50]. In that theory, Dalang’s condition usually refers to some simplified, but still
equivalent, conditions to

t
(3.6) / / p(s,y)?dyds < co, for all t > 0.
0 JRrd

Note that condition (B.6]) is the necessary and sufficient condition for the existence
and uniqueness of a global solution for the corresponding linear equation, i.e., the
case when p(u) = 1 in (B). Lemma finds out the explicit form of Dalang’s
condition for (CI2) and (BI), which extends Lemma 5.3 of [I4] from the case
a € (0,2] and B € (0,2) to the case a > 0 and 8 € (0, 2].

Lemma 3.2 (Dalang’s condition). For the SPDE B.Il), Dalang’s condition (3.0)
is equivalent to (LIG).
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Proof. By ([2.20) and the Parseval-Plancherel identity, we have

2 _ 1 (s 2
[ bts.)ar = s [ a6

1 — «@
= g7 LSO (bl ae
1
_ 2(B+y)—2—Bd/« -1 N—d/« 2 «
(3.7 = e sty [ B ) a,

where in the last step we have used the change of variable ¢ = (27 'wsf) =1/ oy,
Then clearly, Dalang’s condition (B0 is equivalent to

208+7) —2-2d>-1=d<20+%(27-1),

[, B -l <

To characterize the second condition in ([B.8), noting that E3 5, (=) is locally

(3.8)

integrable, it suffices to know the asymptotic behavior of EZ 5, (—[¢]*) as |¢] = oo.
By Lemma 28] as [¢] — oo

(3.9) 1
N LR Be0,2),
Praonr (D=3 o (VB rre )
a(147)/2 + —+o(l¢]™), B=2
gttty ()¢l

Then, for 8 € (0,2), condition [B.8) is equivalent to

d<?2 2(2v—1 dd<2a, ifvy>0,
a+t5@y-1an “ nT — d<2a+Tmin{2y 1,0},
d<2a-—§, if vy =0, B

where the equivalence for the case v > 0 is straightforward by (33) since ﬁ # 0,

and for the case v = 0, the equivalence follows from the facts that the first condition
d <2a— % in B3) implies [, B3 5, (—[¢]*)d¢ < co by (39) and that ﬁ =0
by @.17).

For the case 8 = 2, by (81), we have as |{]| — oo,

cos? (\/W —m(y+ 1)/2) 1

E 51y (—1€1%) = HEGR TR

2cos (\/W— m(y+ 1)/2)

L (y)[g|e+72

Lo (‘éh'—ozmin(?’*T”,Z))
Thus, if v > 0, the second condition in ([B.8]) is equivalent to, for any € > 0,

/ cos? (\/W— (v + 1)/2)
&>

1
dé < oo and / d¢ < o0,
]t +) g1>e [§17*

where the first condition is equivalent to o(1 + v) > d by Lemma [B] and the
second one is 2a > d. If v = 0, the second condition in (B.8) is equivalent to « > d.
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Therefore, when 8 = 2, we have that (3.8) is equivalent to

d<a(’y+%) and d<amin{2,1+~}, if v>0,
: < d<amin{2,1+~}.
d<a(7—|—§) and d<a, if v =0,
This completes the proof of Lemma O

Under Dalang’s condition, it is routine (see, e.g., Theorem 13 of [26] or the
proof of Theorem 2.4 of [9]) to establish Theorem B3] regarding the existence and
uniqueness of the solution to ([BI), the proof of which will be left for the interested
readers.

Theorem 3.3. Under Dalang’s condition (LI8), if the initial conditions are
bounded, namely, vy and u; € L>(RY), then there exists a unique (in the sense
of versions) random field solution u(t,x) to 1), which is L?(Q)-continuous with
bounded p-th moments on any finite time interval:

(3.10) sup sup E[ju(t,z)|’] < oo, forallp>2andT > 0.
0<t<T zeRd

Before the end of this section, we make some remarks:

Remark 3.4 (Rough initial data). The main focus of this paper is the exact moment
formula with constant initial condition. Theorem presents the existence and
uniqueness of the solution in a slightly more general setting, which still falls in the
classical Dalang-Walsh theory. For the measure-valued initial conditions, such as
the Dirac delta initial condition, more efforts are needed and property ([B.I0) no
longer holds; see [7H9L14]17].

Remark 3.5 (Holder regularity). In [14] and [11], the space-time Holder regularity
of the solution to (II2)) has been obtained (in the case of a € (0,2] and 8 € (0, 2)).
It is an interesting open problem to extend the Holder regularity results in [I14] and
[11] to the more general setting, namely, & > 0 and § € (0, 2].

Remark 3.6 (Second moment comparison for nonlinear SPDEs). Let u(t, z) be the
solution to (B as stated in Theorem B3] Suppose that p is Lipschitz continuous
and satisfies the following cone condition with some constants 0 < A < A:

Mz| < |p(z)| < Nz|, for all z € R.

Then by denoting the right-hand side of (ILI7) by fi(¢), the moment formula in
Theorem [[T] can be extended directly to this case by the following moment com-
parison principle for the second moment:

(3.11) Aat) <E [u(t,2)*] < fx(0).

When the noise is white in time but colored in space (see (L)), the moment
comparison principle (for p > 2) or more generally the stochastic comparison princi-
ple becomes much more involved and the parabolic nature of the equation will play
an important role. Hence, one can in principle only handle the case when 8 = 1.
One may check the work along this line in [I6HI8]. However, for the space-time
white noise case, the second moment comparison as in (B11]) comes for free. Note
that when the noise is colored in time (see (L)), to the best of our knowledge,
one can only handle the linear case, namely, p(u) = Au. In this case, the moment
comparison principle can be easily established by comparing the moments chaos by
chaos.
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Remark 3.7 (Wiener chaos expansion). When p(u) = Au, instead of using Dalang-
Walsh theory, one can equivalently establish the solution to (ILI12)) using the Wiener
chaos expansion specified as follows: Set ug(t,z) = Jo(t) (see B4)) and for n > 1,

Un (t, )
= JO(t)+Z/ k/kd gk(Sl,...75k,$17...71’k§t,l’)W(d51,dI1)"'W(dSk,diEk),
k=17 [0,t]F JR

where
k(815 oy Sk X1,y e Tty )

=Np(t—sp, 2 —2p)p(sk—Sk—1, Tk —Th—1) - p(s2— 51, 22— 1) Jo (1) Ljo< s, <. <sp <t}
(3.12)
k

=N T p(srir = sro2rn — 20) Jo(51) Wjocs, <.cs <t

r=1

where we use the convention s;yy1 =t and xx4+1 = x. Then, the mild solution has
the following so-called Wiener chaos representation:

(3.13) u(t,z) = Jo(t) + ilk(fk(';tux))y

k=1

where fi(-;t, ) is the symmetrization of gi(-; ¢, ) given by, denoting by Py the set
of all permutations of {1,...,k},
(3.14)

1
fk(slv'”vskaxlv'- '7xk;t7$) = H Z gk(50(1)7""SO'(IC)?IO'(].)?"'7'r0'(k7);t?‘r)
o€Py

and I;(fx(-;t,z)) denotes the k-th multiple Wiener-Itd integral. We refer the in-
terested readers to [37] for more details.
4. SECOND MOMENT FORMULA AND UPPER BOUNDS FOR THE p-TH MOMENTS

In this section, we shall prove parts (a) and (b) of Theorem [I11

Proof of part (a) of Theorem [Tl By the It6-Walsh isometry, we have

E [v?(t,2)] = J3(t) + /\2/0 /]Rd p’(t — s,z — y)E [u?(s,y)] dsdy,

where Jy(t) is given by [B4). Note that due to the choice of the constant initial
conditions, the solution to the homogeneous equation does not depend on z, i.e.,
Jo(t,z) = Jo(t). Hence, through a standard Picard iteration, one can show that
the second moment E (u(t,z)?) does not depend on z. Let n(t) = E (u(t,z)?).
Invoking ([B.7)), the above equation can be written as

(4.1) 0(e) = J30)+ 220 [ (0= )"n(s)ds.

where 6§ and O are given in (ILI4). Now we solve the fractional integral equation
@I for B € (0,1] and for B € (1,2] separately.
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Case 1. When g € (0, 1], we have Jo(t) = uo by B4) and thus (£I]) is equivalent
to
(Do) (t) = 20T (0 + 1)(t) + (Dg{ ug) (¢),

77(0) = Ug and n(k)(o) =0, for k = 1L,2,---, [91a

where D?*! is Riemann-Liouville derivative given in Definition Using the
Caputo fractional derivative given in Definition B3], it can be written as

(°Dit'n) (t) = A20T (0 + 1)n(t).
n(0) =u¢ and n®(0)=0, fork=1,2,...,[6],
of which the solution is directly given by (2.4)):
n(t) = uiFp 1 ()\2f) .
This proves the first part of ([I).
Case 2. When 8 € (1,2], we have Jy(t) = uo + uit by B4) and [@I) now is

(4.2) n(t) = ud + 2upuit + uit? + \?0 /t(t — 5)%n(s)ds.
Let f(t) :== 2uguit + u3t? then ([&I) can be written as

(Doitm)(t) = A*OL(8 + 1)n(t) + (Do [ug + f())(),
(4.3) n(0) = ug, 1 (0) = 2ugur, 1 (0) = 2u3,

n*®(0) =0, fork=3,...,[6].

In order to apply the formula (24, we will transform (43]) into a Caputo fractional
differential equation. When 6 + 1 € (0, 1), by ([Z2), we can write (@3] as

CDETIn(t) = A2O0(0 + 1)n(t) + (D§T (1)

n(0) = ug.
The solution now follows directly from (2.4)):
(4.4)
¢
n(t) = uEpy1 (A1) +/ (t — 5)°Egr1,011 (NOT(0 + 1)(t — s)"T1) (DET f)(s)ds
0

For the integral on the right-hand side, by (L.I3) and Lemma 23] we have

/O (t- s)eEQH,eH (NOL(0+ 1)(t - )"+) (DIF)(s)ds

oo

(A20T(6 + 1))*
«T((k+1)(0 +1))

(t =)D (DL ) (s)ds

ME%\

(\200(0 + 1))k (Igi“) (k+1) D9+1f) 0

=~
Il
<

M

(er® +1)* (5i"7) ()

E
I
=
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The term ( 9+1)f) (t) = ( (’)CJ(FGH)(QuOuls + u%sQ)) (t) can be computed explicitly
noting that Lemma [24] yields
(4.5)
(s =
0+ L(k(O+1)+2)
Combining ([@A)-@35) and applying (LI5]), we arrive at
n(t) = ugBoy1 (A1) + 2uguitBpy1,2 (N*) + 2uit? g1 5 (A1)

This proves the second part of (IIT7) for 6 + 1 € (0,1). For the other two cases
0+1€[1,2) and 8+1 > 2, one can calculate in a similar way and prove the desired
result. Finally, (II8)) is a direct consequence of Lemma This completes the
proof of part (a) of Theorem [[1]

k(64+1) 2 _ 2tk(0+1)+2
and (I°+ y )(t) T T(k(0+1)+3)

]

Remark 4.1 (Another approach). Alternatively, one can also solve [@1]) directly by
an application of Lemma [B.2] as follows:

¢
00) = J3(0)+ [ B6IK (- s
0
where Jy(t) is given in ([B.4) and the resolvent kernel function K (-) is given by
K(t) = N?OI(0 + 1)t' Eg11,941 (V).
Thus we have, denoting A = A\20I'(6 + 1),

n(t) = JO( )+ A/O ( )(t — s) Eot1.04+1 (A(t — 5)9+1) ds.

When Jy(t) = ug, we have by the definition (ILIH) of E,p,

Akt ! (64+1)k+6
n(t)—u0+uozr(9+1)(k+1))/(t—s) ds
k=0

i AL (641) (k1) i Ak (O+1)k
ST+ DEFD ) LT ((0+ Dk +1)
This proves the equality of (ILTT) for 8 € (0,1]. Applying similar computations to
the case Jo(t) = ug + uit, we can justify the second part of ([I7) for 8 € (1,2].

Indeed, the p-th moment upper bounds will be obtained using this approach in the
next proof.

Proof of part (b) of Theorem [[Il Fix an arbitrary p > 2. By ([B5) we have

1) 1/p
Applying the Burkholder-Davis-Gundy inequality, we have
p/27\ /P
(// (t—s,x— )Au(sy)dsdy) ]) ,
Rd
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where C), is the universal constant in the Burkholder-Davis-Gundy inequality satis-
fying C, € (0,2,/p) and C}, = (2+0(1))/p as p — oo (see [4,23]). By Minkowski’s
inequality, we get

t 1/2
futt. o)l < 1ol 425 ([ [ 8020= s, = pluts.nlasay)

Denote (t) = [u(t,z)||2, which does not depend on z since the solution is station-
ary. Recall the definitions of § and © in (ILT4]). Hence, the above integral inequality
can be rewritten as

t
Y(t) <2 (Jg(t) + 4p)\2®/ (t— s)9¢(s)ds) .
0
Applying Lemma [B.2] we have

Y(t) < 2J3(t) + 2/0 JE(s)K (t — s)ds,

where

K(t) = 8pA*OT(0 + 1)t° Eg 11,041 (8pA%1) .
Then, one can apply the same computations as those in Remark 1] to simplify the
above ds integral in order to obtain (LI9). Finally, (I2Tal) and (1.21D]) follow from
Lemma directly. This proves part (b) of Theorem [[1] O

5. LOWER BOUNDS FOR THE p-TH MOMENTS

Compared with the upper bound for the p-th moment, the computation for the
lower bound is more involved. The methodology used in this section is inspired by
the recent work of Hu and Wang [38]. Some ideas are originated from Dalang and
Mueller [27].

5.1. Nondegeneracy and positivity of the fundamental functions. In Propo-
sition [5.1], we prove a nondegeneracy property of the fundamental solutions, which
is tailored specially for the spatial white noise. Conditions for the fundamental
solutions to be nonnegative are given in Remark 5.3

Proposition 5.1. For alle > 0 and ¢ > 21/2/v, assuming either

(1) the fundamental solution p(-,o) is nonnegative and § € (0,2), or
(2) a=p=2,7v=0,andd =1,
we have

(5.1) / p(t,a—y)p(s,b—y)dy > Ce 4(ts)? 1,
B.(z)

for all x € R?, st € [2\/2/%“/5, csa/ﬁ}, and a,b € B.(x), where C > 0 is a
constant independent of (a,b, s, t,z,¢).

Proof. Denote the integral in (5. by I. We first estimate I under condition (1).
In this case, from (2.23)), we see that

- - —1, (ly—al®
I:/ P(taa—yp(s,b—y)dy:/ Y2y g dB 1h<7
Be®) ) b DT,

_ _ _ y — b|*
x w2y — | ~4sP T <72|a_1,,!95) dy,
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where

h(.’l’;) — H22:?:1. (./L' (1,1), (B+7.8) ) )

(d/2,0/2), (1,1), (1,0/2)

Set [ :==n—¢ (ts)ﬁ'm_1 I'. Notice when § € (0,2), the fundamental solution p(¢, x)
is a smooth function for ¢ > 0 and x # 0 and the support of p(¢, ) is the whole space;
see Remark 2.TT] for more details. Moreover, under the nonnegative assumption on

p(t,x), denoting A = {2 2/v, c} and using the change of variable y = ex’, we

have
I'> inf / ly —a|~h ly—al* x |y — b~ ly=b* dy
a,b€B:(z) J B, (x) 20-1ycflea 20-1ycf e
c1,c2€A
— inf / y—a|~h (=) gy a0 gy
a’ b'€B:(0) J B, (0) 2(1—17/6?5& 2a_1VC§Ea
c1,c2€A
) «
=e 4 inf / |’ —a’Je|~%h [ /el /Zl
a’,b'€B.(0) B1(0) 20‘71’/01
c1,c2€A
"y el
x |z = /e|~¢h (7@ ; /Eﬁ| ) dz’
20~ 1ycy
> Ce,

for s = cpe®/B t = ¢1%/P ¢ {2 2/ve/B, csa/ﬁ}, where

I Al
C= inf / PR
a’,b’€B.(0) B1(0) 20‘711/01

Cl,CQEA

"y el
« o — b fe|ap BV /2‘ da’

20 1ycy

r Iy
= inf / 2’ — a'|~%h % x|z’ — b~ h % da’ > 0.

a’,b'€B1(0) J By (0) 20‘*11/01 20471,/02
c1,c2€A

This proves (5.1) under condition (1).

Now we assume condition (2). It is well known that when a = 8 =2, v = 0 and
d=1,
t,x) = L 1
p(t,z) = /oy, Lzl<y/v/2t}

For all a,b,z' € B.(z) and 21/2/ve < s,t < ce, we have
Lo o< Yo —n<y/oasy = 1

Hence,

e 1

1 , €
(52)  I= /Bs(w) 25 Yo —al<fora iy Ya v <oz 4% = 5 2 3t

where the inequality holds since 0 < s,t < ce. This completes the proof of Propo-
sition [B.11 O
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Remark 5.2. The nondegeneracy in (G.I) provides a lower bound for the integral
of two Green’s functions, while the small ball nondegeneracy in [38] concerns the
integral of one single Green’s function and does not fit in the proof of lower bounds
for the white noise case (see Step Bl in the proof of Theorem [9). Moreover, we
omit the term “small ball” since the radius of B.(z) is not required to be sufficiently
small.

Remark 5.3 (Nonnegativity of fundamental solutions). The nonnegativity of Green’s
functions associated with (II2]) was first proved in [I3] for the case v = 0, and was
later extended in [I4] Theorem 4.6] to allow v > 0; see also Remark 1.2 of [10]. It
is known that the Green’s function is nonnegative in the following three cases:

(1) a€(0,2], B€(0,1],7y>0,d>1;
(5.3) (2) 1<f8<a<2,v>0,1<d<3;

(3) 1<B:a<2,’y>¥—5, 1<d<3.
5.2. Feynman diagram formula. In this part, we recall the Feynman Diagram
formula, which is useful to compute the expectation of products of multiple Wiener-
It6 integrals. We refer interested readers to Section 5.3 of [37] for more details about
the multiple Wiener-It6 integrals.
On the lattice Z?, we use (k,f) to denote a vertex, and an ordered pair
[(k1,€1), (k2,€2)] to denote a directed edge pointing from (ki,¢1) to (kz,f2).

Definition 5.4. Let p > 1 and 7@ = (n1,...,n,) € N? with |7 =ny +--- +n, be
given. A Feynman diagram is a directed graph D = (V, E) consisting of the set of
all vertices

V:{(k,e); 1gk;gp,1g£gnk}

and a set E of directed edges satisfying k1 < ko if [(k1,£1) , (k2,¢2)] € E. A Feynman
diagram D = (V, E) is called admissible if each vertex is associated with one and
only one edge. The set of all admissible diagrams is denoted by D = Dj.

We shall provide a formula for E[I,,, (h1) ... I, (hy)] for square integrable func-
tions
(5.4) hi: (Ry xRN™ SR, i=1,...,p,
where I, (h;) refers to the n;-th multiple Wiener-It6 integral. In particular, given
an admissible Feynman diagram D € Dy, for h; given in (5.4)), denote

(5.5)
P
Fp(hy, ..., hy) :/ . / dtdx H h; (t(i71), Z(3,1)5 -+ -5 Eing)s x(iﬂm))
R SR i=1
x H 5(t(k17€1) - t(k27€2))5($(k1741) - x(kz,fz))’
[(k1,€1),(k2,¢2)]€E(D)
where we use the notation dtdx = [[}_, [],"_, dt(r,)d@(,r,). Then we have (see
[38, Theorem 5.3] and [37, Theorems 5.7 and 5.8]),
(5.6) E[L,(h1) ... In,(hp)] = > Fp(ha,....hy).
DeDy
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A direct consequence of (B.8) is that E[I,, (k1) ... I, (hy)] = 0if |A] = ni+---+n,
is an odd integer, since the number of vertices in an admissible diagram must be
even.

In particular, for any ¢t > 0 and = € R?, considering the multiple Wiener-Ito
integrals Iy (fr (;t,x)) in the chaos expansion ([BI3]) for the solution wu(t,z) with
fx given in ([B.I4) which is a symmetrization of gy in ([B12]), we have the following
result (see [38, Theorem 5.4]):

Lemma 5.5. Let p > 1 and @7 = (n1,...,np) € NP be given. Fiz arbitrary t > 0
and x1,...,x, € R Recall that f,(;t,x) and g,(-;t,x) be given in BId) and
BI2), respectively. Then

p
H ne fné )‘| = Z FD (gnl (';t,.fl),...,gnp (,t,$p))
=1 DeDx
=> / / dtdx AI™!
DeD; 0, t 7] JRAI7R|
X 11 Ot (ky 1) =tk t2))O(T (k1) — T(ha 1))
[(k1,01),(k2,l2)]€ E(D)
(5.7)

n;
(H Jo (tin) o<t y<o<tiim, ><t}HP Clirit1) —E(a,ms) T(o,m+1) — (4, m))

=1 ri=1
where we have used the convention that

(5.8) (t(iymﬂ), x(iﬁniﬂ)) = (t,x;) foralli=1,---p

Example 5.6. Let Dy (resp. Ds) refer to the red (resp. blue) admissible Feynman
diagram in Figure 51l Under the setting of Lemma [55 let

F;=Fp, (g1 (:t,2),92 (5t,2) 92 (5 t,2) g3 (¢, 7)) i=1,2
Then we claim that F; = 0 because its integrand contains the following factor:
]I{O<t(371)<t(3y2)<t} I[{O<t(372)<t(371)<t(gy2)<t}

which is identically equal to zero. Hence, due to the delta potentials and the
simplex conditions in (51), edges starting from one column should not cross with
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each other. This is the case for Fy:
F2 :/ dt(l’l)dt(zl)dt(2y2)dt(3y2) / diE(Ll)dI(Q)l)d.I(Q’Q)dI(&Q)
[0,¢]4 R4d

x Jo (t1,1)) o<ty yy<t}Pi—tcr 1y (x —z@,1))

x Jo (t 271)) ]I{0<t(2 1) <t(2,2y<t}Pt—t(22) (l’ — I(2, 2)) Ptia2y—te,1) (»T(z 2) — T2, 1))
x Jo (t,1)) TLio<tyy 1y <tisa<t}Pt—tes o) (z—3(3,2)) Dtis.2—t.1) (32— 2a,1))
x Jo (t2,1)) TLio<tin )<t oo <tesaz<t}

X Pietia (T = 2(3.2) Proay—tes (3.2 — 222) Pras —te, (Te2) — @)
:/ dt(Ll)dt(Q’1)dt(212)dt(312) / de(Ll)d$(211)d$(272)d$(3)2)
[0 t]4 R4d

2

x Jy (t(l’l)) ]I{0<t(1,1)<t(3,2)<t}pt—t(1,1) (x - J:(1,1)) Pt(3,2)—t1,1) (x(?),?) - x(lﬁl))
2

X JO (t(2,1)) ]I{0<t(2,1)<t(2,2)<t(3,2)<t}pt*t(z,2) (.’[ - 1’(272))
2 2

X Dity (T = 3(3.2) Pria st (T6.2) — 222) Pl oyt (T2) — T21)) -

Note that the original 2 x 8-multiple integral has been collapsed to the above 2 x 4-
multiple integral. The remaining variables are the roots of all edges in E(D).

l
44 (4, 4)
e
ny=3-1 (2,3) — (3.3) _ (4,3)
S
me=m=2t (12 293242
2 >g i
m=14 (LD @07 (3.1 (41
I N |
% o % % -k
1 2 3 4=p

FIGURE 5.1. Two admissible (red D; and blue D3) Feynman di-
agrams for the case when p = 4, @ = (1,2,2,3) and |fi| = 8; see
Example Convention (5.8]) applies at the gray vertices in the
settings of Lemma

Definition 5.7. For any m € N and p € 2N, we say that 7 = (n1,...,n,) is a
balanced partition of 2m if

(1) [71] = 2m;

(2) n; € {mp,mp + 1} foralli=1,...,p, where m, := |2m/p];

(3) mi+ - Fnpp =

(4) r [O,p) is the remainder of 2m/p.
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Moreover, under this setting, an admissible Feynman diagram D = (V, E) is called
a balanced diagram provided

[(kl,gl),(kQ,EQ)] S E(D) = {1 =¥y and k; Sp/2 < ko.
The set of all balanced diagrams is denoted by D~ . It is clear that D> C Dy.
It is straightforward to show the existence of a balanced partition, which is
however not unique in general. Let us check a few examples:
Example 5.8.
(1) In Figure[5], we have p = m = 4. The partition 7 = (1,2, 2, 3) is not a balanced

partition. Indeed, for this example, the only balanced partition is 7 = (2,2, 2, 2).
(2) If p =4 and m = 3, the following partitions are all balanced:

(1,2,2,1), (2,1,2,1), (1,2,1,2).

However, (1,1,2,2) is not balanced.
(3) If p =6 and m = 7, it is easy to check that @ = (3,2,2,2,3,2) is a balanced
partition, upon which a balanced diagram is given; see Figure

¢ 7=(322232)

; (5,4)
. PN

mpy+1=3+ (6,3) Ty =2
my =2+ (6,2) Mpp
1 I
11 (6,1) o
; >k
_ 6="p
p/2=3columns : p/2=3 columns

m = T starting vertices : m = 7 ending vertices

FIGURE 5.2. One example of the balanced partition in case of
m = T and p = 6 with a balanced diagram (all edges are horizontal
starting from the left half of the vertices pointing to the right half).
The grayed-out vertices correspond to the convention (B.8]).

5.3. Proof of the lower bounds. In this subsection, we prove part (c) of Theorem
[[1] i.e., we derive a lower bound for E [|u(t, z)[P] which is consistent with the upper
bound obtained in part (b) of Theorem [Tl We restate part (c) of Theorem [[T]in
Theorem B0

Theorem 5.9. Assume that

(1) either B € (0,2) and the fundamental function p(t,z) is nonnegative or a =
B=2andy=0;
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(2) the initial position ug is strictly positive and the initial velocity uy is nonnega-
tive;

(3) Dalang’s condition ([ILI0) is satisfied.

Then we have for allt >0, x € R, and p > 2 such that tpﬂ;l is sufficiently large
(recall that 6 is given in (LI4) ), there exists a constant ¢ that does not depend on
(t,z,p) such that

(5.9) E [lu(t,2) "] = uf exp (e[| 7TpH7e)

Proof. The proof is based on the Feynman diagram formula for the p-th moments
and the non-degeneracy property of the Green’s function — Proposition .1l which
is inspired by [38, Theorem 3.6]. In the following, we will first consider the case
when p > 2 is an even integer. The extension to the general case p > 2 will be done
at the end of the proof. Now choose an arbitrary p € 2N and let ¢ > 0 and x € R?
be fixed. By B13), we have

E[|lu(t,z)’] = E H Z I (fo; (-, 2))

j=1n;=0
=3 Y B[l )y )|
n1=0  np=0

Z Z ZFp(gnl(~;t,x),...,gnp(~;t,x)),

m=0 nAeNP DeDs
|7|=2m

(5.10)

where we have used the convention that Io(fo(-,t,z)) = Jo(t). We will find the
lower bound in three steps:

Step 1. We first take care of the three summations in (GI0):
(i) in the first summation of (BI0), we require m > p/2;
(ii) in the second summation of (5I0), we only consider the balanced partitions
of 2m;
(iii) in the third summation of (EI0]), we restrict us to the balanced diagrams
DZ.
Applying the Feynman diagram formula in Lemma[5.5land noting that inf ¢[g 4 Jo(s)
> ug (see [B4)), we have

(5.11) E [Ju(t, z)|P] > Z oY v,

m=p/2 nENP Debz
|7|=2m
7 is balanced

with
(5.12)

Io _/[0t2m /Rzmd H a(t(klxll) _t(szz))(s(‘T(khll) _x(ksz))

[(k1,l1),(k2,l2)]€E(D)

X HH{0<t(Z <<t <t} H P(tirit1) =t Tlir1) — T ) dbdx,

r;=1

Licensed to Auburn Univ. Prepared on Thu May 30 22:21:32 EDT 2024 for download from IP 131.204.254.113.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



4282 L. CHEN, Y. GUO, AND J. SONG

where we have used the assumption that p(¢,z) is nonnegative and the conven-
tion (B.8).

One may check Figure for some examples of the selected Feynman diagrams.
Recall that m, = |2m/p| and r, is the remainder of 2m/p (see Definition [(.7),
namely,

2m=my X p+1p, with0 <7, <p.

It is easy to see that r;, has to be an even integer. With these restrictions, for each
fixed m > p/2, one can check that the total number of diagrams satisfying (ii) and
(iii) is at least ((p/2)!)™” x (r,/2)\.

Step 2. Now we proceed to shrink the integral region for the dt-integral of Iy in

BI2) as follows: Denote L = m:+1, t; = 2((2771-;_1‘_);), a;=t;—L/4and b; =t; + L/4

fori =1,...,mp + 1. Let I; = [a;,b;]. Then these intervals I, are disjoint with
length L/2; See Figure [5.3] for an illustration.

Il IQ I3 I4
— —

; |

| | | | | |
! ! ! ! ! !
RN N R N N N AN S

L |
| ' | | | '
0 L b }J s b2 2|L 5L b 3|L ba7por ba 4|L

FIGURE 5.3. Some illustrations for Step 2 in the proof of Theorem
with my, =4

For the integral with respect to time variables in (5.12]), we only integrate on the

region where for each i € {1,...,p}, ¢, is in I, for 1 <r; <ny, and hence
t 1 3 3t

5.13 ——— =L <t4y, —tiy < =L =——-—.

(5:13) 2(m, +1) 2 = G O =9 T 50m, + 1)

Then, for each integer m > p/2, by choosing

8/a
_( [V pt
(5.14) e (\/;m) ,

we have that

2 2
(5.15) tiarir1) — L) € l?\/; 50(/57 192 \/gga/ﬁ] , i=1,...,p.

Step 3. Now we study the spatial integral portion of Iy in (5.12), which is equal to

P ng
/ dx H H p(t(i7ri+1) - t(i7ri)7x(iv7"i+1) o ‘T(i”i))
R2md ) =1
X H 5(‘T(k1711) - ‘r(k%l?))

[(F1,01),(k2,l2)]€E(D)

It is bounded from below if one replaces the integral region R2™? by (Bg(x))m
for any e > 0. In particular, by Step Bl we see that t satisfies t; ) € I, for
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1<r; <n;l<i<p,ie., (BI5) holds true. Hence, we can apply Proposition [(5.1]
with e given in (BI4)) and ¢ = 124/2/v to bound the above integral from below as

follows:
n;

(5.16) > C™ (pt/m)” ﬁmd/a]‘[ | T T L

i=1r;=1
Note that here we have used the convention (B.8]) with the critical choice of all ;
being the same. Therefore, we can find a lower bound of Ij in (512)) with only time
integral:
(5.17)

14

Mg
fo= " (Pt/m)iﬂmd/a /[0 12 de H H [t Giri+1) — t(ivm)|ﬁ+v_1]1{t(i,m€1n}
AT ==

X II (b (s 1) = Lkarla))

[(k1,01),(k2,l2)|€E(D)

Step 4. Finally, we will carry out the remaining dt-integral in (5.I7)) and complete
the proof. We will use C' to denote a generic constant that does not depend on
(t,p,m) and whose value may change at each appearance. Now denote the integral
in (5I7) by I, which can be bounded from below as follows:

I 2 CmLQm(ﬁJF’Y*l)/ dt H H ]I{t(1 o )EI }

[0t27n i— 1’1"1—1

X 11 Ok ) = tikarla))
[(k1,l1),(k2,l2)]€E(D)

IA\™ ¢ m(28+4+2y—1)
= om2mB+y-1) [ 2 =Ccm | — .
2 my

Replace the space-time integral in (511]) by the above lower bound, together with
the factor in front of the integral in (517, to see that

Efu(t, 2|2 3 Yy omen <pt)—ﬁdm/a (mip

m>p/2 neENP Debz
|7|=2m
7 is balanced

—Bdm/« m(28+2y—1)
s19 =g Y ome (2) (L) (/2™  (ry/2)!

m my
m>p/2

)m(2/3+2v—1)

where we have used the fact that there are at least ((p/2)!)™” x (r,/2)! terms in
the double summations.

Thanks to the following well known bounds to the Gamma function, which is
related to the Stirling formula (see, e.g., 5.1.10 on p. 141 of [45])

(5.19) 21 (E)n <nl < 2v2mn (E)n, for all n > 1,
e e

we see that up to a constant, one can replace n! by v27n (n/e)". Hence, by (5.19)
and the fact (rp/p)”’/2 > eP/2¢ > O™ for m > p/2 if we choose C' < e 1/e we
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have for m > p/2,

(/)™ - (ry/2)t = O™ ()77 ()72 (rp /)2
> Cmpp><fﬂ2p+rp _ Cmpm
Then bound t/m,, in (5I8) from below by pt/(2m) to see that
—Bdm/a m(28+2y—1)
4 4
Eflu(t, )" = uf 3 Cma2m <p—> <p—> P

m 2m
m>p/2

m 0+1
(omrrptering) ™\

(5.20) >uf >

m!
m>p/2
Letn ::C|)\|9L+1pl+ﬁt. prelﬁt is sufficiently large such that pelﬁtz ic! \)\|*ﬁ ,
clearly we have n > p/2. Noting 6 + 1 > 0, for p € 2N, we get
nm (6+1) nm (0+1)
Blutorl > ¥ (5) 2a Y (%)

m>p/2 m>n
> ufexp (A 7HTp L)
where the third inequality follows from Lemma [B.4l

Finally, for a real number p > 2, let p* be the biggest even integer that is not
greater than p. By Jensen’s inequality, we have

Eflu(t,2)l") = (Ellu(t,2) ") = ufexp ((1/2) 7T A 7p!7iTe).
This completes the proof of Theorem O

For the wave equation (L3), a more careful computation in the proof of The-
orem together with (L20) provides a relatively precise estimation as given in
Proposition .10t

Proposition 5.10. For the wave equation ([IL3]) with constant initial conditions,
we have that

C; < liIQninft;1 log E [|u(t, 2)|P] < limsup t;l log E [Ju(t, z)|P] < Cy,
pt<—o00

pt2— o0

where C1 and Cy are given in (LI, and the lower bound holds provided addition-
ally that ug > 0 and uy > 0. In particular, by freezing t or p, one obtains the

inequalities in (LI0).
Proof. In the SWE case where o = 8 = 2, = 0, (5.14)) and (&I5) become

. v pt 2 2
c = > T6m and Larr1) — ) € |?\/§ €,12 \/;E] )

i1=1,...,p, respectively.

By (E.2), the constant C in (5.1)) is equal to 2711272, Hence, C' in both (5.16]) and
(517) is equal to 372(2v)~'/2. Noting (513), the integral in (5.17), denoted by I,
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can be bounded from below by

IZ(L/2)2m /[0752 dt H H I[{t(” yELr } H 6(t(k17ll)_t(k2712))

i=1r;=1 [(k1,01),(k2,l2)]€E(D)

m 3m
— 4—mp2m (E) > 64—™ (L) ,
2 my
t

where the last inequality holds since for m > p/2, % = 30m, D) > 4m . Replacing

the term Iy in (BI1) by the above lower bound, together with the factor in front
of the integral in (5I7), we see that, for p € 2N,

(5.21)

wenss £ 2 E (etm) (66

m>p/2 neNP Debz
|7|=2m
7 is balanced

US;§%<5§%§>me(%>m(#%)%%@ﬂﬂW%X(%ﬂﬂ

By (519) and the fact that (r,/p)"”/? > e=P/(2¢) we have that

((p/2))™ x (rp/2)! = (2¢)™ ()P )2 x (p)"#/2 (1, /p)*
> (26)7mefp/(2€)p(pxmp+rp)/2 — (26)*me*p/(26)pm

Y

Then because mL > p—m the estimate in (521]) becomes
m —-m 3Im
s o) 5 (g () ()
g2 2 x 24%2e+/2v m mp
1 m t 2m
) X (k) ()
Ug € p
mop)2 962ev/2v m
mA 2
_1/¢2e0\P C|\|p®/?t
2(uoe 1/ )) Z <—( oy ) )
m>p/2

where the last inequality is obtained through m™ < e™m! and
C =96t 32 (20)" /4,

Let n = C|\|p®/?t. If p'/?t is sufficiently large, we must have p/2 < n. Hence, for
p € 2N,

m

2
p p
E [Ju(t, z)["] > (uo 6_1/(26)> > (n ,) > (UO 6_1/(26)) exp (CV_1/4|)\IP3/2t),
m:
>

m>n

where the last inequality follows from Lemmal[B. 4 with ¢ being any positive number
strictly less than 2C = 48 'e=3/22-1/4  Similarly as in the end of the proof of
Theorem [5.9] for a real number p > 2 with p* being the biggest even integer that
is not greater than p, we have

E [Ju(t, z)|P] > (Eﬂu(t,m) p*])p/p* . (uo eil/(%))pexp ((1/2)1/2cy*1/4|/\|p3/2t) _
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The upper bound Cs follows directly from (L20) and Example [A.21 This com-
pletes the proof of Proposition B.10l O

APPENDIX A. EXAMPLES AND DISCUSSIONS

In this section, we give some concrete examples for the main result Theorem
[Tl We will use C; and C5 to denote generic constants which are independent of ¢
and p.

Example A.1 (SHE). When o = 2, § =1, v = 0 and d = 1, equation ([12)
reduces to SHE (2)). In this case, Dalang’s condition (I.I6) is satisfied and

1 > 1 W/t
f=-1/2, ©=— / e VIEF e = , t= , and t, =p3t.
/ 2r Jr 3 vy Vv p=P

(1) Second moment formula: The second moment formula ([I7) reduces to

A2 ab [ A2t1/2
Al E[u?(t,z)] =u E (—t1/2> =2ulew P ( > ,
(A1) Bt =l B (S o N

where we have applied ([23)). This formula recovers the one obtained in [9] as a
special case; see Corollary 2.5. ibid.
(2) Second moment Lyapunov exponent: From (A, we immediately see that
(A.2) lim +1 Elu(t, z)?] AN
. im = logE[u(t,z)*] = —.
oo £ 08 ’ 4y

Results obtained by Balan and Song [3] also reduce to this special case with the
exact second moment Lyapunov exponent being equal to 1/4 (where A = 1 and
v = 1); see Remark 1.6 ibid.

(3) Moment asymptotics: Because the heat kernel is nonnegative, we can com-
bine the asymptotics in (L2I) and ([T23]) to conclude that

(A.3a)
1 1
C1p® < liminf = log E[Ju(t, )|P] < limsup - log E[|u(t, z)[P] < Cop®,  p> 2,
t—oo { t—oo Ut
(A.3b)
1
Cy t < liminf — log Efju(t, z)["] < limsup p~ > log E[Ju(t, )|P] < Cot, t> 0.
p—© P p—ro0

These asymptotics are consistent with the exact asymptotics obtained by X. Chen;
see [19, Theorem 1.1, Remark 3.1].

Example A.2 (SWE). When o = 2, 8 =2, v = 0 and d = 1, equation ([LI2)
reduces to SWE (L3). In this case, Jo(t) = uo + u1t, Dalang’s condition (L.I6]) is
satisfied, and

™

2
1 [oosin (\/V/2 5) 1 2 5o
=1 ©= /0 2 e dffm, tfﬁ, and ¢, = p”/t,
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where the first equality in the equation of © follows from ([LI4), (IL.I3), and the
fact that

B o V‘f| © (— (\/ |£|)
Eao (27 1v|¢) Z 2k—|—2 Z (2k +1)!

k=0 k=0

= (-1 (Vi) sin(Vorale)

1 3 -
VV2E = (2k + 1)! Vv2lel

and the second equality in the equation of © is obtained via Lemma [B.3l

(1) Second moment formula: The second moment formula (LI7) becomes

A2t2

)\2 2 /\2t2
E [«%(t,2)] = u2E + 2ugu it B < >+2utE ( )
[u?(t, )] o2 (@) otttz | e AW
Now using (2Z.6]) and the special cases in (2], we see that
93/2,,1/2,,2 93/2,,1/2,,2 At
2 _ 1 2 1
E [u(t,2)] = B v + (uo + T) cosh ((21/)1/4>

+25/4V1<TUOU1 Sinh( [\t ) ,

(A4)

which recovers [7, Corollary 1.1]
(2) Second moment Lyapunov exponent: From (A4, we immediately see that

.1 oy _ Al
(A.5) i n log Efu(t, )] = W,

which has also been obtained by Balan and Song in [3] Remark 1.6].

(3) Moment asymptotics: Since the fundamental solution is nonnegative, com-
bining the asymptotics in (L2I) and (L23) shows (LI0); see Proposition (.10 for
more details. The upper bound in the large-time asymptotics ([I0al) is consistent
with [22] Theorem 3.1] and [7, Theorem 2.7].

Example A.3 (SFHE). When a > 0, 8 =1, v = 0 and d = 1, equation (12
becomes the following one-dimensional stochastic fractional heat equation:

(A6) (SFHE) (% + % (—A)a/z) u(t, ) = Mu(t,z)W(t,z), t>0,zcR,
u(0, -) = uo.

IThere is a typo in the paper [7] where the fundamental solution for the wave kernel should be
i]l[—m,nt] (z) instead of %]I[—nt,m:] (z); see the equation after (1.2) ibid. If one sets k = 1 ibid.
or equivalently sets v = 2 in the current paper, the results should coincide.
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In this case, Dalang’s condition (LI6) becomes o > d = 1. For « > 1, we have

1
0=——,
@
0., = [evierge = LA+ 1)
Y or e vi/eq
{ZF (1 — 1/04) r (1 + ]-/a)tlfl/a _ <1/1/aasin (ﬂ/a))_l tlfl/a
vi/ag ’
tp :pl-i-a/(oz—l)t7

where in computing ¢ we have use the reflection formula (2.

(1) Second moment formula: The second moment formula (I.I7) reduces to

22
A7 E[u?(t,z)] = ud Ey_ — = Ve,
(A7) [t 2)] = uo Bacaya (Vl/aasin(ﬂ'/oz)
In [9], this equation with o € (1, 2] has been studied with a nonhomogeneous initial
condition.

(2) Second moment Lyapunov exponent: From (A7), we immediately see that

1 2 A” o
a9l E ) = () v

see Figure [AT] for a plot of this expression as a function of .
(3) Moment asymptotics: If o € (1,2], the fundamental solution is nonnegative
(see Remark [5.3]), then the asymptotics in (L2I)) and (L23) reduce to

(A.9a)
a— log El|u(t p log El|u(t P a1
CpEt <timing CBEIE DT 0 p OSEIE P e
t—o0 t t—o00 t
(A.9D)
logE P logE P
Oy t <lim inf 8 )T Hi(,ti )l < lim sup —2 1AL Hi(ﬁ il
p—0o0 pea—T p—00 p -t

< Cyt, t> 0.

The upper bound in the large-time asymptotics (A9a)) is consistent with [9, Theo-
rem 3.4]. In [20, Theorem 1.1], Chen et al obtained the exact large-time asymptotics
when the noise is colored in the sense of (). Note also that only the lower bounds
in (A9a) and ([A.9h) require the nonnegativity of the fundamental solution. The
upper bounds still hold true for all a > 1.

Example A.4 (SFWE). For the stochastic fractional wave equation
(A.10)
82 174 /2 .
(—2 + = (=A4) ) u(t,z) = Au(t,x)W(t,x), t>0,z€R,
(SFWE) o 2

0
u(0, ) = o, au((), ) = uq,
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--- SFHE: 7 'T' (1 + 1/a)
—— SFWE: 2!~ Ver~1a~  cos (n/a) T (2(1/a — 1)

SWE: 1/y3 | iofednk

1 1o
SHE: 1/ /7 | :

- ‘ ‘ ‘ —— SFHE: [asin (7/a)]T°%

L5 B -~~~ SFWE: 27558 [asin(ﬂ/a)]ﬁ

1.1513

SWE: 2~ /4

SHE: 1/4

0

[\v}
S w
ot -

FIGURE A.1. Plots of both ©,,, and the second moment Lyapunov
exponents as functions of & € (1, 00) with v = A = 1 for both SFHE
in Example [A3] and SFWE in Example [A4l For the second mo-
ment Lyapunov exponents, two curves intersect at (1.3426,1.1513)
via some numerical solver.

ie, a>0,8=2,v=0and d =1, Dalang’s condition ([.I6) becomes a > 1, and
the quantities in (LI4]) reduce to

6 =2(1—1/a),
o 1 /°° sin® <\/V_/2§a/2) de = 22V cos (/) T (2(1/a — 1))
o (v/2) & B vi/ena ’
5722*1/04 cos (m/a)T (3 —2/a)T (2/a — 2) 13-2/a
vi/ara
_ 227 Vecos(n/a) 50 211/« 32/
vi/esin (2r/a) a vi/esin (1/a) a ’
tp :p1+a/(3a72)t’
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where we have applied Lemma [B:3] and the reflection formula (28] in computing
© and ¢, respectively.

(1) Second moment formula: By ([[LIT), the second moment formula is

E [uz(t x)] :u(z) E3—2/a L/avt?’_z/a
’ vi/esin (/o) o

2171/a>\2 t372/a
vi/asin (r/a) a

2171/04)\2
2u3t? By_ 2 A y3=2/a )
+ 2uy 3—2/a,3 <V1/a sin (/)

(A.11) + 2uguil E3_2/q,2 <

(2) Second moment Lyapunov exponent: From (AT, we immediately see that

1 ) 2171/o¢>\2 a/(3a—2)
(A.12) tlirélo n logE [u(t,x) ] = (m) ) a>1;
see Figure [AT] for a plot of this expression as a function of .
(3) Moment asymptotics: The asymptotics in (LZI]) shows that
1 e
(A.13a) lim sup 7 log ElJu(t, 2)") < Copia=? p>2,
t—o00
(A.13b) lim supp_% log E[|u(t, z)|"] < Ca t, t>0.
pP—00

The large-time asymptotics in (A13al) is consistent with Proposition 4.1 of [49).
Since we don’t know if the fundamental solution is nonnegative, we cannot apply
the lower asymptotics in (L23). To the best of our knowledge, formulas (A1l and

(A12) and the limit (A13]) are new.

Example A.5. The following one-parameter family of SPDEs

2 .
(aﬁ v o )u(t,a:) _ -8 [Au(t,x)W(t,w)}, t>0,z€R,

t 2022
(A14) S (0,) = uo, it 8 e (0,1],
U(O, ) = Uo, %u(ou ) = Ui, if ﬁ € (1,2)

has been studied in [6]. This is the case when d = 1, @ = 2, 8 € (0,2) and
v = [B] — B and the upper bound of the large-time asymptotics was obtained
(ibid.). Tt can be easily checked that Dalang’s condition (LI6) holds true for all
B € (0,2) in this case. The quantities in (.I4]) reduce to

0=2([p]-1)—-p/2, tp:pl—‘rw‘%zfﬂt’

1 [ v - 1o
Opw =~ /0 Bl (—5€2)de,  i=05,0(2[8] —1 - g/2) 2711072,

and hence we have the following;:
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(1) Second moment formula: By ([LIT), the second moment formula is
(A.15)
ud Ev_g2 (N205,T (1 — p/2)t17F/2) if 8 € (0,1],

ud B3 g5 (A\205,1 (3 — 8/2) 3P/
+2uqui t Es_pgjas (N?05,1 (83— B8/2)t37P/2) if B e (1,2).
+2ul 12 By_p/03 (A\205, 1 (3 — B/2) 13~ F/2

E [v*(t,2)] =

(2) Second moment Lyapunov ezponent: From (AIT), we see that

2

(A.16) tlggo % log E [u(t,x)z] = (/\QGBWI‘ (276] -1 - 5/2)) TFT-2-F

(3) Moment asymptotics: Since the fundamental solution in this case is nonneg-
ative (see Remark B.3), we can combine the asymptotics in both (L2I)) and (I23)

to see that
(A.17a)
[51- P P [51-
CmMTEﬁ <liminf log Efju(t, »)|"] < limsup log Efju(t, )|"] < CgpMTEﬁ, D> 2,
t—o0 t t—00 t

(A.17b)

log E||u(t, z)|? log El|lu(t, z)|P
Oyt <liming BEG DI o Jog Bllutt, 2)P)

P00 pATFI—2-5 p—00 pATEI—2-5

< Cgt, t>0.

The upper bound for the large-time asymptotics in (AI7a) recovers the results
obtained in [6]; see Theorems 3.5 and 3.6 (ibid.). In particular, when S8 € (0, 1],
Mijena and Nane [44] Theorem 2] obtained the same upper bound as in (AI7a).
Except the upper bound in (AITal), all the rest results in this example are new.

In Figure [A2] we plot the graphs of 6, ©5,, 1 + 1/(1 + ), and the second
moment Lyapunov exponent as functions of 8 with A and v being set to 1 and 2,
respectively.

Example A.6. Mijena and Nane [44] studied the case when 8 € (0,1], o € (0, 2],
v =1— (3, namely,

B Y Aye/2 _ -8 J
(A.18) (at +5(48) )u(f,fﬂ) L [Au(t,x)W(t,x)] , t>0,z€R
U(O, ) = UQ,
under the condition
(A.19) d < o min (2,5‘1) )

Note that condition (A-I9) is the same as (LIG]) under this specific setting. In [44],
the upper bound of the large-time exponent ([2Tal) was obtained; see Theorem 2
ibid. Since the fundamental solution in this case is nonnegative (see Remark B.3]),
we can apply Theorem [[LT] to have exact formulas for both the second moment and
the second moment Lyapunov exponent, and to have matching lower bounds for

the moment asymptotics. To be more precise, in this case we have
2a—Bd

9:—ﬁd/a7 tp:pa—ﬁd t,

1 2( Viga ~ _ 1-Bd/a
Ot = gyt [ B3 (<5I€17) e, = Oupa,T (1= paja) -7,
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---0
—141/(1+0) e

0.4t

0.3 1
0.25
(U 1
i el 22 | SHE: 5= ~ 0199
YCR S INREEY - ‘ 5 015 : ‘ ‘ g
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Second moment Lyapunov exponent

SWE: 1/«/5

0.6

FIGURE A.2. Plots of the quantities in Example with A =1
and v = 2. For all these graphs, at the jump point 5 = 1, one
needs to take the left limit.

and hence we have the following results:

(1) Second moment formula:

(A.20) E [u2(t,2)] = v Bi_paja (A0 pan T (1= Bdfa) 1092},

(2) Second moment Lyapunov exponent:

1 R« .

(A.21) tlgalo n logE [u(t,)?] = (\*Oq,,a, T' (1 — Bd/a)) *77 .

(3) Moment asymptotics:
(A.22a)
CipFt < liming BB DTy BRI DT (2o

t—o0 t t—00 t

(A.22D)

log El|u(t p log El|u(t p
Oy t <liming BEIMEDNT _pp o e B O] () £>0.
p—00 pa—Bd p—00 pa—Bd
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Note that except the two lower bounds in (A22a]) and (A.22D) require « € (0, 2],
all the rest formulas/upper bounds in this example hold true for all & > 0. In
particular, this would allow higher dimensions for large «; see (A19).

Example A.7. In this example, we study the following one-parameter family of
SPDEs with SHE (2) (resp. SWE ([3])) being a special (resp. limiting) case:

2 .
(A.23) (3{3 - g%) u(t,z) = Mu(t,x)W(t,z), t>0,zeR, g€(0,2),
with the same initial condition as SHE (L2)) (resp. SWE ([3])) when 5 € (0, }
(resp. B € (1,2)). This is the case when o = 2, § € (0,2), v = 0 and d =

Dalang’s condition ([I6) reduces to

B8 >2/3,
and quantities in (.T4]) become
0:=—-2+303/2, t, == p3/ A=),
—1/ Ej 5(—3v€%)de, t:=05,'(—1+33/2)t"1+30/2,

Note that the fundamental solution is nonnegative (see Remark [53]). Here we
summarize the properties of the solution to (A23) as follows:

(1) Second moment formula:

(A.24)
WG E_y 1352 (\20p, I (—1+3B/2)t~1+36/2) if B € (0,1],

2 2 —1+438/2

E [u?(t,2)] = ud B_14352 (A5, T (—1 +38/2) ¢t 13/
+2uoui t E_143p/20 (A\20p,, T (=1 +33/2)t713%/2) if g e (1,2).

+2uf 12 E_1135/23 (A?Op, T (—1+ 38/2) ¢t~ 139/

(2) Second moment Lyapunov exponent:
.1 2/(36-2)
(A.25) tlggo . logE [u(t,)?] = (\*Op,, T' (-1 +33/2)) .

(3) Moment asymptotics:

(A.26a)
p p
6'119%82 < lim inf log Efju(t, z)|"] < limsup log EfJu(t, 2)I"] < Czp%a p > 2,
t—o0 t t— o0 t
(A.26b)
. log EfJu(t,z)|"] _ .. log E[u(t, z)|"]
Cltglznig}fw<llgs;}pW§Cgt, t>0.

Thanks to ([2.5]), all the above quantities when § — 2 converge to the corresponding
ones in Example for SWE ([L3)); see Figure [A3] for some numerical simulations.
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FIGURE A.3. Plots of Og, and the second moment Lyapunov ex-
ponent in Example Al with A =1 and v =1

APPENDIX B. SOME MISCELLANEOUS LEMMAS

In this section, we provide some technical lemmas. Lemma [B.1] will be used to
prove Dalang’s condition (LI6) in Theorem 3.3

Lemma B.1. Foralle >0, a, b >0, and c € R, it holds that

2 a
(B.1) / wdx < oo if and only if b > d.
Be(0) |z|

Proof. We only consider the case d > 2 while the case d = 1 is similar but easier.
Denote the integral in (B) by I. Since the integrand is radial,

< cos?(r® + c) 2 /2
I= GO 79 d-1gp,  with C = —2
C’/8 o r r, with C T (d/2)
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Clearly, b > d is a sufficient condition for (B)). To get the necessity, observe that

I= 9/ cos?(s + ¢)s~« (b=D1qg
a Ea

oo (n-i—i)ﬂ'—c
> ¢ Z / cos?(s 4 ¢)s~ /a1
n=N"Y"

a T—C
—(b—d)/a 0
L Cr e S pdat
- 8a b)
n=N+1

where N = N (g%, ¢) is a finite positive integer. The series on the right-hand side is
convergent if and only if b > d and thus b > d is also necessary for (B). O

Lemma [B.2 is a convolution-type Gronwall lemma, which was proved in
Lemma A.2 of [15] for § € (—1,0). But indeed, the same proof can be extended
directly to all # > —1. One can use Lemma B2l to obtain the moment formulas in
Theorem [[L1] as pointed out in Remark 11

Lemma B.2. Suppose that 0 > —1, k > 0 and that g(-) : Ry — R is a locally
integrable function. If f satisfies

(B.2) £0) =90+ [ (0= 9" (s, fort >0
then
(B.3) £(t) = g(t) + / g($)K(t — 5)ds,

with K(t) = k[0 + 1)t Egy1,941(kT(0 + 1)t9T1). Moreover, if we further assume
g(:) > 0 and the equality in (B2) is replaced by < (resp. >), then the equality in
(B3) is replaced by < (resp. >) accordingly.

Lemma will be used to obtain the explicit second moment formula for sto-
chastic wave equation (i.e., 8 = 2) in Examples and [A4]

Lemma B.3. For a > 1 and b > 0, it holds that

°°sin2(b§%)
aanll WP |

[

) 22<1a>alcos(g)r<z <§_1>)b2% ifae(1,2)U(200),
%bﬂ, if o = 2.

Proof. Denote the integral by I. By change of variable z = £%/2, we see that
aJy z372a

Let f(z) = Tj—p4(x) and g(x) be an even function defined as, for x > 0,

™

4T (2(1 — 1/a)) sin (7/ )

glx) = [ +) 2/ o — a2 osgn(v - )]
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Now we compute the Fourier transforms for these two functions. It is clear that
~ 2sin(b
flep = 208,
£
Let h(¢) = |£]720=Y ) sin (b |€]). By (2) on p.19 of [33], we see that
_ 1 iz 1 [ 1
Fohe) = o= [ e =+ [ he) costagas = o)
T Jr T Jo T

under the following condition:

2
— — 1‘ <l = a>1
a
Hence, when « > 1, we have g(§) = wh(€). Then by the Plancherel theorem,
1 ~ = 1 [ 2sin(b
[ r@gteris = 5 [ eaeiae =1 [T 20D v g = ar.
On the other hand,

b
/ f@)g(x)dx 2/ g(z)dx
0
_ ™ /b |:($ n b)172/a + (b . x)1—2/a} dz
2I' (2(1 — 1/a)) sin (/) Jo
7.‘.2172/0¢b272/oz
'2-2/a)(2-2/a)sin(r/a)
7T21—2/ab2—2/o¢
T (3—2/a)sin (r/a)’
Hence, if a = 2, the above expression becomes br. This proves the lemma for the
case a = 2. Now if « # 2, we have
2172/ab272/a T (2(1 -1
/ fo)g(e)de - . L T/a-1)
'(3—2/a)sin(r/a) T (2(1/a-1))
_2t=/ep2=2/oT (2(1 /o — 1))
B sin (7/«)
=9272/ap2=2/27 (2(1/a — 1)) cos (7 /),
where we have applied the reflection formula for Gamma function (28] in the second
equality. This completes the proof of Lemma [B.3l O

sin (27 /)

For two sequences of positive numbers a,,, b,,n € N, we write
ap, ~ by if lim a,/b, = 1.
n—oo
Lemma [B.4] will be used to calculate the lower bounds of moments in Theorem

Lemma B.4.

(1) Asn — oo, we have

o0 n" [mn
B.4 thetdt ~ — [ — d
( ) /n on 5 an
n—1 2n—1
n n 1.,
m=0 m=n
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(2) Given o > 0, for each constant ¢ < a, we have
0o o\ @
Z (—') > exp(en), for n sufficiently large.
m!
Proof. (1) Denote the integral in (B.4)) by I,,. By change of variable z = = — \/n,

vn
IH_M/ - m<1+i> e
6” 0 \/ﬁ

Notice that g(z) := nlog (1 + \/Lﬁ) — /nx + x — log(1 + x) satisfies the following
properties:

we see that

(it = 1)a?
(14+2)(vn+2x)

from which we see that (1 + %)n e Vnr < (1+z)e * for all z > 0 and n > 1 with

the upper bound being integrable. Hence, by the dominated convergence theorem
and L’Hospital’s rule, we conclude that

In n 0 n e}
lim ¢ :/ lim e~ V7® (1 + i) dz =/ e 2y = T
0 0

n—oo n\/n n—»00 \/1_1 2’

which proves (B.4).
To prove (B), it suffices to show R, (n) ~ 3 e" and lim, o € "Ry, (n) = 0,
where Ry (x) is the remainder function for the Taylor expansion of e”:

el 2 T (33 t)k
. _ - t
Ry(z) = mEZk ol /0 ¢ dt.
For R, (n), by change of variable we get

Rn(n):/ Metdt: e_'/ xe *dx.
0 n. n. Jo

By Stirling’s formula n! ~ v/2mne™"n" and (B.4)), we can show

n oo 1
(B.6) / 2"e "dx = (F(n +1) —/ m"e_’”dx) ~ En!.
0 n

For Rs,(n), we have

g(0)=0 and g’(x): >0 forallz>0andn>1,

n (TL t)2n . n" /n . ennn /n . N
= R A < — = - .
Rapn(n) /0 2n)! e'dt @n)! J, (n—t)"e'dt @n)! J, z"e "dx
Thus, by (B.6), we have

lim Ran(n) < lim = lim = =0,
n—o00 en T n—ooo 2 (271)' n—oo 2 (271)2”672"\/4%

which proves (B3]).

1n™(n!) .1 ne"/2mn
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(2) The desired result follows directly from the fact

2n—1 @
nm

N N mz::nm , if a € (0,1],
> () 22 () = AR

m
m=n m=n 11—« .
n Z el R if a > 1.
m=n
Then an application of (B.A]) proves part (2). O
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