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MULTI-SCALING LIMITS FOR RELATIVISTIC DIFFUSION
EQUATIONS WITH RANDOM INITIAL DATA

GI-REN LIU AND NARN-RUEIH SHIEH

ABSTRACT. Let u(t,x), ¢ > 0, x € R™, be the spatial-temporal random field
arising from the solution of a relativistic diffusion equation with the spatial-
fractional parameter o« € (0,2) and the mass parameter m > 0, subject to
a random initial condition %(0,x) which is characterized as a subordinated
Gaussian field. In this article, we study the large-scale and the small-scale
limits for the suitable space-time re-scalings of the solution field u (¢, x). Both
the Gaussian and the non-Gaussian limit theorems are discussed. The small-
scale scaling involves not only scaling on u(t,x) but also re-scaling the initial
data; this is a new type result for the literature. Moreover, in the two scalings
the parameter o € (0,2) and the parameter m > 0 play distinct roles for the
scaling and the limiting procedures.

1. INTRODUCTION

The relativistic operator

m— (ms — A)%,

with & = 1 and m > 0, appeared in the 1970’s (to our knowledge) in an article
of Lieb [23] studying the stability theory of matters. Its connection with Lévy
processes is investigated by Carmona et al. in [8]. In Ryznar [29], the version for
general 0 < a < 2 is studied; see also Baeumer et al. [4], Kumara et al. [I§],
and Chen et al. [9] for more recent studies. The operator should be understood
as a pseudo-differential operator, as that in [§] and [34]. The Fourier transform
of the heat kernel associated with the operator shows an interesting multi-scaling
property, as that observed in [30,[31].

The purpose of this article is to present this multi-scaling property from the
associated PDE. Namely, we consider the following Cauchy problem for the rela-
tivistic diffusion equation (RDE for brevity), subject to some random initial data,
and aim to discuss the multi-scaling limits for the spatial-temporal random field
arising from the solution of this random initial value problem:

(1.1) %u(t,x) =(m-— (m% — A)2)u(t,x), u(0,x)=up(x), t >0, x€R"
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RDEs (1)) also appear to be an essential role in the theory of computer vision;
see a special volume edited by Kimmel et al. [I6], in which PDE and scale-space
methods are the focus and RDEs are particularly employed.

We describe the structure and the goal of this article as follows. We consider the
random initial data ug to be subordinated Gaussian random fields and study the
large-scale and the small-scale limits for the properly re-scaled solution field. We
prove that the two parameters a and m > 0 play distinct roles in the two scaling
behaviors. For the large-scale limit (Theorem [Il and Theorem [J), it is the mass
m > 0 that dominates the space-time scaling and also the limiting field, which
brings the m > 0 into its structure. While for the small-scale limit (Theorem 2l and
Theorem M), it is the spatial index « that dominates both the scaling factor and
the limiting field, and it appears to be irrelevant for m if it is positive or zero.

In our discussions, the large-scale Theorem [Il and Theorem [l are respectively
comparable to the Central Limit Theorem for local functionals of random fields
with weak dependence in [7] and to a certain non-Gaussian Central Limit Theorem
in [IILB3]. For the small-scale Theorem [2] and Theorem @] they involve not only
the space-time scaling u(t,x), t > 0, x € R™, but also need to re-scale the initial
data; to our knowledge, these are new type results for the literature; see [24] for
the authors’ very recent study.

As for the methodology for proofs, for the Gaussian limits we employ the mo-
ments and the Feymann-type diagrams used notably in [7], and for the non-Gaussian
limits we employ the truncation of Hermite expansions used notably in [IL2].

We remark that in the non-relativistic case, i.e. m = 0, the large-scale limits
for the random initial value problem with multiple It6-Wiener integrals as input
have been discussed in Anh and Leonenko [Il[2]; subsequent works, together with
Burgers’ equation, in this direction by the authors and collaborators can be seen in
[BLELT4L20H22L28] and the references therein. However, the multi-scaling limits due
to the different roles of the mass and the fractional-index, the target of this article,
are not all in the cited papers. Moreover, in this article we are able to drop-off the
usually imposed isotropic assumption of the initial datum.

We should also mention that in an article discussing tempered stable Lévy pro-
cesses by Rosiriski [27], the author proves rigorously, among others, the statement
that such a process in a short time looks like a stable process, while in a large
time scale it looks like a Brownian motion. This article has shown nicely how the
multi-scaling limits appear in the context of stochastic processes. (We are indebted
to the referee for indicating to us the article [27] and the relevant concepts.)

In Section 2, we present some preliminaries; we state our main results in Section
3, and all the proofs of our results are given in Section 4.

Finally, we mention that the study of the PDEs with random initial conditions
can be traced back to [I5] and [26]. Besides the above-mentioned literature, there
also has been very significant progress on Burgers’ equation with different types of
random input; see the monograph of Woyczyniski [36] and Chapter 6 of Bertoin [6].

2. PRELIMINARIES

2.1. Green function for RDEs. As understood, we regard the spatial operator
in the RDE ([I.T]) as a pseudo-differential operator; see for example the book and the
paper by Wong [34.[35]. The Green function, denoted by Go m(t,x), t > 0,x € R™,
for the Cauchy problem () is thus determined by the (spatial) Fourier transform
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~

Gam(t,N), o€ (0,2), m > 0, which is given by

(=3
2

(2.1) / NG m(t,x)dx = e_t{(m%H’\‘Q) ™A eR™

See Carmona et al. [§] for & = 1 and Ryznar [29] for general a € (0,2) ([29] also
considers the boundary problem). These papers also study Go m(t,x), m > 0, as the
transition probability density of a Levy process Xqo m(t) which is the subordination
of the Brownian motion by a certain subordinator. The explicit expression for the
Green function is known only in the case @ = 1; see for example the recent works
[L[18], which give explicit calculations to show that the subordinator is normal
inverse Gaussian.

The solution of (1)) is given in the form

(2.2) u(t:xiu0()) = | Gomlt:x = y)uo(y)dy.

In this work, our initial data is a second-order homogeneous random field on R™,
and thus the solution of () should be understood as a mean-square solution,
resulting in a spatial-temporal random solution field u(t, x). See [28, Proposition 1]
for some discussions on the mean-square solutions of parabolic PDEs with mean-
square random initial data.

2.2. Subordinated Gaussian fields as initial data. Let (Q, F,P) be an under-
lying probability space such that all random elements appearing in this article are
measurable with respect to it.

We specify the initial data ug(x) be a subordinated Gaussian field, introduced
by Dobrushin [10], as follows; see also [IL2] for more recent discussions.

Condition A. The initial data of (1)) is assumed to be a random field on R™
given by

(2.3) uo(x) = h(¢(x)), x € R",

where ((x) is a mean-square continuous and homogeneous Gaussian random field
with mean zero and variance 1, and its spectral measure F(d\) has the (spectral)
density f(A), A € R”; moreover, h: R — R is a (non-random) function such that

1 2
2.4 ER2(¢(0 :/hQT r)dr < oo; r)=—e 2, rekR.
(2.4) (¢(0)) R()p() p(r) NGE:
Under Condition A, by the Bochner-Khintchine theorem, we have the following
spectral representation for the covariance function of the Gaussian field ((x):

(25) R(x) = Cov((0),¢(x)) = [ e f(xjan

Moreover, by the Karhunen Theorem, ((x) has the representation

(2.6) ((x) = / N FINW(dN), x € R,

where W (d\) is the standard complex-valued Gaussian white noise on the Fourier
domain R”, that is, a centered orthogonal-scattered Gaussian random measure on
R™ such that W(A;) = W(—=A;) and EW(A)W(A2) = Leb(A; N Ay) for any
A1, Ay € B(R™). See, for example, the book of Leonenko [I9, Theorem 1.1.3] for




3426 GI-REN LIU AND NARN-RUEIH SHIEH

the above facts. We need the following expansion of h(r) in the Hilbert space
L2(R, p(r)dr):

— - Hi(r)
(2.7) h(r) Zco-f';Cl \lm :

where

(2.8) C, —Ah(r)H%)p(r)dr

and {H;(r), 1 =0,1,2,...} are the Hermite polynomials, that is,

2

2 !
Hi(r) = (1)l % for 1€{0,1,2,... )

arl
r
Accordingly, the Hermite rank of the function h(-) is defined by
m:=inf{l > 1: C; # 0}.
It is well-known that (see, for example, Major [25] Corollary 5.5 and p. 30])

(2.9) E[H, (((y)Hy(((2))] = 6 L!R" (y —2), y, zeR"
(6} is the Kronecker symbol), and

l
el 20 TT /F ) W ().
k=1

In the above, [2I0) means the multiple It6- Wiener integral representation, and the
integration [ " means that it excludes the diagonal hyperplanes z; = Fz;, i,j =
1,.... 0,0 #j.

We impose two different conditions on the singularity of the spectral density f()\)
at 0 which yield, respectively, the Gaussian and the non-Gaussian scaling limits.

/

CEUN I

Rn X%l

Condition B. The spectral density function f(\) of the Gaussian random field
¢(x) in Condition A can be written as
B(A

(2.11) f) = |/\|£L_)ﬁ

where m is the Hermite rank of the function h, and the B(-) € C(R™) is of suitable
decay at infinity to ensure f € L'(R").

n
for some k > —,
m

Condition C. The spectral density function f(\) of the Gaussian random field
¢(x) in Condition A can be written as

(2.12) f(A)_%, O<n<%,

where m is the Hermite rank of the function h, and the B(-) € C(R") is of suitable
decay at infinity to ensure f € L'(R"), and moreover B(0) > 0.

Note that in the two conditions, we do not assume that the B(-) is radial in
-, so that the field ug(x) is not necessary to be isotropic. We also mention that
Condition B means that the density f either is regular at 0 or has a singularity
for which the order is less than n(1 — 1/m), while Condition C means that f has a
singularity at O for which the order is higher than n(1 — 1/m).
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By (Z3) and the convolutions, we have, for each [ > 1,
(2.13) Rl(x) = / O FI NN, TEN,
where f*!()\) is the I-fold convolution of f defined recursively as f*! = f and

A= [ FA=m Ty, 122,
The following analytic lemma asserts the behavior of f*!, I € N; for completeness,
we give its proof in Appendix A.

Lemma 1. Suppose that the spectral density function f has the form

_ B
fN) = Vs k>0,

for some non-negative bounded and continuous function B()\) so that f € L'(R™).
Then for any k > 2 there exists a bounded function By € C(R™\{0}) such that the
k-fold convolution f** of f can be written as

Br(A)|A|Fr—m, for kk < n,
(2.14) PN =1 BiW@2+ &), for ke =n,
Bi(\) € C(R™),  for kk > n.

Moreover, for any ki1 > ko > n/k the inequality sup By, (\) < sup By, (\) holds.
AER™ AER™

To understand the difference of Conditions B and C, in view of Lemma 1, Con-
dition B implies that the k-fold convolution f*¥, k > m, has no singularity at the
origin A = 0, which in turn asserts that the spectral density of the random initial
data up has no singularity at A = 0, while Condition C asserts that the initial
data ug has a spectral density which is singularity at A = 0. The situation can
be described as, respectively, the long-range and the short-range dependence of the
initial field ug, a central notion in vast applications; one may refer to the special
volume by Doukhan, Oppenheim, and Taqqu [12].

3. MAIN RESULTS

The significant difference between Condition B and Condition C, as remarked
at the end of the last section, is employed to obtain the Gaussian and respectively
the non-Gaussian scaling limits. We will present them in two subsections.

In the context henceforth, the notation = denotes the convergence of random
variables (respectively, random families) in the sense of distribution (respectively,
finite-dimensional distributions).

3.1. Gaussian limits with initial data in (A, B). As mentioned in Section
1, we will present the large-scale and the small-scale limit theorems. We remark
that our Theorems 1 and 2 in this subsection are comparable to the Central Limit
Theorem for local functionals of random fields with weak dependence in Breuer and
Major [7]. The novel feature is that the mass m > 0 and the fractional-index « play
different roles in the two-scales.
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Theorem 1. Let u(t,x;up(+)), t > 0, x € R™, be the mean-square solution of (L))
with m > 0 and let the initial data up(x) = h({(x)) satisfy Conditions A and B
with the Hermite rank m > 1. Then when T — oo,

T {u(Tt, VTx; uo(-)) — co} = U(t,x),

where U(t,x), t >0, x € R", is a Gaussian field with the following spectral repre-
sentation:

3.1)  U(t,x) :/ AR g e tEm TSN (40, g, = (Zf*?‘(o)c,%)

1
2

where W (dX\) is a complez-valued standard Gaussian noise measure on R™ (cf.

2.4)).

For the small-scale limit, we need to re-scale the initial data too; thus the notation
uo(a_é_x-) imposed on ug means that the variable of ug is under the indicated
dilation factor e~ & X,

Theorem 2. Let u(t,x;ug(+)), t > 0, x € R™, be the mean-square solution of (L))
with m > 0 and let the initial data ug(x) = h({(x)) satisfy Conditions A and B
with the Hermite rank m > 1. For any x > 0, when ¢ — 0,

(3.2) e~ % {u(st, £vx; uo(a_é_x-)) - C’o} = V(t, x),

where V(t,x), t >0, x € R", is a Gaussian field with the following spectral repre-
sentation:

B3 V= [ O, o = (3 rr0))

Tr=m

where W (dX) is a complez-valued standard Gaussian noise measure on R™.

Remark. The typical case for Theorem 2 is o = 1,y = 1/2. In this critical case, the
scaling order for Theorems 1 and 2 is the same, namely n/4. However, the spatial
scaling is square-root in Theorem 1, while it is linear in Theorem 2. Moreover, the
integral kernel for the limiting field in the two theorems is Gauss vs. Poisson. The
latter situation can be comparable with an analytic discussion in Wong [34].

3.2. Non-Gaussian limits with initial data in (A,C). As in the above subsec-
tion, we have the large-scale and the small-scale limits; however the high singularity
order in Condition C asserts that our limiting fields are now non-Gaussian. The
non-Gaussian limits are of the convolution type, which can be seen in the pioneer-
ing papers of Taqqu [33] and Dobrushin and Major [I1], and more recently in Anh
and Leonenko [T1,2].

Theorem 3. Let u(t,x;up(-)), t > 0, x € R™, be the mean-square solution of
([@I) whose initial data {up(x) = h({(x)), x € R"} satisfy Conditions A and C
with k € (0,7=) and 1 < m, where m is the Hermite rank of the non-random
function h on R, which has the Hermite coefficients Cj,7 = 0,1,.... Then when
T — o0,

(3.4) T {u(Tt, VTx; () — co} = Upn(t, %),
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where Uy, (t,x) is represented by the following multiple Wiener integrals:

(3.5)
g A1+~-~+Am|2)ﬁ
— W(d\;),

)n2 11

17
Ch e/i<x,/\1+~-~+/\m> exp(—t§m
Vil Jrnxm (] [Am

U (t,x)=B% (0)

where f]}énXm -+« denotes an m-fold Wiener integral with respect to the complex
Gaussian white noise W(-) on R™.

Theorem 4. Let u(t,x;uo(-)) be the mean-square solution to (1) whose initial
data {up(x) = h({(x)), x € R"} satisfy Conditions A and C with x € (0, %)
and 1 < m, where m is the Hermite rank of the function h. Then, for any fized
parameter x > 0, when ¢ — 0,

(3.6) e ulet, ¥ x h(C((EF 7)) = Cof = Vinlt, ),
where V,,(t,x) is represented by the multiple Wiener integrals
m Co [ —tAL F A TS
(3.7) Vm(t, X)=B7 (O) AL+ Am) exp( ‘ 1+ _';7& | )HW(d/\l)

vm! Jrnxm (IAL] - |Aml) 2 =1

Remark. In [2] the authors considered a hybrid differential operator in the spatial
variable (the Riesz-Bessel operator) as follows:

—(=A)*2(I - A2 a € (0,2), v > 0.

However, in their main Theorem 2.3, a large-scale limit in our context, only the
Riesz parameter « plays the role and the Bessel parameter v is invisible. This
intriguing situation is now justified by the RFD (1), in which we could say that it
is “physically correct” to consider the relativistic operator (m — (ma — A)#%) rather
than the Bessel operator in the form presented in [2].

4. PROOFS OF THEOREMS

The following two-scale property of the relativistic Green function Gg n is the
key to our results; when one deals with the Laplacian or the fractional Laplacian
operator, it is instead only the mono-scaling. We describe this two-scale property
in terms of Fourier transforms:

(4.1) Gam(Tt, TN = exp{Tt(m—(m% +T‘1|>\|2)%)} - exp{—t%ml—% |>\|2},

as T — oo; ({J) is a consequence of Taylor’s expansion,

(=3

m— (ma +T'AP)% =m — (m+ %(m%)%’lT’lwz + - 1)0;_2T*2|A\4)

= = GBI TN £ T Dyep

for some ¢p € (ma, ma + T-A|?). In contrast to the large-scale (@I, we have
the following small-scale, as ¢ — 0:

o
2

(4,2) é%m({:‘t,é‘*%)\) _ estmefst(m%Jrs’%p\‘?) . 67t|)\‘a.

We observe that ([2)) indeed holds no matter whether m is > 0 or = 0.
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Proofs of Theorems 1 and 2. We apply the Hermite expansion [2.7) to u(t,z). For
the large-scale, we set

Xp(t,x) = THu(Tt, VTx;uo(-)) — Co

T Z . Gam(Tt,VTx — y)Hi(C(y))dy,

RIL
and for the small-scale, we set
nx 1 1
Yo(t,x) :=e~ 2 ulet,e>x;up(e”=~X)) — Cy

_nxz\/_ an Ga,m(gtw“:éx_Y)HZ(C(E_é_Xy))dy.

Below, we proceed only with the proof of Theorem 2, the small-scale limit, and
see how the re-scaling of the initial data is needed to obtain the desired limit. The
proof of Theorem 1 is parallel and does not require the re-scaling of the initial data.
Since the proof in the following does not require the m to be strictly positive, our
Theorem 2 also provides a small-scale version of the large-scale, i.e. the usual, limit
result in [2]. The methodology of the proof can be traced back to [1].

For any M € N and any set of real numbers {a1,as,- -+ ,ap}, denote

(4.3) &= Zaj (tj,x,),

where {t1,- - ,tp} C Ry and {xy, - ,x57} C R™ are arbitrary. In order to apply
the Method of Moments to prove the statement of Theorem B we need to verify
the following:
0, p=2v+1,
. P _ M 2 v
W Iy EE =1 o-pE[(Cave %)}, p=

Jj=1

where V(¢,x) is defined in (B3). We remark that the high (i.e. p > 2) moments
are needed, since & is not Gaussian, though the desired limit is Gaussian. Firstly,
we split & into two parts:

(4.5) e =& <N+ &N,

where (henceforth, we will suppress the indices o and m for G, and @%m)

(4.6) &, >Nf§jaj Y f Gletj enx; —y)Hy(¢(e™ = Xy))dy,

I=N+1 R
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and we prove that E[¢2 e ~] — 0, whenever N is chosen large enough. Observe that
for any N > m — 1, by (Z9),

(4.7)
= C 1 1 2
E(&>n)* = {Zag k Z — | Getjemx; —y)Hi(C(e3 XY))dY)}
1 1= VIl Jer
Jj= N+1
= Z Ajy Ajy€ Z Cl/ G(e 31’5 xj, —y1)G(et J2"Séxj2_y2)
J1,j2=1 I=N+1
x Rl(e7= X(y1—y2)))
Z Aj,Ajr€ Z Cl t]1 +t]2) é(le —ij)—z)Rl(e_%_Xz)dz,
j1,j2=1 I=N+1 R"

where the last equality is followed by a change of variables, the symmetry prop-
erty G(t,z) = G(t,—z) of the transition probability density function G, and its
semigroup property

G(Etjl,sile — (z—2'))G(ety,, sész —z')dz
R’IL
1
= G(e(ty, +t5.), 6™ (x5, —xj,) — 2).
Continuing to (@), by the spectral representation (213 for the k-th power of the
covariance function R(-), we see that (1) is equal to

(4. 8)
1
Z aj, Aj, € o Z Cz/ tJl +t]2) a(le _XjQ) _Z)
J1,j2=1 I=N+1 pn
L, -1
x / eile 2N P\ ddz
]R'n.
> aj a6 Z 02/ =X %02 Qe (ty, + by, ) e XA F(A)dA
Jrija=1 I=N+1
M [e%s)
> > 0F [t
Ji,j2=1 I=N+1 pn

x exple(t;, + tj,)[m— (m= + g7 AP E]L 1 (£XN)dN

- Z wan S CEPN / eI oxp {— (1, + t5,) [\ }dA < o0

J1,J2=1 I=N+1

when & — 0, where f*!(-), [ > m, are continuous and uniformly bounded on R"
since Condition B and Lemma 1 imply:
(4.9)

f*l(A)Z/Rf*m(A = )y <\Bulloo | ST (M)dn = Binlloe V1> m.
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From (@8], for any § > 0 there exists Ny € N, ¢g > 0 such that

(4.10) E(¢ wn)? < 6, for any N > N, € < €,
which implies that we need to prove a truncated version of (L4 as follows:
0, p=2v+1,
. D _ M 211V
(411)  Hm BE v =14 (- 1)!!{1{5[(21%‘/,,%% tx)’] b =2,
§=
where
(4.12)

1

Vm,NO(t,x):/ Mg nee T (dN) with oy, N, = Zf*r 0)C?)z.

By ([&3) for the definition of &, <n,(= & — &, >n,) and our rescaling of the initial
data, we have

No P

(55 <N0 Z Z |:H s, Cl :|
S Jp=1 11, lp=m i=1
HG Ji ’5 X - yi) ]EﬁHli(C(f_é_XYi)) dyi---dy,
/wt
ey No p C
(4.13) = Z 3 [H aj, lA }
Jiy s gp=1 11, lp=m i=1 '

/RHP{H&*G Ji ,8“XJ — &« yz}{]EHHl (e Xyi)) }dyl...dyp.

To analyze E(&; <n, )P, p = 2v (the odd p = 2v + 1 is unnecessary, since all the
involved random variables are centered), we employ the diagram method (see [7] or
13, p. 72]). A graph I" with I 4 - - + 1, vertices is called a (complete) diagram of
order (Iq,---,1,) if:

(a) the set of vertices V' of the graph T' is of the form V = ijWj, where
j=1
W; ={(4,1) : 1 <1<1;} is the j-th level of the graph ', 1 < j < p;

(b) each vertex is of degree 1; that is, each vertex is just an endpoint of an edge;

(c) if ((j1,11), (Ja2,l2)) € T, then j; # jo; that is, the edges of the graph I' may
connect only different levels.

Let T = T(ly,---,l,) be a set of (complete) diagrams of I' of order (I1,---,1,).
Denote by E(T) the set of edges of the graph T' € T. For the edge e = ((j1,1}),
(Ja2,13)) € E(D), j1 < jo, 1 < 1§ <11, 1 <1y < lo, we set di(e) = j1, da(e) = jo,
to denote the location of the edge e in I'. We call a diagram I' regular if its levels
can be split into pairs in such a manner that no edge connects the levels belonging
to different pairs. Denote by T* = T*(Iy,---,l,) the set of all regular diagrams
in T. Therefore, if I' € T* is a regular diagram, then it can be divided into p/2
sub-diagrams (denoted by I'y,---,I',/2), which cannot be separated again; in this
case, we naturally define d(I';) = d;(e) and do(T';) = da(e) for any e € E(T;), i =
1,...,v =p/2. We denote by {E(T') (resp. §E£(I';)) the number of edges belonging
to the specific diagram T' (resp. the sub- dlagram I';).
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Based on the notation above let
Dp:{(JaL)J:(]17 7jp)71 S]’L SM7
:(117"' alp)7m§l’i SNO;izla"' 7p}a
we see that ([@LI3]) can be rewritten as

(4.14)
E(&<n)’ = > KWL Fr(JLe+ Y KL Y Fr(JLe),
(J,L)eD, rer* (J,L)EDp LeT\T*
where

(4.15)  K(J.L)= ﬁa]%
Fr(J,L,e) = "5 /{Hsa (x5, — vi)) }

Rnp = 1

[ H R(E_X(ydl(e) - ydz(e)))} dyyi---dyp.
ecE(T)

Next, we want to verify two things:

W lim Y K(LL) Y Fe(,Le)=(p— 1)!!{]]«:{(%ajvmﬂo(tj,xj))z}}p/z’

¢=0(1,L)ep, NS j=1
2)lim > K(JL) 3 F(J,Le) =0.
e=>0(7,L)eD, CeT\T*

Proof of (1). As argued above, for each I' € T*, the case p = 2v, v € N, has a
unique decomposition into sub-diagrams I' = (T'y,--- ,T',), for which each one can-
not be further decomposed. Accordingly, we can rewrite F-(J, L, €) as the following
v = p/2 products:

(4.16)

FF(Jang)

v
_ pnx

=€ 2 H /egG(atdl(Fi)) 8é(xdl(l—‘i) - y))ggG(gtdz(Fi)aeé(xd2(ri) - y/))

i=1R2n

pan/ &_a tdl o + tdg( )) %(Xdl(l‘ ) = Xdy(Ts) — Z))RuE(Fi)(E_XZ)dZ.

We note that
(4.17) RET) (e7Xg) = e”X/ ! @M prEETD (X)), i =1, 1,

and §E(I';) > n/k (since £ > n/m in Condition B). By the Fourier transform of G,
/ €N R Ge(tayr,) + tay(r)s €% (Xa, (1) = Xa(ry) — 2))dz

(418) = Oaro Xao)exp{e(ty, r,) + tayry)[m — (M5 + [eTTAR) ]},
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and applying the small-scale of G illustrated in (£.2), we have
(4.19)

gg%FF(‘L L7 5) :Hf*ﬁE(Fi) (O)‘/eﬂ)\’x{ll(ri)_Xdz(ri)>eXp{_ (tdl () + tdz(Fi))‘)‘|a}d)\‘

i=1
Meanwhile, if the L = {ly,---,l3,} in the defining equation [@IH) of K(J,L)
corresponds to a regular diagram I' in T(ly,- - ,l2,), then
Ciery
(4.20) K(J,L) Hadl (1) ) T )

i=1

Therefore, by [@I9) and [@20),

(4.21) lim > K(JLL)Y Fr(J.Le)
(J,L)eDs, TeT*

- Z Z [ﬁadl(m)a@(m/ei“7xd1<ri>—xdz<w>

(J,L)EDs, TET* i=1

v C?
N WE(T, 1E(T,
x exp{— (ta, () + tay(r,))| Al }d”\} HIf e )(O)W;))‘ '
=1 v

We note that all components in the first bracket in (£2I]) are independent of the

index set L and the summation Y depends only on Z therefore
I

(4.22)

gg% Z K(’LL)ZFF(J?IUE)
(J,L)eD>, reT*

= Z Z Z |:Had1 T, )ad2(r )/ <A,Xd1(1"i)_Xd2(1"i))exp{_ (td1(F7)+td2(1‘7))‘)\|(y}d)\j|

L I'eT*

C
[Hf*uE ) (0 ﬁJ‘(JIEF))}

ajay /ei<>\,x;~*xj/>exp{— (t; + tj/)\,\|a}dA}

1

Z [H f*uE(F (0

=1

|

757

\ME H

NM

bl

v Cz
To handle the summation in the above, we note that [] f*#I)(0) ﬁzi“?f“r))l only
i=1

depends on {#E(T;),i = 1,---,v}, not on the structures of sub-diagrams TI';, i =
1,---,v; thus we may rewrite the above summation based on the following obser-
vation. Let s be the number of different integers rq,...,rs in {l1,--- ,ls,} with
m<ry < ...<rs < Ny. A regular diagram requires 1 < s < v, which also
implies that the set {l1,---,l2,} can be split into s subsets @1, ..., Qs and all ele-
ments within @); have the common value r;, i = 1,...,s. For the number of pairs
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within each subset @Q);, we denote it by ¢;, which satisfies ¢; > 1,71 =1,...,s, and
q1 + -+ gs = v. Thus, the above summation is

CUT,
D IS P [T L

1<s<v m<r<--<r;=Ng qit++qa=v

However, for any (s;ri,...,rs;qi,...,qs) in the above sum, there correspond
%(r Nar ... (rg!)4= different regular diagrams. Therefore,

(4.23)

s 3 [l oy

L TeT* i=1

1<s<v m<ri<--<rs=No @1+ +q¢s=v ds i=1 v

== > (s} > >

1<s<v m<r;<---<rs=Ngp q1++qs=v

No v
— (20— ) [Z f*r(o)cf} .

S

e oc)]

£ i=1

No
Substituting ([@.23) into [@.22) and recalling o,, n, = ( Y F*7(0)C2)2, we get

r=m
(4.24)
gll}(l) K(‘]?L)ZFF(JaLag)
(J.L)eDs, ret-
v NO v
(2v —1) ” Z ajaj / Z<)"x]'7xﬂ">exp{— (t; + tj/)|/\\°‘}d/\} [Zf*T(O)Cﬂ

Ji'=1

21/—1”[ (Za/ i) g e A W(d)\)) ]”.

]
Proof of (2). lim . K(J,L) >, Fr(J,L,e)=0.
¢=20(y,LyeD, TeT\ T~
By (1), the number of elements in the summation of Y is finite; thus it
(J.L)ED,
suffices to show that liII(l)FF(J, L,e) =0, ie.
e—
(4.25)
. P
B / H G Jv’E va: }[ HR ydl(e) ydz(e)))}dyl”'dypﬁo
fnp =1 e€E(T)

for each I'e T(y, - -+, 1,)\T*. Without loss of generality, we may just prove (28]
for t;,=1and x;,=0, 1 =1,...,p, and also just consider the case l; <l <--- <.
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Let
Ajyj/::{GEE(F)|d1()—], d2 _j} B :UAi,jl71§i7j<j/§p-
3’ >i
We observe that the number §B(i) of B(:) must be < [;, and a non-regular diagram
I' must contain a non-empty B(i) with §B(i) < [;; moreover, it has ([7, (2.20)])

~EB(i) _ p
(4.26) ;z— >3
(4.27)
Fr(J,L,e)
p
e /{HegG(e,eéyi }[ H H R(e™X( ydg(e))) dyy---dy,
Rrp =1 i;B(i)#£0 e B(i)
/{Haa 5 5o<yZ }
Rnp 0= 1
15 e -saso -
4;B(i)#0 e€B(i
- /{He a(Gle,en yz}
Rnp 1= 1

I >

5B(D#£D 5 A; ﬁé@
where c= ] > #A; ;i /tB(i).
4 B(1)#0D j;A; ;70
For any i € {1,...,p — 1} with B(i) # 0, let j(i) be any term in {j; A; i # 0.
To prove [I27) — 0, by the spectral representation, it suffices to show that

(4.28) &% /{Hea 55“3’1}

Rnp = 1

H / WY i=Yi6) i >>f*liB(z)(€x/\ 2)E"XAN; iy | dy - dy
1;B(1)#0

D(e X (yi = ) |dyr -+ dy,,

converges to zero when € — 0.
Applying Lemma 1 to k = §B(7), the number of B(i), we see that

. o(1) if 4B(i) = I;,
(429)  fHEOO) < { o(A"CTTTYY if 1 < $B() < Ly,

For example, using the first case in ([ZI4) of Lemma 1, we can write (£29]) as
follows:

(4.30)  FEPON) = Cupy WIAFFPE T, Cypy(A) = Bypo (WINPT

where lim Cyp(;)(A) = 0 because k > n/m > n/l;.
[A|—0

when |[A| — 0.

)
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Thus,

pnx EEIO)
(4.31) E2R) < e o= T))Q.

where
P 1
= /{HeEG(s,siyi)}
fnp =1
H / Yi=yia) i) ‘)\”(M

1, ;B(i)#£0

zj(z)}dyl dypa

which is bounded in 0 < e < 1, because, firstly, for each A, ;i;), by BZ2) the
following is bounded in 0 < € < 1:

(4.32) /Rnp {ﬁgﬁ G(E,géyi)}{ H ei<yi_yj(i)i)‘i,j(i)>}dy1 - dy,,

i=1 i;B(i)#0

and moreover

n M—1
IT Paje"s "

i B(i)#£0

is integrable with respect to [ dA; j(;) near the origin. Finally, the convergence
i;B(1)#£0
P

of ([@3T]) to zero is followed by the inequality cited above, i.e. a

s

Proof of Theorem Bl By the solution form (Z2) and [, Ga.m(t,x)dx = 1,
7% {u(Tt, VT hC()) - Co )
Gom(Tt,VTx ~ y) Co + Zc ]dy Co}

(433) =3 T 5% Gam(THVTx = y) Hp(((y))dy = Z k(1 %).

By the Slutsky argument (see, for example, [19, p. 6]), Theorem Bl will be proved if
we can show that

(i) umo’oT(t’X) = Up(t,x),

(4.34) (ii) > wrr(t,x) — 0 in probability, 29 T = co.
k=m+1

Proof of (i). Replacing the component H,,(¢(y)) in the expression of w,, r(t,x)
with its It6-Wiener expansion (ZI0) and using the Fourier transform G, m (¢, \) of
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Gam(t,x) in 21I), we have

(4.35)

Um7T(taX)

_ e Om (T4, VT ){/ vt +A”‘>HV )W (o) fdy
\/— a,m Rrxm

me C ! \/
_ TT (\/_x A1+ +)\m>G (Tt, Al "‘ tr + )\m) H f(AO')W(d)\U)
vV'm thX'm

By the definition of fﬂénxm in (ZI0) and the self-similarity property W (T~ 2d\) 4

T~ %W (d), y, 7 has the same finite-dimensional distributions (i) as Uy, v, where

/
(£, %) = Cn Otz / i(x,/\1+~.~+)\m>éa’m(Tt,T_%()\l ot Am))
m' RnXm
(4.36) < [TV FA(@=2 X)W (dAs).
o=1

From the isometry property of the multiple Wiener integrals and the integral rep-
resentation of the limiting field U,, (¢, x) in (B1),

B\t 1(t, %) — Up (,%) 2

:Cﬁz/ }T_"”("[") @a’m(Tt, T3 AL+ +Am)) H FT=32,)

o=1

m _tg 1_% A Am
3n)  —poys SRR N A ‘ HdA
(Al A )=

Condition C and () allow us to apply the dominated convergence theorem to
show that ([@37) will converge to zero when T' — co. We note that the convergence
in (@I)) can be shown to be monotone decreasing when T 1 oo for each ¢ > 0 and
AeR™

Thus, we get

(4.38) N B[t 1 (t,x) — Un (t,%)]> = 0,
T— 00

4o

and claim (i) is concluded by ty, 7 m,r and the Cramer-Wold theorem.
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Proof of (ii). By the orthogonal property (29)), the semigroup property of

Gam(t,x), and 2I3),
(4.39)

o0

]E [( Z uk,T(t, X))2]

k=m+1

F 3 [ [ Gum(T VT )G (T VTx ' )RAy —y )y dy

k=m+1

% Z C? Ga,m(QTt,z)Rk(z)dz

k=m+1

T Z 2 Ga,m(th,)\)f*’“(/\)d/\ (by @I3))

k=m+1

S Z > JCE || Gam(@Tt, T30 fHI 5N dA = (1) + (1D),

k=m+1 k=k*+1

where k* = max{k € N| k> m +1, kx <n}.

For the case k*x < n, by Lemma 1 and {1,

lim (I) =

Z Ck/ am(QTt T*EA)Bk( 7%)\)|T*§>\|knfnd)\

T—o0 T—o0
k=m+1
k* 5
< lim Z va kxck ||Bk||oo/ — %ml al)\‘2|A|kK]—ndA
T—o0 n
k=m+1

2
< lim T~ % Z C? ||Bk||oo/ Zm! a\/\|2|>\|m—nd)\:0.

T—o0
k=m-+1

For the case k*k = n, we still have Tlim (I) = 0 because
hde el

mer—mn

lm T C2 | Gam(2Tt, T2 X) B (T2 N)In(2 + T7 |A|")dA = 0.

T—o0 R~

On the other hand, by the assumption mx < n in Condition C and Lemma 1, for
any k > k* + 1 we have ||f**] o< f** +V| s, s0

lim (I7) <

T— 00

S SReATRY / G (2TH, T )N = 0.
k=k*+1

Hence lim E[( > wr(t,x))?*] =0, and the claim (ii) is proved by the Markov
T—o00 k=m-+1
inequality. ([l

Proof of Theorem [ The following proof is a hybrid of the proofs of Theorems 2
and 3; we give a full presentation mainly to see how the re-scaling of the initial data
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proceeds. By the Hermite expansion and the solution form (2.2]) we can rewrite

(4.40)

o0

ZE xg= Ci /Gamas V(e x— y))dy =3 TE(t0).

R k=m
By the Slutsky argument again, we show that
(i) I5,(t,x) = Vi (¢, %),
(4.41) (i) S I:(t,x) — 0 in probability, €0
k=m+1
Proof of (i). By substituting the It6-Wiener expansion (ZI0) for the random field
H,,(¢(+)) into IZ,(t,x) and exchanging the order of integration:

(4.42)

15, (t,%)
= O e / (et y) Hn(C(e™5 (5 x — y)))dy
= ' ozm “ ° B
vm! o
/ 1, 1 -
_ C' G aty / ei(675 (EQX*Y)’)‘IJF"'JF)"")H f()‘a)W(d/\a)dy
m: Rn RnxXm o=t
Com sy // XM AN G (et eTE XN\ 4 -+ A))
_ z s m am , @ 1 m
= ;
m' Rnxm
< [[VF(A)W (dAs)dy
o=1
Cn

[l

/
S / eNF TN G L (et eTF (N e+ A))

Rnxm

vm!
X H FEXN)W(dA))
=: I¢ (t,%),

where we have used the self-similarity property W(sxd)\) £ ¢35 W(d)) in the last
equality.

Now, applying the isometry property of the multiple Wiener integrals to the
difference of It (¢,x) and the random field V,,,(¢,x) in [B7), we have

Eﬁﬁz(ﬂx) - Vm(tvx)|2

:C?n/ |Ew—<g’ﬂ>@a}m(gtﬁ—é()\l+...+)\m))H f(eXXs)

o=1

Hd)\ 0

(4.43) = B(0)Fem Pt AR (A ]

when ¢ — 0, by Condition C and (2]).
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By the Markov inequality, (£43]) implies Tfn(t,x) — Viu(t,x) in probability.
However, because IZ,(t,x) < I%,(t,x), the claim (i) is concluded by the Cramer-
Wold argument.

Proof of (ii). From (40), by the orthogonal property (29)) and the semigroup
property of Gy m(t, %),

E( i I,i(t,x)>2= i E(I}(t,%))*

k=m+1 k=m+1

Z € XW”OQ/ / am (€L, Y)Gam(et,y ) RH ™5 X(y —y'))dydy’
k=m+1 " "

=Y 02 | Gom(2et,2) R (e Xg)dz
k=m+1 R™

= Y e CE | Gam(2et,e” 5 XN) FF(A)dA
k=m-+1 R™

k* e
:( o+ Y )aX(”’m”)C,f/n@a,m(Qet,e’i/\)f*k(ex)\)d)\ =: (I) + (I1),

k=m+1  k=k*+1

where £* = max{k € N| k > m+1, kx <n}.

For the case k*x < n, by Lemma 1,

x(n—mek) A2 ~ -1 X X\ |kk—n
lim (1) =lim Z € C? Ga,m(2gt,g A) B (XX [XA[FF A
k=m-+1
-
<lim eXrk=m 02 1By | o0 / e T N[BT g\ = 0.
e—0 R™
k=m++1

For the case k*k = n, we still have limO(I) = 0 because
e—

HmeX =02 [ Gy (2et, 6% \) Be (£XA0)In(2 + [XA| 1) dA = 0.

e—0 Rn

On the other hand, by the assumption k£ < n/m in Condition C and Lemma 1, for
any k > k* + 1 we have ||f** <[ f** +1)| o, so

o0
: : x(n—mek) 2 *(k™41) —2t| A _
hy (11) < liy 35 X0 ICE Il [ exran—o

Hence lin(1) E[( ¥ Ii(t,x))?] =0, and the claim (ii) is proved by the Markov
e k=m+1
inequality. ]

APPENDIX: PROOF OF LEMMA 1

The idea of the following proofs comes from [32 p. 115, Theorem 3] and [I7]
p. 160, Theorem 8.8]. We only consider their results for the density functions on
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the whole space. Suppose that two spectral density functions f; and fo are in the
form

(A1) < (0 = &jﬂ) k>0, =12,

where K7 () and K3(\) are non-negative functions belonging to C(R"\{0}).
Let g(A) = [gn f1(A = n)f2(n)dn, A € R™. To prove Lemma 1, we show that g
can be written as

BA)|A|frtr2= 0 for Ky + ko < n,
g(A) =< B\)In(2+ |)\‘) for K1 + ko = n,
B(\) € C(R™), for K1 + k2 > n,
for some bounded function B(\) € C(R™\{0}).
Case 1 (k1 + k2 < n). For any Ay # 0, we divide R™ into four parts: R™ =
D1 U Dy U D3 U Dy, where
Dy = {n eR™ [n— o] < \)\0|/2},
= {n € R |n| < [ol/2},
= {n € (D1UD2)°| [n— ol < nl},
Dy = {n € (D1UDy)| [n—Xo| > Inl}.
Therefore,

g(Xo) = / Ji(ho = n) fa(n)dn =: I + Io + I3 + I4,

I1(Xo) <( sup fa(n / J1(ho —

n’€Dy

Aol

A 2
S(Sup Kg(n))(|2_0‘)mfn(sup Kl(ﬁ))cn/ =1 g — C|/\O|N1+N27n;
neD: n€D; 0

where ¢, is the surface area of the unit sphere on R™ and C'is a constant independent
of Ag. Similarly, I3(Ag) < C|Ag|FrHr2—",

By the fact that I3 € C(R™\{0}) N L}(R"), we know that sup I3()\g) < co. So
[Xol=1

we suffice to study the behavior of I3(-) on the domain {Ao| |Ao| < 1}.
By the requirement (AT, | l‘im K;(n)n|" = 0; that is, for any ¢ > 0, there
n|—o0

exists a constant M = M(g) > 0 such that
(A.2) K;(n) <eln|™" for all |n| > M.
Because |n — A\g| < |n| for n € Ds,

(/ +/ K1()\0—?7)K2(7i)d
Dsn{ln—ro|>M+41} JDsn{ln—ro|<M41} " |[Ao —n[?r=ri=r2
I3 1(XNo) + I3.2(Xo).

I3(Xo) <
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By using (A2) and |n — \o| < |n| again,

Ko = )l

n|2n—n1—m2

I3 1 (M) < 5/

Dan{ln—=ro|>M+1} Ao —

(A.3) < 6/ %ﬂzdn
{In—rol>M+1} [Ro —nf?r=m
K
< e(M+ 1)_"/]R |77:L(_71)1 dp=eM+1)"",
M+1 rn—l
(A1) B0 < Kl il o [

2

< WKl 1 o Cn(M)m@_n_
n— Ky — Ko 2

Combining (A3) and (AA), we get I3(\) = B(A)|A|"t72~" for some bounded
function B. This observation still holds for I;. Therefore, the proof for the case
K1+ ko < n is finished. O

Case 2 (k) + kg =, K1, K2 > 0). Let Ao = Ao/|Aol,

Ki(No —1)Ka(n)
Ao) = / d
9(%) gn |Ao — TRy

K1(|2o](Ro — 1) K2 (A
= (/ +/ ) 1(|A0\( o — 1)K o\’l)m7
(nl<zy  Jinl>2” [Ro =l pln=ra

= J1(>\0) + JQ()\O)7

(A5) Ji() < /

1| oo IS5l 00 dn :/ 1| oo 1] 00 dn
{Inl<2} [Ao — m|m—rrp|nrz Uy

Inl<2} [X = n|nrr pnre

where the last equality holds for any unit vector X. Moreover, we also have that

Ky (Dol (o =) Ka(1Aoln)
[Ao = mf s

J2(Xo) = ( / +
{2<nl<2@+ 5 HIn>2@2+ 57}
= JQJ()\()) + J212()\0).

Because [\g — 7| > |n| — 1,

A6
(A.6) .
Ta1(Mo) < / W illoo Kol oo dn / mar) oo o oo dr
2,1(Ao) = =cCn

| (ol = D=~ (r= =

{2<inl<2@2+ 5703
22+ 13g7) dr 1

= ¢ [IKalloo |2l oo /2 a < 2" e Koo [K2lloo In(2 4 ).

_ %)n—filr

Aol
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Changing from variable 7 to {7 and using the inequality (Ao — 7| > || = [No] >

2(1+ 2|Xo|) — |Xo| > 2 for |7] > 2(1 + |o]),
K1 (Ao — 7)Ks(n)
J22(Xo) =
272( O) |)\0 _ T‘n—/ﬂh—‘n—fcz
{I71>2(1+2[2 )}
Ml ), Wi
— 9n—k1 |7- n—~Kso — 9n—kKi1
{Ir1>2(1+2[x )}

The last estimation, together with (ALH) and (A6, implies that there exist bounded
and positive functions B(A) and C(\) such that g(\) = B(A\)In(2 + ﬁ) +C\) =
B(M)In(2 + |1T\)7 where B(\) = B(\) + % is also a bounded function.

Case 3 (k1 + k2 > n, k1, kg > 0). Because k1 + ko > n implies that there exist
p, p' € (1,00) such that p(n — k1), p'(n—ka) < n and %4— z% = 1. For any A € R",
by Hélder’s inequality, g(A) <[|f1llp[|f2l|,s- Meanwhile, it also implies the continuity
of g as follows:

90 =900l =1 [ (=)= A% =) o
< 1A= ) = A0 = gl 0

when A — Ag for any A\g € R™.

Finally, by taking successive convolutions and using the result of Case 1, for any
ki > ko >n/k, f**1(\) and f*#2()\) are bounded functions, which implies

f”%M:/f*%A—nﬁ““*”mwnﬂﬁ”wm/f““*”WMnﬂU”wm-
Rn Rn
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