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LEFT-INVERSES OF FRACTIONAL LAPLACIAN AND SPARSE
STOCHASTIC PROCESSES

QIYU SUN AND MICHAEL UNSER

ABSTRACT. The fractional Laplacian (—A)Y/2 commutes with the primary
coordination transformations in the Euclidean space R%: dilation, translation
and rotation, and has tight link to splines, fractals and stable Levy processes.
For 0 < v < d, its inverse is the classical Riesz potential I, which is dilation-
invariant and translation-invariant. In this work, we investigate the functional
properties (continuity, decay and invertibility) of an extended class of differen-
tial operators that share those invariance properties. In particular, we extend
the definition of the classical Riesz potential I, to any non-integer number vy
larger than d and show that it is the unique left-inverse of the fractional Lapla-
cian (—A)7/2 which is dilation-invariant and translation-invariant. We observe
that, for any 1 < p < oo and v > d(1 — 1/p), there exists a Schwartz function
f such that I f is not p-integrable. We then introduce the new unique left-
inverse I;,p, of the fractional Laplacian (—A)Y/2 with the property that I, is
dilation-invariant (but not translation-invariant) and that I, f is p-integrable
for any Schwartz function f. We finally apply that linear operator I, , with
p = 1 to solve the stochastic partial differential equation (_A)“//Zcp = w with
white Poisson noise as its driving term w.

1. INTRODUCTION

Define the Fourier transform Ff (or f for brevity) of an integrable function f
on the d-dimensional Euclidean space R? by

(11) FHO = [ e fxix,

Rd
and extend the above definition to all tempered distributions as usual. Here we
denote by (-,-) and || - || the standard inner product and norm on R? respectively.

Let S := S(R?) be the space of all Schwartz functions on R? and &' := S'(R?)
the space of all tempered distributions on R?. For v > 0, define the fractional
Laplacian (—A)Y/? by

(1.2) F(=L)20©) = €I” FfE), fes.

The fractional Laplacian has the remarkable property of being dilation-invariant.
It plays a crucial role in the definition of thin plate splines [4], is intimately tied to
fractal stochastic processes (e.g., fractional Brownian fields) [8] [I2] and stable Levy
processes [3], and has been used in the study of singular obstacle problems [2, [10].

In this paper, we present a detailed mathematical investigation of the functional
properties of dilation-invariant differential operators together with a characteriza-
tion of their inverses. Our primary motivation is to provide a rigorous operator
framework for solving the stochastic partial differential equation

(1.3) (=A)2® = w
1
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with white noise w as its driving term. We will show that this is feasible via the
specification of a novel family of dilation-invariant left-inverses of the fractional
Laplacian (—A)W 2 which have appropriate LP-boundedness properties.

We say that a continuous linear operator I from S to 8’ is dilation-invariant if
there exists a real number + such that

(1.4) I1(6:f)=t"6:(If) forall fe S andt>D0,
and translation-invariant if
(1.5) I(Txo f) = Tuo (If) for all f € S and x¢ € RY,

where the dilation operator d;,t > 0 and the translation operator 7x,,Xo € R¢ are
defined by (8:.f)(x) = f(tx) and 7, f(x) = f(x — x¢), f € S, respectively. One
may verify that the fractional Laplacian (—A)7/2, v > 0, is dilation-invariant and
translation-invariant, a central property used in the definition of thin plate splines
[4].

Next, we define the Riesz potential I, ([9]) by

- I'((d—7)/2) —d

(1.6) Lfx) =277 — = [ lx =y (y)dy, [E€S,

I'(v/2) R4

where 0 < v < d. Here the Gamma function I is given by I'(z) = [;° t*~'e 'dt

when the real part Re z is positive, and is extended analytlcally to a meromorphic

function on the complex plane. For any Schwartz function f, I, f is continuous and

satisfies

(L) ILSE1 < G sup £+ 2])%) (1 + ] for all x € RY,
zER4

where € > 0 and C¢ is a positive constant, see also Theorem [Z.Il Then the Riesz

potential I, is a continuous linear operator from S to &’. Moreover one may verify

that I, is dilation-invariant and translation-invariant, and also that I,,0 < vy < d,

is the inverse of the fractional Laplacian (—A)7/2; i.e.,

(1.8) L(=A)2f = (=A)PLf=f forall feS
because
(1.9) FULNE) = EITFfE), feS.

A natural question then is as follows:

Question 1: For any v > 0, is there a continuous linear operator I from S to
S’ that is translation-invariant and dilation-invariant, and that is an inverse of the
fractional Laplacian (—A)Y/?2

In the first result of this paper (Theorem [[]), we give an affirmative answer
to the above existence question for all positive non-integer numbers ~ with the
invertibility replaced by the left-invertibility, and further prove the uniqueness of
such a continuous linear operator.

To state that result, we recall some notation and definitions. Denote the dual pair
between a Schwartz function and a tempered distribution using angle bracket (-, -),
which is given by (f, g) fRd x)dx when f,g € § (we remark that the dual
pair between two complex-valued square-lntegrable functions is different from their
standard inner product). A tempered distribution f is said to be homogeneous
of degree v if (f,6:g) = t=7"%4(f,g) for all Schwartz functions g and all positive
numbers t. We notice that the multiplier ||£]| ™7 in the Riesz potential I, see (L.9),
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is a homogenous function of degree —y € (—d,0). This observation inspires us
to follow the definition of homogeneous tempered distribution in [7] and then to
extend the definition of the Riesz potential I, to any non-integer number v > d as

follows:
( dr d—") / / k d—1
I = o=+
'Yf(x) d 4 kO _ gd—1

(1.10) x(—dii) ( ) frg!) ) drdo(€), f €S,

where S"~t = {¢/ ¢ R?: ||¢'|| = 1} is the unit sphere in R%, do is the area element
on S™ ! and kg is a nonnegative integer larger than v — d. Integration by parts
shows that the above definition (II0) of I, f is independent on the nonnegative
integer ko as long as it is larger than v — d, and also that it coincides with the
classical Riesz potential when 0 < v < d by letting kg = 0 and recalling that the
inverse Fourier transform F~1f of an integrable function f is given by

(1.11) F(x) = (2w)*d/Rd X8 f(g)de.

Because of the above consistency of definition, we call the continuous linear operator
I,,v € (0,00)\(Z4+ + d) in (LI0) the generalized Riesz potential, where Z, is the
set of all nonnegative integers.

Theorem 1.1. Let v be a positive number with v —d & Z., and let I, be the linear
operator defined by (LI0). Then I, is the unique continuous linear operator from
S to 8’ that is dilation-invariant and translation-invariant, and that is a left inverse
of the fractional Laplacian (—A)7V/2.

Let LP := LP(R%),1 < p < oo, be the space of all p-integrable functions on R¢
with the standard norm || - ||,. The Hardy-Littlewood-Sobolev fractional integration
theorem ([11]) says that the Riesz potential I, is a bounded linear operator from
L% to LP when 1 < p < 00,0 < v < d(1 —1/p) and ¢ = pd/(d + vp). Hence
L,f € LP for any Schwartz function f when 0 < v < d(1 — 1/p). We observe
that for any non-integer number ~ larger than or equal to d(1 — 1/p), there exists
a Schwartz function f such that I,f ¢ LP, see Corollary An implication
of this negative result, which will become clearer in the sequel (cf. Section 4),
is that we cannot generally use the translation-invariant inverse I, to solve the
stochastic partial differential equation ([L3]). What is required instead is a special
left-inverse of the fractional Laplacian that is dilation-invariant and p-integrable.
Square-integrability in particular (p = 2) is a strict requirement when the driving
noise is Gaussian and has been considered in prior work [12]; it leads to a fractional
Brownian field solution, which is the multi-dimensional extension of Mandelbrot’s
celebrated fractional Brownian motion [I} [§]. Our desire to extend this method of
solution for non-Gaussian brands of noise leads to the second question.

Question 2: Let 1 <p < oo and v > 0. Is there a continuous linear operator 1
from S to 8’ that is dilation-invariant and a left-inverse of the fractional Laplacian
(=A\)/2 such that If € LP for all Schwartz functions f?

In the second result of this paper (Theorem [[L2), we give an affirmative answer
to the above question when both v and v — d(1 — 1/p) are not integers, and show
the uniqueness of such a continuous linear operator.

To state that result, we introduce some additional multi-integer notation. For
X = (21,...,2q) € R and j = (j1,...,ja) € Zi (the d-copies of the set Z.),
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we set |j| == [j1| + -+ [dal, §! = jil---ja! with 0! := 1, xd = 2J' ... 2% and
N f(x):=08J -9 f(x). For 1 <p < oo and v > 0, we define the linear operator
I, , from S to &’ with the help of the Fourier transform:

M(Ff)(0
Z (F£)(0)

(L12)  FL,E) = (FFE) - @)l fes,

lil<y—d(1-1/p)

which is the natural LP extension of the fractional integral operator that was intro-
duced in [I} 12} 3] for p = 2 and v ¢ Z/2.

We call I, ,, the p-integrable Riesz potential of degree vy, or the integrable Riesz
potential for brevity. Indeed, when both v and v — d(1 — 1/p) are non-integers, the
linear operator I, , is the unique left-inverse of the fractional Laplacian (=A)/?
that enjoys the following dilation-invariance and stability properties.

Theorem 1.2. Let 1 < p < 00, and v is a positive number such that both v and
v—d+d/p are not nonnegative integers. Then I, , in (LI2)) is the unique dilation-
invariant left-inverse of the fractional Laplacian (—A)Y/? such that its image of the
Schwartz space S is contained in LP.

One of the primary application of the p-integrable Riesz potentials is the con-
struction of generalized random processes by suitable functional integration of white
noise [12] 13| [I4]. These processes are defined by the stochastic partial differential
equation (L3)), the motivation being that the solution should essentially display the
same invariance properties as the defining operator (fractional Laplacian). In par-
ticular, these processes will exhibit some level of self-similarity (fractality) because
L, , is dilation-invariant. However, they will in general not be stationary because
the requirement for a stable inverse excludes translation invariance. It is this last
aspect that deviates from the classical theory of stochastic processes and requires
the type of mathematical safeguards that are provided in this paper. While the
case of a white Gaussian noise excitation is fairly well understood [12], it is not yet
so when the driving term is impulse Poisson noise which leads to the specification
of sparse stochastic processes with a finite rate of innovation. The current status
has been to use the operator I, o to specify sparse processes with the restriction
that the impulse amplitude distribution must be symmetric [14] Theorem 2]. Our
present contribution is to show that one can lift this restriction by considering the
operator I, 1, which is the proper inverse to handle general impulsive Poisson noise.

To state our third result, we recall some concepts about generalized random
processes and Poisson noises. Let D be the space of all compactly supported C'*°
functions with standard topology. A generalized random process is a random func-
tional ® defined on D (i.e., a random variable ®(f) associated with every f € D)
which is linear, continuous and compatible [6].

The white Poisson noise

(1.13) w(x) = Zaké(x—xk)
kEZ
is a generalized random process such that the random variable associated with a

function f € D is given by

(1.14) w(f) =Y arf(xs).

keZ
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where the ag’s are i.i.d. random variables with probability distribution P(a), and
where the x;’s are random point locations in R™ which are mutually independent
and follow a spatial Poisson distribution with Poisson parameter A > 0. The
random point locations x in R™ follow a spatial Poisson distribution with Poisson
parameter A > 0 meaning that for any measurable set E with finite Lebesgue
measure |E|, the probability of observing n events in E (i.e., the cardinality of
the set {k| x; € E} is equal to n) is exp(—=A|E|)(A|E|)™/n!. Thus, the Poisson
parameter \ represents the average number of random impulses per unit.

As the white Poisson noise w is a generalized random process, the stochastic
partial differential equation ([3]) can be interpreted as the following:

(1.15) (@, (=A)2f) = (w, f) forall feD.
So if I is a left-inverse of the fractional Laplacian operator (—A)7/2, then
(1.16) o =I"w

is literally the solution of the stochastic partial differential equation (3] as
(1.17) (I*w, (=A)2f) = (w, I(=A)2f) = (w, f) forall f €D,

where I* is the conjugate operator of the continuous linear operator I from S to
S’ defined by

(I"f,9) = (f.1g) forall f,g €S

The above observation is usable only if we can specify a left-inverse (or equivalently
we can impose appropriate boundary condition) so that I*w defines a bona fide
generalized random process in the sense of Gelfand and Vilenkin; mathematically,
the latter is equivalent to providing its characteristic functional by the Minlos-
Bochner Theorem (cf. Section 4). The following result establishes that Pyw :=
I yw is a proper solution of the stochastic partial differential equation (@T3), where
w is the Poisson noise defined by (L13).

Theorem 1.3. Let v be a positive non-integer number, X\ be a positive number,
P(a) be a probability distribution with [ |a|dP(a) < oo, and L, be defined as in
(LI12). For any f € D, define the random variable Pyw associated with f by

(1.18) Pyw(f) = Zakly,l(f)(xk)
k

where the ay,’s are i.i.d. random variables with probability distribution P(a), and the
Xy ’s are random point locations in R™ which are mutually independent and follow a
spatial Poisson distribution with Poisson parameter X. Then P,w is the generalized
random process associated with the characteristic functional

(1.19) Zpw(f) = exp ()\/ /(e*mUwf)(x) —1)dP(a)dx), feD.
Rd JR

The organization of the paper is as follows. In Section 2] we first introduce a
linear operator Jg for any homogeneous function Q € C>(R%\{0}) of degree —7,
where v —d & Z.. The linear operator Jg becomes the generalized Riesz potential
L, in (LI0) when Q(§) = ||£||~7; conversely, any derivative of the generalized Riesz
potential I, is a linear operator Jg associated with some homogeneous function §2:

PIL f=Jof forall feSandjeZl,
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where Q;(€) = (i€)3[|€]|~7. We then study various properties of the above linear
operator Jq, such as polynomial decay property, dilation-invariance, translation-
invariance, left-invertibility, and non-integrability in the spatial domain and in the
Fourier domain. The proof of Theorem [[.T]is given at the end of Section

In Section B we introduce a linear operator U , for any homogeneous function
Q € C®°(RN{0}) of degree —v, where 1 < p < co. The above linear operator
Uq,p becomes the operator I, in (LI2) when Q(§) = ||£||77, and the operator
Jo in (ZI) when 0 < v < d(1 —1/p). We show that the linear operator Uq , is
dilation-invariant, translation-variant and p-integrable, and is a left-inverse of the
fractional Laplacian (—A)Y/2 when Q(¢) = ||£]|~7. The proof of Theorem is
given at the end of Section [Bl

In Section Ml we give the proof of Theorem and show that the generalized
random process Pyw can be evaluated pointwise in the sense that we can replace
the function f in (II8) by the delta functional §.

In this paper, the capital letter C' denotes an absolute positive constant which
may vary depending on the occurrence.

2. GENERALIZED RIESZ POTENTIALS

Let v be a real number such that v —d € Z,, and let Q € C>®(R?\{0}) be
a homogeneous function of degree —v. Following the definition of homogenous
tempered distributions in [7], we define the linear operator Jq from S to &’ by

)T (d
inf = GRS [ g

(2.1) X ( - %) (eir(x’g >f(r§'))drda(§/), fes,

where S"~t = {¢/ ¢ R?: ||¢'|| = 1} is the unit sphere in R%, do is the area element
on 8"~ 1, and kg is a nonnegative integer larger than v — d.

Note that the linear operator Jq in ([21I) becomes the generalized Riesz potential
I, in ([LI0) when Q(§) = |||~ and v > 0. Therefore we call the linear operator
Jo in 1)) the generalized Riesz potential associated with the homogeneous function
Q of degree —7, or the generalized Riesz potential for brevity.

The above definition of the generalized Riesz potential Jq is independent on the
nonnegative integer ko as long as it satisfies kg > v — d, that can be shown by
integration by parts. Then, for v € (—oc0,d), we may take ko = 0 and reformulate

(ZT)) as follows:
(2.2) Jof(x) = (2m) 4 / GO0V f(€)de for all f € S,
Rd

or equivalently

(2.3) Jof(€) = Q) f(€) forall fesS,

so that the role of the homogeneous function Q(¢) in (2] is essentially that of the
Fourier symbol for a conventional translation-invariant operator.

Let Sw be the space of all Schwartz functions f such that d'f(0) = 0 for all
i€ Z, or equivalently that Jpa xIf(x)dx = 0 for all j € Z%. Given a homogenous
function Q2 € C*°(R%\{0}), define the linear operator iq on S by

(2.4) iaf(€) = QUOFE), [eSx
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Clearly iq is a continuous linear operator on the closed linear subspace S, of S.

For any function f € S, applying the integration-by-parts technique k¢ times and
noticing that lim._,o €70 f(e£’)| = 0 for all & € S?~1 and i € Z%, we obtain that

sost) = Gy [ [T siaige)
><( d )kO (e” ) f(re’ ))drda(g)
dhm /Sd 1/ Q¢ pd=7=leir(x¢’ f(rg’)drda(g')

e—0

(25) = @m0 /(€ = inf(x)

Hence the generalized Riesz potential Jq is the extension of the linear operator iq
from the closed subspace Sy, to the whole space S.

In the sequel, we will study further properties of the generalized Riesz potential
Ja, such as the polynomial decay property (Theorem [ZT]), the continuity as a
linear operator from S to S’ (Corollary 2.3]), the translation-invariance and dilation-
invariance (Theorem [2.7]), the composition and left-inverse property (Theorem [2.8]
and Corollary [20), the uniqueness of various extensions of the linear operator iq
from the closed subspace Sy to the whole space S (Theorems [Z11] and [ZT4)), the
non-integrability in the spatial domain (Theorem 2T5]), and the non-integrability
in the Fourier domain (Theorem 2.I7). Some of those properties will be used to
prove Theorem [[LI] which is included at the end of this section.

2.1. Polynomial decay property and continuity.

Theorem 2.1. Let v be a positive number with v — d & Z4, ko be the smallest
nonnegative integer larger than v — d, and let Q € C>(R\{0}) be a homogeneous
function of degree —v. If there exist positive constants € and C. such that

(2.6) |£(x)] < Ce(1 + ||x]|) 097 for all x € RY,

then there exists a positive constant C such that

(2:7) Vs 091 < O sup 170+l +44) (L4 )=, x e

Proof. Noting that (< ) ir(x.g) — s'(zl i—s Zx) & ) ir(x.¢) and (%)kofsf(rﬁ’) =

(ko — s)! le‘:ko_s % for all 0 < s < kg, we obtain from the Leibniz rule
that

/N
U
SRS
N—
o
/N
%
o
~
—~
<
I
~—
N—
|
o
S
N
w &
N——
—
/N
N
N—
I
S
.
<
3
%
M
—
—
/N
N—
o
S
~~»
—~
<
I
~—
—
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Substituting the above expression into (2] we get

7)1 —
) = (- Y My GO A

\i|+u|:kofj! L(d+ko =)
« /R e (g () 0 f¢) de |
I'(d—7) kol i
(28) = Y #(_x)l‘] i+j (f)(X),
D(d+ ko —7) i|+JZ|_kD ilj! Q J

where Q;4;(€) = (i€)HQ(€) and fj(x) = xI f(x). Denote the inverse Fourier trans-
form of Qy, |k| = ko, by Kx. Then Ky € C°°(R%\{0}) is a homogeneous function
of degree v — kg — d ([T, Theorems 7.1.16 and 7.1.18]), and hence there exists a
positive constant C' such that

(2.9) | Ky (x)] < Cx||" "%~ for all x € R?\{0}.

For any € > 0 and 8 € (0,d), we have

[ =yl o vl <dy
R4

< pegmrns™ i)
Iyll<Ci=l+1)/2  J(xl+1)/2<]ly | <2(][x]l+1) lIyli=z2(lIx(+1)

Ix—ylI=P(1+ [lyl)~*<dy
(2.10) < C@+ x|~

A

Combining (2.8), 29) and 2Z.I0) yields

afeol < € 3 il [ K- y)yi o)y
[il+131=ho e
< e [ k= vl Iyl )l
Rd
<

O sup 1£(@)I(1+ 12" ) (1 + )77,
zER4

This proves the desired polynomial decay estimate [2.7). O
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For any f € S and j € Z% with |j| = 1, it follows from (1)) that
PJaf)(x) = Ja(@f)(x)

_ (27) 7T (d — ”Y/ /Q (ig"Yikotd=1-1
d—|—k0— gd—1

><(— d%) O(e ) freyr )drda(g)

- e d:l—‘kod—7 /Sd 1/ ZngO—FdWl
(=) (o)
_ko( _ %)ko—l (eir(x75/>f(7a§/)) }d?‘do(fl)
Y ko iﬁy)Jij(X) = Jo, f(x),

where Q;(¢) = (i€)9Q(€). Applying the argument inductively leads to
of)=Ja(@f) = Jo,f forall feSandjeZl,

where Q;(¢) = (i€)IQ(€). This together with Theorem 1] shows that Jof is a
smooth function on R¢ for any Schwartz function f.

(2.11) »(J

Corollary 2.2. Let v, ko and Q be as in Theorem[21l If f satisfies (Z6]) for some
positive constants € and C., then for any j € Zi with |j| < vy there exists a positive
constant C; such that

(2:12) 109U ()] < G5 sup 1711+ l)*o=) (14 [l 874, x € B

An easy consequence of the above smoothness result about Jg f is the continuity
of the generalized Riesz potential Jg from S to S'.

Corollary 2.3. Let~ be a positive number with y—d & Z, and let Q € C>(R?\{0})
be a homogeneous function of degree —y. Then the generalized Riesz potential Jgq

associated with the homogeneous function Q) is a continuous linear operator from S
to S'.

Now consider the generalized Riesz potential Jo when € is a homogeneous func-
tion of positive degree a. In this case,

Jof() = (200 [ S*OQOf(@)ds forall f e S
Rd
by 22). Applying the integration-by-parts technique then gives
_ (x,8) k
Jaf(x) = (2r DI -3 B L CEGE,
jt+k= 1
for any i € Z‘i. This, together with the identity

(Ta]l =3t/ i€ \', . -
. |1—%jl : (||€||2) (=ie) ljl <Tal,
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leads to the following estimate of Jq f(x):

[Jaf(x)] < CO+|x[)~l] > | / e'P81051(€)€' 04 f(§)dg
lil+IkI<Tal li=Ta]-lj] 7R
< (14 x|~ > Loy, frx(x)],

lil+Ik| <aT,[1+lj[=Te]

where [a] is the smallest integer larger than a, Q5:(€) = #Q(€)(i€/|€]?)!, and
fl\k(g) = (—i€)!9* f(£). Note that Q1 € C=°(R?4\{0}) is a homogeneous function of
degree a— [a] < 0 when |j|+ 1] = [«], and also that functions fx(x), k|, 1] < [a]
are linear combinations of x'& f(x), |i|,|j| < [a]. We then apply Theorem 1] to
obtain the following polynomial decay estimate of Jqo f when €2 is a homogeneous
function of positive degree:

Proposition 2.4. Let a be a positive non-integer number, and Q € C>°(R?\{0})
be a homogeneous function of degree o. If there exist positive constants € and C.
such that

ST 10 )] < Ce(1 + x4 for all x € RY,

lij<Te]

then there exists a positive constant C' such that

(213)  afe)l <C( 3 sup [0 7)1+ [l TH) (1 )

ji|<[a] 2€R7
for all x € R?,

The estimates in (27) and (2I3)) indicate that the generalized Riesz potential
Jaf has faster polynomial decay at infinity when the degree of the homogeneous
function 2 becomes larger. Next, we show that the generalized Riesz potential Jq f
has faster polynomial decay at infinity when f has vanishing moments up to some
order; i.e.,

(2.14) / X F(x)dx = 0, [i < mo
Rd

where mg > 0. In this case, 8'f(0) = 0 for all |i| < mo, and hence

1
(2.15) fO= > mok?Ll/oékakf(té)(l_t)mOdt

‘k‘:mo-'rl

by the Taylor expansion to f at the origin. Now we assume that € C°°(R%\{0})
is a homogeneous function of degree a € (—mgy — 1,00)\Z. Then

|Ja f(x)]

IN

a+mo+1| 9k ol s
¢ / / e o f(to)ldedt +C | ][ f(€)lde

|k|=mo+1 [£1>1

(216) < C ) sup (X + eI+ aF()1)

li|<mo+1 EER
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for all x € RY with ||x|| < 1, and

x —i(x,§) x k k
il £ € 3 S [ | tstmigenea e
1x§ < k i
c 3 > [ 116))€62€)f1€)dea
+| / 9 (1 () AT
< O+ [xf)leT=m =] >

[k|=mo+1,lj|<[a]+mo+d

/ 1/ [ (ol €)6* ()0 f(t0)) | deat
0 Rd

+C(1 + ||x|)) el =mo=d=1
|k|=mo+1,[j|<[a]+mo+d+1
[ [0t ~ outene-aeosiae)acar)
+C(1 + ||x|))~Telmmo—d=t
A v
lil<lal+mo+d+17E

(2.17) < C( Z sup (1 + ||§||)(a1+d|6if(§)|)(1 + ||X||)—o¢—m0—d_1
li|<[al+2mo+d+2 £€ERY

& (1 - 6()AF(©)) e}

for all x € R? with ||x|| > 1, where ¢ is a C> function such that ¢(¢) = 1 for
all £ in the unit ball B(0,1) centered at the origin, and ¢(£) = 0 for all £ not in
the ball B(0,2) with radius 2 and center at the origin. This proves the following
result about the generalized Riesz potential Jgof when f has vanishing moments
upto some order.

Proposition 2.5. Let mg > 0,a € (—mg — 1,00)\Z, and Q € C*(R4\{0}) be a
homogeneous function of degree ov. Then the following statements hold.

(i) If f satisfies 214]) and
(2.18) > sup (1 + el eT+187 f(€)] < oo,

li|<[al+2mo+d+2 $ER

then there exists a positive constant C such that

sl < (X sw (1 ehTHa i)

lil<[a]+2mo+d+2 E€R

(2.19) X (14 ||x|)~ @ me=4=1 for all x € R%
(i) If f satisfies (ZI4)) and
(2.20) > sup ((1+ [[z]))[TF2met 2254191 f(2)]) < oo

il <max([a]+d,0) 2R
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for some € > 0, then
JafGl < (Y sup (1 [l el g )
li| <max([a]+d,0) ZER
(2.21) X (14 ||x|)~* ™ =41  for all x € RY.

The conclusions in Proposition2.5ldo not apply to the generalized Riesz potential
Jaf where Q € C=(R?\{0}) is a homogeneous function of degree zero. In this case,
applying the argument used to establish (Z10) and (2I7), we have that

(2.22) [Jof(x)| < C Y sup ( (T +llenelofe)l)

li| <mo+1 SR
for all x € R? with ||x|| < 1, and
[Jaf(x)] < C(L+|lx|)~m

{2 [ peuxaeaomio) )

|k|=mo+1, j| <mo+d

+C(1 + x|y mo=4=1 >

[k|=mo+1,[j|+1|<mo+d+1,[i| <mo+d
[ [ 1080t ~ etixlengeae)]| o)) aear

+C(1 + ||x]|[)~mo—d4-2 >
k|=mo+1,]j|+1] <mo+d+2,]1<1

// |8 ((8(6) — B(IIx[1£))E* (¢ ))I><\6k+1f(t§))\d§dt}
HO@+ [x])7mem et Y / 9 ((1 = 6(£)6) £ (€))]de

il <mo+d+1

ez <o ¥ sup<1+||§||>d+f|a‘<>I)<1+||x||>-m0-d-l

li|<2mo+d+2 EER?
for all x € R? with ||x|| > 1, where € € (0,1). Therefore

Proposition 2.6. Let Q € C(R¥\{0}) be a homogeneous function of degree zero.
Then the following statements hold.

(1) Iff satisﬁes (m) fOT some myo > 0 and
> sup L+ e IaF©)] < o

li|<2mod+2 EER?
for some € > 0, then there exists a positive constant C such that

el <C( X sup (L€ AE)) (Ll T for alx € Y
li|]<2mo+d+2 EER?

(i) If f satisfies @ZI4l) for some mg > 0 and

> sup (14 ||z])> o242 01 f(2)]) < oo
li|<d+12ER?
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for some € > 0, then

JafGl < C( D0 sup ((1+ [zl 0t ()

li|<d+12ER?
X (14 ||x|)~™ =41 for all x € RY.

2.2. Translation-invariance and dilation-invariance. In this subsection, we
show that the generalized Riesz potential Jg from S to S’ is dilation-invariant and
translation-invariant, and that its restriction on the closed subspace Sy, of S is the
same as the linear operator ig on S

Theorem 2.7. Let v € R with v —d ¢ Zy, Q € C°(R?\{0}) be a homogeneous
function of degree —v, and let Jo be defined by (ZI). Then
(i) Jq is dilation-invariant;
(ii) Jq s translation-invariant; and
(i) Jaf(&) = QE)f(E) for any function f € S
Proof. (i) For any f € S and any ¢t > 0,

27t) 9T (d —
Jol@f)x) = (r (d+ko—~ 2 /Sd / e

X(—%)ko(e" fre /t))drd(,( ') = 6 ) (),

where the first equality follows from 5/,5} (¢) =t f (&/t) and the second equality
is obtained by change of variables. This leads to the dilation-invariance of the
generalized Riesz potential Jg.

(ii) For any f € S and a vector xg € R%, we obtain from (2.)) that

T d
Il ) = SOSEER [ [T eriigqe

d )
x (= ) (0 frg) ) drda(€) = Jaf (x - xo),
r
where k is a nonnegative integer larger than v —d. This shows that the generalized
Riesz potential Jq is translation-invariant.

(i1i) The third conclusion follows by taking Fourier transform of the equation
23) on both sides. O

2.3. Composition and left-inverse. In this subsection, we consider the compo-
sition and left-inverse properties of generalized Riesz potentials.

Theorem 2.8. Let 1 and v2 € R satisfy vo < d,y1+72 < d and v, —d &€ Z,
and let Q1,Qy € C°(R4\{0}) be homogeneous functions of degree —y; and —o
respectively. Then

(2.24) Jo, (Ja, f) = Jo,.f forall feS.

As a consequence of Theorem 2.8, we have the following result about left-
invertibility of the generalized Riesz potential Jq.

Corollary 2.9. Let v € (—d,o0) with v —d & Zy and Q € C®(RI\{0}) be
homogeneous of degree —vy with Q(€) # 0 for all € € S4=1. Then JoJg-1 is an
identity operator on S. If we further assume that v € (—d,d), then both Jo-1Jg
and JoJqo-1 are identity operators on S.
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Taking Q(&) = ||£]|~" in the above corollary yields that the linear operator I, in
(CI0) is a left-inverse of the fractional Laplacian (—A)7/2,

Corollary 2.10. Let v be a positive number with v —d ¢ Zy. Then I, is a
left-inverse of the fractional Laplacian (—A)7/2.

Proof of Theorem[2.8. Let ko be the smallest nonnegative integer such that ko —
v +d >0, and set Q(&) = Q1(£)Q2(§). If kg = 0, then the conclusion ([2Z.24)) follows
from ([22). Now we assume that kg > 1. Then

(2W)dr d—m)

oy )60 = L= M gy [ [T

() e

ko - dii)kofl (e f(re )= 1) bardor(€))
_ (27T)d1"(d +1—m) lim/ /OO Q(fl)rk°+d_71_l
€0 Jga-1 J,

(d+ ko —m)
x(—i)ko_l(e r{x.g’) f(r§ Y2 1)drd0(§)
dr
_ (27)~I0(d + ko — 71) i / / FRotd—r1—1
F(d+/€0—’71 e~>0 Sd—1

X (e"<x’5/>f(r§ )r_Wz_kO)drdU(g )
= Jo,.f(x) forall x € RY,

where the second equality is obtained by applying the integration-by-parts tech-
nique and using the fact that efotd—m (%)ko_l (e”<x’5/>f(r§')r_72_1) ‘r:e converges
to zero uniformly on ¢ € S9! under the assumption that v, + v, < d. The con-
clusion (2:24)) then follows. O

2.4. Translation-invariant and dilation-invariant extensions of the linear
operator iq. In this subsection, we show that the generalized Riesz potential Jq
in (1) is the only continuous linear operator from S to &’ that is translation-
invariant and dilation-invariant, and that is an extension of the linear operator iq
in 24) from the closed subspace S to the whole space S.

Theorem 2.11. Let v be a positive number with v —d & Z, Q € C>(R4\{0}) be
a nonzero homogeneous function of degree —v, and let Jq be defined by (21). Then
I is a continuous linear operator from S to S’ such that I is dilation-invariant and

translation-invariant, and that the restriction of I on S is the same as the linear
operator iq in (Z4) if and only if I = Jq.

To prove Theorem [Z.TT] we need two technical lemmas about extensions of the
linear operator ig on Sso

Lemma 2.12. Let v be a positive number with v — d ¢ Zy, Q € C®(R?\{0})
be a homogeneous function of degree —v, and let Jo be defined by @2I)). Then a
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continuous linear operator I from S to 8" is an extension of the linear operator iq
on S if and only if

&'1(0)
(2.25) If =Jaf+ Y. o i

lij<n

or some integer N and tempered distributions Hy,i € Z¢ with |i] < N.
g +

Proof. The sufficiency follows from Theorem [Z7 and the assumption that H;, |i| <
N, in (220) are tempered distributions. Now the necessity. By Corollary and
Theorem 277 I — Jg is a continuous linear operator from S to 8’ that satisfies that
(I —Ja)f =0 for all f € S. This implies that the inverse Fourier transform of
the tempered distribution (I — Jgo)*g is supported on the origin for any Schwartz
function g. Hence there exist an integer N and tempered distribution Hj, |i] < N,
such that F~1((I—Jq)*g) = i<~ {9 H;)6W /i!, where the tempered distributions
Wi € 74, are defined by (50, f) = 9'f(0) [7, Theorem 2.3.4]. Then ((I —
Jo)f,g) = (f, FY I — Jo)*g) = Z‘i|<N<Hi,g>8if(0)/i! for all Schwartz functions
f and ¢, and hence ([227]) is established. O

Lemma 2.13. Let v be a positive number with v —d ¢ Zy, and consider the
continuous linear operator K from S to S':

(2.26) Kf=> ai]f(o)

il
[il<N

H; fes

where N € Z4 and Hi,|i| < N, are tempered distributions, Then the following
statements hold.
(i) The equation
(2.27) K(60f) = 78, (K f)
holds for any f € S and t > 0 if and only if for every i € Z% with |i| < N,
H; is homogeneous of degree v — d — |i.
(ii) The linear operator K is translation-invariant if and only if there exists a
polynomial P of degree at most N such that Hy = (—i0)P for all i € Zi
with |i| < N.
(iii) The linear operator K is translation-invariant and satisfies 221) if and
only if Hy =0 for all i € Z¢ with |i| < N.

Proof. (i) The sufficiency follows from the homogeneous assumption on Hj, |i| <
N, and the observation that

(2.28) 8i(5/,:f(0) =t"4"ll9if(0) forall feSandicZl.

Now the necessity. Let ¢ be a C° function such that ¢(&) =1 for all £ € B(0,1)
and ¢(&) = 0 for all ¢ ¢ B(0,2), where B(x,r) is the ball with center x € R? and
radius r > 0. Define ¢; € S,i € Z‘i, with the help of the Fourier transform by

(2.29) i(€) = 70(6).
One may verify that

1 if i =1,

(230) a%(e)—{ 0 i £i
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For any i € Zi with |i] < N, the homogeneous property of the tempered distribu-
tion Hj follows by replacing f in (2217) by ¢; and using (2.30).
(ii) (<=) Given f € S and % € R?,

Ko = 3 3 =k (°>< i9)'P(x)

Ji|<N j+k=i
_ (—iy & f(0) FHEP(x) K
B Eg% 3 Qm;;n W 0)>
(2.31) _IZ%gjggﬂgﬁPk—mﬁ_Kﬂx—mL

where the first equality follows from
L N, s
(2:32) 0 f(©) = 3 (§) (-ixo) el (0),
<i
and the third equality is deducted from the Taylor expression of the polynomial

M P of degree at most N — [j|.
(=) By (Z32) and the translation-invariance of the linear operator K,

e Yy LRI, s 20,

<N jrk=i <N

holds for any Schwartz function f and xo € R%. Replacing f in the above equation
by the function g in ([2:29) and then using (230), we get

IR
(2.34) ToHo= Y ﬂﬂ
i<y "

This implies that (Ho, g(- +X0)) = > j5j<n Zl’,‘“ (Hi,g> for any Schwartz function
g. By taking partial derivatives 9%, |k| = N + 1, with respect to xo of both sides of
the above equation, using the fact that 9¥x! = 0 for all k € Z with |k| = N + 1,
and then letting xo = 0, we obtain that (Hp,9¥g) = 0 holds for any g € S and
k € Z, with |k| = N + 1. Hence Hy = P for some polynomial P of degree at

most N. The desired conclusion about Hj, |i] < N, then follows from (234) and
TxoHo(X) = X5« %@P(x) by the Taylor expansion of the polynomial P.
(i1i)  Clearly if H; = 0 for all |[i| < N, then K f =0 for all f € S and hence K
is translation-invariant and satisfies ([2.27]). Conversely, if K is translation-invariant
and satisfies (Z.27), it follow from the conclusions (i) and (ii) that for every i € Z¢
with |[i] < N, H; is homogeneous of degree v —d — |i| € Z and also a polynomlal
of degree at most N — [i|. Then H; = 0 for all i € Z% with |i| < N because
the homogeneous degree of any nonzero polynomial is a nonnegative integer if it is
homogeneous. O

We now have all of ingredients to prove Theorem .11l

Proof of Theorem[2.11]l The sufficiency follows from Corollary 2.3 and Theorem
27 Now the necessity. By Lemma 2.12] there exist an integer N and tempered
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distributions Hj, i < N, such that ([2.25) holds. Define Kf =3 ; -y %Hi for
any f € S. Then K f is a continuous linear operator from S to &’ and

(2.35) If=Jof +Kf, fe€S.

Moreover the linear operator K satisfies ([2:27) and is translation-invariant by (2:35)),
Theorem 2.7 and the assumption on I. Then K f =0 for all f € S by Lemma 2.13]
This together with (235]) proves the desired conclusion that I = Jg. O

2.5. Translation-invariant extensions of the linear operator ig with ad-
ditional localization in the Fourier domain. Given a nonzero homogeneous
function Q € C*°(R9\{0}) of degree —v, we recall from (Z.2) and Theorem 2.7 that
Jq is translation-invariant and the Fourier transform of Jof belongs to K7 when
v € (0,d), where

(2.36) K, = {h : / |R(E)](1+ ||1€])Ndé < 0o for some N > 1}.
R4

In fact, the generalized Riesz potential Jq is the only extension of the linear oper-
ator i on Sy to the whole space § with the above two properties.

Theorem 2.14. Let v > 0 with v —d & Z,, Q € C®(R%{0}) be a nonzero
homogeneous function of degree —v, and the continuous linear operator I from S to
S’ be an extension of the linear operator iq on Su such that the Fourier transform
of If belongs to Ky for all f € §. Then I is translation-invariant if and only if
I =Jg and v e (O,d)

Proof. The sufficiency follows from (2:2) and Theorem 2771 Now we prove the
necessity. By the assumption on the linear operator I, applying an argument similar
to the proof of Lemma[ZT2] we can find a family of functions g; € K7, |i| < N, such
that

3 ; 9'/(0) 4 9'/(0)
@31 T = (fO- Y Z57¢)0+ > =2l

il
li|<y—d lil<N

for any Schwartz function f. This together with (Z:32]) and the translation-invariance
of the linear operator I implies that

-y Y H Cigreae + Y Y B Cixgiae)
k!j! k!j!

li| <y—dj+k=i li| <NV j+k=i
, 91 f(0) d'f (0
= oot(= Y HlOdgi 1 30 T,
i <y—d <N

As xg € R? in ([2.38) is chosen arbitrarily, we conclude that

> HOdo+ 3 M%) =0 wranses.
i<y —d i<N

Substituting the above equation into (Z37), we then obtain If (&) = F(6)Q(¢) for
all f € §. This, together with the observation that fQ € Kj for all f € § if and
only if v < d, leads to the desired conclusion that I = Jg and v € (0, d). O
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2.6. Non-integrability in the spatial domain. Let v > 0 with v — d & Z,
and € C>°(R%\{0}) be a nonzero homogeneous function of degree —v. For any
Schwartz function f, there exists a positive constant C' by Theorem 2.1l such that
|[Jaf(x)| < C(1 + ||x])7? for all x € RY. Hence Jof € LP,1 < p < oo, when
v < d(1—1/p). In this subsection, we show that the above p-integrability property
for the generalized Riesz potential Jq is no longer true when v > d(1 — 1/p).

Theorem 2.15. Let 1 < p < 00,0 < € [d(1 —1/p),0)\Z and € C°°(R\{0})
be a nonzero homogeneous function of degree —v. Then there exists a Schwartz

function f such that Jof & LP.

Letting 2(¢) = ||€]|7" in Theorem 215 leads to the conclusion mentioned in the
abstract:

Corollary 2.16. Let 1 < p < oo and d(1 —1/p) < v & Zy. Then I,f is not
p-integrable for some function f € S.

Proof of Theorem [213 Let the Schwartz functions ¢ and ;,1 € Z‘i, be as in the
proof of Lemma .13l We examine three cases to prove the theorem.
Case I d(1—1/p) <+ <min(d,d(1 —1/p)+1). In thiscase, 1 <p < co and

(2.39) Tavo() = [ K= y)io(y)dy,

by [22), where K is the inverse Fourier transform of 2. By [7, Theorems 7.1.16
and 7.1.18], K € C*(R?\{0}) is a homogeneous function of order v — d € (—d, 0),
which implies that

(2.39) 10K (x)| < C|)x|7~ 471 for all i € 2% with [i| < 1.

Using (2.38) and (239), and noting that ¢o € S satisfies [, vo(y)dy = 1, we
obtain that for all x € R? with ||x|| > 1,

ato(x) — K(x)| < / K (x — y) — K(x)|[to(y)ldy
Iy 1<l /2
K(x — d
+(/ux||/23|y||g2|x|+/z|x|§|y”>| (x = y)l[¢o(y)ldy
HE X)) o (y)ldy
Iy I>11x[l/2
(2:40) < O+ [l

We notice that [, -, (1+ [[x]) =4 DPdx < 0o and Jixyz1 K (%)[Pdx = oo because
K is a nonzero homogenous function of degree vy —d and d —p < (d —)p < d. The
above two observations together with the estimate in (2:40) prove that Joyo & L?,
the desired conclusion with f = 1.

Case II: d <y < d(1 —1/p)+ 1. In this case, d < p < oo and
241) Jato() = 7= 3 T (@) + 72 3 () Jauto(x)

lil=1 lij=1

by taking ko = 1 in 28], where Q;(¢) = (i€)1Q(€) and p;(x) = xih(x). Let K;
be the inverse Fourier transform of the function €4,]i| = 1. Noticing that € is
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homogeneous of degree —y 4 1 and that [, pi(x)dx = 0, we then apply similar
argument to the one used in establishing (Z40) and obtain

o (1) ()] + [Ty vo (%) — Ki(x)| < Cllx|"~47% if x| > 1.

Hence
(2.42)

1 .
[avolx) - 5= > (=)' Ki(x)["dx < C ]| =4 DPdx < oo

Il >1 et Il >1

if d < p < oo and

(2.43) sup | Jato(x) — !

- Z(—ix)iKi(x)‘ < C sup HXH"Y_d_1 < 00
]| >1 d—r

li|=1 lIx|I>1

if p=o00. Set K(x) := Z\i|:1(_x)iKi(x)- Then K is homogeneous of degree v —d
by the assumption on €2, and is not identically zero because

wa) = [ a0 X doue)a =~ [ (3 oeae))aea

lil=1 lil=1

[ [ @0ne) + rraee)ate i ardo(e)
sd—1 J0 T

@= [ e £0

where g € So. Thus fl\XH>1 |K(x)[Pdx = 400 when d < p < oo, and K(x) is
unbounded on R?\B(0,1) when p = oco. This together with ([242) and (Z43)
proves that Jqto & LP and hence the desired conclusion with f = 1.

Case III: v > d(1 —1/p) + 1. Let ko be the integer such that d(1 — 1/p) <
v —ko <d(1—1/p)+1, and set Q;(&) = (i€)IQ(€), |j| = ko. Noting that Jou);(x) =
Jayvo(x)/j! and 5 is homogeneous of degree —y + ko, we have obtained from the
conclusions in the first two cases that Jovy; ¢ LP. Hence the desired conclusion
follows by letting f = ¢; with [j| = ko. O

2.7. Non-integrability in the Fourier domain. If v < d, it follows from (22])
that for Schwartz functions f and g, (Jo f, g) can be expressed as a weighted integral
of g:

(2.44) Unf.a) = [ eyalede.

where h(€) = (2m)79Q(—¢)f(—¢) € Ki. In this subsection, we show that the
above reformulation (2Z44]) to define (Jqof, g) via a weighted integral of § cannot
be extended to v > d.

Theorem 2.17. Let v € (d,0)\Z, Q € C*®(R4\{0}) be a nonzero homogeneous
function of degree —v, and let Jo be defined by (2.1)). Then there exists a Schwartz
function f such that the Fourier transform of Jof does not belong to K.

Proof. Let ¢ and g be the Schwartz functions in the proof of Lemma 2.13] and
let ¢ € So be so chosen that its Fourier transform ¢ is supported in B(0,1) and
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satisfies [, Q(§)g§(—¢)d¢ = 1. Now we prove that J/Q-% ¢ K. Suppose on the
contrary that (E% € K. Then

) —d
(Jatpo,n"%g(-/n)) = 2 d—i—Il;od— 7 /Sd 1/ rhotd=a=10(¢")

(=Y (Botrea—rne') ) drdo(e')
= 0 [ a-n90(de = @n [ a©a-ods
R4 R

d

(2.45) — 400 asnm— oo

by (ZI) and (ZH). On the other hand,
(e, /n))| = )| | Tado(€)al(=ne)de]
a6 < @0 il [ adl©ld 0 asn - .
1€1<1/n

where we have used the hypothesis that m € K, to obtain the limit. The limits
in (Z45) and ([2.46]) contradict each other, and hence the Fourier transform Jgig
does not belong to K;. [l

2.8. Proof of Theorem [I.3l Observe that Jo = I, when Q(§) = [|£||7" and
~v > 0, and that

(2.47) Jo=(=A)"2 i Q) =|€]7Y and v < 0.

Then the necessity holds by Theorem 211 while the sufficiency follows from Corol-
lary 2.3} Theorem 27 and Corollary

3. INTEGRABLE RIESZ POTENTIALS

In Section 2] we have shown that the various attempts for defining a proper (inte-
grable) Riesz potential that is translation-invariant are doomed to failure for v > d.
We now proceed by providing a fix which is possible if we drop the translation-
invariance requirement.

Let 1 < p < 00,7 € R, and Q € C°(R?\{0}) be a homogeneous function of
degree —y. We define the linear operator Ug,, from S to &’ with the help of the
Fourier transform by

ey FOn©=(fo- Y Hdae, ses

li[<y—d(1-1/p)

We call the linear operator Uq, a p-integrable Riesz potential associated with the
homogenous function ), or integrable Riesz potential for brevity, as

(32) UQ)p = I%p if Q(é‘) — Hé-”—y
Define
5 of(x) = (2m) ¢ FixE) _ (ix)'¢! .
33) Vs, ) = 2m) " [ > E)acgfd fes.

[i|<y—d+d/p
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Then Ug, ,, is the adjoint operator of the integrable Riesz potenrial Ug,p:

(3.4) (Uapf,g) = (f,Us,9) forall f,ge€S.
If v satisfies 0 < v < d(1 — 1/p), then
(3.5) Uapf=Jaof forall feS.

Hence in this case, it follows from Theorem 2.7 that Ug, is dilation-invariant
and translation-invariant, and a continuous extension of the linear operator iq
on the closed subspace S to the whole space S. Moreover Uq,f € LP and
FUapf) € L1,1 < q<p/(p—1), for any Schwartz function f by Theorem 2] and
the following estimate:

|FUapf)E] < CIENTT(A + [[€])T~ 4" for all £ € RY.

So from now on, we implicitly assume that v > d(1 — 1/p), except when mentioned
otherwise.

In the sequel, we investigate with the properties of the p-integrable Riesz poten-
tial Uq , associated with a homogenous function {2, such as dilation-invariance and
translation-variance (Theorem [B.1)), LP/(P~V-integrability in the Fourier domain
(Corollary [3.2), LP-integrability in the spatial domain (Theorem and Corollary
[B6)), composition and left-inverse property (Theorem B3] and Corollary [3.4), the
uniqueness of dilation-invariant extension of the linear operator i from the closed
subspace Sy to the whole space S with additional integrability in the spatial do-
main and in the Fourier domain (Theorems 37 and B.8]). The above properties of
the p-integrable Riesz potential associated with a homogenous function will be used
to prove Theorem in the last subsection.

3.1. Dilation-invariance, translation-variance and integrability in the Fourier
domain.

Theorem 3.1. Let 1 < p < oo,y > d(1—1/p), k1 be the integral part of v —d(1 —
1/p), Q@ € C=(RHN\{0}) be a nonzero homogeneous function of degree —v, and let
Uq,p be defined as in (31). Then the following statements hold.
(i) Uq,p is dilation-invariant.
(ii) Uq,p is not translation-invariant.
(iil) If supyera [f(X)[(1 + ||x])F1TdH1+e < oo for some € > 0, then there exists
a positive constant C' independent on f such that

(36)  1FWapE)] < C( sup @I+ )Y e+ el

for all € € R,
(iv) Uq,p is a continuous linear operator from S to S', and an extension of the
operator iq on the subspace So to the whole space S.

As a consequence of Theorem 3.1}, we have the following result about the L/ (P—1).
integrability of the Fourier transform of Uq , f for f € S.

Corollary 3.2. Let 1 < p < oo and v > d(1 — 1/p) satisfy either p = 1 or
vy—d(1 —=1/p) € Zy and 1 < p < oo, ki be the integral part of v — d(1 — 1/p),
Q € C°(RN{0}) be a homogeneous function of degree —v, and let Ugq , be defined
as in B1). Then the Fourier transform of Uq,f belongs to LP/ =Y for any f € S.
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Proof of Theorem[3l. (i) Given any t >0 and f € S,

p oif(o i o
Foase© = (7 - Y G e =),
[i|<v—d+d/p '
This proves the dilation-invariance of the linear operator Ugq p.

(1) Suppose, on the contrary, that Uq,, is translation-invariant. Then

O F(0) . 9if(0) .
(37) Q(g) Z %(O)gl — Q(g)efl(x(){) Z ]:'(0) 517 g c Rd
fl<y=d+d/p il<y—dtd/p

for all xo € R? and f € S. Note that the left-hand side of equation @B.7) is a
polynomial in x by ([232) while its right hand side is a trigonometric function of
xg. Hence both sides must be identically zero, which implies that

5:9) ae) Y a0 e

li|<y—d+d/p

for all f € S. Replacing f in the above equation by the function g in (229) and
using (230) and the assumption v > d(1 — 1/p) leads to a contradiction.

(i1i) By the assumption on the homogeneous function Q, [2(§)] < CJ|&]|77.
Then for £ € R? with ||¢] > 1,

FWaHOl < C(Ifleot+ 3 10 Fllcliel™) ]~

[i[<k1

o X 19 )l

[i|<ki+1

by @), and for £ € R? with [[¢]| <1,
|-7:(UQ,pf)(§)| < C( Z ||6if||oo)||§”k1—'y+1

[i|<k1+1

IN

by the Taylor’s expansion to the function f (€) at the origin. Combining the above
two estimates gives

(39)  FWapN@I<C( Y 18 ) I 0+ )7, € e RY
[i|<ki+1
Note that
(310) 0l £ C [ 176l dx < C sup |f@)](1-+[a]) 1
R4 zcRd

for all i € Z with [i| < k1 4+ 1. Then the desired estimate (B.6)) follows from (3.9)
and (&I0).

(iv) By &I and the first conclusion of this theorem, the Fourier transform of
Ua,pf is continuous on R%\ {0}, and satisfies

/Rd | F(Uap I +[IE1)F 74 dg < € sup [F()](1+ x])F 2.

zER?

Hence Ug,j, is a continuous linear operator from S to §’. For any f € S, Bif(O) =0
for all i € Z4. Then F(Uq,f) = F(iof) for all f € S.. This shows that
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Uayp,1 < p < 00, is a continuous extension of the linear operator iq from the
subspace S, C S to the whole space S. O

3.2. Composition and left-inverse of the fractional Laplacian. Direct cal-
culation leads to

i(ck § i f
T d'(¢ f.(ﬁ))k:o ¢ 3 3"{(0)5341(7 kez!
lij<y—d(1-1/p) lil<v—|k[—d(1-1/p)
forany y € R,1 <p < oo and f € S. This together with (B implies that
(3.11) Uq,p(0¥f) = U, pf, forall f €S andke Z4,

where Qi (€) = (i§)*Q(¢) for k € Z2 . In general, we have the following result about
composition of integrable Riesz potentials.

Theorem 3.3. Let 1 < p < oo, real numbers y1,v2 satisfy v1 > d(1—1/p) and —2
is larger than the integral part of v, — d(1 —1/p), and let Q1, Qs € C(R4\{0}) be
homogenous of degree —vy1 and —~2 respectively. Then

(3.12) UQl)p(JQQf) = Jngzf for all f eSs.

As a consequence of Theorems and 3.3] we have the following result about
the left-inverse of the fractional Laplacian (—A)7/2,

Corollary 3.4. Let 1 < p < oo and v > 0 satisfy either 1 < p < oo orp =1
and v & Z,, and the linear operator I, be defined as in (LI12). Then I, is
a left-inverse of the fractional Laplacian (—/A)Y/?, i.e., I%p(—A)"Yﬂf = f for all
fes.

Proof of Theorem [3.3l Let k; be the integral part of 1 —d(1—1/p). Then —yo >
k1 by the assumption. Then F(Jo, f)(€) = Q2(€) f(€) and 0'(F(Ja, )(§))]¢=o = 0

for any i € Z; with |i] < k1 and any Schwartz function f. This implies that
F(Uqy p(Jo, f))(€) is equal to

NGE

li|<v1—d(1-1/p)
which is the same as F(Jq,q, f)(£). Hence the equation ([312) is established. O

ONF(Jo, F)(€))le=0

il

&),

3.3. LP-integrability in the spatial domain. If v € (0,d(1 — 1/p)), then it
follows from @) and Theorem 2] that |Uq,,f(x)] < C(1 + [|x[|)7~¢, x € R?
(hence Uq ,f € LP) for any Schwartz function f. In this subsection, we provide a
similar estimate for Uq ,f when v > d(1 — 1/p).

Theorem 3.5. Let 0 <e< 1,1 <p < oo,y € [d(l—1/p),0)\Z, k1 be the integral
part of v — d(1 — 1/p), and Q € C=(R?\{0}) be a homogeneous function of degree
= If

(3.13) [f(x)] < O+ [x])~FH+H9 - x e RY

then

Vapf@) < C((sup 1£(@)|(L+ )+
zeR?

(3.14) ~ ||X||min(v—k1—d,0>(1 + ||X||)max(v—k1—d70)—1
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for all x € R?, and

Vo f ) = Uapf G = C( sup I+ 2l ) o — x|
(3.15) s || e[ min(r =1 =d=8.0) (1 y ||| ymax(y—k1—d—5,0)=1
for all x,x' € R? with ||x — x'|| < ||x||/4, where § < min(|y — k1 — d|, ).

As an easy consequence of Theorem 3.5 we have

Corollary 3.6. Let 1 < p < oo,y > d(1 — 1/p), and Q € C®(R4\{0}) be a
homogeneous function of degree . If both v and v — d(1—1/p) are not nonnegative
integers, then Uq,f is Hélder continuous on RU\{0} and belong to LP for any
Schwartz function f.

Proof of Theorem [T3. We investigate three cases to establish the estimates in (314

and (B.13).
Case I' k1 +1—v < 0. Set he(t) = f(t€). Applying Taylor’s expansion to the
function h¢ gives

. k1 h(S)(()) 1 1 . )
& = hg(l)zg o +/€_1!/0 hék +1)(t)(1—t)k dt
(3.16) = > aljf,(o)ﬁi+(k1+1) > 5—?/ FF(te)(1 — t)krdt.
i<k U IS L
Hence
(317 (7o - ¥ H9Nag = Y ta@me.
li[<k1 ' Ij\:k1+1‘]'

where Q5(¢) = (i€PQ(€) and

1

(3.18)  gj(x) = (k1 + 1)/ (1=t (—x/t¥ f(x/t)t~ddt € LY, |j| = k1 + 1.
0

Taking inverse Fourier transform at both sides of the equation BI7) yields

(319) Uapl)= 30 5 [ K= vy,

[il=k1+1

where Kj, |j| = k1 + 1, is the inverse Fourier transform of ;. Therefore

1
Uapf Gl < € [ [ =yl =Byl oy
0

1
S B A I
0

1
C| su z)|(1 z||)Frtitdte x|[)74¢F—1g
< C(sup 7)1+ ) )/O (¢ + 1) t
< (5w IF@)I1+ 2] )

zERY
(320) > HXHmin(v—d—kl,O) (1 + HXH)max('y—d—kl,O)—l

3
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where the first inequality holds because Kj € C°°(R%\{0}) is homogeneous of degree

v—d—k —1€(—d,0) [{, Theorems 7.1.16 and 7.1.18], and the second inequality
follows from (2I0)). Similarly,

Uapf (%) = Uapf(x')]

< 0% / Ix —x'||°f|x = y |4 0 g (y) |dy
lil=k1+1 Ix—yl>2]x—x’|
+C Z / Ix — y 4 g5 () dy
1=k 417 =y lI<2lx=x"]|
ok I =y~ gy(y)dy
5=k 417 =y lI<2lx=x"]|
< O((sup [F@)I(1+ 2l ) - x|
z€Rd
(3.21) ]| IO —d—R1=50) (1 . [sg][yax(r—d—k1—6.0) -1

for all x,x’ € R? with ||x — x/|| < ||x||/4, where § < min(e, |y — k1 — d|). Then
the desired estimate (BI4) and BI5) follow from B20) and FZI) for the case
ki+1—-~v<0.

Case II: k1 +1—~ > 0 and k1 > 1. Applying Taylor’s expansion to the
function he(t) = F(t€), we have

fo- > MO0k 3 8 [ @eg - 2f@)0 -0 ar
i<k =k, I 70

Multiplying by Q(€) both sides of the above equation and then taking the inverse
Fourier transform, we obtain

62 Und= 3 5( [ Kbk yatmiy - K500 [ aay).

[il=k1 J:

where
(323) X)) =k / (1 -ty (—x/t) f(x/t)t 4t € IV, Jj] = k.

Recalling that Kj € C*(R9\{0}), |j| = k1 are homogeneous of degree v —d — k; €
(_da 0)7

(3.24) 05 ()| < Ol 4R W < 1.
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Combining 210), 322), 323) and B24)), we get

1
UapfG0l < € 30 [ [ 1K= ty) = KsGlIyl ™ )y
lil=F1
< O sup [£()|(1+ Jal)* 1)
zeR4
1
<0 =57 (1 fly )~ dye
0 Jlyli<lixll/2
1
Ha [ e ey ) cdya
0 Jlyllzlxll/2
1
it [ @yl dyat)
0 Jyli=lxll/2
< O sup [£()|(1+ [Jal)*41+)
zeR4
(3.25) x iR =0 (4 yex = 0 =1,
and

|Uﬂ,pf(x) - Uﬂ,pf(xl)|
1
c + +
J-|Z_;€1/0 (/th||<IIXII/4 /Ity|>4IIXII /HXI|/4<|tyI<4IIXII)
|[K(x — ty) — Kj(x) — K;(x' — ty) + K(x)||ylI™*| £ (v)|dy

C( sup £(2)](1+ )y 41e) S fjx—x)?

d .
zel lil=k1

IN

IN

1
[l )y x -
0 JlitylI<lixll/4

1
< ) W )y
0 Jtllyll=4lx]l
1
[ (15306~ 1y) ~ 50— 1y)] + [ 5(x) — K3(0)])
0 Jx|l/4<]lty (<4l ]l

(1 /)~~~ dyat }

(3:26) < C((sup [F@)(1+ 12" FH) = 7 F 0 ]
zER?

Then the desired estimates (3.14) and (B.I5) are proved in the case that k1+1—v > 0
and k1 > 1.
Case III: k1 +1—~ >0 and k; = 0. In this case, v € (0,1) and

(3.27) Unpf ) = [ (Kx =) = K(x)) y)dy
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where K is the inverse Fourier transform of Q(£). Then, by applying the argument
used in establishing ([B.25]), we have

UapfGl < C( sup [F()I(1+ [l2])*11+)
zc€R4
X{/ tly x| =11+ [yl =4 <dy
IylI<lix|l/2
HO [ eyl ) cdy

lylI=l1xll/2

[ )ty
Iyli=lxIl/2
(3.28) < ¢ sup 1F@)I+ 2 x40+ 1x])
zc€R4

and

Uapf (%) = Uapf(x)

U )
IylI<li=l/4 Jlyl=4lx] lIx[l/4< Iy <4l

[K(x—y) = K(x) - K(x' —y) + KX f(y)ldy

(329) < C( sup P+ 1+ o — x| =00 )
z€R

which yields the desired estimates B14)) and BI3) for k1 +1 —~ > 0 and k; =

0. O

IN

3.4. Unique dilation-invariant extension of the linear operator i with
additional integrability in the spatial domain. We now show that Uq , is the
only dilation-invariant extension of the linear operator iq from the subspace Sy, to
the whole space S such that its image is contained in LP.

Theorem 3.7. Let 1 < p < oo, v > 0 have the property that both v and v — d(1 —
1/p) are not nonnegative integers, 2 € C=(R\{0}) be a nonzero homogeneous
function of degree —v, and the linear map I from S to 8’ be a homogeneous ex-
tension of the linear operator iq on Su. Then If belongs to LP for any Schwartz
function f if and only if I = Uqp.

Proof. The sufficiency follows from (BI)) and Theorems [l and 2] for v < d(1 —
1/p), and from B1I), Theorem B and Corollary for v > d(1 — 1/p). Now the
necessity. By the assumption on the linear operator I from S to &', similar to the

argument used in Lemma[2.12] we can find an integer N and tempered distributions
Hi, |i| < N, such that

(3.30) If =Uapf+ Y. 81’;'(0) H; forall f €S.

lil<N

Replacing f in (B30) by ¢; in (Z29) and using [230) gives that Hj/j! = Iy; —
Uq ;. Hence

(3.31) HjeL?
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by Corollary 3.6 and the assumption on the linear map I. By ([330), Theorem [3.1]
and the assumption on the linear operator I, (I — Uqp)(0:f) =t 76:((I — Ua,p)f)
for all f € S. Hence Hj is homogeneous of order v — d — |j| by Lemma This
together with (331 implies that Hj = 0 for all j € Z% with |j| < N. The desired
conclusion I = Uq j, then follows. [l

3.5. Unique dilation-invariant extension of the linear operator i with
additional integrability in the Fourier domain. In this subsection, we char-
acterize all those dilation-invariant extensions I of the linear operator ig on the
subspace So, to the whole space S such that ﬁ is g-integrable for any Schwartz
function f.

Theorem 3.8. Let 1 < ¢ < 00,7 € [d/q,0)\Z and Q € C=(R¥\{0}) be a nonzero
homogeneous function of degree —v, and the linear map I from S to 8" be a dilation-
invariant extension of the linear operator iq on Soe. Then the following statements

hold.

(i) If 1 < ¢ < o0, then the Fourier transform of If belongs to LY for any
Schwartz function f if and only if v —d/q € Zy and I = Uq 4/(q—1)-
(ii) If g = o0 and v & Z4, then the Fourier transform of If belongs to L™ for
any Schwartz function f if and only if I =Uq 1.
(iii) If ¢ = co and v € Z4, then the Fourier transform of If belongs to L for
any Schwartz function f if and only if

0'f(0)

(3:32) If©) =UarfO+ Y, —5—a(6)
lijl=—>
for some bounded homogeneous functions g, [i| = —, of degree 0.

Proof. (1) The sufficiency follows from Theorem B.1] and Corollary B2 Now we
prove the necessity. As every g¢-integrable function belong to K7, similar to the
argument used in the proof of Lemma 212 we can find functions ¢; € K, |i| < N,
such that

7 '1(0)
(3.33) If(€) = FlUagqa-nHE+ Y —5—a)

HES A

Let ¢5,j € Z4 Dbe defined as in (Z29). Replacing f by ¢; with |j| < N and using
@30) gives

e = (Beo- Y T%)ae g
li[<—y—d/q '
(334) _ {§—§<¢<s>—1>9<5>+gj<s> if il <7 - d/a.
OO +55(9) if [j >y — d/q.

Note that & (¢(6) — 1)(¢) € L? when [j| < v — d/q, and §¢(6)Q(¢) € LP when

ljl > v —d/q. This, together with (8:34]) and the assumption that TJJ € L9, proves
that

(3.35) gi € LY foralljez? withvy—d/q#l|j| <N.
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By the homogeneous property of the linear map I, the functions g;, |i| < N, are
homogeneous of degree —v + |, i.e.,

(3.36) gi(t&) =t g (g),  forall t > 0.

Combining (330 and ([B36) proves that g; = 0 for all j € Zi with v — d/q #
lil < N, and the desired conclusion ﬁ(f) = F(Uq,q/(q—1)f)(&) for all f € S when
y—d/q & L.

Now it suffices to prove that v — d/q & Z,. Suppose on the contrary that
v—d/q€Zs. Then1l < g < oo asy ¢Z. By B34) and the assumption on the
linear map I, we have

/’ 105(6) — BQ()/j|9de = T3 (€)|7dé < oo
{Zsuppg

§&suppg
for all j € Z4 with |j| = v — d/q. This, together with (3.36) and the fact that the
support supp¢ of the function ¢ is a bounded set, implies that g;(&£) —&Q(€)/j! =0
for all j € Z% with [j| = v — d/q. By substituting the above equality for g; into

B34) we obtain
(3.37) Iy;(6) = p(6)EQ(€) /3!

for all j € Z4 with |j| = y—d/q. This leads to a contradiction, as I1);(¢) € L by the
assumption on the linear map I, and ¢(£)&3Q(€)/j! € L2 by direction computation.

(i) and (#4) The necessity is true by (332)) and Theorem B while the suffi-
ciency follows from B33) — (B36). O

3.6. Proof of Theorem The conclusions in Theorem follow easily from
@410), B2)), Theorem B and Corollary B4

4. SPARSE STOCHASTIC PROCESSES

In this section, we will prove Theorem [[.3] and fully characterize the generalized
random process P,w, which is a solution of the stochastic partial differential equa-
tion ([3]). In particular, we provide its characteristic functional and its pointwise
evaluation.

4.1. Proof of Theorem [I.3l To prove Theorem [[.3] we recall the Levy continu-
ity theorem, and a fundamental theorem about the characteristic functional of a
generalized random process.

Lemma 4.1. ([5]) Let &,k > 1, be a sequence of random variables whose charac-
teristic functions are denoted by py(t). If limg oo pir(t) = proo(t) for some contin-
uous function peo(t) on the real line, then & converges to a random variable oo in
distribution whose characteristic function E(e™%¢<) is p1oo(t).

In the study of generalized random processes, the characteristic functional plays
a similar role to the characteristic function of a random variable [6]. The idea is
to formally specify a generalized random process ® by its characteristic functional
Zg given by

(4.1) Zs(f) := E(e‘iq’(f))z/Re_”dP(x), f e,
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where P(z) denotes the probability that ®(f) < x. For instance, we can show ([14])
that the characteristic functional Z,, of the white Poisson noise (I.I3) is given by

(4.2) Z,(f) = exp ()\ /R /R (emif () — 1)dP(a)dx), feD.

The characteristic functional Z¢ of a generalized random process @ is a functional
from D to C that is continuous and positive-definite, and satisfies Z¢(0) = 1. Here
the continuity of a functional L from D to C means that limy_,oc L(fi) = L(f) if
fr € D tends to f € D in the topology of the space D, while a functional L from
D to C is said to be positive-definite if

n

(4.3) L(fj = fr)cjck >0
g k=1

for any f1,..., fn € D and any complex numbers ¢y, ..., ¢,. The remarkable aspect
of the theory of generalized random processes is that specification of Z¢ is sufficient
to define a process in a consistent and unambiguous way. This is stated in the
fundamental Minlos-Bochner theorem.

Theorem 4.2. ([6]) Let L be a positive-definite continuous functional on D such
that L(0) = 1. Then there exists a generalized random process ® whose char-
acteristic functional is L. Moreover for any fi,...,fn € D, we may take the
positive measure P(x1,...,2,) as the distribution function of the random variable
D(f1),...,P(fn), where the Fourier transform of the positive measure P(x1,. .., zy)

18 L(ylfl +-- 4+ ynfn)7 i'ev

Lyifi+...+ynfn) = / exp(—i(z1y1 + - .- + Tpyn))dP (21, ..., T0).

n

We are now ready to prove Theorem [I.3

Proof of Theorem[[.3. Let N > 1 and ¢ be a C* function supported in B(0,2)
and taking the value one in B(0,1). For any f € D, define a sequence of random
variables ®., nv(f) associated with f by

(4.4) Oy N (f) =Y anp(x/N) Iy f(xk),
k

where the ax’s are i.i.d. random variables with probability distribution P(a), and
where the x;’s are random point locations in R™ which are mutually independent
and follow a spatial Poisson distribution with Poisson parameter A > 0. We will
show that ®, n, N > 1, define a sequence of generalized random processes, whose
limit Pyw(f) := Y, arly,1(f)(xx) is a solution of the stochastic partial differential
equation (3.

As ¢ is a continuous function supported on B(0, 2),

(4.5) o) = Y. arp(xk/N)L1f(xk).

x,€B(0,2N)

Recall that I, 1 f is continuous on R4\ {0} by Corollary Then the summation
of the right-hand side of ([@.3]) is well-defined whenever there are finitely many xy in
B(0,2N) with none of them belonging to B(0,¢€),e > 0. Note that the probability
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that at least one of xy, lies in the small neighbor B(0,€) is equal to

) eﬂ\B(mﬂw 1= e MBOOL 0 as e 0.
n.
n=1

We then conclude that &, n(f) is well-defined and @, n(f) < oo with probability
one.
Denote the characteristic function of the random variable &, n(f) by E, n ¢ (%):

E, n(t) = E(e—it%w(f)) - E(e—i@%N(t.f))'

Applying the same technique as in [12, Appendix B], we can show that

(4.6) By n.s(t) = exp (/ / (e—mw(x/N)lwf(x) — 1)dP(a)dx>.
R? JR

Moreover, the functional E, n ¢(t) is continuous about ¢ by the dominated conver-
gence theorem, because

e iate(x/N) 1y 1 f(x) _ 1‘ < |a||t||I%1f(x)|

and

/Rd/R|a||I%1f(x)|dP(a)dx: (/R|a|dP(a)) « (/R 1,2 f()ldx) < o

by Corollary 3.6l and the assumption on the distribution P.
Clearly the random variable ®, n(f) is linear about f € D; i.e.,

4.7 Oy n(af + Bg) = a®y n(f) + 8Py, n(g) forall f,g €D anda,seR.

For any sequence of functions fi in D that converges to fo in the topology of D, it
follows from Theorem and Corollary that limg_yoo ||1y,1f5 — Iy,1 focllt = 0.
Therefore

‘ / / (et /N L1k () _ 1) dP(a)dx
Rd JR
_ / / (e e/ _ 1)ap(a)ds
R JR
< ([ taidP@) ([ ete/NIE A0 = T f 0l i)

(4.8) — 0 ask— oo,

which implies that the characteristic function of ®, n(fx) converges to the con-
tinuous characteristic function of ®., n(fs). Hence the random variable @, n(fx)
converges to @, v (foo) by Lemma[T] which in turn implies that ®. y is continuous
on D.

Set

(4.9) Lyn(f) = By s(1).
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For any sequence ¢;,1 <1 < n, of complex numbers and f;,1 <[ < n, of functions
in D,

Z L’y,N(fl — fl/)clc_l' = E( Z e*iq)'y,N(fl*fl/)Clc_l,)

1<1,'<n LU'=1

E (’ Z clefié’v,N(fl)
=1

which implies that L, y is positive-definite. By Theorem .2, we conclude that
®, n defines a generalized random process with characteristic functional L x.

Now we consider the limit of the above family of generalized random processes
&, n,N > 1. By Corollary B8] I, 1 f is integrable for all f € D. Then

(4.10)

2) >0,

: ) — —iatl, 1 f(x) _ _. ,
(A1) lm By () exp( /R d /R (e 1)dP(a)dx) LBy ().

Clearly E, £(0) = 1 and E, ¢(t) is continuous as I, 1(f) is integrable. Therefore by
Lemmaldl ®, n(f) converges to a random variable, which is denoted by P, (f) :=
>k akly 1 f(x1), in distribution.

As I, f is a continuous map from D to L', then limy_o0 || Iy,1 5 — I1,1fo0l1 =0
whenever fi converges to f in D. Hence

‘/Rd/R(e_m”Wf’“(x) —1)dP(a)dx
—/ /(e_i“”%lf“’(x) — 1)dP(a)dx‘
R4 JR
< 10( [ tokdP@) ([ 11,1660 = 1,1 ) lix)

(4.12) — 0 ask — oo,

which implies that the characteristic function of P,(f) converges to the charac-
teristic function of P, (fs) (which is also continuous), and hence P, (f)) converges
to Py(fs) in distribution by Lemma L1l From the above argument, we see that
P, (f) is continuous about f € D.

Define L+ (f) = E4,¢(1). From @I0) and (@II)), we see that

(4.13) Y Ly(fi— fr)eer = lim Y Lyw(fi = fr)edr =0

N —o00
1<l,l/'<n 1<l,l/<n

for any sequence ¢;,1 <1 < n, of complex numbers and f;,1 <1 < n, of functions
in D. Therefore by Theorem 2] P,w defines a generalized random process with
its characteristic functional given by

(4.14) Zp w(f) = exp (/Rd /R(e—ialw,lf(X) — 1)dP(a)dx).

4.2. Pointwise evaluation. In this section, we consider the pointwise character-
ization of the generalized random process P,w.
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Theorem 4.3. Let v, A, P(a), Pyw be as in Theorem[L3, and I, be defined as in
[@CI2). Then

(4.15) Pyu(ye) == Jim_ Pyu(gyy,)
is a random variable for every yo € R% whose characteristic function is given by

116 BE ) mep (3 [ [ (e tixap@) 1< R
RJR

where g € D satisfies [ g(x)dx =1, gny,(x) = Ng(N(x —yo)), and
(2.17) () = (ct0) = 3 Y0y
i<~

An interpretation is that the random variable Pyw(yo) in ([EI5]) and its charac-
teristic function E(e~ "% (¥0)) in ([@I8) correspond formally to setting f = §(-—yo)
(the delta distribution) in (TI8) and (II9), respectively.

To prove Theorem [£.3] we need a technical lemma.

Lemma 4.4. Let v be a positive non-integer number, g € D satisfy f]Rd g(x)dx =1,
and Hy, be defined in (LIT). Then

(4.18) ]\}gnoo [15,19Nyo — Hy,ll1 =0
for all yo € R, where N,y (X) = ng(N(x —¥0))-

Proof. Let Kj be the inverse Fourier transform of (i€}(|¢|| =7 and k; be the integral
part of the positive non-integer number . Then from the argument in the proof of
Theorem [3.5]

(4.19)
Hy(x) = Zm ky Jl fo —ty) = Ki(x)(=y (1 =) ~1dt if ky > 1
Y (x—y)—Ko() if k1 = 0.
Therefore for yq # 0,
115,19n.,y0 — Hyoll1
< C Z [(Kj(x — ty) — Kj(x))y’
=L |
—(Kj(x — tyo) — Kj(x)yb |1y, (v)ldydtdx
< 0 [ K(x — ty) — K;(x — tyo)l[Y]** lgn .y, (y) ldydtdx
lil= k// e
+C Yy |K;(x = tyo) — K5 ()Y} = ¥3|9n.y0 (v)|dydtdx
=k / / - J o
C _ v—k1 k1 _ k1 dvd
< 0 [ [ty =3l ol + Iy = 3ol Dl 0y

1
+C/ /Rd(tllyOII)”’kl(Ilyoll’“’llly—yoll 1y = yol*)lgn o (y)|dydt
0

— 0 as N —»
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if by > 1, and
115,19N.,y0 — Hy,ll1

< [ [ 1Kalx~ y) ~ Kolx - yo)llgx.s, (3)dydx

R JR
< / (/ |Ko(x —y) — Ko(x —yo)|dx

RE M x=ylI=2lly=voll

+f [Kalox = )] + ol - yo)ldx) [gv.5, ()l dy
Ix=yll<2lly=yoll
< o' [y =yl laVly - yo)ldy
R

= CN_V/RdHZHW|g(Z)|dZ—>O as N — 0,

if k1 = 0. This shows that (@8] for yo # 0.
The limit in (@I8) for yo = 0 can be proved by using a similar argument, the
detail of which are omitted here. O

Proof of Theorem [{.3. By Lemma 4.4 and the dominated convergence theorem,
(4.20)

lim / /(e_m”%lgN*yO(x) —1)dP(a)dx :/ /(e_i“tHyO(x) —1)dP(a)dx
R JR Re JR

N —oc0

for all ¢ € R. Moreover as Hy, is integrable from Corollary 3.6l and Lemma [£.4] the
function [, [ (e~ 1y () —1)dP(a)dx is continuous about ¢. Therefore [I5)
and ({10 follows from Lemma [A1] O

Acknowledgement. This work was done when the first named author was visiting
Ecole Polytechnique Federale de Lausanne on his sabbatical leave. He would like to
thank Professors Michael Unser and Martin Vetterli for the hospitality and fruitful
discussions.

REFERENCES

(1] T. Blu, M. Unser, Self-similarity Part II: optimal estimation of fractal processes,IEEE Trans-
actions on Signal Processing, 55(2007), 1364-1378.

[2] L. A. Caffarelli, S. Salsa and L. Silvestre, Regularity estimates for the solution and the free
boundary to the obstacle problem for the fractional Laplacian. Invent. Math., 171(2008)
425-461.

[3] Z.-Q. Chen, P. Kim and R. Song, Heat kernel estimates for Dirichlet fractional Laplacian, J.
Euro. Math. Soc., 12(2010), 1307-1329.

[4] J. Duchon, Splines minimizing rotation-invariant semi-norms in Sobolev spaces, In Construc-
tive Theory of Functions of Several Variables, eds. W. Schempp and K. Zeller, Springer-
Verlag, 1977, pp. 85-100.

(5] B. Fristedt and L. Gray, A Modern Approach to Probability Theory, Birkhauser, 1997.

[6] 1. M. Gelfand and N. Y. Vilenkin, Generalized Functions - Vol 4: Applications of Harmonic
Analysis, Academic Press, 1964.

[7] L. Hérmander, The Analysis of Linear Partial Differential Operators I, Springer-Verlag,
1989.

(8] B. B. Mandelbrot and J. W. Van Ness, Fractional Brownian motions, fractional noises and
applications, SIAM Review, 10(1968), 422-437.

[9] M. Riesz, L’intégrale de Riemann-Liouville et le probléme de Cauchy, Acta Mathematica,
81(1949), 1-223.



FRACTIONAL LAPLACIAN AND SPARSE STOCHASTIC PROCESSES 35

[10] L. Silvestre, Holder estimates for solutions of integro-differential equations like the fractional
Laplace, Indiana Univ. Math. J., 55(2006), 1155-1174.

[11] E. Stein, Singular Integrals and Differentiability Properties of Functions, Princeton, NJ:
Princeton University Press, 1970.

[12] P. D. Tafti, D. Van De Ville, and M. Unser, Invariances, Laplacian-like wavelet bases, and the
whitening of fractal processes, IEEE Transactions on Image Processing, 18(2009), 689-702.

[13] P. D. Tafti and M. Unser, Fractional Brownian vector fields, preprint.

[14] M. Unser and P. D. Tafti, Stochastic models for sparse and piecewise-smooth signals, IEEE
Transactions on Signal Processing, under review.

(Qiyu Sun) DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CENTRAL FLORIDA, ORLANDO, FL
32816, USA
E-mail address: qsun@mail.ucf.edu

(Michael Unser) BIOMEDICAL IMAGING GROUP, ECOLE POLYTECHNIQUE FEDERALE DE LAU-
SANNE, LAUSANNE 1015, SWITZERLAND
E-mail address: michael.unser@epfl.ch



	1. Introduction
	2. Generalized Riesz Potentials
	2.1. Polynomial decay property and continuity
	2.2. Translation-invariance and dilation-invariance
	2.3. Composition and left-inverse
	2.4. Translation-invariant and dilation-invariant extensions of the linear operator i
	2.5. Translation-invariant extensions of the linear operator i with additional localization in the Fourier domain
	2.6. Non-integrability in the spatial domain
	2.7. Non-integrability in the Fourier domain
	2.8. Proof of Theorem ??

	3. Integrable Riesz Potentials
	3.1. Dilation-invariance, translation-variance and integrability in the Fourier domain
	3.2. Composition and left-inverse of the fractional Laplacian
	3.3. Lp-integrability in the spatial domain
	3.4. Unique dilation-invariant extension of the linear operator i with additional integrability in the spatial domain
	3.5. Unique dilation-invariant extension of the linear operator i with additional integrability in the Fourier domain
	3.6. Proof of Theorem ??

	4. Sparse Stochastic Processes
	4.1. Proof of Theorem ??
	4.2. Pointwise evaluation

	References

