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Preface

A conference on Stochastic Analysis and Related Topics was held at Purdue
University on May 20-22, 2015. The conference was supported by the National
Science Foundation, the Institute for Mathematics and its Applications, and Pur-
due’s Mathematics Department and College of Science. This Festschrift serves as a
proceedings for this conference.

The conference was a wonderful success with 17 speakers, including interna-
tional leaders in their fields, and more than 60 participants. A major reason for this
success was that the conference was organized in part to serve as a celebration of
the 60th birthday of Rodrigo Bafiuelos. The quality of speakers in the conference
and the number of attendees speak of the incredible impact (both professionally
and personally) that Rodrigo has had throughout his career in mathematics. During
the conference, a number of speeches and presentations were made highlighting his
life story and his achievements in mathematics. Thus, while the remainder of this
Festschrift will focus on the research topics discussed during the conference, it is
appropriate in this preface to give a brief overview of Rodrigo’s life story and career.

Rodrigo Baiiuelos was born in a rural farming community of the state of
Zacatecas, Mexico, to a Mexican—American father and a Mexican mother. As a
child, he worked in the family farm and had no formal schooling. At the age of 15,
along with his parents, grandmother, and six siblings, he moved to the USA. In spite
of the late start Rodrigo had to his schooling, he went on to become a tremendous
success academically. He was the first of his family (parents included) to attend high
school. He enrolled at Pasadena City College (1973-1974) and received his BA in
mathematics from UC Santa Cruz (1978), an MAT (master of arts in teaching) from
UC Davis (1980), and then a PhD from UCLA (1984) under the direction of Richard
Durrett. After graduating, he was awarded a Bantrell research fellowship at Caltech
(1984-1986) and a National Science postdoctoral fellowship at the University of
Ilinois (1986—1987), before moving to Purdue University in 1987 where he has
remained since. He served as head of the Mathematics Department at Purdue from
2007 to 2011, after serving as interim head in fall 2005.
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While at Purdue, Rodrigo has supervised 11 PhD dissertations and mentored
many postdocs. He has also served the profession as member of a large number of
committees and editorial boards. Throughout his career, Rodrigo has been involved
with many efforts to increase the number of underrepresented minority students in
mathematics, and his continued commitment in this has impacted the lives of many.
For his mathematical and professional contributions, Rodrigo has received several
awards and recognitions, including a Young Presidential Investigator Award (1989—
1993), the Blackwell-Tapia Prize in Mathematics (2004), an election to IMS fellow
(2003) and AMS fellow (2013), and twice has been an AMS 1 hour invited speaker
at the Joint Mathematics Meetings (1995, 2016).

Rodrigo’s research is at the interface of probability, harmonic analysis, and
spectral theory. All along his career, he has obtained spectacular and deep results by
systematically applying martingale inequalities to various areas of analysis and in
particular to [”-estimates for singular integrals and Fourier multipliers which arise
from martingale transforms. To name a few, these singular integrals and operators
include the classical Hilbert transform, the Riesz transforms, the Beurling—Ahlfors
operator, and versions of some of these (especially Riesz transforms) on manifolds,
Lie groups, and in the setting of the Ornstein—Uhlenbeck operator in infinite
dimensions. An advantage of the martingale methods is that they give sharp,
or nearly sharp, bounds which are often universal in that they do not depend
on the geometry or the dimension of the space where the operator is defined.
These techniques have led Rodrigo (in work with his former student, Prabhu
Janakiraman) to the best-known results on a longstanding conjecture of Tadeusz
Iwaniec concerning the L”-norm of the Beurling—Ahlfors operator.

Rodrigo has also made decisive contributions to other areas of probability,
analysis, and spectral theory, including his work on intrinsic ultracontractivity for
heat semigroups and applications to conditioned Brownian motion, his work on the
hot spots conjecture of Jeff Rauch, his contributions to the spectral gap conjecture
of Michiel van den Berg for Scrhodinger operators with convex potentials, and his
work on eigenvalue estimates, isoperimetric inequalities, and spectral asymptotics
for nonlocal operators arising as generators of Lévy processes. He has authored or
coauthored over 100 papers and one book. His book, with Charles Moore, describes
the many sharp estimates for the Lusin area integral and other classical functionals
in harmonic analysis which led (in joint work with Ivo Klémes and Moore) to
the solution of a problem posed by Richard Gundy in the early 1980s concerning
a version of the law of the iterated logarithm for harmonic functions. The latter
quantifies, in a precise way, the growth of the non-tangential maximal function in
terms of the growth of the area integrals on the set where the harmonic function
does not have non-tangential limits. Many of Rodrigo’s papers have been published
in the most demanding journals, and he is an indisputable worldwide leader in his
field.

Storrs, CT, USA Fabrice Baudoin
West Lafayette, IN, USA Jonathon Peterson
January 30, 2017
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Positive-Homogeneous Operators, Heat Kernel
Estimates and the Legendre-Fenchel Transform

Evan Randles and Laurent Saloff-Coste

Dedicated to Professor Rodrigo Barfiuelos on the occasion of his
60th birthday.

Abstract We consider a class of homogeneous partial differential operators on a
finite-dimensional vector space and study their associated heat kernels. The heat
kernels for this general class of operators are seen to arise naturally as the limiting
objects of the convolution powers of complex-valued functions on the square lattice
in the way that the classical heat kernel arises in the (local) central limit theorem.
These so-called positive-homogeneous operators generalize the class of semi-
elliptic operators in the sense that the definition is coordinate-free. More generally,
we introduce a class of variable-coefficient operators, each of which is uniformly
comparable to a positive-homogeneous operator, and we study the corresponding
Cauchy problem for the heat equation. Under the assumption that such an operator
has Holder continuous coefficients, we construct a fundamental solution to its heat
equation by the method of Levi, adapted to parabolic systems by Friedman and
Eidelman. Though our results in this direction are implied by the long-known
results of Eidelman for ZI;-parabolic systems, our focus is to highlight the role
played by the Legendre-Fenchel transform in heat kernel estimates. Specifically,
we show that the fundamental solution satisfies an off-diagonal estimate, i.e., a heat
kernel estimate, written in terms of the Legendre-Fenchel transform of the operator’s
principal symbol—an estimate which is seen to be sharp in many cases.
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1 Introduction

In this article, we consider a class of homogeneous partial differential operators
on a finite dimensional vector space and study their associated heat kernels.
These operators, which we call nondegenerate-homogeneous operators, are seen to
generalize the well-studied classes of semi-elliptic operators introduced by Browder
[13], also known as quasi-elliptic operators [53], and a special “positive” subclass of
semi-elliptic operators which appear as the spatial part of Eidelman’s ZI;-parabolic
operators [26]. In particular, this class of operators contains all integer powers of the
Laplacian.

1.1 Semi-Elliptic Operators

To motivate the definition of nondegenerate-homogeneous operators, given in the
next section, we first introduce the class of semi-elliptic operators. Semi-elliptic
operators are seen to be prototypical examples of nondegenerate-homogeneous
operators; in fact, the definition of nondegenerate-homogeneous operators is given
to formulate the following construction in a basis-independent way. Given d-
tuple of positive integers n = (ny,ny,...,ny) € N‘_‘;_ and a multi-index 8 =
(B1.B2.....Ba) € N set|B :n| = ZZ=1 Bi/nk. Consider the constant coefficient
partial differential operator

A= Z aﬁDﬁ

|fm|=<1

with principal part (relative to n)

Ap = Z aﬁDﬂ,
[Bm|=1

where ag € C and D = (id,,)P1(id,,)P? - - - (id,, )P for each multi-index B € N,
Such an operator A is said to be semi-elliptic if the symbol of A,, defined by
P,(§) = Zlﬂ:n|=1 aﬁéﬁ for £ € RY, is non-vanishing away from the origin.
If A satisfies the stronger condition that Re P,(§) is strictly positive away from
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the origin, we say that it is positive-semi-elliptic. What seems to be the most
important property of semi-elliptic operators is that their principal part A, is
homogeneous in the following sense: If given any smooth function f we put
§:()(x) = f(t" /mxy, tmxy, L 1/ maxy) forallt > Oand x = (x1,X2,...,%;) € RY,
then

tA :81/[0Ap081

for all + > 0. This homogeneous structure was used explicitly in the work of
Browder and Hérmander and, in this article, we generalize this notion. We note that
our definition for the differential operators D? is given to ensure a straightforward
relationship between operators and symbols under our convention for the Fourier
transform (defined in Sect. 1.3); this definition differs only slightly from the standard
references [36, 37, 46, 48] in which i is replaced by 1/i. In both conventions,
the symbol of the operator A = —A = — ZZ=1 3)2% is the positive polynomial
£ £ = ZZ=1 g2. In fact, the principal symbols of all positive-semi-elliptic
operators agree in both conventions.

As mentioned above, the class of semi-elliptic operators was introduced by
Browder in [13] who studied spectral asymptotics for a related class of variable-
coefficient operators (operators of constant strength). Semi-elliptic operators
appeared later in Hormander’s text [36] as model examples of hypoelliptic operators
on R? beyond the class of elliptic operators. Around the same time, Volevich [53]
independently introduced the same class of operators but instead called them “quasi-
elliptic”. Since then, the theory of semi-elliptic operators, and hence quasi-elliptic
operators, has reached a high level of sophistication and we refer the reader to the
articles [1-5, 13, 34-38, 49, 51], which use the term semi-elliptic, and the articles
[10-12, 14, 17-24, 31, 41, 43, 50, 52, 53], which use the term quasi-elliptic, for
an account of this theory. We would also like to point to the 1971 paper of Troisi
[50] which gives a more complete list of references (pertaining to quasi-elliptic
operators).

Shortly after Browder’s paper [13] appeared, Eidelman considered a subclass of
semi-elliptic operators on Rt = R @ R (and systems thereof) of the form

0+ Y apDP =0+ Y  agD’, 1)

|B:2m|<1 |p:m|<2

where m € N‘_‘;_ and the coefficients ag are functions of x and . Such an operator is
said to be 2m-parabolic if its spatial part, 3 5.5 < agDP, is (uniformly) positive-
semi-elliptic. We note however that Eidelman’s work and the existing literature
refer exclusively to ZI;-paIabolic operators, i.e., where m = l;, and for consistency
we write ZI;-parabolic henceforth [26, 28]. The relationship between positive-
semi-elliptic operators and ZI;-parabolic operators is analogous to the relationship
between the Laplacian and the heat operator and, in the context of this article,
the relationship between nondegenerate-homogeneous and positive-homogeneous
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operators described by Proposition 2.4. The theory of ZI;-paIabolic operators, which
generalizes the theory of parabolic partial differential equations (and systems), has
seen significant advancement by a number of mathematicians since Eidelman’s
original work. We encourage the reader to see the recent text [28] which provides
an account of this theory and an exhaustive list of references. It should be noted
however that the literature encompassing semi-elliptic operators and quasi-elliptic
operators, as far as we can tell, has very few cross-references to the literature on
ZI;-parabolic operators beyond the 1960s. We suspect that the absence of cross-
references is due to the distinctness of vocabulary.

1.2 Motivation: Convolution Powers of Complex-Valued
Functions on 7

We motivate the study of homogeneous operators by first demonstrating the natural
appearance of their heat kernels in the study of convolution powers of complex-
valued functions. To this end, consider a finitely supported function ¢ : Z¢ — C
and define its convolution powers iteratively by

pP ) =Y "V x =)o)

yezd

for x € Z¢ where ¢ = ¢. In the special case that ¢ is a probability distribution,
i.e., ¢ is non-negative and has unit mass, ¢ drives a random walk on 74 whose
nth-step transition kernels are given by k,(x,y) = ¢ (y — x). Under certain mild
conditions on the random walk, ¢ is well-approximated by a single Gaussian
density; this is the classical local limit theorem. Specifically, for a symmetric,
aperiodic and irreducible random walk, the theorem states that

" (x) = n"2Gy(x/v/n) + o(n™?) 2)

uniformly for x € Z¢, where G, is the generalized Gaussian density

_ 1 e —ivE e 1 X C¢_1x )
Go) =5y /Rd exp (—E-Cpf)e™" db = @) JdetCy T 2 ’
3)

here, Cy is the positive definite covariance matrix associated to ¢ and - denotes
the dot product [39, 44, 47]. The canonical example is that in which Cy = I (e.g.
Simple Random Walk) and in this case ¢ is approximated by the so-called heat
kernel K(—a) : (0, 00) x R? — (0, 00) defined by

] o
K0 = o exp (=)
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fort > 0 and x € RY. Indeed, we observe that n=%2Gy(x//n) = K{_ () for

each positive integer n and x € Z? and so the local limit theorem (2) is written
equivalently as

¢ (x) = K(_p)@) + o(n™"?)

uniformly for x € Z?. In addition to its natural appearance as the attractor in the
local limit theorem above, K(’_ A) (%) is a fundamental solution to the heat equation

9+ (=A) =0

on (0,00) x RY. In fact, this connection to random walk underlies the heat equa-
tion’s probabilistic/diffusive interpretation. Beyond the probabilistic setting, this
link between convolution powers and fundamental solutions to partial differential
equations persists as can be seen in the examples below. In what follows, the heat
kernels (#,x) — K (x) are fundamental solutions to the corresponding heat-type
equations of the form

The appearance of K in local limit theorems (for ¢™) is then found by evaluating
K\ (x) at integer time ¢ = n and lattice point x € Z.

Example 1.1 Consider ¢ : Z*> — C defined by

8 (x1,x2) = (0,0)
54+4/3 (x1,x2) = (£1,0)
-2 (x1,x2) = (£2,0)
P (x1,x2) = ! Xqi(v/3-=1)  (x1.x) = (£1,-1)

’ 22 +2/3 b=
—i(v/3=1) (x1,x%) = (£1,1)
2F2i (xl,xz) = (O,il)
0 otherwise.

Analogous to the probabilistic setting, the large n behavior of ¢ is described by
a generalized local limit theorem in which the attractor is a fundamental solution to
a heat-type equation. Specifically, the following local limit theorem holds (see [44]
for details):

" (x1,x0) = e TRBK (x1,x7) + o(n~/)
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uniformly for (x1,x,) € Z? where (,x) > K (x) is the “heat” kernel for the heat-
type equation d, + A = 0 where

1

_ 4 . 929 492
A= o (208, — (V3122 0., —42) .

This local limit theorem is illustrated in Fig.1 which shows Re(¢™) and the
approximation Re(e™™/3K" ) when n = 100.

—0.01+

_0_.88,

0 0
0 50720 10

X

Fig. 1 The graphs of Re(¢p™) and Re(e™™%2/3K%) for n = 100. (a) Re(¢p™) for n = 100.
(b) Re(e~72/3K" ) for n = 100
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Example 1.2 Consider ¢ : Z*> — R defined by ¢ = (¢ + ¢»)/512, where

76 (x1,x2) = (1,0)
326  (x1,x2) = (0,0) 52 (x1,x) = (—1,0)
20 (x1,x0) = (£2,0) F4  (x1,x) = (£3,0)
$1(onxn) = 1 (x1,x2) = (£4,0) and barxa) = F6  (x1,x) = (£1,1)
64 (x1,x) = (0, £1) F6  (x1.x) = (£1,—1)
—16  (x1,%) = (0, £2) +2 (x,x) = (£3,1)
0 otherwise +2 (x1,x0) = (£3.-1)
0 otherwise.

In this example, the following local limit theorem, which is illustrated by Fig. 2,
describes the limiting behavior of ¢ ™. We have

" (x1,x%0) = K (x1,x2) + o(n~V/12)

uniformly for (x, x,) € Z* where K, is again a fundamental solution to 9, + A = 0
where, in this case,

1

A:64(

—09, + 207, +20,97,) .

x17x)
Example 1.3 Consider ¢ : Z*> — R defined by

3/8 (x1,x2) = (0,0)
1/8 (x1,2) = £(1,1)
xy) = 11/4 (x1,%2) = £(1,-1)
—1/16  (x1,x) = £(2,-2)

0 otherwise.

Here, the following local limit theorem is valid:
" (x1,20) = (1 + ™ HD) KR (x1,20) + o(n™ V%)

uniformly for (x;, x;) € 72. Here again, the attractor K, is the fundamental solution
to 9, + A = 0 where

1 23 1 25
A= _83’%1_'_ 84 axlaxz_

23 25 23
- 3;,0; 3, 0; N
3847 4 *

1
3, 05— _ 03 — 0, .
967192 7 g % 64 %10 T g6 M on T 354 O
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-50

50 0

50 0

Fig. 2 The graphs of ¢ and K for n = 10,000. (a) ™ for n = 10,000. (b) K for n = 10,000

Looking back at preceding examples, we note that the operators appearing in
Examples 1.1 and 1.2 are both positive-semi-elliptic and consist only of their
principal parts. This is easily verified, forn = (4,2) = 2(2,1) in Example 1.1
and n = (6,4) = 2(3,2) in Example 1.2. In contrast to Examples 1.1 and 1.2,
the operator A which appears in Example 1.3 is not semi-elliptic in the given
coordinate system. After careful study, the A appearing in Example 1.3 can be
written equivalently as

23 .,

4
384" @

1 2
A=+
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where 0,, is the directional derivative in the v; = (1, 1) direction and d,, is the
directional derivative in the v, = (1, —1) direction. In this way, A is seen to be
semi-elliptic with respect to some basis {v;, v} of R? and, with respect to this basis,
we have n = (2,4) = 2(1, 2). For this reason, our formulation of nondegenerate-
homogeneous operators (and positive-homogeneous operators), given in the next
section, is made in a basis-independent way.

All of the operators appearing in Examples 1.1, 1.2 and 1.3 share two important
properties: homogeneity and positivity (in the sense of symbols). While we make
these notions precise in the next section, loosely speaking, homogeneity is the
property that A “plays well” with some dilation structure on R?, though this
structure is different in each example. Further, homogeneity for A is reflected
by an analogous one for the corresponding heat kernel K,; in fact, the specific
dilation structure is, in some sense, selected by ¢ as n — oo and leads to the
corresponding local limit theorem. In further discussion of these examples, a very
natural question arises: Given ¢ : Z¢ — C, how does one compute the operator A
whose heat kernel K, appears as the attractor in the local limit theorem for ¢?
In the examples we have looked at, one studies the Taylor expansion of the Fourier
transform QAS of ¢ near its local extrema and, here, the symbol of the relevant operator
A appears as certain scaled limit of this Taylor expansion. In general, however,
this is a very delicate business and, at present, there is no known algorithm to
determine these operators. In fact, it is possible that multiple (distinct) operators
can appear by looking at the Taylor expansions about distinct local extrema of q3
(when they exist) and, in such cases, the corresponding local limit theorems involve
sums of heat kernels—each corresponding to a distinct A. This study is carried
out in the article [44] wherein local limit theorems involve the heat kernels of
the positive-homogeneous operators studied in the present article. We note that the
theory presented in [44] is not complete, for there are cases in which the associated
Taylor approximations yield symbols corresponding to operators A which fail to be
positive-homogeneous (and hence fail to be positive-semi-elliptic) and further, the
heat kernels of these (degenerate) operators appear as limits of oscillatory integrals
which correspond to the presence of “odd” terms in A, e.g., the Airy function. In
one dimension, a complete theory of local limit theorems is known for the class of
finitely supported functions ¢ : Z — C. Beyond one dimension, a theory for local
limit theorems of complex-valued functions, in which the results of [44] will fit,
remains open.

The subject of this paper is an account of positive-homogeneous operators and
their corresponding heat equations. In Sect. 2, we introduce positive-homogeneous
operators and study their basic properties; therein, we show that each positive-
homogeneous operator is semi-elliptic in some coordinate system. Section 3
develops the necessary background to introduce the class of variable-coefficient
operators studied in this article; this is the class of (2m, v)-positive-semi-elliptic
operators introduced in Sect.4—each of which is comparable to a constant-
coefficient positive-homogeneous operator. In Sect. 5, we study the heat equations
corresponding to uniformly (2m, v)-positive-semi-elliptic operators with Holder
continuous coefficients. Specifically, we use the famous method of Levi, adapted to
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parabolic systems by Friedman and Eidelman, to construct a fundamental solution
to the corresponding heat equation. Our results in this direction are captured by
those of Eidelman [26] and the works of his collaborators, notably Ivasyshen and
Kochubei [28], concerning 21;-parabolic systems. Our focus in this presentation is to
highlight the essential role played by the Legendre-Fenchel transform in heat kernel
estimates which, to our knowledge, has not been pointed out in the context of semi-
elliptic operators. In a forthcoming work, we study an analogous class of operators,
written in divergence form, with measurable-coefficients and their corresponding
heat kernels. This class of measurable-coefficient operators does not appear to have
been previously studied. The results presented here, using the Legendre-Fenchel
transform, provides the background and context for our work there.

1.3 Preliminaries

Fourier Analysis Our setting is a real d-dimensional vector space V equipped with
Haar (Lebesgue) measure dx and the standard smooth structure; we do not affix V
with a norm or basis. The dual space of V is denoted by V* and the dual pairing
is denoted by &£(x) for x € V and § € V*. Let d§ be the Haar measure on V*
which we take to be normalized so that our convention for the Fourier transform and
inverse Fourier transform, given below, makes each unitary. Throughout this article,
all functions on V and V* are understood to be complex-valued. The usual Lebesgue
spaces are denoted by (V) = L?(V, dx) and equipped with their usual norms || - ||,
for 1 < p < co. In the case that p = 2, the corresponding inner product on L?(V)
is denoted by (-, -). Of course, we will also work with L>(V*) := L*(V*, d£); here
the L?-norm and inner product will be denoted by || - |2+ and (-, -)« respectively.
The Fourier transform F : L*(V) — L?(V*) and inverse Fourier transform F~! :
L>(V*) — L[*(V) are initially defined for Schwartz functions f € S(V) and g €
S(V*) by

FN© =7© = [ E0rwar and 70 =0 = [ 0 de

for & € V* and x € V respectively.

For the remainder of this article (mainly when duality isn’t of interest), W stands
for any real d-dimensional vector space (and so is interchangeable with V or V*).
For a non-empty open set 2 € W, we denote by C(2) and C,(£2) the set of
continuous functions on 2 and bounded continuous functions on €2, respectively.
The set of smooth functions on €2 is denoted by C*°(€2) and the set of compactly
supported smooth functions on € is denoted by C5°(€2). We denote by D’'(2) the
space of distributions on €2; this is dual to the space C5°(£2) equipped with its usual
topology given by seminorms. A partial differential operator H on W is said to be
hypoelliptic if it satisfies the following property: Given any open set 2 € W and any
distribution u € D’(2) which satisfies Hu = 0 in 2, then necessarily u € C*°(2).
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Dilation Structure Denote by End(W) and GI(W) the set of endomorphisms
and isomorphisms of W respectively. Given E € End(W), we consider the one-
parameter group {t£},.o € GI(W) defined by

o0 k
£ = exp((log)E) = Z (10f't) E*
k=0 :

for t > 0. These one-parameter subgroups of GI(W) allow us to define continuous
one-parameter groups of operators on the space of distributions as follows: Given
E € End(W) and ¢ > 0, first define §(f) for f € C°(W) by 8E(f)(x) = f(iFx)
for x € W. Extending this to the space of distribution on W in the usual way, the
collection {§£},~¢ is a continuous one-parameter group of operators on D’'(W); it
will allow us to define homogeneity for partial differential operators in the next
section.

Linear Algebra, Polynomials and the Rest Given a basis w = {wy,wy,..., w4}
of W, we define the map ¢y : W — R? by setting ¢pw(w) = (x1.X2,....Xq)
whenever w = Zf=1 x;w;. This map defines a global coordinate system on W; any
such coordinate system is said to be a linear coordinate system on W. By definition,
a polynomial on W is a function P : W — C that is a polynomial function in every
(and hence any) linear coordinate system on W. A polynomial P on W is called a
nondegenerate polynomial if P(w) # O for all w # 0. Further, P is called a positive-
definite polynomial if its real part, R = Re P, is non-negative and has R(w) = 0 only
when w = 0. The symbols R, C, Z mean what they usually do, N denotes the set
of non-negative integers and I = [0, 1] € R. The symbols R4, Ny and [+ denote
the set of strictly positive elements of R, N and I respectively. Likewise, R‘_’F, Ni
and ]IflF respectively denote the set of d-tuples of these aforementioned sets. Given
a = (a,0,...,04) € Ri and a basis w = {wy, wy,...,w,} of W, we denote by
E3, the isomorphism of W defined by

1
Egwi = wi &)
Ok
fork = 1,2,...,d. We say that two real-valued functions f and g on a set X are

comparable if, for some positive constant C, C~'f(x) < g(x) < Cf(x) for all x € X;
in this case we write f < g. Adopting the summation notation for semi-elliptic
operators of Hormander’s treatise [37], for a fixed n = (ny,n2,...,ny) € N‘_‘;_, we
write

d
B =y
k=1
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for all multi-indices 8 = (B1, B2, ..., Ba) € N Finally, throughout the estimates
made in this article, constants denoted by C will change from line to line without
explicit mention.

2 Homogeneous Operators

In this section we introduce two important classes of homogeneous constant-
coefficient on V. These operators will serve as “model” operators in our theory in
the way that integer powers of the Laplacian serves a model operators in the elliptic
theory of partial differential equations. To this end, let A be a constant-coefficient
partial differential operator on V and let P : V* — C be its symbol. Specifically,
P is the polynomial on V* defined by P(§) = e WA (W) for £ € V* (this is
independent of x € V precisely because A is a constant-coefficient operator). We
first introduce the following notion of homogeneity of operators; it is mirrored by
an analogous notion for symbols which we define shortly.

Definition 2.1 Given £ € End(V), we say that a constant-coefficient partial
differential operator A is homogeneous with respect to the one-parameter group

{8} if
8y 0 Aodf =1A

for all + > O; in this case we say that E is a member of the exponent set of A and
write E € Exp(A).

A constant-coefficient partial differential operator A need not be homogeneous
with respect to a unique one-parameter group {6}, i.e., Exp(A) is not necessarily a
singleton. For instance, it is easily verified that, for the Laplacian —A on R4,

Exp(—A) =271+ 0,4

where / is the identity and o, is the Lie algebra of the orthogonal group, i.e., is given
by the set of skew-symmetric matrices. Despite this lack of uniqueness, when A is
equipped with a nondegenerateness condition (see Definition 2.2), we will find that
trace is the same for each member of Exp(A) and this allows us to uniquely define
an “order” for A; this is Lemma 2.10.

Given a constant coefficient operator A with symbol P, one can quickly verify
that E € Exp(A) if and only if

tP(§) = P(I"§) 6)
forall t > 0 and § € V* where F = E* is the adjoint of E. More generally, if P is

any continuous function on W and (6) is satisfied for some F € End(V*), we say
that P is homogeneous with respect to {t*} and write F € Exp(P). This admitted
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slight abuse of notation should not cause confusion. In this language, we see that
E € Exp(A) if and only if E* € Exp(P).

We remark that the notion of homogeneity defined above is similar to that put
forth for homogeneous operators on homogeneous (Lie) groups, e.g., Rockland
operators [29]. The difference is mostly a matter of perspective: A homogeneous
group G is equipped with a fixed dilation structure, i.e., it comes with a one-
parameter group {4}, and homogeneity of operators is defined with respect to this
fixed dilation structure. By contrast, we fix no dilation structure on V and formulate
homogeneity in terms of an operator A and the existence of a one-parameter group
{8E} that “plays” well with A in sense defined above. As seen in the study of
convolution powers on the square lattice (see [44]), it useful to have this freedom.

Definition 2.2 Let A be constant-coefficient partial differential operator on V with
symbol P. We say that A is a nondegenerate-homogeneous operator if P is a
nondegenerate polynomial and Exp(A) contains a diagonalizable endomorphism.
We say that A is a positive-homogeneous operator if P is a positive-definite
polynomial and Exp(A) contains a diagonalizable endomorphism.

For any polynomial P on a finite-dimensional vector space W, P is said to be
nondegenerate-homogeneous if P is nondegenerate and Exp(P), defined as the set
of F € End(W) for which (6) holds, contains a diagonalizable endomorphism. We
say that P is positive-homogeneous if it is a positive-definite polynomial and Exp(P)
contains a diagonalizable endomorphism. In this language, we have the following
proposition.

Proposition 2.3 Let A be a positive homogeneous operator on V with symbol
P. Then A is a nondegenerate-homogeneous operator if and only if P is a
nondegenerate-homogeneous polynomial. Further, A is a positive-homogeneous
operator if and only if P is a positive-homogeneous polynomial.

Proof Since the adjectives “nondegenerate” and “positive”, in the sense of both
operators and polynomials, are defined in terms of the symbol P, all that needs to
be verified is that Exp(A) contains a diagonalizable endomorphism if and only if
Exp(P) contains a diagonalizable endomorphism. Upon recalling that £ € Exp(A)
if and only if E* € Exp(P), this equivalence is verified by simply noting that
diagonalizability is preserved under taking adjoints. O

Remark 1 To capture the class of nondegenerate-homogeneous operators (or
positive-homogeneous operators), in addition to requiring that the symbol P of
an operator A be nondegenerate (or positive-definite), one can instead demand only
that Exp(A) contains an endomorphism whose characteristic polynomial factors
over R or, equivalently, whose spectrum is real. This a priori weaker condition
is seen to be sufficient by an argument which makes use of the Jordan-Chevalley
decomposition. In the positive-homogeneous case, this argument is carried out in
[44] (specifically Proposition 2.2) wherein positive-homogeneous operators are first
defined by this (a priori weaker) condition. For the nondegenerate case, the same
argument pushes through with very little modification.
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We observe easily that all positive-homogeneous operators are nondegenerate-
homogeneous. It is the “heat” kernels corresponding to positive-homogeneous
operators that naturally appear in [44] as the attractors of convolution powers
of complex-valued functions. The following proposition highlights the interplay
between positive-homogeneity and nondegenerate-homogeneity for an operator A
on V and its corresponding “heat” operator d; + A on R @ V.

Proposition 2.4 Let A be a constant-coefficient partial differential operator on V
whose exponent set Exp(A) contains a diagonalizable endomorphism. Let P be the
symbol of A, set R = Re P, and assume that there exists £ € V* for which R(§) > 0.
We have the following dichotomy: A is a positive-homogeneous operator onV if and
only if 0, + A is a nondegenerate-homogeneous operator on R ® V.

Proof Given a diagonalizable endomorphism E € Exp(A), set E; = I®FE where [ is
the identity on R. Obviously, E; is diagonalizable. Further, for any f € CZ°(R @ V),

(@ + A) 0 85) () (t.x) = (9, (f (st.55x)) + A (f (st.5%x)))
= 503 + A)(f)(st,55x) = 5 (87 © (3 + A)) () (2,%)

forall s > 0 and (¢,x) € R @ V. Hence
8yl 0 (3 + A) o 851 = 5(3, + A)

for all s > 0 and therefore E| € Exp(d; + A).

It remains to show that P is positive-definite if and only if the symbol of d; + A is
nondegenerate. To this end, we first compute the symbol of d; + A which we denote
by Q. Since the dual space of R®V is isomorphic to RGV*, the characters of RV
are represented by the collection of maps (R @ V) > (7, x) > exp(—i(zt + £(x)))
where (7, £) € R @ V*. Consequently,

Q(‘L’, %‘) — e—i(ft-f—f(x)) (ar + A) (ei(rr+$(x)) —ir + P(i__)

for (z,&) € R @ V*. We note that P(0) = 0 because E* € Exp(P); in fact, this
happens whenever Exp(P) is non-empty. Now if P is a positive-definite polynomial,
Re Q(r,&) = ReP(§) = R(§) > 0 whenever £ # 0. Thus to verify that Q is a
nondegenerate polynomial, we simply must verify that Q(z, 0) # 0 for all non-zero
t € R. This is easy to see because, in light of the above fact, Q(z,0) = it + P(0) =
it # 0 whenever t # 0 and hence Q is nondegenerate. For the other direction,
we demonstrate the validity of the contrapositive statement. Assuming that P is
not positive-definite, an application of the intermediate value theorem, using the
condition that R(§) > 0 for some § € V*, guarantees that R(n) = 0 for some
non-zero € V*. Here, we observe that Q(z,n) = i(t + ImP(n)) = 0 when
(z,n) = (—ImP(n), n) and hence Q is not nondegenerate. O

We will soon return to the discussion surrounding a positive-homogeneous
operator A and its heat operator 9, + A. It is useful to first provide representation
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formulas for nondegenerate-homogeneous and positive-homogeneous operators.
Such representations connect our homogeneous operators to the class of semi-
elliptic operators discussed in the introduction. To this end, we define the “base”
operators on V. First, for any element u € V, we consider the differential operator
D, : D'(V) — D'(V) defined originally for f € C°(V) by

Do =iy =i (tim )
ou —0 t

for x € V. Fixing a basis v = {v, v,..., vy} of V, we introduce, for each multi-
index B € N“, D = (D,)!' (D,,)"* -+ (D,,)".

Proposition 2.5 Let A be a nondegenerate-homogeneous operator on V. Then

there exist a basis v. = {v1,v2,...,04} of Vand n = (ny,ny,...,ng) € N‘_‘;_ for
which
A=Y aDh. ™
[Bm|=1

where {ag} S C. The isomorphism EY € GI(V), defined by (5), is a member

of Exp(A). Further, if A is positive-homogeneous, then n = 2m for m =
(my,my,...,my) € N[-li- and hence
A= Z aﬁDe.
|f:m[=2

We will sometimes refer to the n and m of the proposition as weights. Before
addressing the proposition, we first prove the following mirrored result for symbols.

Lemma 2.6 Let P be a nondegenerate-homogeneous polynomial on a d-
dimensional real vector space W. Then there exists a basis W = {wi,wy, ..., W4}
of Wandn = (ny,ny,...,ng) € Nﬁforwhich

PE) = ) apt’
[Bm|=1

forall & = Eywy + Eawy + -+« + Egwg € W where £ = (€)' (£2) -+ (£ and
{ag} € C. The isomorphism Ey, € GI(V), defined by (5), is a member of Exp(P).
Further, if P is a positive-definite polynomial, i.e., it is positive-homogeneous, then

n =2mjform= (m;,my,...,my) € N‘i and hence
PE) = Y apt’
|B:m|=2

for& e W.
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Proof Let E € Exp(P) be diagonalizable and select a basis w = {wy,wa,...,wg}
which diagonalizes E, i.e., Ew; = 8wy where 6§, € Rfork = 1,2,...,d. Because
P is a polynomial, there exists a finite collection {ag} € C for which
PE) =Y apt”
B

for £ € W. By invoking the homogeneity of P with respect to E and using the fact
that Fwy, = fPw; fork = 1,2,. .., d, we have

tzaﬁgﬁ = Zaﬂ(ﬁg)ﬂ = Zaﬁtb"ﬁgﬂ
B B B

forall £ € Wandt > O where § - B = 6181 + 8282 + -+ + 84B4. In view of
the nondegenerateness of P, the linear independence of distinct powers of ¢ and the
polynomial functions & — £7, for distinct multi-indices 8, as C* functions ensures
that ag = O unless B - § = 1. We can therefore write

PE) = ) apt’ ®)

=1

for £ € W. We now determine § = (i, 62, ...,84) by evaluating this polynomial
along the coordinate axes. To this end, by fixing k = 1,2, ..., d and setting £ = xwy
for x € R, it is easy to see that the summation above collapses into a single term
aﬂxlﬂ | where B = |Blex = (1/8:)ex (here ¢, denotes the usual kth-Euclidean basis
vector in R?). Consequently, n; := 1/8; € Ny fork = 1,2,...,d and thus, upon
setting n = (ny, ny, ..., ny), (8) yields

PE) = ) apt’
|Bm|=1

for all £ € W as was asserted. In this notation, it is also evident that E}, =
E € Exp(P). Under the additional assumption that P is positive-definite, we again
evaluate P at the coordinate axes to see that Re P(xwy) = Re(ay,, )x™ for x € R.
In this case, the positive-definiteness of P requires Re(ay,.,) > 0 and n; € 2Ny for
eachk = 1,2,...,d. Consequently, n = 2m for m = (mj,my,...,my) € Ni as
desired. O

Proof of Proposition 2.5 Given a nondegenerate-homogeneous A on V with sym-
bol P, P is necessarily a nondegenerate-homogeneous polynomial on V* in view
of Proposition 2.3. We can therefore apply Lemma 2.6 to select a basis v* =
v, ...,v  of V¥andn = (n,my,...,ng) € N‘_‘;_ for which

PE) = Y apt ©)
[Bm|=1



Positive-Homogeneous Operators, Heat Kernel Estimates and the Legendre-. . . 17

forall § = &0 + &vy + ---§4v) where {ag} € C. We will denote by v, the dual
basis to v*, i.e., v = {v1, V2, ..., vg} is the unique basis of V for which v} (v;) = 1
when k = [ and 0 otherwise. In view of the duality of the bases v and v*, it is
straightforward to verify that, for each multi-index §, the symbol of De is £/ in the
notation of Lemma 2.6. Consequently, the constant-coefficient partial differential
operator defined by the right hand side of (7) also has symbol P and so it must
be equal to A because operators and symbols are in one-to-one correspondence.
Using (7), it is now straightforward to verify that E} € Exp(A). The assertion that
n = 2m when A is positive-homogeneous follows from the analogous conclusion
of Lemma 2.6 by the same line of reasoning. O
In view of Proposition 2.5, we see that all nondegenerate-homogeneous operators
are semi-elliptic in some linear coordinate system (that which is defined by v). An
appeal to Theorem 11.1.11 of [37] immediately yields the following corollary.

Corollary 2.7 Every nondegenerate-homogeneous operator A on'V is hypoelliptic.

Our next goal is to associate an “order” to each nondegenerate-homogeneous
operator. For a positive-homogeneous operator A, this order will be seen to
govern the on-diagonal decay of its heat kernel K5 and so, equivalently, the
ultracontractivity of the semigroup e~". With the help of Lemma 2.6, the few
lemmas in this direction come easily.

Lemma 2.8 Let P be a nondegenerate-homogeneous polynomial on a d-
dimensional real vector space W. Then limg s |P(§)] = oo; here § — o0
means that || — oo in any (and hence every) norm on W.

Proof The idea of the proof is to construct a function which bounds |P| from below
and obviously blows up at infinity. To this end, let w be a basis for W and take n €
N‘_‘;_ as guaranteed by Lemma 2.6; we have E% € Exp(P) where Epwy = (1/ng)wy
fork =1,2,...,d. Define | - |3 : W — [0, c0) by

d
€l = D l&al™
k=1

where § = &w +&Ewr+-- -+ Egwy € W. We observe immediately E%, € Exp(|-|%)
because "ww; = /7wy for k = 1,2,...,d. An application of Proposition 3.2
(a basic result appearing in our background section, Sect.3), which uses the
nondegenerateness of P, gives a positive constant C for which |£|% < C|P(§)| for
all ¢ € W. The lemma now follows by simply noting that |§|% — coas§ — oco. O

Lemma 2.9 Let P be a polynomial on W and denote by Sym(P) the set of
O € End(W) for which P(O§) = P(§) for all £ € W. If P is a nondegenerate-
homogeneous polynomial, then Sym(P), called the symmetry group of P, is a
compact subgroup of GI(W).

Proof Our supposition that P is a nondegenerate polynomial ensures that, for each
O € Sym(P), Ker(O) is empty and hence O € GI(W). Consequently, given O; and
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0, € Sym(P), we observe that P(O'€) = P(0,07'§) = P(§) and P(0,0:§) =
P(0,§) = P(§) for all £ € W; therefore Sym(P) is a subgroup of GL(W).

To see that Sym(P) is compact, in view of the finite-dimensionality of GI(W) and
the Heine-Borel theorem, it suffices to show that Sym(P) is closed and bounded.
First, for any sequence {O,} < Sym(P) for which O, — O as n — oo, the
continuity of P ensures that P(O§) = lim,— 0 P(0,E) = lim,— o P(§) = P(§)
for each £ € W and therefore Sym(P) is closed. It remains to show that Sym(P)
is bounded; this is the only piece of the proof that makes use of the fact that P is
nondegenerate-homogeneous and not simply homogeneous. Assume that, to reach a
contradiction, that there exists an unbounded sequence {O,} € Sym(P). Choosing
anorm | - | on W, let S be the corresponding unit sphere in W. Then there exists a
sequence {&,} € W for which |§,| = 1 for all n € N4 but lim,—« |0x&,| = 00. In
view of Lemma 2.8,

oo = lim |P(0u§,)| = lim |P(§,)| < sup [P(§)],
n—>00 n—>00 £es

which cannot be true for P is necessarily bounded on § because it is continuous. 0O

Lemma 2.10 Let A be a nondegenerate-homogeneous operator. For any E\,E, €
Exp(A),

trE; = trEs.

Proof Let P be the symbol of A and take Ey, E» € Exp(A). Since E}, E} € Exp(P),
ke Sym(P) for all + > 0. As Sym(P) is a compact group in view of
the previous lemma, the determinant map det : GI(V*) — C*, a Lie group
homomorphism, necessarily maps Sym(P) into the unit circle. Consequently,

1 = |det(F 75| = | det(FET ) det(r 53 ) = | BT 0E | = (o BT oS

for all t > 0. Therefore, tr E| = tr Ef = tr EJ = tr E, as desired. O
By the above lemma, to each nondegenerate-homogeneous operator A, we define
the homogeneous order of A to be the number

Upa =trE

for any E € Exp(A). By an appeal to Proposition 2.5, E} € Exp(A) for some
n € N, and so we observe that

(I 1
A= 4+ et (10)

ni na ng

In particular, @ is a positive rational number. We note that the term “homogeneous-
order” does not coincide with the usual “order” for a partial differential operator.
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For instance, the Laplacian —A on R4 is a second order operator; however, because
271 € Exp(—A), its homogeneous order is j(—a) = tr27 1 = d/2.

2.1 Positive-Homogeneous Operators and Their Heat Kernels

We now restrict our attention to the study of positive-homogeneous operators and
their associated heat kernels. To this end, let A be a positive-homogeneous operator
on V with symbol P and homogeneous order pa. The heat kernel for A arises
naturally from the study of the following Cauchy problem for the corresponding
heat equation d, + A = 0: Given initial data f : V — C which is, say, bounded and
continuous, find u(¢, x) satisfying

@;+A)u=0 in(0,00) xV

1D
u(0,x) =f(x) forxeV.

The initial value problem (11) is solved by putting
e = [ KyG=ro)ds
where KX) () : (0,00) x V — C is defined by
Ky =F ' () ) = /V e gg

fort > 0 and x € V; we call K the heat kernel associated to A. Equivalently, K, is
the integral (convolution) kernel of the continuous semigroup {¢~**},. of bounded
operators on L?(V) with infinitesimal generator —A. That is, for each f € L*(V),

)0 = [ Kie-nrmd (12
fort > 0 and x € V. Let us make some simple observations about K. First, by

virtue of Lemma 2.8, it follows that Kj\ € S(V) for each r > 0. Further, for any
E € Exp(A),

K} (x) :/ e KW gPIE) d¢
V*

- / TR =P E) ey E" ) dt

1 ok 1
= o /V e £ PO g — . KL (Ex)
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fort > 0 and x € V. This computation immediately yields the so-called on-diagonal
estimate for K, ,

1
—tA ' 1
e S0 = ||K = K <
|| ”1 0o || A”oo A ” A”oo = oA
for t > 0; this is equivalently a statement of ultracontractivity for the semigroup
e~"M. As it turns out, we can say something much stronger.

Proposition 2.11 Let A be a positive-homogeneous operator with symbol P and
homogeneous order a. Let R* : V — R be the Legendre-Fenchel transform of
R = Re P defined by

R*(x) = sup {£(x) — R(£)}
fev*

forx € V. Also, let vand m € N[-li- be as guaranteed by Proposition 2.5. Then, there
exist positive constants Cy and M and, for each multi-index B, a positive constant
Cp such that, for all k € N,

CpCkL! x—y
|3§(D€K5\ (x —y)| = tuAfH(\)ﬂ:zml exp <_IMR# ( t )) 1)

forallx,y € Vandt > 0. In particular,

K\ (x—)| < tfi exp (—tMR# (X:y)) (14)

forallx,y e Vandt > 0.

Remark 2 In view of (10), the exponent on the prefactor in (13) can be equivalently
written, for any multi-index § and k € N,as up +k+ |8 : 2m| = k+ |1+ B :
2m| = |14 2km + g : 2m| where 1 = (1,1,...,1).

Remark 3 We note that the estimates of Proposition 2.11 are written in terms of the
difference x — y and can (trivially) be expressed in terms of a single spatial variable
x. The estimates are written in this way to emphasize the role that K plays as an
integral kernel. We will later replace A in (22) by a comparable variable-coefficient
operator H and, in that setting, the associated heat kernel is not a convolution kernel
and so we seek estimates involving two spatial variables x and y. To that end, the
estimates here form a template for estimates in the variable-coefficient setting.

We prove the proposition above in the Sect. 5; the remainder of this section is
dedicated to discussing the result and connecting it to the existing theory. Let us
first note that the estimate (13) is mirrored by an analogous space-time estimate,
Theorem 5.3 of [44], for the convolution powers of complex-valued functions on
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z¢ satisfying certain conditions (see Sect. 5 of [44]). The relationship between these
two results, Theorem 5.3 of [44] and Proposition 2.11, parallels the relationship
between Gaussian off-diagonal estimates for random walks and the analogous off-
diagonal estimates enjoyed by the classical heat kernel [33].

Let us first show that the estimates (13) and (14) recapture the well-known
estimates of the theory of parabolic equations and systems in RY—a theory in
which the Laplacian operator A = 27:1 3)25, and its integer powers play a central
role. To place things into the context of this article, let us observe that, for each
positive integer m, the partial differential operator (—A)™ is a positive-homogeneous

operator on RY with symbol P(§) = |£|*"; here, we identify RY as its own
dual equipped with the dot product and Euclidean norm | - |. Indeed, one easily

observes that P = | - |?" is a positive-definite polynomial and E = (2m)~'I €

Exp((—A)™) where I € GI(R?) is the identity. Consequently, the homogeneous
order of (—A)™ is d/2m = (2m)~'tr(I) and the Legendre-Fenchel transform of
R = ReP = |- |* is easily computed to be R*(x) = C,|x|*"/@"~D where
Cp = 2m)"/@m=D _ (2m)=2/Cm=1) > 0. Hence, (14) is the well-known estimate

CO |x _ y|2m/(2m—l)
t
K ap(xr=y)| = sdjam SXP (_M A/@m=1)

for x,y € R? and t > 0; this so-called off-diagonal estimate is ubiquitous to the
theory of “higher-order” elliptic and parabolic equations [16, 27, 30, 45]. To write
the derivative estimate (13) in this context, we first observe that the basis given by
Proposition 2.5 can be taken to be the standard Euclidean basis, € = {e1, ez, ..., e4}
and further, m = (m,m, ..., m) is the (isotropic) weight given by the proposition.
Writing Df = D! = (id,,)P1 (id,,)P* - - - (i0y,)% and |8] = B + B2 + -+~ + Bu for
each multi-index 8, (13) takes the form
CO |x_y|2m/(2m—1)
alr(DﬂK(t—A)’” (=)= Ad+1gD/2m+k XP (_M [/@m=1) )

forx,y € R and ¢ > 0, c.f., [27, Property 4, p. 93].

The appearance of the 1-dimensional Legendre-Fenchel transform in heat kernel
estimates was previously recognized and exploited in [8] and [9] in the context of
elliptic operators. Due to the isotropic nature of elliptic operators, the 1-dimensional
transform is sufficient to capture the inherent isotropic decay of corresponding
heat kernels. Beyond the elliptic theory, the appearance of the full d-dimensional
Legendre-Fenchel transform is remarkable because it sharply captures the general
anisotropic decay of K,. Consider, for instance, the particularly simple positive-
homogeneous operator A = —3)661 + 352 on R? with symbol P(§1, &) = £° + £5. 1t
is easily checked that the operator E with matrix representation diag(1/6, 1/8), in
the standard Euclidean basis, is a member of the Exp(A) and so the homogeneous
order of A is up = tr(diag(1/6,1/8)) = 7/24. Here we can compute the
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Legendre-Fenchel transform of R = ReP = P directly to obtain R*(x;,x;) =
c1]x1]%° + ¢2]x2|¥7 for (x1,x2) € R? where c; and ¢; are positive constants. In this
case, Proposition 2.11 gives positive constants Cp and M for which

v, |6/5 vl (87
|K) (x1 — y1,%00 — y2)| < t$g4 exp (_ (M1 |x1 tl/ysl| + M, |2 tl/y72| ))

(15)
for (x1,x2), (v1,y2) € R?and ¢t > 0 where M; = ¢;M and M, = ¢,M. We note how-
ever that A is “separable” and so we can write K\ (x,x2) = K(’_A)3(x1)K(’_A)4(x2)
where A is the 1-dimensional Laplacian operator. In view of Theorem 8 of [8] and
its subsequent remark, the estimate (15) is seen to be sharp (modulo the values
of M|, M, and C). To further illustrate the proposition for a less simple positive-

homogeneous operator, we consider the operator A appearing in Example 1.3. In
this case,

R &) = P& = L (6 + 807+ o (6~ 8)°

and one can verify directly that the E € End(R?), with matrix representation

£ = 3/81/8
© 7 \1/83/8
in the standard Euclidean basis, is a member of Exp(A). From this, we immediately
obtain p = tr(E) = 3/4 and one can directly compute

R¥(x1,x2) = c1]xt 4+ x| + el — x| ¥/3

for (x;,x;) € R? where ¢; and ¢, are positive constants. An appeal to Proposi-
tion 2.11 gives positive constants Cy and M for which

—y) + -
t

|1 = y1) — (x2 —yz)l4/3))

PvE

Co [(x1
|KA (x1 = y1,00 = y2)| < 374 €XP (— (Ml
+M,

for (x1,x2), (1, y2) € R? and t > 0 where M| = c;M and M, = ¢, M. Furthermore,
m = (1,2) € N% and the basis v = {v;, v2} of R? given in discussion surrounding
(4) are precisely those guaranteed by Proposition 2.5. Appealing to the full strength
of Proposition 2.11, we obtain positive constants Cy, M and, for each multi-index f,
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a positive constant Cg such that, for each k € N,
FDEK (v — -
Dy KA (x1 —y1,%2 — ¥2)

CpCok! et —y1) + (2 —32)2 [t —y1) — (@2 —y2)|*3
= ajatirlpom P\ M ¢ + My A3

for (x1,x2), (1, y2) € R? and 7 > 0 where M| = ¢;M and M, = ¢, M.

In the context of homogeneous groups, the off-diagonal behavior for the heat
kernel of a positive Rockland operator (a positive self-adjoint operator which is
homogeneous with respect to the fixed dilation structure) has been studied in [6, 25,
32] (see also [5]). Given a positive Rockland operator A on homogeneous group
G, the best known estimate for the heat kernel K, due to Auscher, ter Elst and
Robinson, is of the form

_ /(2m—1)
. Co gl !
K9l = exp (—M( (16)

t

where | - || is a homogeneous norm on G (consistent with A) and 2m is the highest
order derivative appearing in A. In the context of R, given a symmetric and
positive-homogeneous operator A with symbol P, the structure Gp = (R?, {§P})
for D = 2mE where E € Exp(A) is a homogeneous group on which A becomes a
positive Rockland operator. On Gp, it is quickly verified that || - | = R(-)"/*" is a
homogeneous norm (consistent with A) and so the above estimate is given in terms
of R(-)!/®m=D which is, in general, dominated by the Legendre-Fenchel transform
of R. To see this, we need not look further than our previous and simple example in
which A = —9% 4 9% . Here 2m = 8 and so R(x1,x2)"/@" ™D = (Ix1[® + |x2[%)!/7.
In view of (15), the estimate (16) gives the correct decay along the x,-coordinate
axis; however, the bounds decay at markedly different rates along the x;-coordinate
axis. This illustrates that the estimate (16) is suboptimal, at least in the context of
R?, and thus leads to the natural question: For positive-homogeneous operators on a
general homogeneous group G, what is to replace the Legendre-Fenchel transform
in heat kernel estimates?

Returning to the general picture, let A be a positive-homogeneous operator
on V with symbol P and homogeneous order . To highlight some remarkable
properties about the estimates (13) and (14) in this general setting, the following
proposition concerning R* is useful; for a proof, see Sect. 8.3 of [44].

Proposition 2.12 Let A be a positive-homogeneous operator with symbol P and
let R* be the Legendre-Fenchel transform of R = Re P. Then, for any E € Exp(A),
I — E € Exp(R¥). Moreover R* is continuous, positive-definite in the sense that
R*(x) > 0 and R*(x) = 0 only when x = 0. Further, R* grows superlinearly in the
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sense that, for any norm |- | on'V,

in particular, R*(x) — oo as x — oo.
Let us first note that, in view of the proposition, we can easily rewrite (14), for any
E € Exp(A), as

C
[Kh(x—)| = tui exp (~MR* (7" (x — y)))

for x,y € Vand ¢ > 0; the analogous rewriting is true for (13). The fact that R* is
positive-definite and grows superlinearly ensures that the convolution operator e~
defined by (12) for ¢ > 0 is a bounded operator from ” to L? for any 1 < p, g < oo.
Of course, we already knew this because Kj\ is a Schwartz function; however,
when replacing A with a variable-coefficient operator H, as we will do in the
sections to follow, the validity of the estimate (14) for the kernel of the semigroup
{e~™} initially defined on L?, guarantees that the semigroup extends to a strongly
continuous semigroup {¢~} on I7(R?) for all 1 < p < oo and, what’s more, the
respective infinitesimal generators —H,, have spectra independent of p [15]. Further,
the estimate (14) is key to establishing the boundedness of the Riesz transform, it
is connected to the resolution of Kato’s square root problem and it provides the
appropriate starting point for uniqueness classes of solutions to 9, + H = 0 [7, 42].
With this motivation in mind, following some background in Sect. 3, we introduce a
class of variable-coefficient operators in Sect. 4 called (2m, v)-positive-semi-elliptic
operators, each such operator H comparable to a fixed positive-homogeneous
operator. In Sect. 5, under the assumption that H has Holder continuous coefficients
and this notion of comparability is uniform, we construct a fundamental solution
to the heat equation 9, + H = 0 and show the essential role played by the
Legendre-Fenchel transform in this construction. As mentioned previously, in a
forthcoming work we will study the semigroup {¢~"#} where H is a divergence-form
operator, which is comparable to a fixed positive-homogeneous operator, whose
coefficients are at worst measurable. As the Legendre-Fenchel transform appears
here by a complex change of variables followed by a minimization argument, in
the measurable coefficient setting it appears quite naturally by an application of the
so-called Davies’ method, suitably adapted to the positive-homogeneous setting.

3 Contracting Groups, Holder Continuity
and the Legendre-Fenchel Transform

In this section, we provide the necessary background on one-parameter contracting
groups, anisotropic Holder continuity, and the Legendre-Fenchel transform and its
interplay with the two previous notions.
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3.1 One-Parameter Contracting Groups

In what follows, W is a d-dimensional real vector space with a norm | - |; the corre-
sponding operator norm on GI(W) is denoted by || - ||. Of course, since everything
is finite-dimensional, the usual topologies on W and GI(W) are insensitive to the
specific choice of norms.

Definition 3.1 Let {7;},~0 € GI(W) be a continuous one-parameter group. {7} is
said to be contracting if

lim ||T,|| = 0.
t—0

We easily observe that, for any diagonalizable E € End(W) with strictly positive
spectrum, the corresponding one-parameter group {¢£},. is contracting. Indeed, if

there exists a basis w = {wy, wy, ..., w,} of W and a collection of positive numbers
A1, Ao, ..., Ag for which Ewy, = Agwy for k = 1,2,...,d, then the one parameter
group {tF},~0 has tFw, = t*w; for k = 1,2,...,d and t > 0. It then follows

immediately that {¢£} is contracting.

Proposition 3.2 Let Q and R be continuous real-valued functions on W.
If Riw) > 0 for all w # 0 and there exists E € Exp(Q) N Exp(R) for which
{t%Y is contracting, then, for some positive constant C, Q(w) < CR(w) for all
w € W. If additionally Q(w) > 0 for allw # 0, then Q < R.

Proof Let S denote the unit sphere in W and observe that

w
sup =:C< o0
WES R(W)

because Q and R are continuous and R is non-zero on S. Now, for any non-zerow €
W, the fact that ¢£ is contracting implies that Fw € S for some ¢ > 0 by virtue of the
intermediate value theorem. Therefore, Q(w) = Q(tfw)/t < CR({Ew)/t = CR(w).
In view of the continuity of Q and R, this inequality must hold for all w € W. When
additionally Q(w) > 0 for all non-zero w, the conclusion that Q < R is obtained by
reversing the roles of Q and R in the preceding argument. O

Corollary 3.3 Let A be a positive-homogeneous operator on V with symbol P and
let R* be the Legendre-Fenchel transform of R = Re P. Then, for any positive
constant M, R* =< (MR)*.

Proof By virtue of Proposition 2.5, letm € Ni and v be a basis for V and for which
E2™ € Exp(A). In view of Proposition 2.12, R* and (MR)* are both continuous,
positive-definite and have I — E2™ € Exp(R*) N Exp((MR)"). In view of (5), it is
easily verified that ] — E2™ = E® where

2m1 2m2 Zmd d
W= , e RY (17)
2}711—1 2}712—1 2md—1
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and so it follows that {#V'} is contracting. The corollary now follows directly from
Proposition 3.2. O

Lemma 3.4 Let P be a positive-homogeneous polynomial on W and let n = 2m €
Nfl,_ and w be a basis for W for which the conclusion of Lemma 2.6 holds. Let
R = ReP and let B and y be multi-indices such that B < y (in the standard partial
ordering of multi-indices); we shall assume the notation of Lemma 2.6.

1. Forany n € Ny such that | : m| < 2n, there exist positive constants M and M’
for which
E7VPT] < M(RE) + R(O))" + M’

forall¢,veW.
2. If|B : m| = 2, there exist positive constants M and M’ for which

|E"VF77] < MR(§) + M'R(v)

forallv, & e W.
3. If|B:m| = 2and B > y, then for every € > Q there exists a positive constant
M for which

|E70P7Y| < €R(§) + MR(v)

forallv, & e W.

Proof Assuming the notation of Lemma 2.6, let E = E2™ € End(W) and consider
the contracting group {{£®E} = {t£ @ £} on W & W. Because R is a positive-
definite polynomial, it immediately follows that W @ W 5 (§,v) — R(§) + R(v) is
positive-definite. Let | - | be a norm on W @ W and respectively denote by B and §
the corresponding unit ball and unit sphere in this norm.

To see Item 1, first observe that

su |§yvﬂ—y| =M < 0
eores (RE) + R

Now, for any (£,v) € W @ W \ B, because {£®F} is contracting, it follows from the
intermediate value theorem that, for some # > 1, r=®®E) (& v) = (rE¢,rFv) € S.
Correspondingly,

€7 P | = P E ey (1 F) P
172 M (R(EE) + R(t7Fv))"
WFRETMR(E) + R(v)Y"
< MR(E) +R(v))"

IA

IA
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because |8 : m|/2 < n. One obtains the constant M’ and hence the desired
inequality by simply noting that |€”v#~7| is bounded for all (£, v) € B.

For Item 2, we use analogous reasoning to obtain a positive constant M for which
|EVVE=Y| < M(R(£) + R(v)) for all (£,v) € S. Now, for any non-zero (£,v) € W @
W, the intermediate value theorem gives ¢ > 0 for which f£®£ (¢, v) = (€, fFv) € S
and hence

70| < TIPEMMRGEE) + R(Fv)) = MR(E) + R())
where we have used the fact that |8 : 2m| = |f : m|/2 = 1 and that E € Exp(R).
As this inequality must also trivially hold at the origin, we can conclude that it holds

forall £, v € W, as desired.
Finally, we prove Item 3. By virtue of Item 2, for any £,v € W and ¢ > 0,

(7P| = | F P I = A Ey P
< 72 (MR(r7EE) + M'R(v)) = M7 IR(E) + M2 R(v).
Noting that |y : 2m| — 1 < 0 because y < B, we can make the coefficient of R(§)

arbitrarily small by choosing ¢ sufficiently large and thereby obtaining the desired
result. O

3.2 Notions of Regularity and Holder Continuity

Throughout the remainder of this article, v will denote a fixed basis for V and
correspondingly we henceforth assume the notational conventions appearing in
Proposition 2.5 and n = 2m is fixed. For o € R‘i, consider the homogeneous
norm | - ¢ defined by

d
el = bl
i=1
for x € V where ¢y (x) = (x1, X2, ...,xs). As one can easily check,
|5 Xl = x|

forall t > 0 and x € V where EY € GI(V) is defined by (5).

Definition 3.5 Letm € N‘_‘;_. We say that o € R‘j_ is consistent with m if
EY = a(l — E2™) (18)

for some a > 0.
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As one can check, « is consistent with m if and only if @ = a~ '@ where w is defined
by (17).

Definition 3.6 Let Q € Q' C Vand letf : Q' — C. We say that f is v-Holder
continuous on 2 if for some « € ]I‘_‘;_ and positive constant M,

|f) =fO)| = Mlx —y[y 19)

for all x,y € Q. In this case we will say that « is the v-Holder exponent of f. If
Q = Q’ we will simply say that f is v-H6lder continuous with exponent .

The following proposition essentially states that, for bounded functions, Holder
continuity is a local property; its proof is straightforward and is omitted.

Proposition 3.7 Let 2 C V be open and non-empty. If f is bounded and v-Holder
continuous of order a € 14, then, for any B < «, f is also v-Hélder continuous of
order f.

In view of the proposition, we immediately obtain the following corollary.

Corollary 3.8 Let Q2 C 'V be open and non-empty and m € Nﬁ_. Iff is bounded and
v-Holder continuous on Q of order B € 1%, there exists o € H‘_{_ which is consistent
with m for which f is also v-Holder continuous of order a.

Proof The statement follows from the proposition by choosing any «, consistent
with m, such that @ < 8. O
The following definition captures the minimal regularity we will require of funda-
mental solutions to the heat equation.

Definition 3.9 Let n € N‘_’F, v be a basis of V and let O be a non-empty open
subset of [0, 7] x V. A function u(t, x) is said to be (n, v)-regular on O if on O
it is continuously differentiable in ¢ and has continuous (spatial) partial derivatives
De u(t, x) for all multi-indices 8 for which |8 : n| < 1.

3.3 The Legendre-Fenchel Transform and Its Interplay
with v-Holder Continuity

Throughout this section, R is the real part of the symbol P of a positive-
homogeneous operator A on V. We assume the notation of Proposition 2.12 (and
hence Proposition 2.5) and write E = E2™. Let us first record two important results
which follow essentially from Proposition 2.12.

Corollary 3.10
RY < |-|®

v

where w was defined in (17).
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Proof In view of Propositions 2.5 and 2.12, E® = [ — E2™ € Exp(R*) N Exp(| - [2).
After recalling that {f¥'} is contracting, Proposition 3.2 yields the desired result
immediately. O
By virtue of Proposition 2.12, standard arguments immediately yield the following
corollary.

Corollary 3.11 For any € > 0 and polynomial Q : V — C, i.e., Q is a polynomial
in any coordinate system, then

0()e KO e L®(V) N L'(V).

Lemma 3.12 Lety = 2mmax — 1)7\. Then for any T > 0, there exists M > 0 such
that

R*(x) < M"R* (1 Ex)

forallxe Vand0 <t <T.

Proof In view of Corollary 3.10, it suffices to prove the statement
X7 < Me? |y

forallx € Vand 0 < t < T where M > 0 and w is given by (17). But for any
O<t<Tandx €V,

d d
|iFx|© = Ztl/(sz_l)|xj|w-" < Z T/ @m=D=y) | |
Jj=1 j=1
from which the result follows. O
Lemma 3.13 Leto € H‘i be consistent with m. Then there exists positive constants
o and 0 such that 0 < o < 1 and for any T > 0 there exists M > 0 such that

xly < Me° (R*(* )"

forallx e Vand0 <t <T.
Proof By an appeal to Corollary 3.10 and Lemma 3.12,

X[ < Mi"R* (17 x)

forall x € Vand 0 < ¢ < T. Since « is consistent with m, « = a~'w where

a is that of Definition 3.5, the desired inequality follows by setting ¢ = y/a and

0 = 1/a. Because o € ]Iﬁ, it is necessary that a > 2mpin/ (2mmin — 1) whence

0 <0 =< Cmmin — 1)/ 2nyin(Crpax — 1)) < 1. O
The following corollary is an immediate application of Lemma 3.13.
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Corollary 3.14 Letf : V — C be v-Holder continuous with exponent o € ]Ifl|r and
suppose that « is consistent with m. Then there exist positive constants o and 0 such
that 0 < o < 1 and, for any T > 0, there exists M > 0 such that

|£(x) —f)] < M® (R*(r7E))?

forallx,ye Vand0 <t <T.

4 On (2m, v)-Positive-Semi-Elliptic Operators

In this section, we introduce a class of variable-coefficient operators on V whose
heat equations are studied in the next section. These operators, in view of Proposi-
tion 2.5, generalize the class of positive-homogeneous operators. Fix a basis v of V,
m e N‘j_ and, in the notation of the previous section, consider a differential operator
H of the form

H= 37 apDf = 3 ap)D{+ > ap(0)D]

|p:m|<2 |B:m|=2 |B:m|<2

= Hp + H,;

where the coefficients ag : V — C are bounded functions. The symbol of H, P :
V x V* — C, is defined by

PO = Y aE = Y apmEf + Y ap(nEl

|f:m|<2 |f:m|=2 |f:m|<2

= Pp(.§) + Pi(y. §).

fory € Vand £ € V*. We shall call H,, the principal part of H and correspondingly,
P, is its principal symbol. Let’s also define R : V* — R by

R(§) = Re P,(0.§) (20)

for £ € V*. At times, we will freeze the coefficients of H and H, at a pointy € V
and consider the constant-coefficient operators they define, namely H(y) and H,(y)
(defined in the obvious way). We note that, for each y € V, H,(y) is homogeneous
with respect to the one-parameter group {§£},.o where E = E2™ € GI(V) is
defined by (5). That is, H,, is homogeneous with respect to the same one-parameter
group of dilations at each point in space. This also allows us to uniquely define the
homogeneous order of H by

ug =trE = Q2m)~" + Qma) ™ 4 - 4 2mg) . (1)
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We remark that this is consistent with our definition of homogeneous-order for
constant-coefficient operators and we remind the reader that this notion differs from
the usual order a partial differential operator (see the discussion surrounding (10)).
As in the constant-coefficient setting, H,(y) is not necessarily homogeneous with
respect to a unique group of dilations, i.e., it is possible that Exp(H,(y)) contains
members of GI(V) distinct from E. However, we shall henceforth only work with
the endomorphism E, defined above, for worrying about this non-uniqueness of
dilations does not aid our understanding nor will it sharpen our results. Let us further
observe that, foreachy € V, P,(y, -) and R are homogeneous with respect to {¢* “Vs0
where E* € GI(V*).

Definition 4.1 The operator H is called (2m, v)-positive-semi-elliptic if for all
y € V,ReP,(y,") is a positive-definite polynomial. H is called uniformly (2m, v)-
positive-semi-elliptic if it is (2m, v)-positive-semi-elliptic and there exists § > 0 for
which

RePy(y.§) = 8R(§)

forally € Vand & € V*. When the context is clear, we will simply say that H is
positive-semi-elliptic and uniformly positive-semi-elliptic respectively.

In light of the above definition, a semi-elliptic operator H is one that, at every
point y € V, its frozen-coefficient principal part H,(y), is a constant-coefficient
positive-homogeneous operator which is homogeneous with respect to the same
one-parameter group of dilations on V. A uniformly positive-semi-elliptic operator
is one that is semi-elliptic and is uniformly comparable to a constant-coefficient
positive-homogeneous operator, namely H,(0). In this way, positive-homogeneous
operators take a central role in this theory.

Remark 4 In view of Proposition 2.5, the definition of R via (20) agrees with that
we have given for constant-coefficient positive-homogeneous operators.

Remark 5 For an (2m, v)-positive-semi-elliptic operator H, uniform semi-
ellipticity can be formulated in terms of Re P,(yo,-) for any yo € V; such a
notion is equivalent in view of Proposition 3.2.

S The Heat Equation

For a uniformly positive-semi-elliptic operator H, we are interested in constructing
a fundamental solution to the heat equation,

0 +Hu=0 (22)
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on the cylinder [0, 7] x V; here and throughout 7 > 0 is arbitrary but fixed. By
definition, a fundamental solution to (22) on [0, 7] x V is a function Z : (0, T] x V x
V — C satistying the following two properties:

1. Foreachy € V, Z(-, -, y) is (2m, v)-regular on (0, 7') x V and satisfies (22).
2. Foreach f € Cp(V),

tim /V Z(t.x ) G)dy = f(x)

forallx € V.
Given a fundamental solution Z to (22), one can easily solve the Cauchy problem:

Given f € Cy(V), find u(t, x) satisfying

(0, +Hu=0 on (0,T)xV
u(0,x) =f(x) for xeV.

This is, of course, solved by putting

u(t, x) = /V Z(t.x ) () dy

forx € Vand 0 < ¢t < T and interpreting u(0, x) as that defined by the limit of
u(t,x) as t | 0. The remainder of this paper is essentially dedicated to establishing
the following result:

Theorem 5.1 Let H be uniformly (2m, v)-positive-semi-elliptic with bounded v-
Holder continuous coefficients. Let R and iy be defined by (20) and (21) respec-
tively and denote by R* the Legendre-Fenchel transform of R. Then, for any T > 0,
there exists a fundamental solution Z : (0,T) x VxV — Cto (22) on [0,T] x V
such that, for some positive constants C and M,

Z(1,x, )| < ﬂfH exp (—tMR# (x;y )) 23)

forx,y e Vand0 <t <T.

We remark that, by definition, the fundamental solution Z given by Theorem 5.1
is (2m, v)-regular. Thus Z is necessarily continuously differentiable in ¢ and has
continuous spatial derivatives of all orders § such that |§ : m| < 2.

As we previously mentioned, the result above is implied by the work of Eidelman
for 2l;-parab01ic systems on R¢ (where b = m) [26, 28]. Eidelman’s systems,
of the form (1), are slightly more general than we have considered here, for their
coefficients are also allowed to depend on ¢ (but in a uniformly Holder continuous
way). Admitting this 7-dependence is a relatively straightforward matter and, for
simplicity of presentation, we have not included it (see Remark 6). In this slightly
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more general situation, stated in R? and in which v = e is the standard Euclidean
basis, Theorem 2.2 (p. 79) [28] guarantees the existence of a fundamental solution
Z(t,x,y) to (1), which has the same regularity appearing in Theorem 5.1 and satisfies

d

C ka _ yk|2mk/(2mk—l)
|12, x.y)| = /@) +1/@ma) 441/ @mg) EXP (_M/Z /@m—1)
=1

(24)

forx,y € R? and 0 < t < T where C and M are positive constants. By an appeal to
Corollary 3.10, we have R* < | - | and from this we see that the estimates (23) and
(24) are comparable.

In view of Corollary 3.8, the hypothesis of Theorem 5.1 concerning the coeffi-
cients of H immediately imply the following a priori stronger condition:

Hypothesis 5.2 There exists « € H‘_{_ which is consistent with m and for which the
coefficients of H are bounded and v-Holder continuous on'V of order «.

5.1 Levi’s Method

In this subsection, we construct a fundamental solution to (22) under only the
assumption that H, a uniformly (2m, v)-positive-semi-elliptic operator, satisfies
Hypothesis 5.2. Henceforth, all statements include Hypothesis 5.2 without explicit
mention. We follow the famous method of Levi, c.f., [40] as it was adopted for
parabolic systems in [27] and [30]. Although well-known, Levi’s method is lengthy
and tedious and we will break it into three steps. Let’s motivate these steps by first
discussing the heuristics of the method.
We start by considering the auxiliary equation

@+ D ap()DE)u= (3 + Hy(y))u=0 (25)

|f:m|=2

where y € V is treated as a parameter. This is the so-called frozen-coefficient heat
equation. As one easily checks, foreachy € V,

G,(t,x;y) 1= / e EWT 0O ge (x eV, 1> 0)
V*

solves (25). By the uniform semi-ellipticity of H, it is clear that G,(¢,-;y) € S(V)
fort > 0andy € V. As we shall see, more is true: G, is an approximate identity in
the sense that

lim | G,(t,x —y;0)f () dy = f(x)
o Jy
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for all f € Cp(V). Thus, it is reasonable to seek a fundamental solution to (22) of
the form

t
Z(t,x,y) = Gy(t, x —y;y) + / / Gy(t —s,x— 2:2)$ (s, 2, y)dzds
0 Jv
= Gy(t,x—y;y) + W(t,x,y) (26)

where ¢ is to be chosen to ensure that the correction term W is (2m, v)-regular,
accounts for the fact that G, solves (25) but not (22), and is “small enough” as
t — 0 so that the approximate identity aspect of Z is inherited directly from G,,.

Assuming for the moment that W is sufficiently regular, let’s apply the heat
operator to (26) with the goal of finding an appropriate ¢ to ensure that Z is a
solution to (22). Putting

K(t,x,y) = —(0, + H)G,(t,x — y;y),

we have formally,

(at + H)Z(ta X, y)

t
—K(t,x,y) + (0; —I—H)/(; /‘;Gp(t—s,x—z; 2)¢(s,z,y) dzds

—K(t,x,y) + lim/ Gp(t—s,x—z2:2)¢(s,2,y) dz
st Jv

¢
—/0 /\;}—(8;+H)G1,(t—s,x—z;z)q,’)(s,z,y)dzds

t
—K(t,x,y) + o (t,x,y) — /(; /;/K(t —5,%,2)¢(s,z,y) dzds 27

where we have made use of Leibniz’ rule and our assertion that G, is an approximate
identity. Thus, for Z to satisfy (22), ¢ must satisfy the integral equation

K(t,x,y) = ¢(t,x,y) —/0 /VK(t—s,x, 2)¢(s,z,y)dzds
= ¢(tv X, y) - L(d))(tv X, y) (28)

Viewing L as a linear integral operator, (28) is the equation K = (I — L)¢ which has
the solution

p=>Y LK (29)
=0

provided the series converges in an appropriate sense.
Taking the above as purely formal, our construction will proceed as follows:
We first establish estimates for G, and show that G, is an approximate identity;
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this is Step 1. In Step 2, we will define ¢ by (29) and, after deducing some subtle
estimates, show that ¢’s defining series converges whence (28) is satisfied. Finally
in Step 3, we will make use of the estimates from Steps 1 and 2 to validate the
formal calculation made in (27). Everything will be then pieced together to show
that Z, defined by (26), is a fundamental solution to (22). Our entire construction
depends on obtaining precise estimates for G, and for this we will rely heavily on
the homogeneity of P, and the Legendre-Fenchel transform of R.

Remark 6 One can allow the coefficients of H to also depend on ¢ in a uniformly
continuous way, and Levi’s method pushes though by instead taking G, as the
solution to a frozen-coefficient initial value problem [26, 28].

Step 1: Estimates for G, and Its Derivatives

The lemma below is a basic building block used in our construction of a fundamental
solution to (22) via Levi’s method and it makes essential use of the uniform semi-
ellipticity of H. We note however that the precise form of the constants obtained,
as they depend on k and 8, are more detailed than needed for the method to work.
Also, the partial differential operators De of the lemma are understood to act of the
x variable of G, (1, x;y).

Lemma 5.3 There exist positive constants M and Cy and, for each multi-index B,
a positive constant Cg such that, for any k € N,

CpChk!
DGty < L oy P (MR (/1) (30)

forallx,y € Vandt > 0.

Before proving the lemma, let us note that tR*(x/f) = R*(rFx) for all t > 0 and
x € Vin view of Proposition 2.12. Thus the estimate (30) can be written equivalently
as

CpChk!

# . —F
s+t |pram] SXP(—MRE(177X)) (31)

DY Gyt x:3)| <
for x,y € V and ¢+ > 0. We will henceforth use these forms interchangeably and

without explicit mention.

Proof Let us first observe that, for each x,y € Vand ¢ > 0,
HDEG, (1. x1y) = /V (Py(y. ) e E W00 g
- / Py, 1 E N (E £)P e BT 0= Pr 08 U E g
V*

_ un—k—lp2ml / (P (3, E)AEP 60 R0 g
V*
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where we have used the homogeneity of P, with respect to {tE*} and the fact that
upg = tr E. Therefore

t;LH+k+\ﬂ:2m| (al;Dng([, . ,y))(tEx) — / (Pp(ys E))ki_-ﬂe—if(X)e—Pp()’sE)d%‘ (32)
y*

for all x,y € V and ¢ > 0. Thus, to establish (30) (equivalently (31)) it suffices to
estimate the right hand side of (32) which is independent of ¢.

The proof of the desired estimate requires making a complex change of variables
and for this reason we will work with the complexification of V*, whose members
are denoted by z = £ — iv for £, v € V*; this space is isomorphic to C¢. We claim
that there are positive constants Cy, M1, M, and, for each multi-index 8, a positive
constant Cg such that, for each k € N,

|(Pp(y, & — i)' (§ — iv)Pe PO < CpClkle MR MR (33)

forall £,v € V* and y € V. Let us first observe that

Py(y.E—iv) =Pp(n.6) + Y Y apyE(—iv)!77

|B:m|=2y<p

forall z,v € V* and y € V, where ag, are bounded functions of y arising from the
coefficients of H and the coefficients of the multinomial expansion. By virtue of the
uniform semi-ellipticity of H and the boundedness of the coefficients, we have

—RePy(y.§ —iv) < —8R(E) +C Y D |7

|B:m|=2y<p

forall §,v € V* and y € V where C is a positive constant. By applying Lemma 3.4
to each term |7 v#~7 | in the summation, we can find a positive constant M for which
the entire summation is bounded above by §/2R(§) + MR(v) for all £,v € V*. By
setting M, = §/6, we have

—ReP,(y, & —iv) < —3MR(§) + MR(v) (34)

for all £,v € V* and y € V. By analogous reasoning (making use of item 1 of
Lemma 3.4), there exists a positive constant C for which

|Pp(y.§ —iv)| = C(R(§) + R(v))
forall§,v € V* and y € V. Thus, for any k € N,

_ CHRORRE) + ROV _ g wrero)

Py, € —iv)[* < i 0 (35)



Positive-Homogeneous Operators, Heat Kernel Estimates and the Legendre-. . . 37

forall £,v € V* and y € V where Cy = C/M,. Finally, for each multi-index S,
another application of Lemma 3.4 gives C’ > 0 for which

[E—iv)P| < EP[+ P14+ D cpplevP 77 < C(RE) + RO + 1)
O<y<p

for all £,v € V* where n € N has been chosen to satisfy | : 2nm| < 1.
Consequently, there is a positive constant Cg for which

|(§ = iw)| < CpethEOTED (36)
for all &, v € V*. Upon combining (34)-(36), we obtain the inequality
‘Pp(ysg _ iv)k(é _ iv)ﬂe—Pp(yf—iV)‘ < CﬁC/(c)k!e—MlR(é)+(M+2M1)R(V)
which holds for all £,v € V* and y € V. Upon paying careful attention to the way
in which our constants were chosen, we observe the claim is established by setting
M, = M+ 2M,.

From the claim above, it follows that, for any v € V* and y € V, the following
change of coordinates by means of a C? contour integral is justified:

/ (P, (y, E)AEPeEW PO g = / (Py(y, £ — i) (& — iv)P e EMW—htri=0) g
v* Eev*
=0 [ B g e - e B g
Eev*

Thus, by virtue of the estimate (33),

)/ (P[’(yv g))kéﬂe_ié(x)e_f)ﬂ()'f) dé
V*

< CyChte ) MoRO) / MG g
V*

< C/S Cgk!e—(v(x)—MzR(V))

for all x,y € Vand v € V* where we have absorbed the integral of exp(—MR(§))
into Cg. Upon minimizing with respect to v € V*, we have

< CChkle™(M2R'® <y ChE1e MR )
(37)

'/ (Pp(y, s))kéﬂe_is(x)g_ljp(yf)dg
V*

for all x and y € V because

—(M>R)*(x) = —sup{v(x) = MaR(v)} = inf{—(v(x) = MoR(v))}:
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in this we see the natural appearance of the Legendre-Fenchel transform. The
replacement of (M,R)*(x) by MR*(x) is done using Corollary 3.3 and, as required,
the constant M is independent of k and 8. Upon combining (32) and (37), we obtain
the desired estimate (30). ]
As a simple corollary to the lemma, we obtain Proposition 2.11.

Proof of Proposition 2.11 Given a positive-homogeneous operator A, we invoke
Proposition 2.5 to obtain v and m for which A = Z‘ B:m|=2 aﬂDe . In other words,
A is an (2m, v)-positive-semi-elliptic operator which consists only of its principal
part. Consequently, the heat kernel K satisfies K} (x) = G,(f,x;0) forall x € V
and 7 > 0 and so we immediately obtain the estimate (13) from the lemma. O

Making use of Hypothesis 5.2, a similar argument to that given in the proof of
Lemma 5.3 yields the following lemma.

Lemma 5.4 There is a positive constant M and, to each multi-index B, a positive
constant Cg such that

IDE(G) (t.x:y + h) — Gp(t.xiy)]| < Cpr~rt1F2mD e exp(—MR (/1))

forallt > 0, x,y,h € V. Here, in view of Hypothesis 5.2, o is the v-Holder
continuity exponent for the coefficients of H.

Lemma 5.5 Suppose that g € Cp((to, T] x V) where 0 < ty < T < oo. Then, on
any compact set Q C (to, T] x V,

/VGP(LX —yiy)gls —t.y)dy — g(s.x)
uniformly on Q as t — 0. In particular, for any f € Cp(V),
| Gt =yinroray = s

uniformly on all compact subsets of V as t — 0.

Proof Let Q be a compact subset of (zp, T] x V and write
| Guteox =gt = rnas

- A, Gyt x — yiX)g(s — 1. y) dy + L [Gy(t.x — y23) — Gy lt.x — y: )]s — 1.) dy

= I,(l)(s,x) + I,(Z)(s,x).
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Let € > 0 and, in view of Corollary 3.11, let K be a compact subset of V for which
/ exp(—MR*(z)) dz < €
V\K

where the constant M is that given in (30) of Lemma 5.3. Using the continuity of g,
we have for sufficiently small # > 0,

sup |g(s—1t,x— th) —g(s,x)| <e.

(s.x)€Q
ZEK

We note that, forany r > Oand x € V,

/ Gy(t,.x—y;x)dy = e_TPP(X’E)) =1.
v §=0
Appealing to Lemma 5.3 we have, for any (s, x) € Q,
10 (5.%) = 865 9)] = | /V G0, = 33 2) (g5 — 1,7) — 8(5.)) ]

< [ 16,1500 = tx = 9 = g6, )] de

\4
< 2||g||ooC/ exp(—MR*(2)) dz
V\K
+C [ expMRY@lets = 13— 79— s )
K

< C(2lgllo + 1™ I1) ;
here we have made the change of variables: y > £ (x—y) and used the homogeneity
of P, to see that "#G,(1,tz;x) = G,(1,zx). Therefore It(l)(s,x) — g(s,x)
uniformly on Q as ¢t — 0.

Let us now consider /. With the help of Lemmas 3.13 and 5.4 and by making
similar arguments to those above we have

19 (5.9)] < Clglloo /V 0 — 3|2 exp(—MRH(~E x — y)) dy
< lgllowCr® [V RN E (x— 1)) exp(—MRY(7E (x — 1)) dy
< lgllooCr” /V (R (1))° exp(—MR*(2)) dz < |lgllooC't"

forall s € (0,7],0 <t < s—1tyand x € V; here 0 < o0 < 1. Consequently,
It(z) (s,x) — O uniformly on Q as t — 0 and the lemma is proved. O
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Combining the results of Lemmas 5.3 and 5.5 yields at once:
Corollary 5.6 Foreachy €V, G,(-,- —y;y) is a fundamental solution to (25).

Step 2: Construction of ¢ and the Integral Equation
Fort > Oand x,y € V, put

K(t,x,y) = —(0; + H)G,(t,x — y;y)
= (H[,(y) —H)G[,(t,x —¥y)

= / o) (P,,(y, £) — P(x, S))e"PPU”E) de
V*

and iteratively define

t
Ko (t,x,y) = / / Ky (1= 5,x,2)Ky(s, 2, y) dzds
0 JV

where K| = K. In the sense of (29), note that K,,+| = L"K.
We claim that for some 0 < p < 1 and positive constants C and M,

K (t,x,y)| < C= 170 exp(—MR* (™" (x — y))) (38)

forall x,y € Vand 0 < ¢t < T. Indeed, observe that

Ktx.y)| < Y lap®) —ap@DEG,(tx—yin)|+C Y |DIG,(t.x—y:y)|
|f:m|=2 |f:m|<2

for all x,y € V and ¢t > 0 where we have used the fact that the coefficients of H are
bounded. In view of Lemma 5.3, we have

Ktx ) < Y lag(y) —ap@)|Cr D exp(—MR* (7" (x - y)))
|p:m|=2

+Cr Bt exn(—MR* (7E (x — y)))
forall x,y € Vand 0 < t < T where
n=max{|8:2m|: [ :m| # 2andag # 0} < 1.

Using Hypothesis 5.2, an appeal to Corollary 3.14 gives 0 < o < 1 and 6 > 0 for
which

K (1, x,y)| < CO~ DR F (x — y)))? exp(—=MR* (17 (x — y)))
+Cr Bt exp(—MR* (7E (x — y)))
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forallx,y € Vand 0 < ¢t < T. Our claim is then justified by setting
p = max{o, 1 —n} (39)

and adjusting the constants C and M appropriately to absorb the prefactor
(R*(r F(x — y)))? into the exponent. It should be noted that the constant p is
inherently dependent on H. For it is clear that ) depends on H. The constants o and
0 are specified in Lemma 3.13 and are defined in terms of the Holder exponent of
the coefficients of H and the weight m.

Taking cues from our heuristic discussion, we will soon form a series whose
summands are the functions K, for n > 1. In order to talk about the convergence
of this series, our next task is to estimate these functions and in doing this we will
observe two separate behaviors: a finite number of terms will exhibit singularities
in ¢ at the origin; the remainder of the terms will be absent of such singularities and
will be estimated with the help of the Gamma function. We first address the terms
with the singularities.

Lemma 5.7 Let 0 < p < 1 be given by (39) and M > 0 be any constant for which
(38) is satisfied. For any positive natural number n such that p(n — 1) < ug + 1
and € > 0 for which en < 1, there is a constant C,(€) > 1 such that

K (1,0, 3)| < Ca()r™ 17 exp(—=M (1 — em)R* (7 (x — y)))

forallx,y e Vand0 <t <T.

Proof In view of (38), it is clear that the estimate holds when n = 1. Let us assume
the estimate holds for n > 1 such that pn < 1 + uy and € > 0 for which en <
€(n+ 1) < 1. Then

t
Kuax)l = [ [ @@= 9 0t=c, s
0 Jv
x exp(=MR*((t — )" (x — 2))) exp(—M ,R* (s~ F(z — y))) dzds
(40)
forx,y € Vand 0 < ¢ < T where we have set M., = M(1 — en). Observe that
RY (7P (x —y)) = sup{(x —y) — 1R(£)}

sup{€(x —z) — (t — R(E) + E(z — y) — sR(E)}
<R ((t—9)Fx—2) + R (F(z—) (41)
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forall x,y,z € Vand 0 < s < 1. Using the fact that 0 < en < e(n + 1) < 1, (41)
guarantees that

(I =€+ )R F(x—y) + e (R —5)F(x—2) + R (s E(z—y))

<(—e(+1) (R ((t—9)"F(x—2) + R (" (z—))
+e (R*((1—5) " (x—2) + R* (s F(z—y)))
< (U —emR*((1=9)7F(x=2) + (1 —emR* (s F(z—))
<R((1=97F(x=2) + (1 —emR* (s F(z—))
or equivalently
—MR*((1 — ) F(x = 2)) = MR (s " (z— )
< ~Meu RN (T (x = y)) — eM (R ((t = 9) " (x = 2)) + R* (s F(z—y) (42

forall x,y,z € Vand 0 < s < t. Combining (40) and (42) yields

|Kn+l(t~ X, y)|
< Ci(e)Cy(€) exp(—Me 11 R (7 E(x — y))) /[/(f — 5)~rat1=0) = (a1 =np)
0 \%
X exp(—eM(R*((t — 5) " (x — 2)) + R* (s F(z — y))) dzds

< Ci()Cu(€) exp(—M 1 RF (75 (x — y)))
1/2
X [/ / (t — s) " 1= = t1=m0) 5 oxp(—eMR* (s7E(z — y))) dzds
o Jv

t
+ / / (t — )" H1=0) =G 1=m0) oy (—eMR* (1 — 5) " (x — 2))) dz dx]
1/2 JV

(43)

forall x,y € Vand 0 < r < T, where we have used the fact that R* is non-negative.
Let us focus our attention on the first term above. For 0 < s <¢/2,

(r— s)—(uH+1—p)s—(;LH+l—np) < (t/z)_(lLH+1_P)s_(MH+l—n,D)

because uy + 1 — p > 0. Consequently,
t/2
/ / (1t — )" W 1m0 = +1=10) oy 5 (—e MR* (s7E (z — v))) dz ds
0o Jv

t/2
< (t/2)"wut1=p) /0 s 1=mp) /V exp(—eMR* (s (z — v))) dz ds
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t/2
< (t/2)"wut1=p) /0 §P! /V exp(—eMR* (2)) dz ds

2 (a+H1=(n+1)p)

< 1=+ 1p) / exp(—eMR*(z)) dzds (44)
v

np

for all y € V and r > 0. We note that the second inequality is justified by making
the change of variables z > s~ F(z — y) (thus canceling the term s~ " = s~/ in
the integral over s) and the final inequality is valid because np —1 > p—1 > —1.
By similar reasoning, we obtain

t
/ / (1 — s) " T1=n0) =i T1=0) ex p(—eMR* ((t — 5)E (x — 2))) dz ds
/2 JV

t

2t +1=(r+ 1)p)
< 1=+ Dp) / exp(—eMR"(2)) dz ds (45)
P v

for all x € V and ¢ > 0. Upon combining the estimates (43), (44) and (45), we have
K1 (8.5, 9)| < Crpr (€)1~ F =00 exp(—M , R¥ (5 (x — y))

forall x,y € Vand 0 < r < T where we have put
nH+ 1t a—mtnp) #
Cut1(€) = C1(€)Cn(e) 21 P | exp(—eMR"(z)) dz
np \Y

and made use of Corollary 3.11. O

Remark 7 The estimate (41) is an important one and will be used again. In the
context of elliptic operators, i.e., where R (x) = C,,|x|*™/>"~1, the analogous result
is captured in Lemma 5.1 of [27]. It is interesting to note that Eidelman worked
somewhat harder to prove it. Perhaps this is because the appearance of the Legendre-
Fenchel transform wasn’t noticed.

It is clear from the previous lemma that for sufficiently large n, K, is bounded by a
positive power of ¢. The first such nis 2 := [p~!(tr E 4 1)]. In view of the previous
lemma,

K (1, x,y)| < Ci(€) exp(=M(1 — en)R* (™" (x — y)))

forall x,y € Vand 0 < t < T where we have adjusted Cj(¢) to account for this
positive power of 7. Let § < 1/2 and set

€

S S

, My =M(1-6§) and Cp= max C,(e).
1<n<n
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Upon combining preceding estimate with the estimates (38) and (41), we have
|Kﬁ+l(t’ X, y)'
< Cé f[f([_s)_(MH+(l_P))
0 Jv
x exp(—MR*((t — ) "E(x — 2)) exp(—M (1 — en)R* (s~ E(z — y))) ds dz
t
= Glexp-MR =) [ [ (=970 exp( o (1~ ) @) s
0 JV
tP
< Co(GoF) | exp(=MR* (" (x = y)
forallx,y € Vand 0 < ¢ < T where

F = / exp(—M8R"(z)) dz < co.
v

Let us take this a little further.

Lemma 5.8 Forevery k € Ny,

F k
|Kipi(1, X, y)| < Ff;) (C°Fk!(p D ok exp(—MiR (7 (x = 1) (46)

forallx,y €e Vand 0 <t < T. Here I' () denotes the Gamma function.

Proof The Euler-Beta function B(-, -) satisfies the well-known identity B(a,b) =
I'(@)T(b)/ ' (a + b). Using this identity, one quickly obtains the estimate

k=1
. T(p)~" _ T(p)!
B(p, 1 = <
g PP = r1hap = ke

It therefore suffices to prove that
k=1

|Kisi(t.x.9)| < Co(CoF) [ [ Bp. 1 +jp)t* exp(—MiR* (¢ (x —y))) (47
j=0

forallx,ye Vand0 <t <T.
We first note that B(p, 1) = p~! and so, for k = 1, (47) follows directly from the
calculation proceeding the lemma. We shall induct on k. By another application of
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(38) and (41), we have

k—1
—1
Jerr(t:x.3) 1= [P T Bo 1 40)]  IKikiet 1029
j=0

/(;t /\;(Z _ s)_(MH_Hl_p))s_kp exp(_MR#((t o S)_E(x —2)

IA

x exp(—M R (s7E(z — y))) dz ds

IA

exp(=MiR* (™ (x — y)))

X / Z / (t — 5)"wa =) =kp ox i (—MSR* ((r — 5) " (x — 2))) dzds
0 JV

forall x,y € Vand 0 < ¢ < T. Upon making the changes of variables z —
(t — 5)"E(x — 7) followed by s — s5/t, we have

A

1
Jerr (.2 5) < exp(—MR! (7 (x — Y)F /0 (¢t — sty (s0)"*1 ds

exp(—M R (17" (x — y) Fi**DPB(p, 1 + kp)

IA

forall x,y € Vand 0 < ¢t < T. Therefore (47) holds for k 4- 1 as required. O
Proposition 5.9 Let ¢ : (0,T] x V xV — C be defined by

This series converges uniformly for x,y € V and ty < t < T where ty is any positive
constant. There exists C > 1 for which

C
e = s, SPEMIR =) (48)

forall x,y € Vand 0 < t < T where M, and p are as in the previous lemmas.
Moreover, the identity

o (1, x,y) :K(t,x,y)—i-/ /K(t—s,x,z)¢>(s,z,y)dzds (49)
0o Jv

holds forall x,y € Vand0 <t <T.
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Proof Using Lemmas 5.7 and 5.8 we see that

Z |Kn([, X, y)l < CO[ Z t_(MH‘f'(l—np))
k=1 n=1
I o (GoFT(p)* )
trp e MR-y

for all x,y € Vand 0 < r < T from which (48) and our assertion concerning
uniform convergence follow. A similar calculation and an application of Tonelli’s
theorem justify the following use of Fubini’s theorem: Forx,y e Vand 0 <¢ < T,

t o0 t
/ / K(t—s5.x.29¢(s.z.y) dsdz = ) / / K(t — 5,x,2)Ky(s, 2, y) dz ds
0 Jv = Jo Jv

- ZKV:-I—I(tv Z, y) = ¢(tv-xvy) - K(tsxs y)
n=1

as desired. O
The following Holder continuity estimate for ¢ is obtained by first showing the
analogous estimate for K and then deducing the desired result from the integral
formula (49). As the proof is similar in character to those of the preceding two
lemmas, we omit it. A full proof can be found in [28, p. 80]. We also note here that
the result is stronger than is required for our purposes (see its use in the proof of
Lemma 5.12). All that is really required is that ¢ (-, -, y) satisfies the hypotheses (for
f)in Lemma 5.11 foreachy € V.

Lemma 5.10 There exists o € ]I‘_i_ which is consistent withm, 0 < n < land C > 1
such that

C 4 # . —FE
[+ hy) = px < o A exp(—M R (F (e =)

forallx,y,h e Vand0 <t <T.
Step 3: Verifying That Z Is a Fundamental Solution to (22)

Lemma 5.11 Let o € 1% be consistent with m and, for 1o > 0, let f : [to, T] x
V — C be bounded and continuous. Moreover, suppose that f is uniformly v-Holder

continuous in x on [ty, T| x V of order o, by which we mean that there is a constant
C > 0 such that

sup |f(t.x) —f(t.y)] = Clx—y[§

t€(1y,T]
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forallx,y € V. Thenu : [ty, T] x V — C defined by

u(t, x) =/ A]G,,(t—s,x—z;z)f(s,z)dzds

is (2m, v)-regular on (ty, T) x V. Moreover,
t—h
du(t,x) = f(t,x) + lim/ / 0,Gp(t — s, x — 2:2)f (5, 2) dzds (50)
h‘l‘o ) \%
and for any B such that |8 : m| < 2, we have
i—h
Déu(z‘,x) = lim /DéGp(t—s,x—z; 2)f (s,z) dzds (&2))
h{0 1 v

forxeVandty <t <T.
Before starting the proof, let us observe that, for each multi-index g,

Dé G,(t —s,x — z;2)f (s, 2) is locally uniformly (in x) dominated by the function
hg(s,z:t, %) 1= C(t — )~ HrHIB2mD exp(—MR¥((t — 5) £ (x — 2)))

forx,z € Vand fyp < s <t < T, where the constant C > 0 depends on 8, || f|lco and
the bound for De G, yielded by Proposition 2.11 which can be seen to hold locally
uniformly by an argument analogous to that given in the proof of Proposition 8.10
of [44]. We observe that

/ [ / hg(s, z;t,x) dzds = C / [ / (1 — 5) "t IB2mD oxn (—MR* (1 — 5)"F(x — 2))) dzds
o JV to JV

IA

C /m Z A (t — 5)71F2ml oxp(—MR* (2)) dz ds

IA

t
Cf (t—s)_‘ﬂzzm‘ ds
1o

foralltg <t <Tandx € V. When | : m| < 2,
t
/ (1 — 5)"1F2ml gy (52)
fo

converges and so, in view of the fact that De G,(t — s,x — z;2)f (5,2) is locally
uniformly dominated by /g, we may conclude that

t
Deu(t,x) = / /VDer(t—s,z—x;z)f(s,z) dzds
fo
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forall iy <t < T and x € V. From this it follows that Dé u(t, x) is continuous on
(to, T) x V and moreover (51) holds for such an § in view of Lebesgue’s dominated
convergence theorem. When |8 : m| = 2, (52) does not converge and hence the
above argument fails. The main issue in the proof below centers around using v-
Holder continuity to remove this obstacle.

Proof Our argument proceeds in two steps. The fist step deals with the spatial
derivatives of u. Therein, we prove the asserted x-regularity and show that the
formula (51) holds. In fact, we only need to consider the case where | : m| = 2;
the case where | : m| < 2 was already treated in the paragraph proceeding the
proof. In the second step, we address the time derivative of u. As we will see, (50)
and the asserted r-regularity are partial consequences of the results proved in Step
1; this is, in part, due to the fact that the time derivative of G, can be exchanged for
spatial derivatives. The regularity shown in the two steps together will automatically
ensure that u is (2m, v)-regular on (7, T) x V.

Step 1 Let B be such that | : m| = 2. For & > 0 write

t—h
up(t,x) = / /\\]G,,(t—s,x—z;z)f(s,z) dzds

and observe that
—h
Deuh(t,x) = / /Der(t—s,x—z;z)f(s,z) dzds
0 A%

forall fp < t—h <t < T and x € V; it is clear that Déuh(t, X) is continuous in ¢
and x. The fact that we can differentiate under the integral sign is justified because ¢
has been replaced by ¢ — & and hence the singularity in (52) is avoided in the upper
limit. We will show that Dé uy(t, x) converges uniformly on all compact subsets of
(to, T) x V as h — 0. This, of course, guarantees that Df u(x, t) exists, satisfies (51)
and is continuous on (#y, T') x V. To this end, let us write

t—h
DPuy(t,x) = / /V DIGy(t — s.x — z:2)(f(s.2) — f (s, %)) dzds

—h
+/ /D"?G,,(t—s,x—z;z)f(s,x)dzds
fo A\
=1V x) + 17t x).

Using our hypotheses, Corollary 3.8 and Lemma 3.13, for some 0 < 0 < 1 and
6 > 0, there is M > 0 such that

£ (s,2) = f(s,x)] < C(t = )" (R*((1 =) " (x - 2)))’
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for all x,z € V, t € [tp,T] and s € [fo,1]. In view of the preceding estimate and
Lemma 5.3, we have

IDEG,(t —5,x — 22) (f(5,2) — £ (5, %))
< C(t— )7 — 5)  (R* (1 — 5) F(x — 2)) exp(—MR*((t — 5) "5 (x — 2)))
< C(t — 5) "W t0=) exp(—MR* (1t — 5) E(x — 2))

forall x,z € V, 1 € [ty, T] and s € [to, t], where C and M are positive constants. We
then observe that

/ t / IDEG (1 — 5.3 — % ) (f(5.2) —f(s.0)] dzds
tp JV
C t _ ) +(1-0)) MR ((t = )" E(x — dzd
< /m(t 9 /V exp(—MR*((t — 5)(x — 2))) dz ds

< C/t(t — )1 /Vexp(—MR#(z)) dzds

- C(t—1)°
- o

< C(T — t())a
- o

/ exp(—MR*(2)) dz

A%

/ exp(—MR* () dz < 00
VvV

for all r € [fy,T] and x € V, where the validity of the second inequality is seen
by making the change of variables z — (1 — s)"F(x — z) and canceling the term
(t—s)"# = (t —s)~"E. Consequently,

IV, x) := /T/VDer(t— s, x — 7, 2)(f(s,2) — f(s,%)) dzds
to
exists for each ¢ € [ty, T] and x € V. Moreover, forallt) <t—h <t <Tandx €V,
060 10600 = [ [ 108G, —sx- w06 — sl deds
—
<C / th A] (t = )" exp(~MR*(2)) dzds < Ch°.
—

From this we see that limy, ¢ /, }(11) (, x) converges uniformly on all compact subsets of
(l‘(), T) x V.
We claim that for some 0 < p < 1, there exists C > 0 such that

| / DGt — s.x— 222 de| < C(t — 507 (53)
\Y
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for all x € V and s € [f, #]. Indeed,
/ Der(t— s, x —252)dz

v

= /VDg [Gp(t—s5,x—2;2) — Gp(t — 5, x — z;y)]fy=x dz + [Dg /VGP(I —$,X—2;) dz] |y=x.

The first term above is estimated with the help of Lemma 5.4 and by making
arguments analogous to those in the previous paragraph; the appearance of p follows
from an obvious application of Lemma 3.13. This term is bounded by C(t—s)~(~F),
The second term is clearly zero and so our claim is justified.

By essentially repeating the arguments made for I,(ll) and making use of (53), we
see that

t
lim 72 (1, x) = I9(t,x) = / / DPG,(t — 5,x — 2, 2)f (s, %) dzds
hi0 o JV

where this limit converges uniformly on all compact subsets of (7, T) x V.

Step 2 1t follows from Leibnitz’ rule that

t—h
uup(x, 1) = /V Gy(h,x —z;2)f(t — h,z) dz + / /V 0,G,(t — s,x — z;2)f (s,2) dzds
0]
=7V tx) + P (1. %)

forallty < t—h <t < T andx € V. Now, in view of Lemma 5.5 and our hypotheses
concerning f,

lim Jh D(t,x) = f(t, %)

where this limit converges uniformly on all compact subsets of (fy, T) x V.
Using the fact that 9,G,(t — s,x — 2;2) = —H,(2)G,(t — 5, x — z; 7), we see that

t—h
11mJ,(l )(t x) = lim / Z Clﬂ(Z)Dﬂ)G (t—s,x—2z2)f(s,2) dzds

h0
v |prmi=2

—h
= — Z lim /DfG,,(t—s,x—z;z)(aﬂ(z)f(s,z))dzds
v

h0
prmimz V0 0

forallt € (t,T) and x € V. Because the coefficients of H are v-Holder continuous
and bounded, for each B, ag(z)f (s, z) satisfies the same condition we have required

for f and so, in view of Step 1, it follows that J, }(12) (t,x) converges uniformly on all



Positive-Homogeneous Operators, Heat Kernel Estimates and the Legendre-. . . 51

compact subsets of (ty, T) x V as h — 0. We thus conclude that d,u(z, x) exists, is
continuous on (fy, T) x V and satisfies (50). O

Lemma 5.12 Let W : (0, 7] x V x V — C be defined by

t
W(t,x,y) = /0 A] Gy(t—s5,x—z2¢(s,z,y) dzds,

forx,y € Vand 0 <t < T. Then, for eachy € V, W(-,-,y) is (2m, v)-regular on
(0, T) x V and satisfies

0, + H)W(t,x,y) = K(t,x,y). (54)

forall x,y € Vandt € (0,T). Moreover, there are positive constants C and M for
which

|W(t,x,y)| < Cr %P exp(—=MR* (1 *(x — y))) (55)

forallx,y € Vand 0 < t < T where p is that which appears in Lemma 5.7.

Proof The estimate (55) follows from (30) and (48) by an analogous computation
to that done in the proof of Lemma 5.7. It remains to show that, for each y € V,
W(,-,y) is (2m, v)-regular and satisfies (54) on (0,7) x V. These are both local
properties and, as such, it suffices to examine them on (fy, T) x V for an arbitrary
but fixed 7y > 0. Let us write

t
W) = [ [ G0=sx-zapt.adzds
to

o
+/ /Gp(t—s,x—z;z)¢>(ssz,y)dzds
0 A\

= Wl(tvxvy) + Wz(t,an)

forx,y € Vand tp < ¢t < T. In view of Lemmas 5.10 and 5.11, for each y € V,
Wi(-, -, y) is (2m, v)-regular on (¢y, T) x V and

(al +H)W1(t’x’y) = 3tW1(f,X,}’) + Z aﬂ(x)Dgwl(t’x’y)
|f:m|<2

t—h
= ¢(t,x,y) + lim/ / 0:Gp(t — 5, x —2;2)¢(s,2,y) dzdy
hJ’O o \%

t—h
+ lim / Z aﬂ(x)DeG‘,,(t—s,x—z; 2)¢(s,z,y) dzds
MOS0 IV i<
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t—h
= ¢(t,x,y) + lim/ / 0 + H)Gp(t — 5, x — 2;2)¢ (5, 2, y) dz ds
hJ’O to A%

t—h
= ¢(t,x,y) — }11?3 /;0 /VK(I — 8, %,2)¢(s,z,y) dzds (56)

forall x € V and 7y < t < T, here we have used the fact that
0 + H)Gy(t — s, x —z:2) = —K(t — 5, x, 2).

Treating W, is easier because 0,G,(t — s,x — z;z) and, for each multi-index f,

Dé G,(t —s,x —z; z) are, as functions of s and z, absolutely integrable on (0, o] x V
for every ¢ € (tp, T] and x € V by virtue of Lemma 5.3. Consequently, derivatives
may be taken under the integral sign and so it follows that, foreachy € V, W, (-, -, y)
is (2m, v)-regular on (7, T) x V and

@, + H)Wa(t.x.y) = — / 0 / K(i— .32 (5.2, y) dz ds 57)
0 VvV

forx € Vand 1y < t < T. We can thus conclude that, for eachy € V, W(-,-,y) is
(2m, v)-regular on (fy, T) x V and, by combining (56) and (57),

t—h
0, + H)W(t,x,y) = ¢(t,x,y) — lim/ / K(t—s,x,2)¢(s,2,y) dzds
h0 Jo A\

forx € Vand 1y < ¢t < T. By (38), Proposition 5.9 and the Dominated Convergence
Theorem,

t—h t
lim /K(t—s,x,z)qﬁ(s,z,y)dzds:/ /K(t—s,x,z)d)(s,z,y)dzds
h0 Jo \% 0o Jv

= ¢)([,X,y) _K(tv-xvy)

and therefore
(0, + H)W(t,x,y) = K(t,x,y)

forallx,ye Vandty <t < T. O
The theorem below is our main result. It is a more refined version of Theorem 5.1
because it gives an explicit formula for the fundamental solution Z; in particular
Theorem 5.1 is an immediate consequence of the result below.

Theorem 5.13 Let H be a uniformly (2m, v)-positive-semi-elliptic operator. If H
satisfies Hypothesis 5.2 then Z : (0,T] x V x V — C, defined by

Z(t,x,y) = Gp(t, x —y;y) + W(t, x,y) (58)
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forx,y € Vand 0 < t < T, is a fundamental solution to (22). Moreover, there are
positive constants C and M for which

Z(t,x, )| < ﬂLCH exp (—tMR# (x;y )) (59)

forallx,y e Vand0 <t <T.

Proof As 0 < p < 1, (55) and Lemma 5.3 imply the estimate (59). In view of
Lemma 5.12 and Corollary 5.6, for each y € V, Z(-,+,y) is (2m, v)-regular on
(0,7) x Vand

0 + H)Z(t,x,y) = (0, + H)G,(t,x —y,y) + (3, + H)W(t, x,y)

—K(t,x,y) + K(t,x,y) =0

forall x e Vand 0 < ¢t < T. It remains to show that for any f € C,(V),

iny [ 2055070 dy = 9

for all x € V. Indeed, let f € C,(V) and, in view of (55), observe that

) / Wt x. )f )
A\

< €[ flloe [V £ exp(—MRY (i (x — y)))dy
< P11l /V exp(—MR* () dy < CF||lloe

forallx € Vand 0 <t < T. An appeal to Lemma 5.5 gives, foreachx € V,

tiny [ Z(x. 3003y = tim [ Gyta.x = yen)r )+ timy [ Wit.r ) dy
= 1) +0 =/

as required. In fact, the above argument guarantees that this convergence happens
uniformly on all compact subsets of V. O

We remind the reader that implicit in the definition of fundamental solution
to (22) is the condition that Z is (2m, v)-regular. In fact, one can further deduce
estimates for the spatial derivatives of Z, De Z, of the form (13) for all 8 such that
|B : 2m| < 1 (see [28, p. 92]). Using the fact that Z satisfies (22) and H’s coefficients
are bounded, an analogous estimate is obtained for a single ¢ derivative of Z.
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Strong Stability of Heat Kernels
of Non-symmetric Stable-Like Operators

Zhen-Qing Chen and Xicheng Zhang

Abstract Letd = 1 and @ € (0,2). Consider the following non-local and non-
symmetric Lévy-type operator on R¢:

dz,

Zopy=p. [ (= Y

X,
Z|d+oz

where 0 < ko < K (x,2) < k1, £(x,2) = k(x,—2), and |k (x,2) =« (¥, 2)| < Kkalx—y|?
for some B € (0, 1). In Chen and Zhang (Probab Theory Relat Fields 165:267-312,
2016), we obtained two-sided estimates on the fundamental solution (also called
heat kernel) pg, (7, x,y) of Z7. In this note, we establish pointwise estimate on
1P (t.x.3) = Pl (t.x. )] in terms of [l — & oo.

Keywords Heat kernel estimate ¢ Levi’s method ¢ Non-symmetric stable-like
operator ¢ Strong stability
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Secondary 47D07

1 Introduction

There are many interest recently in studying non-local operators or discontinuous
Markov processes as many phenomena can be modeled by these objects. Quite a
lot progress has been made during the last decade in developing DeGiorgi-Nash-
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Moser-Aronson type theory for symmetric non-local operators; see, e.g., [1, 3—6]
and the references therein. In particular, it is shown in Chen and Kumagai [5] that,
for every 0 < a < 2 and for any symmetric measurable function c(x, y) on RY x R?
that is bounded between two positive constants ¢; and c,, the symmetric non-local
operator

Zf() = lim (F(3) — () xc_("y’ﬁ,la dy. (L)

60 J {yeRd: |[y—x|>e} |

defined in the weak sense, admits a jointly Holder continuous heat kernel p(t, x, y)
with respect to the Lebesgue measure on R?, which satisfies

t t
T N I
for every t > 0 and x,y € R?, where C = 1 is a constant that depends only on
d,a,c; and c;. When c(x, y) is a positive constant, . above is a constant multiple
of the fractional Laplacian A%/? := —(—A)*? on R¢, which is the infinitesimal
generator of a (rotationally) symmetric a-stable process on R,
Recently, heat kernels and their sharp two-sided estimates for non-symmetric and
non-local stable-like operators of the following form are studied in Chen and Zhang

[7]:

Kk (x, z)

2o = v [ e+ —pe| e (1.3)

where p.v. stands for the Cauchy principle value; that is

Z57(x) = lim (a2 =)

670 J{zeRd:[e|>e}
Hered = 1,0 < a < 2, and k(x, z) is a measurable function on R¢ x R?¢ satisfying
0 < ko < k(x,z) < ki, Kk(x,z) = k(x, —2), (1.4)
and for some 8 € (0, 1)
lic(x.2) = k(y.2)] < Kkalx—yIP. (1.5)

That k (x, z) is symmetric in z is a commonly assumed condition in the literature of
non-local operators. Due to this symmetric, we can rewrite £\ as

K (x, z)

Lo = [ (2 =10 = Nz V)| ) e
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for every bounded C2-smooth function f on RY. We can also write Z¥ by

dz.

1
Zirw = ) [ et r=a -2

X,
Z|d+oz

Note that operators £ defined by (1.3) are typically non-symmetric. They can be
regarded as the non-local counterpart of elliptic operators of non-divergence form.
Holder continuity assumption (1.5) for non-symmetric operator £\ is quite natural.
Unlike the symmetric case, even for elliptic differential operators, certain Dini-type
continuity assumption on the coefficients is needed for the existence and for the
two-sided estimates of the fundamental solution of non-divergence form operators.

Under conditions (1.4)—(1.5), it is established in [7] that £ has a jointly
continuous heat kernel pf, (¢, x, y), and there is a constant ¢ = c(d, «, B, ko, k1, k2) =
1 so that

t t
: (tl/oc + |x _yl)d+oc S P;(l‘, xy) < C(tl/oc + |x _yl)d+oc (1.6)
for all t € (0,1] and x,y € R?. Estimates in (1.2) and (1.6) can be viewed as
the counterpart for non-local operators of Anroson estimates for elliptic differential
operators.

In modeling, state-dependent parameters c(x, y) of (1.1) and «(x, z) of (1.3) are
approximations of real data. So a natural question is how reliable the conclusion
is when using such an approximation. In this note, we study the pointwise strong
stability on the heat kernel p (¢, x, ) in « (x, z). The following is the main result of
this note. We use := as a way of definition. For a,b € R, a A b := min{a, b} and
aV b := max{a, b}.

Theorem 1.1 Suppose B € (0, /4], and k and & are two functions satisfying (1.4)
and (1.5). Then for every y € (0,8) and n € (0, 1), there exists a constant C =
C(d,a, B, ko, Kk1,K2, v, 1) > 0 so that for all t € (0,1] and x,y € R,

P (2, x, ) =P (1, x,9)| < Cllie—klloo” (1 4+ 77/ (|x = y” A 1)) (" +|x—y]) 4.
(1.7)

Here |k — K||oo 1= SUp, .cpa |k (x,2) — K (x,2)].

Observe that by (1.6), the #(£'/* + |x — y[)™¢~* term in (1.7) is comparable to
ph(t,x,y) and to pﬁ (t,x,¥). So the error bound (1.7) is also a relative error bound,
which is good even in the region when |x — y| is large. When both « (x, z) and & (x, z)
are functions of z only, estimate (1.7) has been established in [7, Theorem 2.6] with
n=0.

Let {Pf;t = 0} and {Pf; t = 0} be the semigroups generated by £ and .Z(f ,
respectively. For p > 1, denote by ||Pf — P’f |, the operator norm of Py — Pf in
Banach space L” (R?; dx).

Corollary 1.2 Suppose B € (0,a/4], and k and K are two functions satisfying
(1.4) and (1.5). Then for every y € (0,8) and n € (0, 1), there exists a constant
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C=C(d,a, B, ko, k1,k2, ¥, 1) > 0 so that for everyp = 1 and t € (0, 1],
I1Pf = Pfllpp < CE770 e = RIS (1.8)

For uniformly elliptic divergence form operators . and 2 on RY, pointwise
estimate on |p(z, x, y) — p(¢, x, y)| and the L-operator norm estimates on P, — P, are
obtained in Chen et al. [8] in terms of the local [*-distance between the diffusion
matrix of £ and .Z. Recently, Bass and Ren [2] extended the above result to
symmetric «-stable-like non-local operators of (1.1), with error bound expressed
in terms of the L7-norm on the function ¢(x) := sup,egda |c(x, y) — ¢(x,y)|.

2 Proofs
We recall from [7] that the heat kernel p, (¢, x, y) is constructed as follows:
t
pat.x.y) = pt (t.x = y) + / / ) POt — 5,5 — 2)¢" (s, 2. y)dzds, 2.1
0/R
where ¢ (t, x, y) solves the following integral equation:
t
q“(t.x,y) = qp(t.x,y) + / / 4ot = 5.x,2)4" (5.2, y)dzds 2.2)
0J/R
with
aht.x.3) = (L9 = L5 a,x =)

_ / 8 o (1. = ¥ (c(5,2) — (3, ) 2. 2.3)
Rd

Here for a function f defined on Ry x R?,

8r(t,x;2) = f(t,x +2) +f(t,.x —2) = 2f (¢, x).

For n € N, define ¢/ (¢, x, y) recursively by

t
q,(t,x,y) := / / qu(t—s,x,z)qZ_l(s, z,y)dzds. (2.4)
0J R

It is established in [7, Theorem 3.1] that

o
g (xy) =) 45t x.y),
n=0



Strong Stability of Heat Kernels of Non-symmetric Stable-Like Operators 61

where the series converges absolutely and locally uniformly on (0, 1] x R? x R
Moreover, by Chen and Zhang [7, (3.8) and (3.10)], there is a constant C =
C(d,a, B, ko, k1,k2) > 0 so that forevery t € (0, 1] and x,y € R?,

g5 (e.x.y)| < Cof (t.x — ), 2.5)
and forn > 1,
) €Ty
LGS (0hsns + 0ly) (tx— ). (2.6)
o
Here fory, B € R,
14 —]—

ob (1. x) := e« (|x|P A D)/ + |x]) 7 (2.7)

Obviously, for y, B = 0, we have

bt x) < 0%y, (1.0) + o) (1), (2.8)

To prove Theorem 1.1, we first establish a continuity result for ¢* (¢, x, y) in k.

Theorem 2.1 Suppose B € (0,a/4], and k and k are two functions satisfying
(1.4) and (1.5). For every y € (0,8) and n € (0,1), there is a constant C =
C(d,a, ko, k1,k2, 7 n) > 0 so that

g (t.x.y) — ¢“ (t.x.y)| < Cllc — ]| 35" (QE}LV +olf + Q%) tx—y). (29

Proof Since ¢*“(t,x,y) = Zsio g (t,x,y), we estimate |g\ (¢, x,y) — qﬁ (t,x,y)| for
each n = 0. First, observe that by (1.4) and (1.5), for n € (0, 1),

[(c —R)(x.2) — (k =) (y.2)| < C(lx—y|P A1) |k — R[15" (2.10)
with C = C(k1, k2) > 0. When n = 0, by (2.3),
|46 (8, x. y) = 45 (8. x. )]
S /Rd 18,500 (8. = y12) = 8 oo (1. x = y12)| [k (x, 2) =k (3, 2)] |z~ dz

+ / |5p;(y>(t,x — )| |k — ) (x,2) — (k — &) (¥, 2)| |2| 4 “dz
R4 o

<(x—yf A 1)/Rd 18 0 (1. x = y:2) — 5p5<y>(t,x—y; )| |27 dz
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=R Gr= 51 A D) [ 18013 = 2] s
R o
= Ik = &lloo (e = 31" A1) () + 07, ) (.x = ¥)
+ e = &l (e = " A Dg(t, x =)
=l = ®l%" (0 + 0237 + ol ) (t.x—y)
<= 71 (o257 + o)) (=), @11)
where the third inequality is due to [7, (2.32) and (2.28)], respectively. Here and
below, “f < g” means that f < Cg for some positive constant C.
When n = 1, by (2.4)—(2.5) and (2.11),

|q,lc(t7'x7y) - q’]{(ts-xs )’)l

t
$// ‘(qg(t—s,x,z)—qg(t—s,x,z)) qg(s,z,y)‘dzds
0Jre

<L

t
<le=fIS [ [ (87 4 all) (= sx = g2 = iz
0J R

qh(t — 5.%,2) (QS (5.2.5) — g (s. 2. y)) )dzds

< e — &[5 (8(5, 2 (% + el + ) (hx—y)

+B(7. ) (Q(()l+n)ﬁ +af + Qﬁﬂ) (““y))

= e =@IS"BCE L) (o + 06 ") (x—. 2.12)

Here in the second to the last inequality we used [7, (2.4)], while in the last
inequality we used (2.8) and the monotonicity of fo with respect to 8 and y. Thus
we have shown that there are constants Cy = Co(d, «, 1, ko, k1, k2, B, y) = 1 (we
can eliminate the dependence on y and 7 by taking, for example, y = B/2 and
n=1/2)and C; = Ci(d,a) = 1 so that forevery t € (0, 1] and x,y € R¢,

g5t x.y) — gt x. )| < Collk —&11L5" (257 + o) (6 x— ) (2.13)
Y
and
: -, DO ()
65 2.9) = g x| < CoCille RIS 27 e (045 + 00 T77) (x =),

F((H:I)/S)
(2.14)
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Without loss of generality, we may assume that Cj is larger than the constant C in
(2.5)—(2.6), and Cj is larger than the comparison constant in [7, (2.4)]. Suppose for
n=1,

|qZ(t7'x7y) - QZ(LXJ’”

r¢Hrdy (B
Fg(nﬂ)g) (Q(n+n)ﬂ + ) (t.x=y).

(2.15)

< |lk = &ll5" (20CoCp)"!

Then by (2.4), (2.5)~(2.6), [7, (2.4)], (2.13)~(2.14) and (2.8), we have
G541 (8,2, ) — 541 (1, %, 7))

t
S// ‘qS(t—s,x,Z) (qﬁ(s,z,y)—qZ(S,z,y))‘dzds
0J R4

t
+// ‘(qﬁ(t—s,x,Z)—QS(t—s,x,Z)) q,ﬁ(s,z,y)‘dzds
0J R4

r¢réy ,

== n n+
< [l — K||éo”|:C0(20C0C1) ! F((n+n)ﬁ) Qp * (Q(()n+n),3 + QE) n)ﬂ) t.x—y)

Co(CoT(P)yyr+!

B+ np 0 (n+1)B _
r(+D8) (Q—VV * ) * <Q<"+”ﬁ * ) (&, x y)}
o

r(Hr@y

10C, B }3’ (n+n)B
(e ! (a « )

<k —R|5" [co(zococl)"+1

CO(COF(ﬁ))n—H B (n+1)B 0 (n+14+1n)B
F((n+f)ﬁ) IOCIB@[ Ca ) (Q(n+1+n)ﬂ + 0o ! )(t,x—y)
B Byn+1
rHrd)

< [l = &5 (20CoCr)" 2 AR

14+
(Q?n+1+n),s + gy TP ) (t.x—y),

(2.16)

where we have used the notation in the second inequality: for f, g : R4 x R — R,

(f 2t x) := /O/I;If(t—s,x—z)g(s, z)dz.
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This proves by induction that (2.15) holds for every integer n = 1. Consequently,
forevery ¢ € (0, 1] and x,y € R,

lg" (. x,y) — q“ (. x, )]

o
< lgh(t.x.y) = gh(t.x. )+ Y lgh(t.x.y) — g5 (t.x.y)]

n=1
< Colle —&]|L5" (Qﬁ,_y + 935) (t,x—y)
1= 1+
+ Calle = RIS (s + 0677 (x =)

< Gl =& (o557 + o) + o) (. x =),

This proves the theorem.
We now proceed to prove the main result of this note.

Proof of Theorem 1.1 For t € (0,1] and x,y € R? by (2.1), [7, (2.30) and (3.6)]
and Theorem 2.1, we have

P (t.x.y) = pl(t.x.p)| < Ip (1 xy) — PO (1. x. )]

t
* // e (t — s.x — 2) — POt — 5.x — 2)| |¢“ (5. 2, y)|dzds
0J R4

t
- // POt —5,x—2) |g“(s.2.y) — ¢" (5. 2.y)|dzds
0J R4
<l —F 0 y 0 y B 0 _
—”K K”OO Qa + Qa—y + (Qa + Qa—y) * (QO + Qﬂ) (t’x y)
+ =l (257 +olf +f) * eht.x—)
=l —Rlloo (08 + 0y + Ohep +0h + Qs ) (X —)
e = R (o + 0B + gy + 1) G =)
<l — &l (@) + Oh—) )t x — ).

This proves (1.7). |

Proof of Corollary 1.2 Let {P,;t = 0} be the transition semigroup of the rotation-
ally symmetric a-stable process on R?. For p > 1 and any f € L (R¢; dx), we have

by (1.6) and (1.7) that

|(PF = P ()] < /R 5 y) =P W)y < GOV e = R0 il f1()-
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Hence
1Pf = POl < C77% e = RIS IS < 7/l — & 155" 1/ 1
This establishes the corollary. O
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Multiplicative Functional for the Heat Equation
on Manifolds with Boundary

Cheng Ouyang

Abstract The multiplicative functional for the heat equation on k-forms with
absolute boundary condition is constructed and a probabilistic representation of the
solution is obtained. As an application, we prove a heat kernel domination that was
previously discussed by Donnelly and Li, and Shigekawa.

Keywords Absolute boundary condition ¢ Gradient inequality * Heat kernel
domination * Hodge-de Rham Laplacian * Riemannian manifold with boundary

1 Introduction

Throughout this paper, we assume that M is an n-dimensional compact Riemannian
manifold with boundary dM. Denote by 1 the Hodge-de Rham Laplacian. Let 6,
be a differential k-form on M and consider the following initial boundary valued
problem on M:

o =208,
0(-,0) = 6y, (1.1)
enorm =0, (de)norm =0.

The well known Weitzenbock formula shows that the difference between the
Hodge-de Rham Laplacian and the covariant Laplacian for the differential forms
on a Riemannian manifold M is a linear transformation at each x € M. So the
heat equation for differential forms is naturally associated with a matrix-valued
Feynman-Kac multiplicative functional determined by the curvature tensor. The
boundary condition

enorm =0, and (de)norm =0,
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is called the absolute boundary condition. The significance of the absolute boundary
condition stems from the well-know work [7]. Since it is Dirichlet in the normal
direction and Neumann in the tangential directions, the associated multiplicative
functional is discontinuous and therefore difficult to handle. Ikeda and Watanabe
[5, 6] have dealt with this situation by using an excursion theory. Later, Hsu
[3] constructed the discontinuous multiplicative functional M, for 1-forms by an
approximating argument inspired by Ariault [1]. Following a similar idea, the same
multiplicative functional M, has been constructed for non-compact manifolds with
boundary by Wang [9]. The solution to Eq. (1.1) for 1-forms thus can be represented
in terms of M, as

0(x, 1) = uoB{Mui, " 6(x;)}, (1.2)

where {x,} is a reflecting Brownian motion on M, and {u,} its horizontal lift process
to the orthonormal fame bundle &'(M) starting from a frame uo : R" — T,M, which
we will use to identify 7, M with R”. As a direct consequence, a gradient estimate

1 t t
|VP,f(x>|sEx{Wﬂxtnexp[—z /0 c(x)ds — /0 h(xx)dzx}}

was obtained. Here / is the boundary local time for {x,}, « (x) the lower bound of the
Ricci curvature at x € M, and h(x) the lower bound of the second fundamental form
atx € oM.

The present paper extends Hsu’s work [3] to multiplicative functional on the full
exterior algebra A*M. We lift the absolute boundary condition onto the frame bundle
O (M) and clarify the action of second fundamental form on k-forms in the absolute
boundary condition. Then the multiplicative functional M, for the heat equation (1.1)
is constructed. With this M,, the representation (1.2) still holds for k-forms, and we
have the following estimate

1 t t
|M;]22 < exp [2 / A(xs)ds —/ ak(xx)dls:| . (1.3)
0 0
Here

Alx) = sup  (D*R(x)6,0), (1.4)
denkm (0.0)=1

with D*R 6 the curvature tensor acting on @ as the Lie algebra action, and o (x),
k =1,2,...,nbeing combinations of eigenvalues of the second fundamental form
at x € dM, which we will specify later. It follows immediately with (1.2) and (1.3)
our generalized gradient inequality

ar0o) < B flablexp |, [ aas— [ aicoan]{
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Let A = sup,s,, A(x). we also prove the heat kernel domination

D5, (1 x W) a2 < ¥ pag(t, x, ) Ede ot g — .

Here p*(t, x, ) is the heat kernel on k-forms with absolute boundary condition and
pu(t, x,y) is the heat kernel on functions with Neumann boundary condition. Note
that when o > 0, the above inequality reduces to

-
Pkt %, 9) 20 < e2Mpu(t, x,y). (1.5)

This special case was proved by Donnelly and Li [2]. We remark that the heat kernel
domination was also discussed in Shigekawa [8] by an approach using theory of
Dirichlet form. Inequality (1.5) was obtained as an example for 1-forms in [8].

Finally, we would like to remark that although the present work focuses on
compact manifolds, we believe similar results can be obtained for non-compact
manifolds (under suitable conditions on curvatures and second fundamental forms)
by using the treatment discussed in Wang [9, Chap. 3].

The rest of the paper is organized as follows. In Sect. 2, we briefly recall the
Weitzenbock formula and corresponding actions on differential forms. In Sect. 3,
we give an explicit expression for the absolute boundary condition. The reflecting
Brownian motion with Neumann boundary condition is briefly introduced in Sect. 4.
Then, we focus on the construction of the multiplicative functional on k-forms for
heat equation (1.1) in Sect. 5. Finally we provide some applications in Sect. 6.

2  Weitzenbock Formula on Orthonormal Frame Bundle

For our purpose, it is more convenient to lift equation (1.1) onto the orthonormal
frame bundle &'(M). In this section, we give a brief review of Weitzenbock formula
and it’s lift on the frame bundle &'(M). More detailed discussion can be found in [4].
Let A = traceV? be the Laplace-Beltrami operator and (0 = —(dd* + d*d) the
Hodge-de Rham Laplacian. They are related by the Weitzenbock formula

O = A+ D*R.

We first explain the action of the curvature tensor R on differential forms in the
above formula. Suppose that T : TyM — T,M is a linear transformation and 7™ :
AM — AlM its dual. The linear map T* on A!M can be extended to the full
exterior algebra A*M = Y} _ @ AXM as a Lie algebra action (derivation) D*T by

D*T(0; A 0y) = D*TO, A 6 + 6, AD*T0,.
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Let End(7 M) be the space of linear maps from 7,M to itself. We define a
bilinear map

D* : End(T,M) ® End(T:M) — End(/\:M)
by
D*(Tl RT) = D*T) o D*T5.

From elementary algebra we know that End(T,M)=(T,.M)* ® T.M. By the definition
of the curvature tensor R and using the isometry (T, M)* — T.M induced by the
inner product, we can identify R as an element in End(7,M) ® End(7:M). Thus by
the above definition, we obtain a linear map

D*R: ANIM — NIM,

which, by the Weiztenbock formula, is the difference between the covariance
Laplacian and the Hodge-de Rham Laplacian.

A frame u € O(M) is an isometry u : R" — T.M, where x = 7y and 7 :
O (M) — M is the canonical projection. A curve {u,} in &(M) is horizontal if, for
any e € R", the vector field {u,e} is parallel along the curve {ru,}. A vector on (M)
is horizontal if it is the tangent vector of a horizontal curve. For each v € T\M and
a frame u € (M) such that wu = x, there is a unique horizontal vector V, called
the horizontal lift of v, such that 74,V = v. Foreachi = 1,...,n, let H;(u) be
the horizontal lift of ue; € TyM. Each H; is a horizontal vector field on &' (M), and
Hi,...,H, are called the fundamental horizontal vector fields on &'(M).

_ On the orthonormal frame bundle &'(M), a k-form 6 is lifted to its scalarization
6 defined by

O(u) = u~'0(ru).

Here a frame u : R" — T, M is assumed to be extended canonically to an isometry
u: A*R" — A¥M. By definition, 6 is a function on &'(M) taking values in the vector
space AFR" and is O(n)-invariant in the sense that é(gu) = gé(u) for g € O(n).
We remark that through the isometry u : A*R" — A¥M, a linear transformation
T(x) : AfM — AXM can also be lifted onto &'(M) as a linear map

T(u) = w '"H(mu)u : A\*R" — A*R".

To simplify the notation, whenever feasible, we still use T for the more precise T
throughout our discussion.
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Bochner’s horizontal Laplacian on the frame bundle &'(M) is defined to be
Aowy = Y i, H?. Itis the lift of the Laplace-Beltrami operator A in the sense that

Aﬁ(M)é(M) = A%), Tu = X.

To write the Weitzenbdk formula on the frame bundle, we lift D*R : ATM —
A¥M to the frame bundle &' (M), which will be denoted by D* 2, and let

Oemy = Aoy + D*Q2. 2.1

Then Ogyy is the lift of the Hodged-de Rham Laplacian in the sense that

Oeunf(u) = O6(x), where 7u = x. The identity (2.1) is the lifted Weiztenbck
formula on the orthonormal frame bundle &'(M).

3 Absolute Boundary Condition

The purpose of this section is to give an explicit expression for the absolute
boundary condition on forms. Once the boundary condition is identified, the
multiplicative functional M, could be constructed accordingly.

Fix an x € dM, we let n(x) be the inward unit normal vector at x. For a k-form 0,
we may decompose 6 into its tangential and normal component, 6 = 6,,, +n(x) Af,
with 0,,, € /\faM and 8 € /\f(_1 oM. We denote 0,,,,, = 0 — 0,4,. The form 6 is said
to satisfy the absolute boundary condition if

enorm =0 and (de)norm =0.

Let Q(x) : AYM — AXM be the orthogonal projection to the tangential
component, i.e., Q(x)6 = 6,,. We extend Q (indeed 0) to a smooth, projection
linear map on the whole bundle &/(M) and let P(x) = I—Q(x). P(x) is the orthogonal
projection to the normal component.

Recall that the second fundamental form H : T,0M ®g T,0M — R is defined by

H(x)(X,Y) = (VxY.n(x), X.Y € T.M.

By duality, H(x) can also be regarded as a linear map H(x) : 7,0M — T,0M via
the relation

(HX.,Y) = H(X,Y).

It is clear that H(x) is symmetric on 7,0M. We extend H to the whole tangent space
T.M by letting H(x)n(x) = 0, and denote the dual of H still by H : AIM — AlM.
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The following lemma gives an explicit expression for the absolute boundary
condition on differential forms. Let

JOM) = {uec OM) : wu € IM}.

Lemma 3.1 For any k-form 0 on M, it satisfies the absolute boundary condition if
and only if

Q[N — H]6 — PO =0 on d6M).

Note that 0 is the scalarization of 0, and N is the horizontal lift of n along the
boundary OM.

Before we proceed to the proof of the above lemma, let us explain the various
actions that appear in the above expression. Recall that N is a vector field on 40 (M)
and 6 is a A*R"-valued function on & (M), thus N 6 is naturally understood as the
vector field acting on functions. The action H 6 is more important. We know that
H is a linear transformation on A!M for x € dM. For 6 € AKM, the action H6 is
the extension of H to A*M as the Lie-algebra action(derivation) specified in Sect. 2.
More specifically,

k
H(@l/\.../\ek)2291/\.../\1‘195/\.../\9/(,

where 6; are 1-forms. Now H0 is simply HE.

Proof 1Tt is enough to show that
Onorm = 0 € PO =0
and that, if 8,,,,, = 0, then
(d0)orm = 0 <> Q[N — H]6 = 0.

Fix any x € dM. Let {E;} be a frame in a neighborhood of x with E; = n, the
inward pointing unit normal vector field along the boundary and all other E;’s being
tangent to the boundary. Furthermore we can choose the frame such that{E;} are
orthonormal at x and Vg, E; = O forall i = 2, ..., n in a small neighborhood of x in
M. To illustrate, we only prove the case when 6 is a 2-form. The proof for k-forms
will be clear, and actually identical when we understand what happens to 2-forms.

Let 6 = 0;E" A E/ be any 2-form, where {E'} is the dual of {E;}. It’s easy to see
that 6,0, = 0 is equivalentto 6;; = 6;; = O forall i,j, i.e., P = 0.
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Now we assume P = 0 (i.e., 0;j = 0y = 0 for all 7, j). To see what (d0),0m
means, we compute

df = EF A Vg (0;E' A EY)
= EO;E* NE'NE + 0,E° A Vi, (E' A E)
=1+ I,

Apparently
(I)norm = E\O;E' NE'AE, 3.1
since 8); = 6;; = 0. On the other hand, we have

L = 0;E° A (Vg E' A E) + 6,E* A (E' A Vi EY)
=Ji+ /.

Note that at x,
(Ve E')E) = —E'(Vg,E)) = —(VgE), Ei),
we therefore have
Vi E' = —(Vi,E E)E".
Hence at x,
Ji = —(Vg,E,E)0,E* NE' N
Keeping in mind that 8;; = 6;; = 0 and Vg, E; = 0 for i # 1, we obtain
()norm = —(VeE\, E)0;EX NE' AE.
Re-indexing it we have
D)norm = (VEE1, E)OGE' NE'AE. (3.2)
Similarly

(JZ)norm = (VEjEla Ek>9ikEl A Ei A Ej- (33)
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Note that here —(Vg,E1, E;) is the matrix of second fundamental form on 1-forms.
So we conclude that, by (3.1)—(3.3), when 6,5, = 0, (d6) 105 = 0 is equivalent to

(E\0y + (VEE1 Ex)0y + (Vg E1, Ex)0i)E' ANE'AE =0,

ie., O(N— H)f = 0. The proof is completed. O

Remark 3.2 Lemma 3.1 gives us a clear picture of the role the second fundamental
form plays in the absolute boundary condition. Together with the discussion in
Sect. 2, the initial boundary valued problem (1.1) can be lifted onto &'(M) as

33? = Ao + D*Q0,
6(.0) =10, (3.4)
Q[N — H]f — P = 0.

Finally, we state an easy corollary of Lemma 3.1, which will be needed later.
For each x € dM, by the way we extended H to a linear map on T.M, y; = 0 is
an eigenvalue of H associated to the eigenvector n(x). Suppose that y,(x), ..., ya(x)
are other eigenvalues of H on T,0M. We may define a real-valued function o; on
dM by (see Donnelly-Li [2]),

or(x) = min (y;, () + Yo (¥) + ... + 7ic (), (3.5)
where I = {(iy, ..., i)} is the collection of multi-indices (iy, . . ., ix) such that i; # i
ifs #£1;s,0=2,3,..., k. Apparently, ox(x) is a combination of eigenvalues of the

second fundamental form H on T,,0M.

Corollary 3.3 For any x € IM we have

or(x) = inf  (H(x)0,0),
0enkam,|6|=1

where (-, ) is the canonical inner product on forms and |0|* := (6, 0).

Proof Fix x € 0M, let {E,,...,E,} be a the set of orthonormal eigenvectors
corresponding to the eigenvalues {y», ..., ¥.}, and {E'} its dual. We first prove for
any k-form 0 with |#| = 1 we have

o(x) = (H(x)0.6). (3.6)

,,,,, B! ...i, = 1. By the previous lemma
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Hence

(H00.0) =Y (i + ..+ )0 =0 Y 6], =0l

which proves (3.6). On the other hand, it’s not hard to see that the equality can be
achieved. The proof is completed. O

4 Reflecting Brownian Motion

Letw = {w,} be an n-dimensional Euclidean Brownian motion. Recall the definition
of N in the previous section, and consider the following stochastic differential
equation on the fame bundle &'(M)

du, =Y Hi(u;) o dw} + N(u,)dl,. (4.1)
i=1

The solution {u,} is a horizontal reflecting Brownian motion starting at an initial
frame ug. Let x;, = mu,. Then {x} is a reflecting Brownian motion on M, with its
transition density the Neumann heat kernel py,(z, x, y). The nondecreasing process
l; is the boundary local time, which increases only when x, € 0M.

Now suppose that we have two smooth functions

R: O(M) — End(A*R"), A:930(M) — End(A*R").

Define the End(A*RR")-valued, continuous multiplicative functional {M;} by
1
th + Ml‘{_zR(ul‘)dt +A(Mt)dlt} = O, MO =1

Since M, takes values in End(A*R"), it is also helpful to think {M;} as a matrix-
valued process.

Lemmad.l Let L = ) — [Agan + Rland F : O(M) x Ry — A*R" be a
solution to

LF=0 ue 6(M)/d0M)

(N—AF =0 uecdoM), “2)

we have

t
MF(u;, T —t) =F(uo, T) + / (MNVIF(ug, T —5), dw),
0
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where VEF = {H\F,HyF,... H,F} is the horizontal gradient of a function F on
O (M). In this case, we say that {M,} is the multiplicative functional associated with
the operator L with the boundary condition (N — A)F = 0.

Proof Apply 1t6’s formula to M, F(u,, T — t). O

S Discontinuous Multiplicative Functional

We have shown that the heat equation on k-forms with absolute boundary condition
is equivalent to the following heat equation on O(n)-invariant functions F: &(M) x
Ry — AFR™:

W = 1A owm) + D*QJF,
F(0) =/, (5.1)
ONF —(H + P)F = 0.

Compared with the boundary condition in (4.2), ON—(H 4+ P) is degenerate, because
Q is a projection (hence is not of full rank as a linear map). Thus Lemma 4.1 cannot
be applied directly. In this section we follow closely the idea of Hsu [3] to construct
the End(A*R")-valued multiplicative functional associated to (5.1).

Observe that the boundary condition in (5.1) consists of two orthogonal
components:

QOIN—H]JF =0, PF=0. (5.2)

We replace PF above by (—ePN + P)F and rewrite the boundary condition as

P
I:N—H—g:|F:O.

According to Lemma 4.1, the multiplicative functional for this approximate bound-
ary condition is given by

dM? + M¢ {—;D*Q(u,)dt + I:iP(u,) + H(u,):| dl,} =0. (5.3)

In the rest of this section, we show that {M;} converges to a discontinuous
multiplicative functional {M,} which turns out to be the right one for the boundary
condition (5.2).

Recall the definition of oy in (3.5) and let

Ax)=  sup  (D*R(x)6,0). (5.4)
0enkm (0,0)=1
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When k = 1, it is well known that D*R(x) = —Ric(x), where Ric(x) is the Ricci
transformation at x (see Hsu [4], for example), hence A(x) is the negative lower
bound of the Ricci transform at x.

Proposition 5.1 Let | - |55 be the norm of a linear transform on A\*R" with the
standard Euclidean norm. Then for all positive & such that €' > min,egy o (%),
we have

1 t t
|M; |22 < exp |: / Ax,)ds — / Uk(xs)dl{|.
2 Jo 0

Proof We only outline the proof here, the technical details being mostly the same
as that in [3]. Instead of considering M?, we prove for the adjoint (transpose, if we
think M¢ as a matrix-valued process) of M¢ , namely (M¢)”. Letf(1) = |(M?)76|> =
((Mf)Té, (Mf)Té). Differentiate f with respect to ¢. By (5.3), our assumption on ¢
and standard estimate we have

df (1) < f(O){A(x)dt — 20 (x)dl},
which gives us the desired result. O
The integrability of M} is given by the following lemma.
Lemma 5.2 For any positive constant C, there is a constant C depending on C but
independent of x such that

E. e < Cie".

Proof This can be obtained by a heat kernel upper bound and the strong Markov
property of reflecting Brownian motion. See [3, Lemma 3.2] for a detailed proof.
O
If we formally let ¢ | 0 in (5.3), one should expect M?P(u,) — O for all ¢ such
that u, € d0'(M). The next lemma shows it is indeed the case. Define

Tyy = inf{s > 0 : x; € M} = the first hitting time of dM.
A point t > Ty such that [, — [,_s > 0 for all positive § < ¢ is called a left support
point of the boundary local time /.
Proposition 5.3 When ¢ |, 0, M;P(u;) — O for all left support points t > Tyy.

Proof The proof is almost identical to the one for 1-forms in [3]. For the conve-
nience of the reader, we still provide some details here. We drop the superscript &
for simplicity. Let & € A*M be a k-form and define

f(s) = (M[6, P(u)M]6) = (6, MP(u)M] ).
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Differentiating f with respect to s, by (5.3) we have df(s) = —? f(s) + dNs, which
gives us

t
f(0) = e 2Ul=/ep(r — §) 4 / e 2hT/EGN, (5.5)
t—8
Here dN; is equal to

1 - -
0 Mo2P () = Pus) P(ug) = Pl P(ug)) M 0}l
-1 -

(0, My(D" Q) P(uy) + P(ur) (D” Q(us))" )M 0) ds

— (6. My(H (u5)P(t;) + P(u)H (us)M 6)dl.
In the above we used the fact that HY = H and P = P. By continuity of P and
Proposition 5.1, for any 7 > 0 there exists a § > 0 such that, for all s € [r — 8, ]
with x, € IM,

(0, My (2P (u;) — P(uy)P(u;) — P(u,)P(us))MT ) < 1|62,

Also by Proposition 5.1, there is a constant C such that, for all s € [t — &, f] with
X; € OM,

(. ;MY(D*Q(MS)P(M,‘) + P(u)(D*Q(uy))MT6) < C|6)?
and
(6, My(H (us)P() + P(u)H(u,))MT6) < C|6]2.
It follows that
s (M
|dN,| < 18] [(8 +C)dl, + Cas).

Substituting in (5.5), we obtain

n+ Ce

IMtP(Mt)|%,2 Se_z(l’_l"”/slMt—slﬁ,z + {1— 6—2(1r—1x—5)/6} (5.6)

t
e / o~ 2ls) e gg.
=46

Because 7 is a left support point, /; — [, > 0 for all s < 7. We first let ¢ |, 0 and then
n — 01in (5.6), we have M,P(u,) — 0. |
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We now come to the main result of this section, namely, the limit lim,_,o M; =
M, exists. From the definition of M, if ¢ is such that x; & M we have

1
dM; — 2MfD*§Z(ut)dt =0.
Let {e(s, 1), > s} be the solution of
L5ty = Lets, 0D QM) = 0, e(s5) =1
els, — els, u =V, els,s) =1.
dt 2 !
Then, for t > Tyy we have My = M, e(t«, t). Here for each t > Ty, t is defined
to be the last exit time from dM, more precisely, . = sup{s <1 : x;, € IM}.
Define
Y, =M;P(u,), Z; = M;Q(u).
Since when ¢ < Ty we have M} = e(0, f); and when ¢ > T we have
M; = M; e(t«.t) = {Z; + Y] Je(ts.1),

we can write

YE = Ly<ryyMy P(ur) + Lo 1y, 3 M7 P (1) (5.7
= Iy<ry1e(0, O P(u;) + Iysyy 2y, e(ts, )P (uy) + @,

where
of = Iyt Yf* e(tx, )P(uy). (5.8)

If £ > Ty, then ¢y is a left support point of /. By Proposition 5.3, ¥; — Oas e | 0;
hence af — 0. On the other hand, by Eq. (5.3) for M; we have

ZF = Qo) + / dME Q) + / MEdQ(u,) (5.9)
0 0

t
= Ou) + / V* + Z¥)dys,
0
where

dys = —H(uy)dl; + ;D*Q(M‘Y)Q(ux)ds + dO(uy).
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Formally letting ¢ | 0 in (5.7) and (5.9) above, we expect that the limit (¥;, Z;)
satisfies following equations:

Yt = I{tsTaM}e(O, t)P(Mt) + I{t>TaM}Zt*e(t*, t)P(I/lt),

' 5.10
Z; = Q(uo) + f() (Y + Zy)dys. ( )

Substituting the first equation into the second, we obtain an equation for Z itself
in the form

t
2= Q) + [ ©@)dz. (5.1
0
where
D(2)s = Zy + Is<1,,3€(0, ) P(uy) + Ligory 1 Zs, (S5, S)P ().

Now we can state the main result in this section. For an End(A¥R")-valued
stochastic process M = {M,}, we define

|M|; = sup |Mj]a,.

0<s<t

Theorem 5.4 We have

(1) Equation (5.11) has a unique solution Z. Define Y by the first equation in
(5.10) and let M, = Y, + Z,. Then {M,} is right continuous with left limits
and M,P(u,) = 0 whenever x; € M.

(2) For each fixed t,

E|Z° —Z|,—>0, E[Yf-Y]|3,—>0 ase 0.

Hence E\M; —M,|3, — Oase | 0.

Proof The proof of the stated results follow the lines of proofs of Theorem 3.4 and
Theorem 3.5 of [3]. O

Corollary 5.5 For the limit process {M,} we have

1 t t
M2, <exp |: / Alxg)ds — / Uk(xs)dl{|.
2 Jo 0

Proof Letting ¢ | 0 in Lemma 5.1, the result follows immediately. O

Corollary 5.6 The End(A*R")-valued process M, is the multiplicative functional
associated to Eq. (5.1).
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Proof Since F is a solution to (5.1), from Lemma 4.1 with £ = 51 — é[Aﬁ(M) +
D*Q], we have

t
M;F(u;,, T —t) =F(uo, T) + / (MfVHF(uX, T —s),dw;s)
0

d 1
+/ Me [N— P—H:|F(ux,T—s)dlS.
0 &

The terms involving 1/& vanish because, by the assumption on F, P(u,)F(us, T —
s) = 0 for u;, € d0(M). Using the previous theorem, we let ¢ | 0 and note that
Q[N — H|F = [N — H|F and My = MQ(u,) when u; € d0(M) (by Theorem 5.4),
we obtain the desired equality. O

6 Heart Kernel Representation and Applications

With the multiplicative functional M, constructed in the previous section, we have
the following probabilistic representation of the solution to (1.1).

Theorem 6.1 Let 6 € A*M be the solution of the initial boundary value problem
(1.1). Then

0(u. 1) = B {Mi6o(u)}. (6.1)
Hence 0 is given by
O(x,1) = MEX{MtM,_IQO(xt)} (6.2)

forany u € O (M) such that mu = x.

Proof By Corollary 5.6, {Mqé(us,t —5),0 < s < t} is a martingale. Equating
the expected values at s = 0 and s = ¢ gives us (6.1). The second equality is a
restatement of the first one on the manifold M. O

There are several application with the above representation. We will examine two
of them below. Let

Pu(t,x,y) : ATM — ATM

be the heat kernel on differential forms with absolute boundary condition. By the
above theorem we have

WE M 6(x)) = / Pl x)O(3)dy. 7= x. ©63)
M
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On the other hand, we can also write
uEX{M,ut_IQ(x,)} = uEXIEx{M,ut_IQ(x,) |x; =y} (6.4)

= / pu(t.x, YuBAMu; ' 0(x)|x, = y}dy.
M

Here py (2, x, y) is the heat kernel on functions with Neumann boundary condition,
i.e., the transition probability of {x,}. From (6.3) and (6.4) the heat kernel on
differential forms can be written as

Par(t.x,y) = p(t, %, YYuB Mo |, = y}. (6.5)
Recall that
o = mlinyi1 + Vi, + .o+ Vi,
where y», ..., ¥, are eigenvalues of the second fundamental form of dM, and I =
{(iy,...,ix)} is the collection of multi-indices (i1, ..., ) with iy = 2,3,...,k and

iy = i;if s # [; and that

Ax) = sup  (D*R(x)0,6). (6.6)
0enkm (0.0)=1

We have the following heat kernel domination.

Theorem 6.2 Let p’j,l (t,x,y) be the heat kernel on k-forms. Define

6y = inf o and A = sup A(x).
xX€EOM xeaM

We have

17, =
Z)Lt—(fkl,

Pl (t.x.y) |22 < e pu(t,x,y),

where I, is the Brownian motion boundary local time.
Proof This is a direct application of representation (6.5) and Proposition 5.1. O

Remark 6.3 When o; > 0 then we have

.
IPhs(t.x.9) 22 < e2Mpy(t,x.).

This special case was proved by Donnelly and Li [2], and Shigekawa [8].
For 0 € AfM, let P,.O(x) = Ju P*(t.x,9)0(y)dy. Then we have the following
generalized gradient inequality.
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Theorem 6.4 Keep all the notation above, we have

IWﬂMSEwWNWBAAmm—A@HMW%.

Proof Letn(x,t) = dP,0(x). Then nis a k+1-form satisfying the absolute boundary
condition, since dn = d(dP;0) = 0 and (9)norm = (dP:0)uorm = 0. On the other
hand, because d commute with the Hodge-de Rham Laplacian, we have

an

ot

aP,0 1 1 1
=d| . )= _40pP60 = _0OdPH = _0On.
dr 2 2 2

So 7 is a solution to the heat equation (1.1). The rest of the proof is thus again an
easy application of (6.2) and Proposition 5.1. O

Remark 6.5 When 6 is a 0-form, i.e., a function on M, denoted as f. Then the above
inequality reduces to

|wwmumﬁwmm@ﬁﬁxmm—Ammwﬂ,

where o is just the smallest eigenvalue of the second fundamental form at x and —A
is the low bound of Ricci curvature( since in one dimension D*R = —Ricci). This
special case was proved by Hsu [3]. In the case when M is a non-compact manifold,
similar bound was obtained in [9, Chap. 3].
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1 Introduction

The classical Dirichlet and Neumann problems on a smooth bounded domain D C
R" (n > 1) are the problem of finding u € C>(D) N C(D) which solves

Au=0inD
) 1
% u=¢ondD M
respectively U € C?(D) N C'(D) which solves
AU =0inD
) 2
{ ' = ¢ on dD @

where v is the outward unit normal to the boundary of D.

As it is known, for continuous boundary data, the Dirichlet problem (1) has a
unique solution and the Neumann problem (2) has a solution, unique up to additive
constants, if we require in addition the condition [, ¢ (z) o (dz) = 0. Note that this
is a necessary condition for the existence of a solution, since by Green’s first identity
we have

/ ¢(z)o(dz)=/ 18U(z)a(dz)=/1AU(z)+V1-VU(z)dz=O.
D ap OV D

In this paper, we present explicit relations between the solutions of (1) and
(2), which appeared recently in [4]. This shows that the Dirichlet and Neumann
problems are “equally hard”, in the sense that solving one of them leads to
the solution of the other one. The central results for continuous boundary data
(Theorem 1, and its extensions given in Theorems 2 and 5) provide an explicit
relation between the solution(s) of (2) and (1), in the sense that the normalized
solution of (2) can be found as a weighted average of the solution of (1).

The link between the solution of the Dirichlet problem and the Neumann problem
is provided by the operator defined by (3). What is interesting here is that the same
operator also provides a relationship between the solution of Dirichlet and Neumann
problem in the infinite-dimensional setting of generalized Laplacian on an abstract
Wiener space (see [4], Sect. 3). In Sect. 3 we show that the same operator can be used
in order to construct a generalized solution of the Neumann boundary problem in the
case of the unit ball in R” (n > 1) for integrable boundary data. While the existence
of such a generalized solution for the Dirichlet boundary problem for integrable
boundary data is known (the Perron-Wiener-Brelot theory [1, 9], or alternately the
method of controlled convergence introduced by Cornea [5, 6]), in the case of the
Neumann problem this is a new result, and it is the main result of the present paper,
given in Theorem 12.

In Sect. 2, we consider the case of continuous boundary data for the Dirichlet and
Neumann problems. This section is based on the recent results on the subject from
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[4]. The main result giving the connection between the Dirichlet and the Neumann
problem in the case of the unit ball is given in Theorem 1. The result can be extended
to other operators besides the Laplacian, and in Theorem 2 we present such an
extension.

As an application, in Theorem 4 we give an explicit representation of the inverse
of the Dirichlet-to-Neumann operator (a particular case of the Poincaré-Steklov
operator, which encapsulates the boundary response of a system modeled by a
certain partial differential equation).

By using conformal mapping arguments (in the 2-dimensional case), the main
result obtained in the case of the unit disk is extended (Theorem 5) to the general
case of smooth bounded simply connected domains.

In what follows, we will identify as usual the complex plane C with R?, that
is we identify the vector (x,y) € R? with the complex number z = x + iy € C.
In particular, the dot product of two vectors a,b € R? will be written in terms of
multiplication of complex numbers as a - b = Re (ab), and for a complex number
z € C we denote the real part and the imaginary part of z by Re(z), respectively
Im(z). Also, for a function u# defined on a subset D of R? (or C), we will write
equivalently u (x,y) or u (z), where z = x 4+ iy € D.

For a smooth bounded domain we will be denote by o (-) and oy(-) the surface
measure on its boundary, respectively the surface measure normalized to have total
mass 1.

2 The Case of Continuous Boundary Data

We start by recalling some recent results [4] concerning the equivalence between
the Dirichlet and the Neumann problem for the Laplace operator in the case of
continuous boundary data.

Heuristic arguments from Complex analysis (in the 2-dimensional case) led us
to consider the operator which associates to a continuous function  : DC R" — R
with u# (0) = 0 the function U : DC R" — R defined by

1
U(z)=/ “lbd 4y cep, 3)
o P

where D C R”" is a smooth bounded subset, starlike with respect to the origin (i.e.
pz € D forany z € D and p € [0, 1]).

A first result concerning the operator defined above is that in the case of the
n-dimensional unit ball D = U ={z € R" : |z| < 1}, the relation (3) provides an
explicit solution of the Neumann problem (2) in terms of the Dirichlet problem (1)
with the boundary condition ¢ = ¢. Conversely, since for a harmonic function the
Laplacian and the partial derivatives commute, one can see that it is possible to solve
the Dirichlet problem by solving an appropriate Neumann problem. The result is the
following.
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Theorem 1 ([4]) The following assertions hold.

(i) Assume ¢ : 9U — R is continuous and satisfies [y, ¢ (z) 0o (dz) = 0. If u is the
solution of the Dirichlet problem (1) with boundary condition ¢ = ¢ on dU,
then

1
U(z)z/ ulbd ), Leu, )
0 p

is the solution to the Neumann problem (2) with U (0) = 0.
(ii) Assume ¢ : U — R is continuous. If U is the solution of the Neumann problem
(2) with boundary condition ¢ = ¢ — [, ¢ (€) 00 (d§), then

u(z)=z'VU(z)+/3U<p(s)oo(ds), el 5)

is the solution to the Dirichlet problem (1).

As shown in [4], the previous result can also be applied to other operators besides
the Laplacian. For example, considering the operator .Z defined by

2@ = Ly APACE: Sa . ©
where the coefficients a;; are smooth and homogeneous of degree k € [0, 1], i.e.
aj(pz) = play(z), 0=<p=<lzeUl<ij<n, ©)
and the coefficients a; are also smooth and homogeneous of degree k — 1, i.e.

ai(pz) = p*'aj(zx), 0<p<l,zelU/l<i<n, ®)

if u (with u(0) = 0) and U are related by (4), then

1
LU = / o' ¥ Lu(pz)dp,  zeTl,
0
and
U
() =u(), z € dU.
v

The previous observation leads to the following more general result.
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Theorem 2 ([4]) Assume ¢ : dU — R is continuous. If u is the solution of the
Dirichlet problem

{ZuinnU

u=¢ondl ©)

where £ is the operator given by (6) which satisfies (7) and (8), and if u(0) = 0,
then

1
U@:/ wpd) 1 e (10)
o P

is the solution to the Neumann problem
ZLU=0inU
{ U ; (1)
o = ¢ ondU

with U (0) = 0.

Remark 3 The above result was stated in [4], Theorem 2, under the condition
[0 ¢ (2) 00 (dz) = 0 instead of u(0) = 0. If £ = A, then these two conditions
are equivalent, due to the Poisson formula.

As an application of the correspondence between the solutions of the Dirichlet
and Neumann problems given above, we obtained an explicit representation of the
inverse of the Dirichlet-to-Neumann operator A, in the case of the unit ball U C R”,
n > 2. See for example [10, Sect. 5.0], or [4] for details on the Dirichlet-to-Neumann
operator A, and its inverse.

Theorem 4 Assume ¢ : U — R is continuous and satisfies |, au® ()o(d§) =0.
We have

AT (@) () = / 6 () k(2 D)oo(d). 2 € AU, (12)
U

1 1 1_p2
where k,(z,¢) = . —1])dp z,& € dU.
o P \lpz—§

Explicitly, ky(z,§) = —2In|z—§|, k3(z,§) = Izzé‘l

2
In (‘Z_f‘ +|z— $|), and for n > 4 the kernel k,(z,§) can be computed using
the recurrence formulae

— 2 4+ In2 —

ky (2,8) = ky— (2, 6)+ - 2

2(1=k=67) oo +(1_|z—s|2
n=2)z—&"" (—dz—¢""

Joeate.
(13)
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|
where J,, (z,€) = / L, dp satisfies
o |lpz—§|

4(n—23) 2 (z.6) N 2(1 +4|z—§l”‘4—lz—é‘l"‘2)

(=2 (4= 12— €P) =€ —2) (4=l &P)le— "
(14)
Using conformal mapping arguments (in the 2-dimensional case), the result
in Theorem 1 can be extended to the general case of a smooth bounded simply
connected domain D C C (C'* boundary with 0 < o < 1 will suffice). The result
is the following.

Jn (2. 8) =

Theorem 5 ([4]) Let D C C be a smooth bounded simply connected domain (C'**
boundary with 0 < a < 1 will suffice), and for an arbitrarily fixed wy € D let
f : U — D be the conformal map of the unit disk U onto D with f (0) = wy,
argf’ (0) = 0, and let g = f~' : D — U be its inverse.

Assume ¢ : 0D — R is continuous and satisfies faD ¢ (w)o (dw) = 0. Ifu is the
solution of the Dirichlet problem (1) with boundary condition

o= ' sw, we, (15)
lg" (W)
then
1
U (w) =/ u(f(pg (W)))dp, weD. (16)
0 P

is the solution to the Neumann problem (2) with U (wy) = 0.

The result in Theorem 1 can also be extended to the case of Dirichlet and
Neumann problems for the infinite-dimensional ball on an abstract Wiener space,
in the setup stated in [7, 8], and [3]; for details see Sect. 3 from [4].

3 The Case of Integrable Boundary Data

In order to extend the result in Theorem 1 to a correspondence between the
solutions of the Dirichlet problem and the Neumann problem for the unit ball in the
general case of integrable boundary data, we will use Cornea’s notion of controlled
convergence [5, 6]. Even in the case of the unit ball U C R” (n > 2) which we
consider here this is a new result, and it provides an explicit solution to the general
Neumann problem for the Laplace operator.

It can be shown that in the case of the unit ball Cornea’s approach is equivalent
to the Perron-Wiener-Brelot approach for the generalized solution of the Dirichlet
problem. More precisely, it can be shown that for integrable boundary data, both
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methods indicate that the generalized solution of the Dirichlet problem is given by
the stochastic solution H{J defined by (18) below (see [5], Corollary 2, [6], Corollary
2.13, [1], Theorem 6.4.6, and [3], Theorem 4.5).

We will first recall the notion of controlled convergence introduced in [5, 6].

Definition 6 (Controlled convergence (A. Cornea, [5, 6])) Let D C R? be a
bounded open set, 0D C A C D,f : 0D — Rand h,k : D — R, k > 0.

The function i converges to f controlled by k (we write h LY f) if the following
conditions hold:
For any set A C D and any pointzp € A N A we have

(*)  Iflimsup,s,_,, k(z) < +oo, thenf (z0) € R and limas;—, 1 (z) = f (2).
() If limsz sz k () = +00, then limys.sy "5 = 0.

The function k will be called a control function for f.

Remark 7 It can be shown (see [6], Theorem 1.5, or [5], Theorem 1) that &
converges to f controlled by k, in the sense of the above definition if and only if
for any zo € dD the following equivalent conditions are satisfied:

h(2)—f(2) _ 0.

(a) Ifliminfps, . k (z) < 400, then f (z9) € R and limps,_, e =

hz)  _
+k(x — 0.

Using the above definition, Cornea [5, 6] introduced the notion of generalized
solution of the Dirichlet problem (1) as follows.

(b) If limps;— k (z) = +00, then limps;—, ,

Definition 8 ([S, 6]) A generalized solution of the Dirichlet problem (1) is a
harmonic function u : D — R which satisfies

lim u(z) = ¢ (2), 20 € dD, (17)
=20

controlled by a continuous, non-negative (super)harmonic function k : D — R .

A function ¢ : 0D — R for which the Dirichlet problem has a generalized
solution is called resolutive. We denote by % (D) the set of resolutive functions
¢ 0D — R.

In the same spirit, we propose the following definition for the generalized
solution of the Neumann problem (2).

Definition 9 Let D C RY be a bounded openset, 0D C A C D, h,k: D — R,
k > 0. We say that the function % has a continuous extension to D controlled by k if
the following conditions hold:

For any set A C D and any pointzo € A N A we have:

() Iflimsup,s,,  k(z) < +oo, we have i (z0) := limas,—;, 1 (2) € R.

(ii) If limsz—z, k (2) = 400, then limys. .z, 1)) = 0.

Remark 10 The previous remark shows that 4 has a continuous extension to D iff
the equivalent conditions (a)—(b) above are satisfied.
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If & has a continuous extension to D controlled by k, then the function
h can be extended by continuity at the set of points zy belonging to the set
{z0 € 3D : limsupp,s, ., k (z) < 400}. On the set, E = {zo € 8D : limsupp,,_,,
k(z) = +oo}, the limit limps.—»,, & (z) may not exist, and the function 4 may fail to
be continuous (this set of points is “controlled” by the function k).

Definition 11 A generalized solution of the Neumann problem (2) is a harmonic
function U : D — R which has a continuous extension to dD, controlled by a
non-negative harmonic function k : D — Ry, and for any zp € 9D for which
lim supyg 15,4, K (z) < +00 we have

i U(zo + &v(z0)) — U(zo)
im

lim . = ¢ (20)

where v (z) denotes the outward unit normal to the boundary of D at z € dD.

In [5], the author showed that in the case of the unit ball D = U C R", every
function f € L!(dU,0y) is resolutive for the Dirichlet problem. Moreover, by
Beznea [2], the generalized solution coincides in fact with the stochastic solution,
that is

u(z) = Hy (2) = E¥f (B,), (18)

where (B;),> is a n-dimensional Brownian motion starting at z € U and t = 3y =
inf{r > 0: B, € U} is the hitting time of the boundary of U, and the controlled
convergence to the boundary data f holds outside an exceptional (polar) set. It is
also known (see [2], Corollary 4.3) that the generalized solution of the Dirichlet
problem is unique.

With this preparation, we can now prove the main result, as follows.

Theorem 12 Assume ¢ : 94U — R is integrable and satisfies [y, ¢ (z) 0o (dz) = 0.
If u is the generalized solution of the Dirichlet problem (1) with boundary condition
¢ = ¢ on U, then

1
U@:/ wpd 1 e, (19)
o P

is a generalized solution to the Neumann problem (2) with U (0) = 0.

Proof Before proceeding with the proof, note that by symmetry, the exit distribution
from U of the Brownian motion starting at the origin is the (normalized) surface
measure oy on dU, and using the hypothesis we obtain

u(0) = B (By,) = /a @@ =0, 20)
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Using this, we have

—u(0
tim O = 4im 04O _ L gu0), zew, e
PO P O pz—0

which shows that the integrand in (19) can be extended by continuity at p = 0, so U
is well defined for all z € U. Note that the relation (20) also shows that U (0) = 0.
Next, we show that under the given hypotheses the function U has a continuous
extension (controlled by k) to the boundary dU, and it has the appropriate normal
derivative. To be precise, for an arbitrary zo € dU we’ll show the following:

a) if liminfys,—»;, k(z) < oo then there exists U(z) € R such that
limys,—, U(f);kl(];)z") = 0. Moreover, if limsupy 5., k(z) < o0, then

lima/'O U(z()+€v(§(>))—U(Z()) = ¢ (2).

b) if limys;—, k (z) = oo, then limys;—z, 1‘U|'§<Z()7) =0

Consider zp € dU and assume thatliminf,_,,, k (z) < oco. Since u — ¢ controlled

by k, we have lim__,,, u(ﬁ—_ku((zjo) = 0. Since u is continuous in U, it follows that the

ulp2)—u(p20) i hounded on the set

function (p,2) = "1 )

{(p,2) € [0,1] x U : [pz — 20| < 6},

for some § > 0. Since u and k are also bounded (being continuous) on the compact
cone

)
Cs=1qpz:p€[0,1],z€Us.t. |z—z| = 2} N{zeU:|z—z]| =48} CU,

(see Fig. 1), it follows that ”(”f:(”é‘)’m) isboundedon [0, 1]x{z € U : |z — zo| < §/2}.

Using the bounded convergence theorem and the above, we obtain

UR—-U@o) . [tulp)—ulpzo) , (' . ulpz)—ulpz0) ,
= lim dp = lim dp =0.
z=>20 Jo 0 272

= 1+k(@) 1+k(2) L +k(2)

Suppose now that zo € dU is such that lim,—,,, k (z) = oo. In order to show that
lim, 11(;()1 , =0, we will first show that for py € (0, 1) arbitrarily fixed we have

P u (pz) —0

lim
=1 +k(Z)/



94 L. Beznea et al.

Fig. 1 The cone Cj in the
proof of Theorem 12

Since u € C' (U), and using the substitution w = pz we obtain
D) )
im = lim
w

= Vu(0),
PN\O Pz w—0

uniformly with respect to z € U. It follows that

u(pz)

'(l-i-k(z))p' =1+ Vu (O] = 1+ [Vu(0)

is bounded for p < p; sufficiently small, uniformly with respect to z € U. For
P € [p1, po], we have

max |u (w)]|,

‘ u (pz) ‘< 1
P1 Iwl<po

(I+k@)p

and combining with the above we conclude that (1:-(15(?)),) is bounded for p € [0, po],
uniformly with respect to z € U. Using the bounded convergence theorem and

lim,,, k (z) = oo, we conclude

P u (PZ) o u(pz) _
g k(z) / ap = /0 k@) P T (22)
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thus proving the claim. In order to prove that lim,_, l-llj-(k(z) = 0, it remains to show

that

1
lim / u(pz) dp =0,
=ul+k (Z) Lo P

for an arbitrarily fixed py € (0, 1).

For ¢ > 0 arbitrarily fixed, consider np € N such that ny > ; , and let ¢9 =
1
no 2iv1 fi- We have

u(z)—i—ek(z)Zu(z)—i— k(z) Hg(z)—f-ng oz @)
no n>1Un"8n

\Y

1
U U

1
_gu U
H¢() (Z) + 1o HZ?:](f‘En) (Z)
¢0 (Z)
forany z € U.

Since by construction the functions f,, are lower bounded, there exists M > 0
such ¢9 > M, and therefore Hg) (z) = M for any z € U. We obtain

1 ‘u(pz)dpz 1 1(u(pZ)+8k(pz)_gk(pz))d
1+k(@J, P 1+ k() Jp, P P
- 1 1(M_€k(pz))d
1+ k() Jp, o
—M 1n py € !
TU4k@)  po(+k (@) /pok(pZ)dp

An argument similar to the one in the beginning of the proof shows that llif()z )

is bounded for p € [po, 1] and z in a neighborhood of 7. Passing to the limit in
the above inequality, and using lim,_,, k(z) = oo (which in particular implies

lim,,, ﬁiz()z) = 0 for any p € [po, 1), and lim__,, 1+(k2z) = 1), we obtain

1
lim inf up Z) > lim inf

li
=z 1+ k(z) o0 P =0 14+ k(2) Lo m e

~MInpy ¢ / ! k (pz)
=z 1 +k(2)

xd,oz— (1= po) .
Po
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Since ¢ > 0 was arbitrary chosen and py € (0, 1), the above shows that

1
lim inf u(p2)

dp > 0.
=z 1 4+ k(2) o P P

Repeating the proof above withﬂg = —¢ in place of ¢ (for which the
corresponding functions are i = —u, k = k, and U = —U), we also have
1 1
lim sup u(p2) dp <0,

=20 1 + k (Z) PO P
and therefore

1
lim / uwlpd) 4 o,
= l+k@J, o

This, combined with (22) shows that

1 1
lim / u(p2) 4 o,
= l+k@Jo p

concluding the proof of part b) of claim.

To see that U has the prescribed normal derivative on dU (recall that we are
using the outward normal v(z9) = zo to the boundary of dU), fix zo € dU such
that limsupy 5,5, k (z) < 00. Since u — ¢ controlled by k, choosing the
particular set A = [0, zo] in the Definition 6 of controlled convergence, we have
that lim, ~ u (pz0) = ¢ (z0) € R.

Using a change of variables and the mean value theorem, we obtain

lim Ulzo +ev(20)) = Uz0) _ lim 1 (/H'S u (pzo) dp— /1 u (pzo) dp)
&0 e e/0¢€ " Jo o 0 p
L% u(pzo) u (p*z0)
e ), p PTA p ? )

where we denoted by p* € (1 + ¢, 1) the intermediate point given by the mean value
theorem. This shows that the directional derivative of the function U in the direction
of the normal to the boundary of U has the appropriate value %[V] (z0) = ¢ (20) at 2o,
thus concluding the proof. O
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Decomposition and Limit Theorems for a Class
of Self-Similar Gaussian Processes

Daniel Harnett and David Nualart

Abstract We introduce a new class of self-similar Gaussian stochastic processes,
where the covariance is defined in terms of a fractional Brownian motion and
another Gaussian process. A special case is the solution in time to the fractional-
colored stochastic heat equation described in Tudor (Analysis of variations for
self-similar processes: a stochastic calculus approach. Springer, Berlin, 2013). We
prove that the process can be decomposed into a fractional Brownian motion (with
a different parameter than the one that defines the covariance), and a Gaussian
process first described in Lei and Nualart (Stat Probab Lett 79:619-624, 2009). The
component processes can be expressed as stochastic integrals with respect to the
Brownian sheet. We then prove a central limit theorem about the Hermite variations
of the process.
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cesses ¢ Stochastic heat equation
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1 Introduction

The purpose of this paper is to introduce a new class of Gaussian self-similar
stochastic processes related to stochastic partial differential equations, and to
establish a decomposition in law and a central limit theorem for the Hermite
variations of the increments of such processes.
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Consider the d-dimensional stochastic heat equation

ou

1 .
= Au+W, >0, xeR? 1.1
ot 2 ut =0 (.1

with zero initial condition, where W is a zero mean Gaussian field with a covariance
of the form

E [WH(t,x)WH(s,y)] =y(—s)A(x—y), st>0, x,yeR%

We are interested in the process U = {U,,t > 0}, where U, = u(t,0).

Suppose that W is white in time, that is, yo = 6y and the spatial covariance
is the Riesz kernel, that is, A(x) = cgplx|™, with B < min(d,2) and c;5 =
7=4228=4T(B/2)/ T'((d — B)/2). Then U has the covariance (see [14])

EUU) =D ((+9'™" —lt—s'""), s1=0, (1.2)

for some constant

D= @m)~(1 — p/2)"! /Rd L |;f_ﬁ. (1.3)

Up to a constant, the covariance (1.2) is the covariance of the bifractional Brownian
motion with parameters H = é and K =1 — g We recall that, given constants

H € (0,1) and K € (0, 1), the bifractional Brownian motion BX = {B"X t > 0},
introduced in [4], is a centered Gaussian process with covariance

1
Ruk(s,1) = oK (7 + 2K — |t — 5Ky, s,6>0.

When K = 1, the process B = B! is simply the fractional Brownian motion
(fBm) with Hurst parameter H € (0, 1), with covariance Ry(s,t) = Rpy.1(s,?). In
[5], Lei and Nualart obtained the following decomposition in law for the bifractional
Brownian motion

BHK — ClBHK + CzYtIz(H,

where BK is a fBm with Hurst parameter HK, the process YX is given by
o0
ﬁZ/ v = eaw,, (1.4)
0

with W = {W,,y > 0} a standard Brownian motion independent of B#X, and

Cy, C, are constants given by C; = 25" and C, = \/ -

F(21—K)‘ The process YX
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has trajectories which are infinitely differentiable on (0, co) and Holder continuous
of order HK — ¢ in any interval [0, 7] for any € > 0. In particular, this leads to
a decomposition in law of the process U with covariance (1.2) as the sum of a
fractional Brownian motion with Hurst parameter é - g plus a regular process.

The classical one-dimensional space-time white noise can also be considered as
an extension of the covariance (1.2) if we take § = 1. In this case the covariance
corresponds, up to a constant, to that of a bifractional Brownian motion with
parameters H = K = é

The case where the noise term W is a fractional Brownian motion with Hurst
parameter H € (é, 1) in time and a spatial covariance given by the Riesz kernel,
that is,

E W1, x) W (5,y)] = ancapls — " 2x —y| P,

where 0 < 8 < min(d, 2) and g = H(2H — 1), has been considered by Tudor and
Xiao in [14]. In this case the corresponding process U has the covariance

t s
E[U,U,] = DaH/ / lu— v 72t + 5 — u— v) 7V dudv, (1.5)
0 JO

where D is givenin (1.3) and y = d;ﬁ . This process is self-similar with parameter
H — )2' and it has been studied in a series of papers [1, 8, 12—-14]. In particular, in
[14] it is proved that the process U can be decomposed into the sum of a scaled fBm
with parameter H — g, and a Gaussian process V with continuously differentiable
trajectories. This decomposition is based on the stochastic heat equation. As a
consequence, one can derive the exact uniform and local moduli of continuity and
Chung-type laws of the iterated logarithm for this process. In [12], assuming that
d = 1,2 or 3, a central limit theorem is obtained for the renormalized quadratic
variation

n—1
1
Vo = 27772 Y L (Usnyryn = Uiryn)* = E[Ugnum — Uirn)*]}
j=0
assuming ; < H< i, extending well-known results for fBm (see for example [6,

Theorem 7.4.1]).

The purpose of this paper is to establish a decomposition in law, similar to that
obtained by Lei and Nualart in [5] for the bifractional Brownian motion, and a
central limit theorem for the Hermite variations of the increments, for a class of self-
similar processes that includes the covariance (1.5). Consider a centered Gaussian
process {X;, t > 0} with covariance

R(s,t) = E[X,X,] = E [(/tz,_,dBf) (/SZX_,dBf’):| , (1.6)
0 0
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where

() B = {B! t > 0} is a fBm with Hurst parameter H € (0, 1).
(ii) Z = {Z;,t > 0} is a zero-mean Gaussian process, independent of BH | with
covariance

E[ZZ] = (s +1)7, (1.7)

where 0 < y < 2H.

In other words, X is a Gaussian process with the same covariance as the process
{ fot Z,—,dB" ¢t > 0}, which is not Gaussian.

When H € (é, 1), the covariance (1.6) coincides with (1.5) with D = 1.
However, we allow the range of parameters 0 < H < l and 0 < y < 2H. In
other words, up to a constant, X has the law of the solution in time of the stochastic
heat equation (1.1), when H € (0,1),d > 1 and 8 = d —2y. Also of interest is that
X can be constructed as a sum of stochastic integrals with respect to the Brownian
sheet (see the proof of Theorem 1).

1.1 Decomposition of the Process X

Our first result is the following decomposition in law of the process X as the sum of
a fractional Brownian motion with Hurst parameter § = H — ’2' plus a process with
regular trajectories.

Theorem 1 The process X has the same law as {JKB? + Y;, t > 0}, where here
and in what follows, « = 2H — y,

1 [e9) Zy—l
K = dz. 18
F(y)/o 142 % (18)

B? is a fBm with Hurst parameter ©, and Y (up to a constant) has the same law as
the process Yk defined in (1.4), with K = 20 + 1, that is, Y is a centered Gaussian
process with covariance given by

E[Y,Y] = A / y_“_l(l —e (1 —e™) dy,
0

where

4 oo ., 1-2H
Al = T . / 1 d?’]
I'(y)T(2H + 1)sin(wH) Jo 1+ n?

The proof of this theorem is given in Sect. 3.
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1.2 Hermite Variations of the Process

For each integer ¢ > 0, the gth Hermite polynomial is given by

g 2 di 2
Hy(x) = (=1)%e2 dxqe 2,

See [6, Sect. 1.4] for a discussion of properties of these polynomials. In particular,
it is well known that the family {jq,Hq, g > 0} constitutes an orthonormal basis of

the space L>(R, y), where y is the N(0, 1) measure.

Suppose {Z,,n > 1} is a stationary, Gaussian sequence, where each Z,
follows the N(0, 1) distribution with covariance function p(k) = E[Z,Z,]. If
Z,fil |p(k)|? < o0, it is well known that as n tends to infinity, the Hermite variation

1 n
= ;Hq(zf) (1.9)

converges in distribution to a Gaussian random variable with mean zero and variance
given by 02 = ¢! > 72, p(k)?. This result was proved by Breuer and Major in [3].
In particular, if B is a fBm, then the sequence {Z;,,0 < j < n — 1} defined by

Zin = n'! (BI;I+1 - B?)

n

is a stationary sequence with unit variance. As a consequence, if H < 1 — (11 we

have that
1 n—1
on 2 (1))
j=0 n n

converges to a normal law with variance given by

q!
o2 = 9 D (Im A 1P = 20m P 4 jm — 1) (1.10)
meZ

See [3] and Theorem 7.4.1 of [6].
The above Breuer-Major theorem can not be applied to our process because X is
not necessarily stationary. However, we have a comparable result.

Theorem 2 Let g > 2 be an integer and fix a real T > 0. Suppose that o < 2 — [11,
where a is defined in Theorem 1. Fort € [0, T), define,

1 |nt]—1 AX;
Fyty=n"> > H, " ,
5o
L2()

n
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where H,(x) denotes the qth Hermite polynomial. Then as n — oo, the stochastic
process {Fy(t),t € [0,T]} converges in law in the Skorohod space D([0,T]), to
a scaled Brownian motion {oB;,t € [0,T|}, where {B;,t € [0,T]} is a standard
Brownian motion and o = /o2 is given by

!
o2 = gq2(|m+1|“—2|m|“+|m—1|°')q. (1.11)

meZ

The proof of this theorem is given in Sect. 4.

2 Preliminaries

2.1 Analysis on the Wiener Space

The reader may refer to [6, 7] for a detailed coverage of this topic. Let Z =
{Z(h), h € H} be an isonormal Gaussian process on a probability space (2, F, P),
indexed by a real separable Hilbert space H. This means that Z is a family of
Gaussian random variables such that E[Z(k)] = 0 and E[Z(h)Z(g)] = (h.g)y
forall h,g € H.

For integers ¢ > 1, let H®4 denote the gth tensor product of H, and HO4 denote
the subspace of symmetric elements of H®9.

Let {e,,n > 1} be a complete orthonormal system in 7{. For elements f, g € H 4
andp € {0, ..., g}, we define the pth-order contraction of f and g as that element of
H®24P) given by

oo

f®g= Z (f’eil ®'”®e"p)7—t®1’ ®(g’eil ®"'®eip)’}—t®p’ 2.1)

where f®0g = f®g. Note that, if f, g € H®, thenf®,8 = (f, g)»oq. In particular,
if f, g are real-valued functions in H®? = L?(R?, B2, u?) for a non-atomic measure
M, then we have

F@g= /1; Fls.10)g(s. 1) pe(ds). 22)

Let H, be the gth Wiener chaos of Z, that is, the closed linear subspace of L?(£2)
generated by the random variables {H,(Z(h)),h € H,|hllx = 1}, where H,(x)
is the gth Hermite polynomial. It can be shown (see [6, Proposition 2.2.1]) that if
Z,Y ~ N(0, 1) are jointly Gaussian, then

pHE[ZY])Y ifp=gq

E[H,(Z)H,(Y)] = otherwise

2.3)
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For ¢ > 1, it is known that the map
1,(h®) = H,(Z(h)) 24)

provides a linear isometry between #®? (equipped with the modified norm /q!| -
l2;®4) and H,, where I,(:) is the generalized Wiener-Ito stochastic integral (see [6,
Theorem 2.7.7]). By convention, Hy = R and Iy(x) = x.

We use the following integral multiplication theorem from [7, Proposition 1.1.3].
Suppose f € HO and g € H®9. Then

PAq
NGUGEDNE (’; ) (f) Ipto2r(rg). @5)

r=0

where f®,g denotes the symmetrization of f ®, g. For a product of more than two
integrals, see Peccati and Taqqu [9].

2.2 Stochastic Integration and fBm

We refer to the ‘time domain’ and ‘spectral domain’ representations of fBm. The
reader may refer to [10, 11] for details. Let £ denote the set of real-valued step
functions on R. Let B” denote fBm with Hurst parameter H. For this case, we view
B as an isonormal Gaussian process on the Hilbert space §), which is the closure of
& with respect to the inner product (f, g)s = E[I(f)I(g)]. Consider also the inner
product space

Ry = {f:fe L(®), /R FFEIE M dE < ool |

where Ff = fR f(x)e*dx is the Fourier transform, and the inner product of Ay is
given by

1
U-8)iu = o /R FF&)Fe(®))e] 2 de, 2.6)

1
where Cy = (F(ZH ﬁ;’sin(ﬂ H)) ® Ttis known (see [10, Theorem 3.1]) that the space

/~\H is isometric to a subspace of £, and /~\H contains £ as a dense subset. This inner
product (2.6) is known as the ‘spectral measure’ of fBm. In the case H € (é, 1),
there is another isometry from the space

An] = {f:/o [0 )| )| — v dv < 00
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to a subspace of §3, where the inner product is defined as
o0 o0
e = HCH =D [ [ el o duay,
o Jo

see [10] or [7, Sect.5.1].

3 Proof of Theorem 1

For any y > 0 and A > 0, we can write

1 i 1 A
A7V = r=lemM gy,
T'(y) /0 yoeow

where I' is the Gamma function defined by I'(y) = fooo YW le™dy. As a
consequence, the covariance (1.7) can be written as

|
E[Z,Z] = ) /0 Yyl gy (3.1

Notice that this representation implies the covariance (1.7) is positive definite.
Taking first the expectation with respect to the process Z, and using formula (3.1),
we obtain

1 o t s
R(s,1) = / E [(/ ede;I) (/ EdeBZI):| yy—le—(t+s)ydy
L) Jo 0 0
1 o0 |
= Fo) /0 (10,9 (u), €10 (v))yJ Yl Fy gy,
Using the isometry between /~\H and a subspace of 5 (see Sect. 2.2), we can write

(1), @1 g (v)), = C5 /R €' (F1p.0e”) (Flgev) dE

— C;Z |‘§>:|1_2H (eyt-i—ifr _ 1) (eys—ifs _ 1) dév
R Y+ &
>
where (F1jpe*) denotes the Fourier transform and Cy = ( roH ﬁ;’sin(n H)) . This

allows us to write, making the change of variable & = ny,

1|§:|1 - Lgt Pl —ifs _ —ys
RGs.1) = F(V)CZ/ / L ") (e — ™) d dy
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= conee [T [ I ey ) anay
r(ci Jo Jr 1+n?

3.2)

where @ = 2H — y. By Euler’s identity, adding and subtracting 1 to compensate the
singularity of y~*~! at the origin, we can write

M — ™" = (cos(nyt) — 1 + isin(nyt)) + (1 —e™"). (3.3)

Substituting (3.3) into (3.2) and taking into account that the integral of the imaginary
part vanishes because it is an odd function, we obtain

—2H
R(s.1) = r(V)cz [7 [T 2 (1= cos(mn) 1 = costaye)

+ sin(y?) sin(nys) + (cos(nys) — (1 —e™") + (cos(nyr) — 1)(1 —e*)
F(1— e (1 — e—”)) dy dy.
Let BY = {BY(n,7),n > 0,1 > 0}, j = 1,2 denote two independent Brownian
sheets. That is, forj = 1, 2, BWY is a continuous Gaussian field with mean zero and
covariance given by

E[BY (n,)BY (£, 5)] = min(n., §) x min(z, s).

We define the following stochastic processes:

—2H
v \/F(y)c/ / 1+ , (cos(pyn) = ) BV (dn.dy).  (3.4)
H
1-2H
\/F()/)C / / \/ - , (sin(nyn) B (dn. dy), (3.5)
H

1 2H
\/F()/)C / / 1+7;2 (1—e™") B (dn, dy), (3.6)
H

where the integrals are Wiener-Itd integrals with respect to the Brownian sheet. We
then define the stochastic process X = {X,,t > 0} by X, = U, + V, + Y,, and
we have E [X,X;] = R(s,t) as given in (3.2). These processes have the following
properties:
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(I The process W, = U,+V, is a fractional Brownian motion with Hurst parameter
‘; scaled with the constant /. In fact, the covariance of this process is

E[W,W,] = F(y)C2 / / —ol 77 - ((cos(nyt) — 1)(cos(nys) — 1)

+ sin(nyr) sin(nys))d ndy

l|g|1 —2H lé't —ZES‘
F(y)CZ/ / . z+§2 1) (e 1)d&dy.

Integrating in the variable y we finally obtain

o« (€ —1)(e7® — 1)
HWWI= r e, L e

where ¢; = fo dz = kT'(y). Taking into account the Fourier transform

1+ 2
representation of fBm (see [11, p. 328]), this implies « ~2W is a fractional
Brownian motion with Hurst parameter 3

(IT) The process Y coincides, up to a constant, with the process YX introduced in
(1.4) with K = 2« 4 1. In fact, the covariance of this process is given by

_ 262 OO —a—1 0t R
B = o /0 V(1 — (1 — e )dy, 3.7)

where

e’} r’l—ZH
= dn.
2 /(; 1+772 n

Notice that the process X is self-similar with exponent 9. This concludes the
proof of Theorem 1.

4 Proof of Theorem 2

Along the proof, the symbol C denotes a generic, positive constant, which may
change from line to line. The value of C will depend on parameters of the process
and on 7', but not on the increment width n~!

For integers n > 1, define a partition of [0, 00) composed of the intervals
{[/ /+1) J = 0}. For the process X and related processes U, V, W, Y defined in
Sect. 3, we introduce the notation

AX]- =Xj+1 — X and AX() =X
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with corresponding notation for U, V, W, Y. We start the proof of Theorem 2 with
two technical results about the components of the increments.

4.1 Preliminary Lemmas

Lemma 3 Using above notation with integers n > 2 and j, k > 0, we have

(a) E[AW,W-AW;;] = e (| k— 1% =2 j— k| + | — k— 1]%), where K is
defined in (1.8).
(b) Forj+k=>1,

‘IE [AY,- Ayk] < Cn (i + k)2

for a constant C > 0 that is independent of j, k and n.

Proof Property (a) is well-known for fractional Brownian motion. For (b), we have
from (3.7):

E[AY,AY: ]| = 2 / Ty (7 D) (kD) gy
n n F(V)CHna 0

2 e’} 1 1
_ 2 / y—a+l/ / YU gy dy.
L(y)Cin® Jo o Jo

Note that the above integral is nonnegative, and we can bound this with

‘E [Ayi AYﬁ]

00
< Cn—a/ y—a+le—y(j+k) dy
0

o0
=Cn(j+ k)2 / u e dy
0

<Cn7(j + k)2

Lemma 4 Forn > 2 fixed and integers j, k > 1,

)E [Awi AYi] < Cn e P2

for a constant C > 0 that is independent of j, k and n.

Proof From (3.4)—(3.6) in the proof of Theorem 1, observe that

E [AW_’,-[AYi] —E [(AUZ- + AV_I,-I)AYi] ) [AUiAYﬁ] .
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Assume s,¢t > 0. By self-similarity we can define the covariance function { by
E[U,Y,] = s"E [UysY1] = s*¥(t/s), where, using the change-of-variable 6 = 1x,

oo 0O 1-2H
v = [ [Tyt T ostmg 1 (1 =) dndy

(o] — . e8] 91_2Hx2H
:/O y (1-—e y)/o s (cos(yf) — 1) dO dy.

2
Then using the fact that

91—2H 2H
T =167 @.1)

x2 4+ 02

we see that [ (x)| < Cx*#~!, and

2H—1

, o) — . [e8) 91—2Hx
v () :2H/0 e 1 —e >)/0 o g (008~ 1) a8 dy
oo i N oo 91—2Hx2H+1
_ 2/0 y (1—e >)/0 (2 + 02 (cos(yf) — 1) db dy.
Using (4.1) and similarly

91_2HX2H+1

w4y | = |67 x*72, (4.2)

we can write

o0 o0
ly' ()| < #7220 —2|/0 y ol - e—>')/0 6072 (cos(yf) — 1) df dy < Cx*H72.

By continuing the computation, we can find that | (x)| < Cx**3. We have for
ja k 2 1’

| o 3 J+1Y J
i j+1 J
-k (1/’( k )_w(k))
. @ kY J+1 - /
=n"((k+1) k)(W(HI) ‘”(k+1))

e () 1) () 0 (0):
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With the above bounds on ¥ and its derivatives, the first term is bounded by

J+1 J
Ip(k+1)_w(k+1)‘
<om_‘"/l(k—i—u)‘)‘_ldu/lerl W( J +v)

j 2H-2
< Cn—otkol—2 (k) < C}’l_ak—ysz_z,

n~ |k + DY — k|

dv

and
el (Y Yo (7 Yow (P Y 4y (7
k+1 k+1 k k
1 1
_ k+1 J k J
— Otkol / d _ / d
oo [ () e [y () a
1 . 1 j
- k ] k1 [k ”
<n aka/ w( +u) du+/ / |w (u+v)| dv du
k-‘:—l k 0 k-{-l
j 2H-2 j 2H-3
< Cn—aka—z (k) + Cn—ockoc—Sj (k) < Cn_“k_ijH_z_
This concludes the proof of the lemma. O

4.2 Proof of Theorem 2

We will make use of the notation f;, = H AX;

n

. We have for integer j > 1,
L2(R)

2 —E [AW?:| +E [AY?:| +2E [Awﬁ» AYﬁ] = k(1 + 6;,),
where
kn0;, = E [AY%} +2E[AW, AY, |.
It follows from Lemmas 3 and 4 that |6;,,| < Cj*~2 for some constant C > 0. Notice
that, in the definition of F,(f), it suffices to consider the sum for j > ny for a fixed

no. Then, we can choose ng in such a way that Cn‘())‘_2 < ;, which implies

>, = kn” (1= Cj*7?) 4.3)
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for any j > ny.
By (2.4),

‘ H, (13];11 AX;’) = Iff ((1[£,/’-ﬁ’1—1))®q) ,

where Iff denotes the multiple stochastic integral of order g with respect to the
process X. Thus, we can write

I_m‘J 1
Fo(t) =n~ Z B (1ﬁ‘fﬁl)).
_nO n’ n

The decomposition X = W + Y leads to

(1) =2 () (1) - (i)

We are going to show that the terms with » = 0, ..., g — 1 do not contribute to the
limit. Define

|_ntJ 1
G,(t) =n" Z ,3] qIW (lﬁq/ﬂ))
] no
and
|nt]—1
Gty =n~ : Z N ||L2(Q) 1 <1ﬁq;+1)) :
] no

Consider the decomposition
Fu(t) = (Fut) = Gu(1)) + (Ga(1) = Gu(1)) + G0

Notice that all these processes vanish at# = 0. We claim that forany0 <s <t < T,
we have

n ns §
EIIF,0) — Gu() ~ (Fy(s) — Gu(pP) = L0~ 1) “44)

and

~ ~ §
BIIGy ()~ Golt) — (Gul9) ~ Goten ) = ("0~ 107 “5)
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where 0 < § < 1. By Lemma 3,
consequence, using (2.4) we can also write

j/n ”iZ(Q) = kn~® for every j. As a

|nt]—1
an(t) =n2 Z H, (K‘éngAWi) .

J=no

Since k2 W is a fractional Brownian motion, the Breuer-Major theorem implies that
the process G converges in D([0, T]) to a scaled Brownian motion {0 B, t € [0, T]},
where 02 is given in (1.11). By the fact that all the p-norms are equivalent on a fixed
Wiener chaos, the estimates (4.4) and (4.5) lead to

2] < (Lnt] — Lns])*

nP

EHFn(t) - Gn(t) - (Fn(s) - Gn(s)) (46)

and

" - nt| — |ns|)%
EIIGH ()~ Golt) — (Gots) ~ Gu(opp) = L0~ DT,

4.7)
for all p > 1. Letting n tend to infinity, we deduce from (4.6) and (4.7) that for any
t € [0, T the sequences F,(f) — G,(¢) and G,(r) — G, (¢) converge to zero in L% ($2)
for any p > 1. This implies that the finite dimensional distributions of the processes
F,—G,and G, — 5,1 converge to zero in law. Moreover, by Billingsley [2, Theorem
13.5], (4.6) and (4.7) also imply that the sequences F,, — G, and G,, — 5n are tight in
D([0, T]). Therefore, these sequences converge to zero in the topology of D([0, 7).

Proof of (4.4) We can write

q—1
E [|Fa(t) = Ga(t) = (Fa(s) = Gu(s)"] < €D _E[®7,],

r=0
where
Lnt)—1
2 (i) (i)

We have, using (4.3),

E[®],] < n~ 't

e (170 (0 ) (e () |

|nt]—1

<

jk=lns]vno
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Using a diagram method for the expectation of four stochastic integrals (see [9]),
we find that, for any j, k, the above expectation consists of a sum of terms of the
form

(E[aw,aw])" (e[av avi])” (B[aw, arv )" (&[ay, aw ])",

where the a; are nonnegative integers such thata; +ax+az+as = ¢, a1 <r < g—1,
and a, < g — r. First, consider the case with as = a4 = 0, so that we have the sum

o1+ WZ_I (efaw,am )" ([ar,an])"".

Jk=Lns|Vno

where 0 < a; < g — 1. Applying Lemma 3, we can control each of the terms in the
above sum by

W =k 1 = 20— K = k= 1[G e,
which gives
|nt]—1
e 3 B [aw, awi]

Jk=Lns|Vno

q—ai

“ ‘E[AY]AYk]

|nt]—1 |nt]—1
cort [ S e S ke e
J=lnslvno Jsk=lns|Vnoj#k
|nt]—1
< Cn—l Z (l-ot—Z +J-q(a—2)+1)

j=lns]vno

<Cn! (LntJ — |ns]) @ DVO 4 (|ne] — LnsJ)[‘I(O‘_zHZ]VO). (4.8)

Next, we consider the case where asz + a4 > 1. By Lemma 3, we have that, up to
a constant C,

3

}E [av,av]

n n

< C}E[AwiAWﬁ]

so we may assume a, = 0, and have to handle the term

|nt]—1
e 30 ‘E [AW,- Awk]

jk=lns]vno

q—az—ay asz as

‘E [AW{;AYi]

E[AY;-AWQ]

4.9)
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for all allowable values of as, a4 with az 4+ a4 > 1. Consider the decomposition

Lnt]—1
q—a3—ay az ay
it 3 E[aw, awy] E[aw, avi]|" [e[ar, aw, ]
k= Lns]Vno ! ! !
Lnt]—1 q—az—ay a34-as
= pte—! Z ]E|:AW2,i| E[AWJAY/Y]
j=Lnslvng b

Lnt]—1 j—1

D DY ‘E[AwiAwlk’]

Jj=lnslVvng k=|ns]vngy

as

q—az—ay
‘IE [AW,- ING ]

n

" [efar,aw]

Lnz]—1 k—1
et Y [E[aw, aw, |

k=|ns]vng j=|ns]Vvng

aq

q—az—ay
‘E [AW, ING ]

’ ‘IE [Ay, Awk]

We have,by Lemmas 3 and 4,

—14 Ll 1 q—az—ay a3 a4
it S B [aw aw] [aw, av ][ [E[ay, aw ]
J.k=L|ns]vng " ! !
Lnt]—1
< cn! Z j(ﬂs +as)(@—2)
Jj=Llns]vng

Lnt]—1 Jj—1

+ Cn! Z Jug(ZH—Z)—tx4y Z v tai2H=2) l] — K (g—az—as)(@—2)

Jj=Llnslvno k=\|ns|Vvno

Lnt]—1 k—1

+ Cn—l Z k—agy-‘raq(ZH—Z) Z J-a3(2H—2)—a4y |k _jl(z/—a3—a4)(oz—2)

k=|ns]Vngy j=Llnslvno

< cn ' ((Lnt] — Lns Y@ Fa@=2F1V0 L (| ps| — | ps])la@=2+2V0

+(|_}’llJ _ I-nsJ)[a3(2H—2)—a4y+l]\/0 + (I_ntJ _ LnSJ)[a4(2H—2)—a3y+1]\/0) .
(4.10)

Then (4.8) and (4.10) imply (4.4) because o < 2 — {l].

Proof of (4.5) We have
|nt]—1
4 IW 1@([
@)\

GG =S (52— Jav,

J=no

and we can write, using (4.3) for any j > no,

= (/(_lna)g

o j . -1 _ -1 aa—2 1
Jon _HAWﬂ 12(2) I+ 6.2 1‘§C(K n®j )2,
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This leads to the estimate

E[[Ga() = Go) = (Guls) = Go(5))|] = Cn™!

Lnt] =1 |nt]—1
« Z ja—2 + Z |j— qu(a—Z)
J=lns]vno Jk=|ns]vnoj#k

< Ot (L] = ns]) @00 4 (e — [ms ]l D F20)

which implies (4.5).

This concludes the proof of Theorem 2.
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On A Priori Estimates for Rough PDEs

Qi Feng and Samy Tindel

Dedicated to Rodrigo Baiiuelos on occasion of his 60th birthday

Abstract In this note, we present a new and simple method which allows to get a
priori bounds on rough partial differential equations. The technique is based on a
weak formulation of the equation and a rough version of Gronwall’s lemma. The
method is presented on a simple linear example, but might be generalized to a wide
number of situations.

Keywords A priori estimate * Rough Gonwall lemma ¢ Rough paths ¢ Stochastic
PDEs

1 Introduction

This paper proposes to review a recent method allowing to get a priori estimates for
rough partial differential equations, taken from [6]. Our aim here is to show how
to implement the technique on a simple example. Namely, we shall consider the
following noisy heat equation on an interval [0, 7] x R? for ¢ > 0 and a spatial
dimension d > 1:

A > ‘
du(x) = _ u(x) + Z Bius(x)e;(x)dw;, (1.1
2 i=1
where A stands for the Laplace operator, {¢;; > 1} is an orthonormal basis of L*(R%)
and {f;; > 1} is a family of coefficients satisfying some summability conditions
(see Hypothesis 2.4 below). In Eq.(1.1), {w;; > 1} is also a family of noises,
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interpreted as p-variation paths with p < 3, which can be lifted to a rough path
w (see Hypothesis 2.3 for a more complete definition).

The recent activity on existence and uniqueness results for rough PDEs has been
thriving. A lot of this activity concerns situations which require renormalization
techniques and a way to handle pathwise products of distributions [10, 12, 13]. Here
we are concerned with a different context, for which the noise is smooth enough
in space, so that the solution of (1.1) is directly expected to be a function and the
integrals with respect to w are usual rough paths integrals. This situation does not
require the whole regularity structure machinery, and one advantage of this reduced
setting is that more information on the solution is available. We are concerned in
this paper about a priori estimates, which can be either seen as a crucial step in
the proof of existence of solutions, or as a first piece of valuable information about
the solution. Furthermore, we believe that a priori estimates exhibit the core of the
pathwise methods for stochastic PDEs, even though many more technical steps have
to be performed in order to get existence and uniqueness results.

Let us summarize some of the (unrelated) approaches leading to estimates of
equations like (1.1).

1. The references [2, 11] handle stochastic PDEs by considering random flows
(induced by a finite dimensional rough path) which change the stochastic PDE
into a deterministic PDE with random coefficients. A priori bounds are then
potentially obtained by composing bounds on deterministic PDEs and estimates
on rough flows. This possibility has not been fully exploited yet, and might lead
to nontrivial considerations.

2. In [5, 9], a variant of the rough paths theory is introduced in order to cope
with PDEs of the form (1.1), considered in the mild sense. This involvesAsome
lengthy and intricate considerations on twisted increments of the form §f;; =
fi — Si—sf;» where S designates the heat semi-group and f is a generic L*(R%)-
valued function. However, this formalism yields a priori estimates for (1.1),
especially when one considers related numerical schemes as in [4].

3. For linear equations like (1.1), Feynman-Kac representations for the solution are
available. This gives raise to explicit moment computations for u,(x), for a fixed
couple (¢, x) € R4 x RY. Many cases of Gaussian noises have been examined in
this context, and we refer to [3] for a situation which is close to ours, namely a
rough noise in time which is smooth in space.

Let us highlight again the fact that we only recall here results concerning smooth
noises in space. In cases like [10, 12, 13] where renormalization is needed, the mere
existence of moments for the renormalized solution is still an open problem (to the
best of our knowledge).

With these preliminary considerations in mind, the main point of the current
paper is to show that the variational approach to rough PDEs, introduced in [1, 6],
provides a handy way to obtain L?(R?) (and more generally L% (R?)) estimates on
the solution. The main advantages of this new setting are the following:

1. The variational formulation is convenient at an algebraic and analytic level, when
compared with the other methods mentioned above.
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2. Unlike Feynman-Kac representations, the variational approach is not restricted
to linear equations (though generalizations require a nontrivial extra work).

We shall illustrate this point of view with the simple model (1.1), for which we
shall deduce L*-estimates in a detailed way. It should be noticed that variational
methods have been considered previously in [15] for pathwise PDEs driven by
a fractional Brownian motion. With respect to this reference, our computations
are restricted to linear cases. However, [15] only considers fBm’s with a Hurst
parameter H > é, while we are concerned with a true rough case (corresponding to
é <H< ; for fBm).

Our article is structured as follows: in Sect.2 we introduce some notations and
the variational method framework, and we also present our first a priori estimate
in Proposition 2.8. This estimate (adapted from [6, Theorem 2.5]) is valid for
general linear equations, and will be suitable for our stochastic heat equation with
multidimensional noise. Then in Sect. 3 we prove our main a priori bounds, namely
Theorems 3.5 and 3.9 for the solution of Eq. (1.1), both in L?(R¢) and L* (R?) norms.
Finally, Sect. 4 is devoted to the application of our abstract results to equations
driven by fractional Brownian motion. A first example concerns a bounded domain,
which enables us to compare our result with those of [15], while a second example
deals with the whole space R?.

2 Rough Variational Framework

As mentioned above, our framework relies on a variational formulation of the heat
equation, which is algebraically quite convenient. In this section we first recall some
basic vocabulary about algebraic integration, then we give the main general results
needed for the rough heat equation (1.1).

2.1 Notions of Algebraic Integration

First of all, let us recall the definition of the increment operator, denoted by 6. If g
is a path defined on [0, 7] and s, t € [0, 7] then we set §g := g — gs- Whenever g
is a 2-index map defined on [0, T]?, we define §gs. := g5 — gsu — Qu- The norm of
the element g in the Banach space E will be written as A[g; E]. For two quantities
a and b the relation a <y b means a < c,b, for a constant ¢, depending on a
multidimensional parameter x.

In the sequel, given an interval I we call control on I (and denote it by w) any
continuous superadditive map on A; := {(s,f) € I?> : s < 1}, that is, any continuous
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map w : A; — [0, 00) such that, forall s <u <1,
w(s,u) + w(u,t) < w(s,i).

Given a control w on an interval I = [a, b], we will use the notation w(/) := w(a, b).
For a fixed time interval /, a parameter p > 0, a Banach space E and any continuous
function g : I — E we define the norm

NgViI(E)] = WP(Z]@WMQ’

(m)€P)

where P(I) denotes the set of all partitions of the interval /. In this case,
wg(s.1) = Ng: Vi ([s.]: E))’

defines a control on 1. We denote by V5 (I; E) the set of continuous two-index maps
g : I x I — E for which there exists a control w such that

1
lgst] < w(s,t)r

Joc

for all s, ¢ € 1. We also define the space V5, .(I;E) of maps g : I x I — E such that
there exists a countable covering {Ii}, of I satisfying g € V5 (Ii; E) for any k.

The following result is often referred to as sewing lemma in the literature, and is
at the core of our approach to generalized integration.

Lemma 2.1 Fix an interval I, a Banach space E and a parameter { > 1. Consider
a function h : I’ — E such that h € Im§ and for everys <u <t €,

|| < (s, )5, 2.1)

1
for some control w on I. Then there exists a unique element Ah € V; (I E) such
that §(Ah) = h and for every s < t € I,

[(Ah)y| < Cr o(s, 1), 2.2)

for some universal constant C.
Our computations also hinge on the following rough version of Gronwall’s
lemma, borrowed from [6, Lemma 2.7].

Lemma 2.2 Fix a time horizon T > 0 and let Q : [0,T] — [0, 00) be a path such
that for some constants C,L > 0, k > 1 and some controls w, w; on [0, T|, one has

504 = C( sup 0;) @1(5.0* + wi(s.1), 2.3)

0<r<t
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forevery s < t € [0, T| satisfying w:(s,t) < L. Then it holds

sup Q; <2exp(cerw1(0,7))- {Qo + sup (a)z(O, 1) exp (—ceL w1(0,1)) )}

0<t<T 0=<1<T

for a strictly positive constant ¢ 1.

2.2 Linear Equations with Distributional Drifts

In this section we shall first generalize Eq. (1.1), and consider the following:

o0
dge = pu(dr) + ) Bigieidw, 24)

i=1

where p is a distributional-valued measure. Before we give a rigorous meaning to
this equation, let us label our hypothesis on the coefficients. We start by a rough
path assumption for each couple of components of the driving noise w:

Hypothesis 2.3 Let p € [2,3) be given. We assume that the family {w'; i > 1} is
such that there exist increments wY, w*¥ satisfying the two following properties:

(1) Algebraic condition: For eachi,j > 1 and 0 < s < u <t < t, Chen’s relation
holds true:
L

. 2 _t
Swhi=0, and Swi) =whiw,). (2.5)

(i) Analytic condition: For all i,j > 1, we have
NWYVE([s. )] < 00, and Nw*7; V2 ([s.1])] < oc.

The rough variational setting introduced in [1, 6] uses the concept of scale.
A scale is defined as a sequence (En, ”””)n No of Banach spaces such that E, 4
is continuously embedded into E,. Besides, for n € Ny we denote by E_, the
topological dual of E,. For the heat equation (1.1), we will consider the scale
E, = W™,

Having the concept of scale in mind, the noise w should also fulfill the following
hypothesis as an infinite dimensional object:

Hypothesis 2.4 Recall that the scale E, is given by E,, = W"*°. We assume that
{Bi; = 1} is a family of positive coefficients satisfying Y ..., Bi < 0o. Consider an
orthonormal basis {e;; > 1} of L*(R?), composed of bounded functions. The noise
w is such that {w;; > 1} is a family of p-variation paths with p < 3, whose first and
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second order increments W"', WY are such that wy1 and w2 below are two controls
on [0, t]:

[ele] p

Wy (s,1) = (Z Bi (1 + leilg) NTws Vi ([s, f])]) (2.6)
i=1
o p/2

o0 = Y Bblelnlels NIw: Va2 ([s.] | @7
ij=1

We can now give a more formal definition of solution to our Eq.(2.4), in terms
of expansions of the increments up to a regularity order greater than 1:

Definition 2.5 Letp € [2,3) and fix an interval I C [0, t]. Let  be a distributional-
valued measure lying in Vl1 (I;E_y). A path g : [ — E_y is called solution (on /) of

q
Eq. (2.4) provided there exists ¢ < 3 and g € V3 10, E-1) such that we have:

o0 o0
i 2.,ij
8gu(@) =Y Bigs(eip)Whi + Sptul@) + Y BiBigs(eiejo)Ws” + gi(9).  (2.8)
i=1 ij=1
for every s, t € [ satisfying s < t and every ¢ € E|.

Remark 2.6 On top of (2.5), we will use the following expressions for §g:

Sgulp) = ) Bigs(eip)wh' + g(9), 2.9)

i=1

P
where g is a V3 (E_;) increment satisfying:

o0 o0
gh(9) = 824(9) = D Bigs(e)Whi = Suu(9) + Y, BiBigs(eieip)Wsi’ + gi(9).
i=1 ij=1

(2.10)

Remark 2.7 Equation (2.8) is expressed as an expansion along the increments of
w'. However, according to [7, Theorem 4.10], a solution u of (2.8) also solves the
following integral equation (which has to be interpreted in the rough paths sense in
time and weak sense in space):

8gu = n([s,1) + Z’Biei/ g,dwi. (2.11)
i=1 §
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Furthermore, a change of variable formula (see [7, Proposition 5.6]) holds for g
verifying (2.11). Namely, for # € C*(R) we have (still in the weak rough paths
sense):

shte) = [ (g i)+ Y- pres [ (g . @12)
§ i=1

N

2.3 A General Estimate for Linear Equations

The following proposition gives our first a priori estimate for the solution to
Eq. (2.4). It should be seen as an adaptation of [6, Theorem 2.5] to our current
context.

Proposition 2.8 Ler p € [2,3) and fix an interval I < [0,T). Let w be a rough
path verifying Hypothesis 2.3 and 2.4. Consider a path |1 € Vl1 (I; E—1) such that for
every ¢ € Ey, there exists a control w,, verifying

81t5:(@)| < wp (s, ) @], - (2.13)

Let g be a solution on I of Eq.(2.4), with the following additional hypothesis: g is
q

controlled over the whole interval I, that is we have g" € Vo (I;E_y) for g < 3.
Moreover let S§ = sup<, llgsllz_o, and consider the following control:

o1(5.1) = (5. 1) (a)l/p(s, 0 + w2, t)) 458 (Za)l/‘”(s, DN2lP (s, )+ (s, t)) .

wl wl w2
(2.14)
Then there exists a constant L = L, > 0 (independent of I) such that if
w1 (s, 1) + wvzvz (s,1) <L,
then for all s,t € I such that s < t, we have:
lgii e, Sp wi(s.0). 2.15)

Proof Let wy(s, t) be a regular control such that ||gE,||,L1 < wy(s, t)f/ forany s, t €/
such that s < ¢. We divide this proof in several steps.

Step 1: An Algebraic Identity Let ¢ € E; be such that ||¢||g, < 1. We first show
that

o0 o0
i 2.,ij
Sghu(@) =Y Bigh (i)W + D BiBidgulciejp) Wi’ = K + K2, (2.16)

i=1 ij=1
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where g* was defined in (2.10). Indeed, owing to (2.8), we have
o o0
i 2.,ij
gh = 88a(0) = > _ Bigs(ei)Wh' — Spuul(@) = Y BiBigs(eiejp) .
i=1 ij=1

Applying § on both sides of this identity and recalling Chen’s relations (2.5) as well
as the fact that §§ = 0 we thus get

oo oo oo

SgEut((p) = Zﬁiggsu(ei(p)wbi_F Z ﬂiﬂj(ggsu(eiej(p)wi;u_ Z ﬂlﬁ]g\(ezej(p)w}ulwit/
i=1 ij=1 ij=1

Plugging relation (2.10) again into this identity, we end up with our claim (2.16).

Step 2: Bound for K' In order to bound the term gh(ei¢) in K!, we invoke
decomposition (2.10), which yields:

o0
gh(eip) = Spauleip) + Y BiBrgs(eiciexp) Wi + gl (ei).
Jk=1

and hence:
18k, (eip)]

o
2 3
< | ou(s.0leile, 4S8 Y BiBileilrlejle lelr,op b (s. ) +0) " (s.w)leilr, | |0z
jk=1

Therefore, thanks to our assumption (2.7), we have:

85, ci)] = [0, + S50 5. 0) + 07 s.10) | leil s 2.17)

w2

Plugging this identity into the definition of K, we have thus obtained:
o0
2 3 1
Kl = 10l [0 (5.0 + S0 (5.0 + 0] (5.0 Y Bilesle opt 0.)
i=1

< lelg, [WM(S, u) + 5% wvzvép(s, u) + wn?’/p(s, u)] wvlv/lp(u, 1. (2.18)
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Step 3: Bound for K* and §g" The main term to treat for K? is the increment §g,.
To this aim, we resort to decomposition (2.9). This yields:

2.ij = K2

mr = Z BiB;Br gs(eiejerp) W Wutlj + Z BiBi g (e )Wy =K, + Kszuzt

ijk=1 ij=1

Furthermore, we have:

00
| sutl = Sg|§0|Eo (Z :3k|ek|E0 wlk(s u)) Z:Biﬁi|ei|5()|ei|E(> wlu(u )

ij=1
< S|l 0l (s u) 02 (u, 1).

In order to handle K??, we elaborate slightly on our estimate (2.17) in order to get:

o0
Kol < lele, [a)ﬂ(s u) + 8§ (& u) + wi/”(S,u)] > BiBileilr lejle, Wz,,(u 1)

ij=1

= 10l [0, + S50 (o) + 0. |02 ).
Hence, gathering our estimates on K?' and K> we end up with:

K21 = lole, [55 (0, o) + 03 5,10 + 0u(s0) + 0] 5,10 | 03 0,0,
(2.19)

We can now easily conclude for the increment §g%: plugging (2.18) and (2.19)
into (2.16), we get:

8850@)| = Iole{ (@uts. ) + S22 (5.0)) @l 0.1
+ (@u (.0 + 55 (0 (.0 + 0 5.10) ) 02 (1)
+ o, (s.0) ( (1) + o2l (u, t)) }
Otherwise stated, with our definition (2.14) in mind, we have obtained:

881u(@)| < Il {@r(s.0 + 0] 6.0 (0,0 60+ 0) | @20

Step 4: Conclusion It is readily checked, thanks to the fact that w,, wy1, wy2
and w; are controls, plus [8, Exercise 1.9], that w; is a control as well as

3/p(s t)(a)l/p (s,0) + a)z/p(s £)). One can thus apply Lemma 2.1 to relation (2.20)
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and get:

3/p 1/p 2
gf!r(w)‘ < ¢plelE, {wz(s, 1+ wn/‘ (s,1) (ww/l‘ (s.1) + wwé”(s, t))} .
We now take / such that ¢, (a)vlv/lp (s,0) + wvzvép (s.1)) < }. We obtain:

lgb e, < 2c,mi(s.9).

which ends our proof. O

Remark 2.9 In order to apply Proposition 2.8 to the heat equation (1.1), we shall
consider a measure p defined by w([0,7]) = fot Augds. It is worth noting that for
a noisy equation like (1.1), we cannot assume that Au; is properly defined. This is
why we consider 1([0, 7]) as an element of E_; and perform our computations with
distributional increments.

3 L2 and L® Type Estimates

Let us now go back to Eq. (1.1), for which we will derive some a priori estimates
in L?(R?) and L%(R“). We start by giving some basic properties of our linear heat
equation.

3.1 Preliminary Considerations

Let us begin by giving a precise meaning to Eq. (1.1), as a particular case of rough
PDE in the weak sense.

Definition 3.1 Let w be a rough path satisfying Hypothesis 2.3 and 2.4. Consider
the following equation:

du,(x) = ;Au,(x) + Z Bi(x)eidw'. 3.1

i=1

We interpret this system as in Definition 2.5, with a measure p given by

mum=[lmw

As mentioned in the introduction, we are only focusing here on a priori estimates
for the heat equation, which are representative of the methods at stake without being
too technical. To this aim, we label the following assumption, which prevails until
the end of the article:
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Hypothesis 3.2 One can construct a path u on [0, t] which solves (3.1) according
to Definition 3.1. In addition, u can be obtained as a limit of a sequence of functions
u®, where u® solves:

du; (x) = ;Auf(x) + Z Bitif (x)eidw'™. (3.2)

i=1

In (3.2), the family {wf’i; e > 0,i > 1} is a sequence of smooth functions converging
to w. Recalling our notations (2.6) and (2.7), we also assume that:

lim wy1_y1:(0, 7) + Wy2_y2:(0,7) = 0.
e—>0

Remark 3.3 Since we assume that u is obtained as a limit of smoothed paths u° (see
Hypothesis 3.2), all the remaining computations have to be understood as follows:
we first derive our relations for #°, and we then take limits as ¢ — 0. This step will
often be implicit for sake of conciseness.

With Hypothesis 3.2 in hand, we now derive the equation followed by the path

u? as a first step towards L? estimates.

Proposition 3.4 Let u be the solution of Eq. (3.1) alluded to in Hypothesis 3.2. We
also set

t
fi= ||u,||i2 +/ IVu,||2dr, and S{ = supf;. 3.3)
0

s<t

Then the following holds true:

(i) Let ju* be the E—_i-valued measure defined as:

t t
S12(Y) = — / VuP(p)dr — / (V) (V). (3.4)
Then we have:
3 (! 1 (! 3 [ t—s5)S
w2 (s, 1) < /||vu||§2dr+ /||u||§2dr§ /||vu||§2dr+( )’,
2 Js 2 J 2 J 2
(3.5)

provided the quantity above is finite.
(ii) The squared path u* admits the following representation:

St (W) = S+ Y 2Bu(e)IWS + D> Y did(Yeie) PiBiwa +uy (),
i=1 j=li=l

(3.6)
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q
where Y is a generic test function, and where u*" is an element of V5 for a
certain q < 3.
(iii) The increment f satisfies the following relation: for 0 < s <t < t we have

o0 [o clNe o]
Sfu =2 ul(e)Biwh + 4 > ulee) BiBwa’ + uy' (1), (3.7)
i=1 i=1 j=1
where 1 designates the function defined on R? and identically equal to 1.
Proof With Remark 3.3 in mind, let us divide our proof in several steps.

Proof of (i) Similarly to [6, Remark 2.6], and working in the scale E, = W"*®(R?),
we have

EE [ ||W||i2dr||vf||po+( / ||W||izdr) ( [ ||u||izdr) .
(3.8)

Invoking now Young’s inequality (namely AB < /?; + 'f; for two positive numbers
A,Bwitholl + /13 = 1) we get our claim (3.5).

Proof of (ii) According to Definitions 2.5 and 3.1, the solution of Eq. (3.1) can be
decomposed as:

Sus () = ) Buss(e)wWhi + Y Biuss(eiey)wa’ +8pa(¥) +ui(¥).  (3.9)
i=1 ij=1

As mentioned in Remark 2.7, u can also be seen as a solution to the integral
equation (2.11), for which the change of variable formula (2.12) holds true.
Applying this relation (written in its weak form) to 4(z) = z?, we obtain:

t e t
s =2 [ Buwprar+23pr [ dewa,
s i=1 s
so that an integration by parts in the first integral above yields:

i) =2 [ VuP ) dr—2 / W) (V) dr+23 B / ey dvi.
N N i:l

s

(3.10)

We now expand the rough integral in (3.10) along the increments of w. We end up

q
with relation (3.6), for a certain remainder u>! € V5 (E-1).



On A Priori Estimates for Rough PDEs 129

Proof of (ii) Relation (3.7) is simply obtained from (3.6) by considering a sequence
of test functions {v,,; n > 1} such that lim, o ¥,, = 1 and lim,—oo V¥, =0. 0O

3.2 A Priori Estimate in L*

With Proposition 3.4 in hand, we can now derive the main estimate of this section.
Theorem 3.5 Suppose w fulfills Hypothesis 2.3 and 2.4, and let u be the solution of
Eq. (3.1) given in Hypothesis 3.2. For 0 < s <t < 1, set:

w1 (s, 1) = wu (s, 1) + a)vzvz (s,1) + wy1(s,1) a)vzvz (s, 1) + wfvz (s, 1). (3.11)

Then the following L* norm estimate for the solution u holds true:

t
§; = sup (”Mr”iz +/ ||Vur||§zdr) < 2exp (¢w1(0, 7)) luoll 72 (3.12)
0

0<r<rt

where c, is a strictly positive constant.

Remark 3.6 Notice that ||u,||i2 and fot ||Vu,||§2dr are positive. Therefore rela-
tion (3.12) implies that both terms are bounded from above.

Proof of Theorem 3.5 Recall that we have obtained the following decomposition in
Proposition 3.4:

S (Y) = Sul(¥) + Y 2Bul ()W + Y Y 4l (Yeie) BiBiwei’ + i (V)

i=1 J=1i=1
(3.13)

If we now set g = u? and u® = u?, we can recast (3.13) as:
o o0 o
i 2
8 (V) = Sps (W) + Y 2Bigele)wh' + DY dgi(Veie) BiBiws" + gl(W).
i=1 =1 i=1

This equation is of the same form as (2.8), and thus we can apply Proposition 2.8
directly. We get the following bound for gE,, which is valid whenever w(s,?) +
w3(s,1) < L, (recall that p is the regularity index of w):

. 2,
||g§,||E_l < cpwy(s,1), orequivalently ||u3,'t'||E_1 < cpwy(s, 1), (3.14)
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where the control wy is defined by:

(s, 1) = w,2(5,1) ( F(s,0) + wz/p(v t))—|—S“ (2wl/p(s t)a)z/p(s 1)+ a)4/p(v t))
(3.15)

and where we recall that we have set:

2
S = supluflE_o = sup |us|iz.
s<t s<t

Let us now go back to (3.13), and apply this relation to ¢ = 1 (notice that the
function 1 obviously sits in E)). It is readily checked from (3.4) that:

t
wan=—/anMn

and thus, with our notation (3.3) in mind, relation (3.13) becomes:

Sfa =Y 2Bl (e)wh + Z Z 41 (eie)) BiwEY + 1" (1)

i=1 j=1i=1

Therefore, bounding ||u?||£_, by S{ and invoking (3.14) in order to estimate uf,’n(l),
we obtain:

16| < [2wv‘/{’(s, ) + 402 (s, t)] S+ ¢, (s 1), (3.16)

where wy is given by (3.15). In order to close this expression, let us further bound
the term )2 in the definition of w;. Namely, according to (3.5), we have

(t—s)S]
2

3 t
w,2(s,1) < 2/ I Vull?,dr + <c. S, (3.17)

where we recall that we are working on a time interval [0, t]. Plugging this
inequality into the definition of w;, we end up with:

w(s, 1) < cISJ;< 1/p(s 1)+ wz/p(s 1)+ a)l/p(s t)a)z/p(s 1)+ a)4/p(s t))
Reporting the relation above into (3.16), we get

18fu] < .S ( WP (s.1) + w2 (5. 0) + 0l (s, 0) 02 (5.1) + w02 (s, t))

< 1S w1 (s, 1), (3.18)
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where w; is the control introduced in (3.11). Recall again that inequality (3.18) is
valid when w (s, 1) + w3 (s, 1) < L,. Itis thus also satisfied when w; (s, 1) < L,,.

We are now in a position to directly apply our rough Gronwall Lemma 2.2 to
(3.18), with Q = f, k = 1/p and w, = 0. It is readily checked that w; is a control,
and hence:

S{ < 2exp (cp w1 (0, r))fo = 2exp (cp w1 (0, r))||u0||iz, (3.19)

which ends our proof. O

3.3 L* Type Estimates

In this part, we are going to derive some L* estimates for the solution of Eq. (3.1),
generalizing the case @ = 2. As the reader will notice, the method is the same as for
the L? case, but we include some computational details for convenience.

Remark 3.7 We will handle the case of L* estimates for an even integer «, in order
to have u* > 0 and u*~2 > 0 in the computations below. However, notice that other
values of o can then be reached by simple interpolation methods.

We start this section with an analogue of Proposition 3.4.

Proposition 3.8 Let u be the solution of Eq. (3.1) alluded to in Hypothesis 3.2, and
consider an even integer o.. We also set

t
C = lu|% + / w2 Vu,||’dr, and S° = supt,.
0

s<t

Then the following holds true:

(i) Let u® be the E_;-valued measure defined as:

st == [uwapqar= [ w v
3 ' (3.20)

Then we have:

a(t —s)S¢

4 , (3.21)

-1 [t
wue (s, 1) < 0{(0{4 )/ w2\ Vu, *dr +

provided the quantity above is finite.
(ii) The path u* admits the following representation :

Bul(¥) = Sl (W) + > epwh' + Y > ol (eie) BiBiwa + ult ()
i=1 j=li=1

(3.22)
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q
where r is a generic test function, and where u®" is an element of Vj fora
certain q < 3.
(iii) The increment { satisfies the following relation: for 0 < s <t < t we have

by =a Y ul(e)Biwh + o Z Z W (eie) Bifwa + ult (1), (3.23)
i=1 i=1 j=1

where 1 designates the function defined on R? and identically equal to 1.

Proof With Remark 3.3 in mind and p* defined in (3.21), it is readily checked that:

—1 t
6ual = “O7 Y [ 1 Parlios

a t 1/2 ' 1/2
+2(/ u‘}—2|vu,|zdr) (/ ||u,||gadr) [V]wroe.  (3.24)

Invoking now Young’s inequality as we did in the previous L? case, we get our claim
(3.21).

The proof of (3.22) is similar to the L? case, except that we apply the change of
variable formula and relation (3.9) to h(z) = z%. We obtain:

8'%(‘#)_05/ Ay (2! )dr+ocZ,3L/ u® (eyr)dw',

so that an integration by parts in the first integral above yields:

Sul(Y) = —a(a — 1) /tu‘r’_2|Vu|2(1p) dr — a/t(u‘r’_IVu,)(Vw) dr
+aZ,3 / W () dw.  (3.25)

We now expand the rough integral in (3.10) along the increments of w. We end up
with relation (3.22), for a certain remainder u*" € Vg/ 3(E_l).
As in the L? case, relation (3.23) is simply obtained from (3.22) by considering
a sequence of test functions {v,,; n > 1} such that lim,_, o, ¥, = 1. O
With Proposition 3.8 in hand, we can now derive the announced estimate in L*
type spaces.

Theorem 3.9 Suppose w fulfills Hypothesis 2.3 and 2.4, and let u be the solution of
Eq. (3.1) given in Hypothesis 3.2. For 0 < s <t < 1, set:

w1 (s, 1) = wu (s, 1) + a)vzvz (s,1) + wy1(s, 1) a)vzvz (s, 1) + wfvz (s, 1). (3.26)
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Then for any even integer o, the following L* norm estimate for the solution u holds
true:

t
sup (||u,||%a +/ u‘r’—2|Vu,|2dr) < 2exp (cpw1(0, 7)) [luo|lfa. (3.27)
0

0<t<t

where c, is a strictly positive constant.

Proof Recall that we have obtained the following decomposition in Proposition 3.8:

Suli () = Sus(¥) + > aBu(ey)Wh + Y > oul (Yeie) BiBwa” + uly (W).
i=1 j=1i=1

(3.28)

If we now set g = u* and u8 = p®, we can proceed as in Theorem 3.5 and recast
(3.13) as:

oo

o
Sga(¥) = > g (eip)Wh + 8ubi(p) + D o? BiBjgs(eiei)Wai” + gin(p).

i=1 ij=1

This equation is of the same form as (2.8), and thus we can apply Proposition 2.8

directly. We get the following bound for gE,, which is valid whenever w(s,?) +
03(s,1) < Lyg:

lghlle_, < cor(s,1), orequivalently [u% e, < cown(s, 1), (3.29)
where the control wy is defined by:

0r(5.1) = Wy (5. 1) (wjv/{’ (5. 1) + 21, z)) + 5 (mj/f(s, D2 (s,1) + s, r)) .
(3.30)

and where we recall that we have

S = sup |uf|z_, = sup |ugfe.
s<t s<t

Let us now go back to (3.13), and apply this relation to ¥ = 1 (notice that the
function 1 obviously sits in E7). It is readily checked from (3.20) that:

—1 t
sy = ="V [ vapar
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and thus (3.13) becomes:

o0 o0 o
Sl =Y au(enwy' + Y > oul(eie)) Bifiwy” + uss (1)

i=1 j=1 i=1

Therefore, bounding [|u®||£_, by S¢ and invoking (3.29) in order to estimate ug,’n(l),
we obtain:

8641 = 200 6.0 + 40} (5.0 S| + 15,1, (3.31)

where wy is given by (3.15). In order to close this expression, let us further bound
the term w,« in the definition of w;. Namely, according to (3.21), we have

-1 [ r—s)S¢
ww(s,t)fa(a4 )/ W Vi dr 1+ 4S) L < erpSt

which is the equivalent of relation (3.17) in our context. Starting from this point, we
can conclude exactly as in Theorem 3.5. O

4 Application to Fractional Brownian Motion

This section is devoted to the application of our abstract results of Sect.3 to
some more concrete examples of heat equations driven by an infinite dimensional
fractional Brownian motion. Though our general analysis was focused on equations
in R?, we shall treat the case of both bounded and unbounded domains.

4.1 Equations in Bounded Domains

We first consider the case of an equation in a bounded domain D. This will enable
us to compare our hypothesis with the assumptions contained in [15] for similar
situations. Let us first label the conditions on our domain.

Hypothesis 4.1 In this section, we consider an open, bounded domain D with
smooth boundary 0D, and satisfying the cone property.

On such a domain D, we wish to give conditions which are close enough to the
ones produced in [15]. This is why we consider an operator C given as follows:

Hypothesis 4.2 In the remainder of the section, C will stand for a linear, self-
adjoint, positive trace-class operator on L*(D). This operator admits an orthonor-
mal basis (e;)ien, of eigenfunctions, with corresponding eigenvalues (A;)ien, . It
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also admits an integral representation, whose generating kernel is denoted as k.
Summarizing, for all i > 0 and for almost every x € D we have:

Cei(w) = /D G y)ey) dy = Aiei(x). @.1)

We can now formulate our a priori estimate in this context:

Proposition 4.3 Let D C R? be a domain fulfilling Hypothesis 4.1, together with
an operator C as in Hypothesis 4.2. On D, we consider the following equation:

duy(x) = ;Au,(x) + ) Mu(x)ei(x)dB, (4.2)

i=1

where (B!),cp+);en+ IS a sequence of one-dimensional, independent, identically dis-
tributed fractional Brownian motions with Hurst parameter H € (i, 1), andv >0
is a positive parameter. For the definition of e; and A;, we refer to Hypothesis 4.2.
In addition, we suppose that our operator C and its kernel k satisfy the following
conditions:

A = sup [k, )2y + IVEG ) 2py) < 00, and Z/\}’_l <oo. (4.3
x€D

i>0
Then the results from Theorems 3.5 and 3.9 apply.

Proof It is well known (see e.g. [8, Chap. 15]) that any finite dimensional fractional
Brownian motion (B');<y can be lifted as a rough path. It is thus enough to prove
conditions (2.6) and (2.7). We shall focus on condition (2.6), the other one being
checked with the same kind of arguments.

In order to verify (2.6), similarly to [15], we start by recasting (4.1) as:

ei(x) = A" / k(x,y)e;(y)dy, and Ve;i(x) = A" / Vi (x,y)ei(y) dy.
D D
Hence, invoking Cauchy-Schwarz’ inequality and relation (4.3), we obtain:

leile, < A7 Aclleill 2y = A7 'Ax (44)
Now notice that (2.6) is ensured by the condition IE[wvlvﬁ’7 (0, 7)] < o0, where t is our
time horizon. Furthermore,

E [wl/p(O, t)] =Y A (U + leils) E[NTW": Vi (s D]

wl
i=1
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and since E[N[w!; V{([s, 7])]] is uniformly bounded in i, we end up with

E [a)vlv/lp(O, ‘L')] < Cew i AL

i=1

which is a finite quantity according to our assumption (4.3). In conclusion,
Hypothesis 2.3 and 2.4 are satisfied, and Theorems 3.5 and 3.9 hold true. O

Remark 4.4 With respect to [15], we have added here the assumption

sup [| Vi (x, )| 2y < 00,
x€D

which is an artifact of our variational approach. This being said, let us recall that
our method applies to rough situations (compared to the case H > 1/2 dealt with in
[15]). We also believe that our method extends to non linear equations, with a noisy
term of the form Y 00| Ao (u,(x))e;(x)dB: for a smooth coefficient o.

4.2 Equations in R?

On the whole space RY, choices of orthonormal basis of L? are wide. For sake of
concreteness, we will stick here to a wavelet basis based on Shannon’s wavelet,
though a much more general setting can be found e.g. in [14].

Let us start by defining the L? basis alluded to above (we refer again to [14] for
proofs of general facts on wavelets).

Lemma 4.5 Let i : R — R be defined as

sin2x(x—1/2) sinm(x—1/2)

VY= e 1)2) 7 —1/2)

Then W € L*>(R), and the following holds true:
(i) Let us introduce a family of scaled functions {{jx; j > 0, k € Z} by:

N, x =2k
Vik(x) =272y ( 5 ) . 4.5)

This family is an orthonormal basis of L*(R).
(ii) One can obtain an orthonormal basis of L>(R?) by tensorizing the previous
basis of L*(R). Namely, for all j > 0 and for n = (ny, - -+ , ny), we denote

X1 —2jn1 xd—and)
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Then {Yjn(X)}(jnyeza+1 is an orthonormal basis of L>(RY). In addition, it is
readily checked that:

id
[ile, <272, (4.6)

where we recall that we work in the scale E, = W™ (R).

Remark 4.6 A completely correct version of Lemma 4.5 should include a so-called
father wavelet ¢p. We omit this step for notational sake.

Under the setting of Lemma 4.5, here is our example of stochastic heat equation
on RY:

Proposition 4.7 Consider the equation

() = ) D) + D0 Y Bty (OB

J=0 nezd

where {B'";j > 0,n € Z9 is a sequence of one-dimensional, independent,
identically distributed fractional Brownian motions with Hurst parameter H &
(i, 1), and {Bj.;j = 0,n € Z% is a family of positive coefficients. We assume
that

A5=3"3"278, < oo. (4.7)

Jj=0 nezd

Then the results of Theorems 3.5 and 3.9 apply.

Proof We proceed as for Proposition 4.3, and we are easily reduced to show that
E[a)‘lv/lp (0, 7)] is a finite quantity. In our case, we have

E [w;/lp(o, r)] =3 Bin (14 [Vjule,) B[N WY VE([s, 1]

J=0 nezd

Moreover, the coefficients E[N[w!"; V) ([s,#])]] are uniformly bounded in j, n.
Hence, owing to relation (4.6), we get:

o0
1 4
E [a)w/lp(O, 'L'):| = Cyw E E 22 ,Bj,n = Cw,wAlg,
J=0 nezd

where Ag is introduced in condition (4.7). This concludes our proof in a straightfor-
ward way. O
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Poisson Integrals
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Abstract We propose Mecke-Palm formula for multiple integrals with respect to
the Poisson random measure and its intensity measure performed, or mixed, in an
arbitrary order. We apply the formulas to mixed Lévy systems of Lévy processes
and obtain moment formulas for mixed Poisson integrals.
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The Mecke-Palm formula is an important identity in stochastic analysis of Poisson
random measures. In this work we propose its generalization named the (multiple)
mixed-type Mecke-Palm formula. We show that the generalization is useful and has
a considerable scope of applications.

Part of our motivation comes from recent results on moments of stochastic
integrals [7, 21]. These were obtained for 1-processes in [21] by using combina-
torics of the binomial convolution to undo the usual compensation in stochastic
integration against Poisson random measures [11, 12]; and they were extended in
[7, Theorem 3.1] to ensembles of integrals of 1-processes.
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By compensation in the previous paragraph we mean integration against the
difference of the random Poisson measure and its intensity, or control, measure.
It is well-known that such integration fits well into the framework of L? Hilbert
spaces [19]. In opposition, the results of this paper mainly concern iterated
integrations against the (uncompensated) Poisson random measure mixed with
integrations against the control measure. Such integrations preserve nonnegativity
and are performed under nonnegativity or absolute integrability conditions, rather
than the square-integrability conditions (for which see Lemma 4.8 below or [19]).
In both settings, however, the main feature of the iterated stochastic integration is
the impact of the diagonals in the corresponding Cartesian products of the state
space, which cannot be ignored because the random measure has atoms. The impact
is accounted for by using partitions of the set of coordinates. We shall see below
that in the setting of the uncompensated stochastic integration the description is
simpler than in the compensated, or 2, setting, for which we refer the reader to
[19, Chap.5]. In fact, the integrals against the compensated Poisson measure can
be considered as (limits of) linear combinations of mixed integrals with respect to
the Poisson random measure and its control measure, which explains the added
complexity. Moreover, we may consider the results obtained in both settings as
consequences of the mixed Mecke-Palm formula and the structure of the family
of partitions. Our presentation is essentially self-contained in that it relies on the
mixed Mecke-Palm formula, which we explain from the first principles. We should
also remark that the integrands we consider are random, and in this respect they
are more general than those in [19]. A complete survey of results on integration
with respect to random measures is beyond the scope of this paper, but for more
information we like to refer the reader to [13, 14, 17].

Below we first prove the mixed Mecke-Palm formula and use its along with the
so-called linearization to obtain moments of stochastic integrals in more generality
than known before: we consider moments of k-processes with arbitrary integer
k > 1, and we allow Poisson stochastic integrations to be mixed, up to arbitrary
multiplicity and order, with integrations against the intensity measure of the Poisson
random measure. Our proofs are more direct as compared to [21] and [7], because
they easily follow from the mixed Mecke-Palm formula.

When the random measure is given by the jumps of a Lévy process, the mixed
Mecke-Palm formula translates into multiple Lévy systems of mixed type, which
is our second main application. By the multiple Lévy systems of mixed type we
mean identities for expectations of functionals defined by accumulated summations
indexed by the jumps of the Lévy process and integrations against the product of
the linear Lebesgue measure on the time scale and the Lévy measure of the process
in space. They generalize the classical (single) Lévy system [3, 4, 8], which is an
important tool in the study of jump-type Markov processes. The multiple variants
have interesting applications and we indicate some of them.

The structure of the paper is as follows. In Theorem 2.4 of Sect.2 we give
the mixed Mecke-Palm formula for k-processes. In Theorem 3.1 of Sect.3 we
derive general moment formulas for ensembles of k-processes. These are illustrated
by the moments formulas for 1-processes and 2-processes in Sects.3.2 and 3.3,
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respectively. In Theorem 4.3 of Sect. 4 we present the multiple mixed Lévy systems
for Lévy processes in R?. In Sect. 4.2 we present several applications of the Lévy
systems including applications that merge the topics and techniques from Sects. 3
and 4. Some of the results are known, but even then the presentation may be of
interest. In Sect.4.2 we give a proof of the simple Mecke-Palm formula, to make
the paper more self-contained.

2 Mixed Mecke-Palm Formulas

A direct approach to calculus of Poisson random measures is based on the
configuration space: Given a locally compact separable metric space X, any locally
finite subset of X is called a configuration on X. The configuration space is defined
as © = Qx = {w C X : wis aconfiguration on X} [20]. The elements of Q can
be identified with the class of locally finite, nonnegative-integer valued measures: if
o = {y1,y2, ...}, where y; € X are all different, then we also write

w = Zgyn

where §, is the probability measure concentrated at y € X. According to this
identification, @ will have two meanings depending on the context: a configuration
on X or a measure on X. We equip €2 with a o-algebra F, which is the smallest
sigma-algebra of subsets of 2 making the maps w — w(A) measurable for each
Borel set A C X cf. [12, Chap. 10]. A jointly measurable map

FrXE%Qs (... ) = flx,....x0) €R
is called a process or, more specifically, a k-process. Here R = R U {—00, 00},

ke Ny =1{01,...},and when k = 0,ie.,f: Q3w+ f(w) € R, wecallfa
random variable. We also note that for every Borel function ¢ > 0 on X, the map

w /q&(x)a)(dx)

is well-defined and measurable, hence a random variable. We say that a k-process f
depends only on X C X, if f(x1,...,x;0) = f(x1, ..., ;0 NX) forall w € Q

and xp,...,x € X,
We let X, = {x = (x1,--+,x,) € X" 1 x; = x; for some i # j} and X’;é =

X"\ X%, where X;é = X. Given a k-process f and n € N we define the n-th

diag>®
coefficient f{,) of f as a function f,,, : X* x XZ, + R such that

Son@t, o oxesyn, v =, s ), where @ = {yi, ..., )
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We also let fio)(x1,...,x) = f(x1,...,x:;9). Thus, coefficients f(,) are Borel
functions on X¥ x X", invariant upon permutations of the last n coordinates. In
particular, for random variables (0-processes) f we simply have f,)(y1,...,y:) =
Sfyi. ..., ya}), where yi,...,y, are all different, and fipy = f(@). Of course,
if f is a k-process, then w +— f(x1,...,x; ) is a random variable for every
choice of xi,...,x, € X, and the n-th coefficient of this random variable is
Joy(X1, .o Xk Y1, ..., ), provided (yr, ..., y,) € X;‘é

Now we define a Poisson probability measure P on (£2, F) and the corresponding
expectation [E. Notice that N(A, ) := w(A) is a random measure on X under any
probability measure on €2, but we will consider the probability P which makes
N a Poisson random measure with intensity measure 0(A) = EN(A). Here is
a construction of P. The main analytic datum is a non-atomic measure o finite
on compact subsets of X. If X' is a Borel subset of X and 0(X) < oo, then the
corresponding probability, say Py, is concentrated on finite configurations 2 y on
X and defined by

Exf = ; f(@)Px(dw)

[e )
1
— e—U(X)Z \ / f(n)(yl’”"yn)a(dyn)...a(dyl), (21)
=0 n: Jxn

cf. [20, p. 196]. Here the first term on the rightmost of (2.1) is e~ (Y)f,g), according
to a general convention.

Further, let Borel sets X, A5, ... C X be such that Um X, =X, &,NA, = 0 for
m # n, and o (X,,) < oo for every m. We identify Qx with ®,,2 x,, by identifying
o with (o N &,;,);,. Then P is unambiguously defined as the product measure,

P= ®mPXm-

For X C X, Py may be considered as a marginal distribution of [P, and for random
variables fi, f> depending only on disjoint A}, &> C X, respectively, we have

Elfi(@)f2(@)] = Ex, [/i (@)] Ex, [f2(@)]- (2.2)

Here the notions of the independence of a function from a set of arguments, and
the probabilistic independence happily meet. In what follows [E and P are always
the expectation and distribution making @ a Poisson random measure with control
measure o (in Sect. 4 we make additional structure assumptions on X and o).

In what follows we denote w; = w, wy = o, for € Q. For a 1-process f > 0
and € € {0, 1}, we have

E/f(x; w) w(dx) = / Ef (x; v + €6,) o(dx). (2.3)
X X
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Indeed, for ¢ = O the identity follows from Fubini-Tonelli, and if ¢ = 1, then
it is the celebrated Mecke-Palm formula, see also [15, (2.10)]. (For the readers’s
convenience a direct proof of the Mecke-Palm formula is given in Sect. 4.2.)

We say that a k-process f vanishes on the diagonals if for all w € Q = Qx we

. _ k- _
have f(xi,...,x;; w) = 0 whenever (xq,...,x) € deg, i.e. whenever x; = x; for

some 1 < i < j < k. This condition is restrictive only if X > 2. We propose the
following mixed Mecke-Palm formula.

Lemma 2.1 Iff > 0 vanishes on the diagonals and €1, . . . , €, € {0, 1}, then

E/f(xl, ey Xk @) @, (dxy) -+ e, (dX) 2.4)
Xk

=/]Ef(x1, e X+ Xk:q&ci) o(dxy) - o(dxy).

ik i=1

Proof Case k = 0 is trivial: Ef(w) = Ef(w). Case k = 1 is precisely (2.3). For
k > 1 we define

gx;wier, ..., 6-1) = /k 1f(xl,...,xk_l,x; ®) We, (dx1) + -+ @, (dxy—1).
.

: . : k
Since f(xi, ..., Xx—1,X; @) vanishes on deg, we get
glw + b€, ... 1)

= S0 8 0+ B @) @ + @B do)
.

= /k lf(xl, e X1, X 0+ 8y) e, (dxy) - @, (dXp—1). (2.5)
Stk
By (2.3), (2.5) and induction we obtain

E/f(xl,...,xk;w)wel(dx1)~-~w€k(dxk)
Xk

ZE/g(xk;w;él,---,Gk—l) we, (dxy) :/Eg(xk;a)+€k5xk;€lv---v€k—l) o (dxy)
X X

= /E . lf(xl,...,xk_l,xk;a)+eké’xk)wq(dxl)---wgkfl(dxk_l)o(dxk)
k-

k
:/]Ef(xl, X0+ Ze,-r?x,) o(dxy)---o(dxy),
St i=1

which proves (2.4). O
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Remark 2.2 Lemma 2.1 extends to signed processes f satisfying

/E ‘f(xl, ce X+ Xk:q&gi)‘ o(dxy)---o(dxy) < o0,
i=1

Xk

because of the decomposition f = fy — f_, where f = max(f,0) and f- =
max(—f, 0). In what follows we leave such extensions to the reader.

Remark 2.3 The assumption in Lemma 2.1 that f should vanish on the diagonals is
essential. Indeed, take k = 2 and (deterministic) f(x;, x2; @) = 1;,=, for (x1,x2) €
X2. Considering the atoms of @ we have

X1 €W X2€EW

/f(xl,xz;w) w(dx))w(dx;) = Z Z 1=y, = 0(X),
x2

hence

E/ﬂmmm»mwnmmazom)
XZ

On the other hand o is non-atomic, therefore

/WﬁmmMU@MMﬂﬁZ/ﬂmmwMQMMﬂﬁZO
XZ

X2

Motivated by the above example we shall give a version of the multiple Mecke-Palm
formula for processes which do not necessarily vanish on the diagonals. This calls
for a notation that can handle partitions: For integers k,n > 1 we consider a family
of pairwise disjoint nonempty sets (blocks) of integers P = {Py,..., Py}, such
that U{'{=1 P; = {1,...,n}. Thus, P is a partition of {1,...,n}. We denote by P,
the set of all such partitions. We will use partitions to describe effects of mixed
integrations with respect to the Poisson measure and the control measure on the
diagonals of X", in a manner which resembles the approach to multiple Itd integrals
and compensated Poisson integrals in [19]. For P € P, we let

Xp=9(1,....,x,) € X" 1 x; = x;iff i,j € Pyforsomes € {1,...,k};.
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For P = {Py,..., P} € P,andy € Xt we define y) = (311 yIP)) by Jetting

yl[P] = y;if i € P;. We have, as in Remark 2.3,

fx1, .. xn @)o(dxy) - - - o(dx,)
Xﬂ

Z /nf(X; w)w(dxy) - - w(dxy,)

P={Py,...Pr}EP, Xp

2. / T o)y - ody). (2.6)

P={Py,...P}€P, X#

As in Remark 2.3 we also note that for n > 1 and all w,
/ 1 =x,=.. =x,0(dx))0(dx2) - - - w(dx,) = 0, 2.7
XV!

because the first marginal of the product measure is non-atomic. Therefore in view
of generalizing (2.6) to mixed integrations against w; and @, we propose the
following notation. For €1,...,¢, € {0,1} we let ¢ = (€1,...,¢,) and consider
the family P of all the partitions P = {Py, ..., Py} of {1,...,n} such that for every
block P; € P with |P;|] > 1 we have ¢; = 1 forall j € P;. For P € P we let

elfl = (GEP],...,E][(P]), where egP] = éil,...,GIEP] =¢;,and i} € Py,...,ix € Pi. For

y=(y1,.... ) € Xk we thenlet y,ir = {y; : el[P] = 1}. In the following extension
of Lemma 2.1 we write x for (x1, ..., x,) € X" and o*(dy) = o(dy;)---o(dyi). The
identity (2.8) below gives an algorithm to calculate expectations of Poisson integrals

mixed with integrations against the control measure.

Theorem 2.4 Let E be the expectation making configurations w on X a Poisson

random measure with control measure o. For every n-processf > O andey, ... €, €
{0, 1} we have

E / @) 0 (dx1) -, (dxn) 2.8)

xn

- Y [ e usm) d@.

P={P;...., P;JEP; X;
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Proof By similar reasons as in (2.6), and by Lemma 2.1,

]E/ S w) we, (dxy) - - - we, (dxy)
Xﬂ

= Z E/f (x; 0) we, (dxy) -+ e, (dxp)

P={P1....P:}€Py X;

= Y E[fxo) o) o,dx) 2.9)

P={P1 ..... Pk}EP; X;

- Z E /f(y[P];w) . (dy)

P={P|....PL}EPS

- Y [ Meusm) o@.

P={P, ,....P](}EPS Xl;é

In (2.9) we use (2.7) to eliminate P ¢ P5. O

3 Moments

In this section we give applications of the mixed Mecke-Palm formula to expecta-
tions of products of mixed stochastic integrals. As before, @ denotes the Poisson
random measure with control measure o on X and probability [P and expectation E.

3.1 General Moment Formulas

Theorem 3.1 below generalizes moment formulas of [7, 21]. As we see in the proof,
the result is equivalent to the mixed Mecke-Palm formula (2.8) and is obtained after
a simple linearization procedure. Let S be a finite set and X5 = {x : § — X}. For
x € X5 and s € S we write x; = x(s). We consider P(S), the class of all the partitions
P ={Py,..., P} of S. Here (blocks) Py, ..., Py are disjoint, and UI;=1 P, = S.Let
P € P(S) and consider the P-diagonal:

X5 = {x e X5 : x, = x, iff there is € {1,...,k} such thats,t € P,}.
Fore : S — {0, 1} we denote w,(dx) = ®;eswe, (dx;). We note that w, vanishes on

X3 if there is block P, € P with cardinality |P,| > 1 and such that e = 0 at some
point of P,. This is so because the product measure has a non-atomic marginal. The
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set of all the remaining partitions will be denoted P¢(S). In particular, if P € P¢(S)
then € is constant on every block of P, and we may define 65 = ¢ if s € Py,
o = 1,....k. We denote € = (ef,...,€l). Fory = (y1....,y) € Xt we let
yP =y, if s € Py. Thus, € € {0, 1}* and y* € X5. For measurable f : X5 — R
we have

/ FOwe(dn) = / FOP 0 (dyn) -~ o (dye),
Xl’ X"

which follows because w is a sum of Dirac measures supported at different points.
Let/ e Nand ry,ny,...,r,n > 1. We define

S={a.py):l=a=lLl1=p=ry,l1=y=ne.
Ifl <o <land 1 <y < ngy, then we let

Sa,y :{(057,37]/) eS:1 Eﬂ =< ra}-

For z € X5 we write, as usual, 284, for the restriction of z to S,,. If P =
{P1,...,P} € P(S)and y € X, then ygw denotes (y")s, . In particular, ygw €
XSer,

Theorem 3.1 Let E be the expectation making w a Poisson random measure on X
with control measure o. Let fy, fi,....fi = 0be0,ry,...,r-processes, respectively.
Let ey € {0, 1}, ..., eq) € {0, 1}". Fors = (o, B,y) € S we define €, = €)(B).
Then,

]E[fo(w) ([ st @) oo [ iion, @) } G

= 2| [ ool [TTTAGE <0 U oot

P={Py,..., Pk}EPE(S) Xk =1 a=1y=l1 e=1

Proof The first transformation in the calculation below we call linearization, and
the last one follows from Theorem 2.4:

ni n

E[fo(a)) / £ (3 @), (d) / Sy ©)0ey () ]

X" Xn

ny
=Bl [ o [ TTAON 0000 5,00 s, )%
y=1

n
X /X"l e /X"l l—[.ﬁ(ij,y; w)qu) (dyS“) cee qu) (dySJ,n,)i|
y=1
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I ng
= E|: /Xsf()(w) l_[ l—[foz(y&y.y; w)wf(l)(dysl.l) . 'we(l)(dysl.nl) cee

a=1y=1

- We (dys;,) - - We) (dySI.n,):|

I ng
el Y [a@][[A0L, 0o

P={Py,...P}€P(S) xk a=1y=1
=~

I ng
& > [aeu Ut TR0 u Joihet@.

P={Py,...Pr}€PE(S) xk =1 a=1y=1 =1
%

|
In concrete computations one may either use Theorem 3.1, along with its somewhat
heavy notation, or just follow its proof, i.e. use linearization and the mixed Mecke-
Palm formula. For instance in Lemma 3.3 below it is simpler to use the latter
approach.

3.2 Moment Formulas for Stochastic Integrals of 1-Processes

We first specialize to 1-processes. Let k,l,ny,...,n; € N = {1,2,...} andn =
n+...+n.Forj=1,...,land P = {Py,..., P} € P, we denote

Pi,jz{dePi: Z n, <d< Z I/lm}.

O<m<j 0<m<j

Let |P; ;| be the number of elements of P; ;.

Corollary 3.2 For a random variable fy > 0 and 1-processes fi, ... .f; > 0,

E[fo(w)( /X e w)w(dx)) . ( /X e w)w(dx)) ] (3.2)

k k k
= Z ]Ekafo(w + ngﬂ)fllPl.ll(yl;w + Z(gyi)...fl\f’l.zl(yl;w + Z‘Sw) «
i=1 i=1 i=1

PeP,

k k
xfPl (o0 + Z(gyi) et s w0 Z(Syi)o(dyl) ..o (dyp).

i=1 i=1
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Proof The result follows from Theorem 3.1. O
For [ = 1 we recover [21, (1.2)]:

E[v(w)( [ v w)w(dX)>n]

= ) E[/Xk v Uyu(yzo U™ uygo Uy)'™odn). --O(dyk)],

P={P|,...Pr}EP,

where y = {y;,...,y} and u > 0 is a 1-process. With arbitrary / we obtain an
alternative proof of [7, Theorem 3.1] for random Poisson measures. In passing we
also refer the reader to recent papers [16] and [6].

3.3 The Second Moment of Stochastic Integrals of 2-Processes

Moments of arbitrary k-processes require formulas of increasing complexity, but
they are entirely explicit. Here is a telling example.

Lemma 3.3 Iff > 0is a 2-process, then

2
E( / f(xl,xz;w)w(dxl)w(dxz)) _ / Ef2(x,x:0 U {x)o(d) (3.3)
X2 X

+2 [ Bno Utnobf o U lodo@o@)
X

+2 / Ef(exo U by Df (o U x)o(d)o(d)
X

+ [, Bfeno Ut (.0 U oo @o@)
X%

+ / Ef(x.y: 0 U {x.y})o (d0)o(dy)
%,

+ [ B0 U el (.o U oo @o@)
X

+2 /X B x o Utxy, 2)f (5,0 U txy, 2h)o(dx)o(dy)o (dz)
=

+2 / Ef (x,y; 0 U {x,y, 2})f (z. x; 0 U {x, y, z2})o (dx)o (dy)o (dz)
X%
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+ / Ef (x,y: 0 U fx.y, 2)f (x. 220 U {x. 3, 2o (d)o (dy)o (d2)
X'{

A
+ /X3 Ef(y,x;0 U{x,y, 2))f (@, x; 0 U {x,y,z})o (dx)o (dy)o (dz)
*
+ / Ef(x,y;o U{x,y,z, t)f (2, t; 0 U {x,y, 7, t})o (dx)o (dy)o (dz)o (df).
i

Proof By linearization,

2
( [ s w)w(dxl)w(dxz))
= / g(x, v, z, Ho(dx)w(dy)w(dz)w(dt),
X4

where g(x,y,z,t; ) = f(x,y; 0)f(z, t; ®). We will use Theorem 2.4. The partitions
involved have k = 1, 2, 3 or 4 blocks, because the number 4 can be represented as
the following sums: 4,3+41,2+42,2+4+141, 141+ 14 1. In particular, the partition
of {1,2, 3, 4} with only one block (k = 1), namely {{1, 2, 3, 4}}, contributes

IE/ g, x,x, x;0 U{x})o(dx) = / Ef?(x, x; 0 U {x})o (dx)
X X

to (3.3). Then, partitions with k = 2 blocks are of type 3 + 1 and 2 + 2. In the first
case there are 4 different partitions as there are 4 different choices of the singleton.
For instance, P = {{1, 2, 3}, {4}} contributes

/Xz Eg(x,x,x,y; 0w U {x,y})o(dx)o (dy)
#

= [, B U todrio U oo (@o@)

~

to (3.3). The contribution to (3.3) from all the partitions of type 3+ 1 are the 2nd and
the 3rd terms on the right-hand side of (3.3). In the case 2 + 2, P = {{1,2}, {3, 4}}
contributes

[ B U b i U oo @o@).
=

to (3.3), and the contributions from all the partitions of type 2 + 2 are precisely the
4th through 6th terms on the right-hand side of (3.3).
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For k = 3 we have partitions of type 2+ 1+ 1, e.g. P = {{1, 2}, {3}, {4}}, which
contributes

[, Btxio Ut (s U b oo o),
=

to (3.3), and all partitions of type 2 4+ 1 + 1 result in the 7th through 10th terms on
the right-hand side of (3.3). Finally, the partition into k = 4 singletons yields

/ Ef(x,y;o U{x,y,z, t)f (z.t; 0 U {x, v, 7, t}) o (dx)o (dy)o (dz)o (dr).
X

This finishes the verification of (3.3). O
We now investigate the second moment of mixed double stochastic integrals, the
ones with respect to the random measures ® ® o and 0 ® w.

Lemma 3.4 Iff > 0is a 2-process, then
2
E (/zf(xl,xz; a))a)(dxz)a(dxl))
pie

2
_E ( / Flen w)o(dxl)w(dxz)) (3.4)
XZ

=E /X Jyio U ihf @ yie Uiyho(dxo(dy)o(dz) (3.5)
+#

FE [ e300t Grio Ul da(@o(d)odod.
=

Proof Equation (3.4) follows from Fubini-Tonelli. Then the expectation in (3.4) is
written as

E / Fly: 0)f . 1 0)0 () (dy)o (d)o dr),
X4

and by Theorem 2.4 we get the equality (3.5), as in the proof of Lemma 3.3. a

4 Lévy Systems

An important motivation for this work is due to the so-called Lévy systems for Lévy
processes. These are identities between expectations of sums taken with respect to
the jumps of a Lévy process and expectations of integrals taken with respect to the
corresponding intensity measure. There exists a considerable variety of (multiple)
Lévy systems, which we discuss below.
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4.1 General Result

We consider (time) Ry = (0, 0o), (space) R and (space-time) R, x R
Let v be a non-zero Lévy measure on RY, thus v({0}) = 0 and

/ min{1, z2}v(dz) < oo.
R4

Let X = {X,};>0 be a Lévy process in RY with Lévy triplet (v, A, b), where A is a
symmetric, nonnegative-definite d x d matrix and b € R? [22]. Let IP and E be the
distribution and the expectation of the process and consider

pi(A) = P(X; € A),

the convolution semigroup of X. Let AX,, = X,, — X,,— and

w = Z S(M,AXU)'

u>0, AX,#0

Then w is a Poisson random measure with the intensity (control) measure
0 (dudz) = duv(dz) on

X =Ry xRl

[10, Sects. 1.9, I1.3, Example I1.4.1] related to X by the Lévy-Itd decomposition [22,
Chap. 4], [10, Example I1.4.1]. We may and do identify w, P and E with those from
Sect.2 given by o (dudz) = duv(dz). The following well-known identity is called
the (simple) Lévy system (more comments are given after the proof).

Lemmad4.l IfF : Ry x R? x R — R is nonnegative, then

o0
B Y FuXeX) = [ [ FX X, + 9v@du, @.1)
0<u<oo 0 Rd
AX,#0

Proof First, let X be a compound Poisson process, that is v(RY) < oo, X(f) =
Zf\’:(? Z;, where N(1) has Poisson distribution with expectation rv(R?), and Z; are
i.i.d. random variables with distribution v/v(R¢). Therefore

oo

_ _ th*n
pi=e \vlte*tv —¢ \vlt} )

n!
n=0
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By Fubini-Tonelli theorem the right-hand side of (4.1) equals

]° [ [ Flucxacs dptamiao w2
0

R4 R4

Let S; = inf{t > 0 : N(¢f) = i}, the arrival time of the i-th jump of X. Recall that S;
has gamma distribution, and clearly X, has distribution v*'. By Fubini-Tonelli the
left-hand side of (4.1) equals

o0
EY " F(Si. X5 Xs,)

i=1

il

o i i—1
= Z / F(u,x,x +2) |(‘; |_u1)' e M =D ()T (dz) du
0

i—1, %(i—1)

= / /F(u,x,x+ 2) (e_"l“ ZI: u(iz ! (dx))v(dz)du
0 =

This yields (4.1) for compound Poisson process X. Now let X be a general Lévy
process. We shall prove that for every € > 0,

E Y FuX..X,)=E / / F(u, X, X, + 2)v(dz)dv. (4.3)
0 |z|>€

O<u<oo
‘AXUIZG

To this end we use the following decomposition,
Xt = Vt + Zt.

The terms in the decomposition have the following properties. Process V; is a Lévy
process with the triplet (A, U‘|Z|<6’ b), on a probability space (2", F",PY). Here
V‘|Z|<6 is the measure v restricted to {z € RY : |z| < €}. Z is a compound

Poisson process on an independent probability space (2%, FZ,P?), and has the Lévy
measure v|lzl>€. We denote by EV,[E? and PV, PZ the corresponding expectations

and probabilities. We may assume that Q@ = Q" x Q% and P = P¥ ® IP%, according
to the fact that V and Z are independent. In what follows we consider

F(v,x, y)=Fw,Vy— +x,V, + ). 4.4)
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By Fubini-Tonelli theorem and by (4.1) for the compound Poisson process Z, the
left hand side of (4.3) becomes

EYE" Y F@.Vie+Z.Vi+Z)
‘A(Vu+zu)lz€

o0
=E'E* Y Fw.Z..z,)=E"E* / / F(u, Zy, Zy + 2)v(dz)du

‘AZUIZG 0 ‘Z‘ZG

= ]E]o/ F(u, Xy, Xy + 2)v(d2)du.

0 |z|=€

We have proved (4.3). Let € | 0. By the monotone convergence theorem,

E ) FuXeX)—E ) FuX,.X,). (4.5)
|AYu|25 AYLﬁéO

and

]E/ / F(u, Xy, Xy + 2)v(d2)du — E//F(M,XM,XM + 2)v(dz)du. (4.6)

0 [e]>e 0 R

By (4.6), (4.5) and (4.3) we obtain (4.1). |
Lemma 4.1 asserts that the expected sum over the jumps of the Lévy process X
equals to the expectation of the integral with respect to the corresponding intensity
measure. As we remarked, the result is well-known, see [3], [8, p. 375], [4, VIL.2(d)],
but the above direct proof seems original, and will be used below. We next present
a reformulation of Lemma 4.1 followed by extensions of Lemma 4.1, which we call
multiple mixed Lévy systems.

Lemma4.2 IfF : Ry xR? x R? — R is nonnegative, then

E Z F(u,Xu_,AXM)=E//F(M,Xu,z)v(dz)du.

0O<u<oo
AX, A0 0 R

Here Ry = (0, 0o0). The multiple mixed Lévy systems can be described within the
framework presented in the previous sections. We consider the “simplex”

XY ={(ur, 215 Uny20) €X" 10 <up <0 < upl
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The following are all the multiple mixed Lévy systems.

Theorem 4.3 Let X be a Lévy process in R? with the Lévy measure v, the
expectation E and the Poisson random measure of jumps w. Let €, . .., €, € {0, 1}
andlet F : (Ry x R? x RY)" — [0, oo] be measurable. Then,

E / Fui, Xu,— 215« Up, Xuy—» 20) 0¢, (durdzy) . . . ¢, (dundzy) 4.7
XL

Jj—1
=/ EF(uy, Xuy— 215 -« s uj, Xyp— + E €iZis Zjs -3
XL

i=1
n—1

thn, Xy + D €20 ) dunv(dzy) -+~ duyv(dz,)

i=1

n n—1
=/ / F(“l,yl,ZU---;Mn,Zyi+Z€izz‘,zn)
< I®Y i=1 i=1
Du (A1) - . . Puy—u,—, (dyy) durv(dzy) - - - du,v(dzy). 4.8)

Proof We first prove this result for compound Poisson process X. By the Lévy-Itd
decomposition for # > 0 we have

X =X_(0) = zw(dudz) — tv(RY),
/1
and
X, = Xi(w) = zo(dudz) — tv(RY).
Il

We note that X;_ is a 1-process on X, and
Len (uis zas ooty 2) F(uy, X =, 215 ooty Xy — s 20)

is an n-process, which vanishes on the diagonals. Using the notation from the proof
of Lemma 2.1, by Theorem 2.4 we see that the left-hand side of (4.7) equals

n n
/ EF (u1, Xu— (o + Z €i8(u;.z)) 215 - - - 3 Un, Xy — (0 + Z €i8(ui.z))s Zn)
X< i=1

i=1

duyv(dzy) - - - duyv(dzy,).
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Since

j—1

J
X“j_(w + Z €ibu.z) = Xuj—(w) + Z €%,

i=1 i=1

(4.7) follows. Then we note that the distribution of X, is the same as that of

Xy, which is p,, and we use Fubini-Tonelli to get (4.8). This resolves the case of

compound Poisson processes. The case of the general Lévy processes follows as in

the proof of Lemma 4.1. O
The next two results are direct consequences of Theorem 4.3.

Corollary 4.4 If X is a Lévy process and F is nonnegative, then

E Y Futr, Xy X - - 5ty Xy Xop,) (4.9)

O<up <...<up, <00
AX,, #0,...,AX,, #0

= / / / /F(uleuleul"f'Zlv---v

up—1 Rd

U, X, + 21+ .o+ 21, X, + 20+ ... + z2)v(dzn) ... v(dz1)duy, . . . du;.

Corollary 4.5 If X is a Lévy process and F is nonnegative, then

E Z / /F(s Xo—, Xy 51, Xy, Xy, + 21)v(dz1)ds) (4.10)
]Rd

0<s<oo
AY;#0

= IE/ / E F(s, X5, Xs + 7,51, Xs— + 2, X, + 2)v(dz)ds
§<51 <00
AXy, #0

o0 o0
= E/ / //F(s,Xs,Xs + 251, Xy, + 2. Xy, + 24 21)v(dzi)v(dz)ds ds.

0 s RdRd

We note in passing that Corollaries 4.4 and 4.5 can also be proved without using
Mecke-Palm formula, in a way similar to the first part of the proof of Lemma 4.1,
see [24]. The proofs are quite involved and the proof of the general mixed Lévy
systems is fraught with problems if similar approach is to be used. On the contrary,
Theorem 4.3 offers a clear insight into the structure of multidimensional mixed-
type Lévy systems. The structure is explained by accumulating z;, the i-th variable
of the integrations performed in (4.8), as a jump of the process X at the moment
u;, but only if z; is integrated against the Poisson random measure, rather than it’s
control measure. By accumulation we mean that such jumps are indeed added to
the trajectory of the process. We encourage the reader to consider the statement of
Corollary 4.5 from this perspective.
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Remark 4.6 'We note that Theorem 4.3 may be generalized to allow for n-processes
more complicated than F(uy, X, —, z1; - . . ; Un, Xu,—, 2n), With similar proofs based
on the mixed Mecke-Palm formula. Such extensions may involve predictable
factors, cf. [8, p. 375], [4, VII.2(d)], and integration of processes which are not
adapted to the usual filtration associated with the Lévy process.

To illustrate Remark 4.6 we give the following classical result, cf. [4, VIL.2(d)].
An additional discussion is given at the end of Sect. 4.2.

Lemma 4.7 IfF > 0 and g; > 0 is predictable, then

o
B Y e X X)=E [ [eFwX @ @i
0<u<oo 0 Rd
AX,#0

Proof g.F(u,X,—.X,) = gu(w)F(u,X,—(w),X,—(w)+7z) is a 1-process on R4 xR9,
By predictability, g,(@ + 8(.z)) = gu(w) almost surely. The result then follows from
the usual Mecke-Palm identity (1). O

4.2 Applications

The purpose of this section is to present some consequences of our formulas. One
of them is the well-known Ikeda-Watanabe formula [9], given as (4.13) below. It
concerns the situation of the Lévy process X in R? at the moment of the first exit
from an open set D C R? To state the result we employ the usual Markovian
notation: for x € R? we write E* and P* for the expectation and distribution of
x + X, and the latter is simply denoted by X, cf. [22, Chap. 8]. We let p;(x,A) =
p:i(A —x) = P*(X; € A), so that

e " pe X = [ N [ ravmiay

for (Borel) functions f > 0 and x € R?. The time of the first exit of X from D is
p = inf{t > 0: X; ¢ D}.

The Dirichlet heat kernel p? (x, dy) is then defined by

[ 10wl iy = By > 1,
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and we have
£9)) o0
E* / FXodr = / / £l . dy).
0 0 R4

We now consider function F(u,y,w) = 1;(u)14(y)1g(w), where I is a bounded
interval, and A C D, B C (D)¢ are Borel sets in RY. We let

M(r) = Z F(u,Xu_,Xu)—/Ot/Rd F(u, X, Xy + 2)v(dz)dv.

O<u<t
|AX,|#0
‘We note that
t
IE/ / F(u,X,, X, + z)v(dz)dv < |I|v({|z| > dist(A, B)}) < oo, (4.12)
0 JRrd

soby Lemma4.1, EM(t) = 0. Let 0 < s < t. By considering the Lévy process u >
Xs+u — X, independent of X, 0 < r < s, we calculate the conditional expectation

t
E[ Y F(u.X,.X) —/ / F(u, Xy, Xy + 2)v(d2)dv|X,. 0 < r < 5] = 0,
s<u s R4
|Axi0

cf. (4.4). By the above, M is a uniformly integrable martingale. By stopping at tp,
we obtain,

P[tp €1, X,)— €A, X, €B] = / / / PP (x, dy)v(dz)du. (4.13)
1JB—y JA

This defines the joint distribution of (zp,X,—,X:,) restricted to the event
{X:,— € D} and calculated under P*.

As another application we use the double mixed Lévy system to prove the
following classical result [10, IT (3.9)].

Lemma 4.8 Ler X be a Lévy process in R? with Lévy measure v. Let the function
F:R xR x R? — R satisfy

o0
E//FZ(U,XU,XU + 2)v(dz)dv < 0. (4.14)
0 R4

For every t € [0, 00) the following limit exists in L?

=t (3

O<v<t
|AX|>e

t
F(v,Xv_,Xv)—/ / F(v,XU,XU+Z)v(dz)dv),
0 Jlz|=e
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t — M, is a martingale with respect to (F;), EM, = 0 and

t
EM? = IE/ / F*(v, Xy, Xy + 2)v(dz)dv.
0 Jrd
Furthermore, the square bracket of M is

M), = > F(.X,—. X)) (4.15)

O<v<t
AX,#0

and the predictable quadratic variation of M is

(M)t=// F(v,X,. X, 4 2)*v(dz)dv. (4.16)
0 Jlz|=e

Recall that [M] is defined as the unique adapted right-continuous non-decreasing
process with jumps A[M], = |AM,|?, and such that ¢ — |M|?>—[M], is a (continuous)
martingale starting at 0 [8, VIL42]. We verify the martingale property of |[M|?> —[M],
by using Corollaries 4.4 and 4.5. Notice that E[M], = E(M), by the single Lévy
system. More details and applications can be found in [24]. In particular, the square
bracket [M] is used in [5] to estimate the L norms of Fourier multipliers defined in
terms of Lévy processes. We refer the reader to [8, VII-VIII] and [10, II] for further
details and reading.

As the third application we will calculate moments of the Lévy integral. Let
X, = (n:,&), where t > 0, be a Lévy process in R2. To simplify the discussion
we further assume that n and £ are (possibly dependent) subordinators with no drift
[22, 23]. Let v be the Lévy measure of X. Of course, v is concentrated on Ri L=
(0, 00) x (0, 00). Let ¢ be the Laplace exponent of n:

Ele™"] = e ¥®,  x>0.
The following expression is called the Lévy integral,
o0
VA Z/ e_m_dst = Z e_mngt.
0 AX,#£0

Lévy integrals represent stationary distributions of generalized Ornstein-Uhlenbeck
process (see [18] for details, applications and references). By Lemma 4.1,

Bl =E Y a6= [ v
0<t<1 ++
AX,Z0
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We can use the multiple Lévy systems to calculate the moments of Z. The first three
moments of Z take on the following form

[ydv(x.y)
E[Z] = s(1)
R[] = 2 [eydv(x,y) [ydv(xy) | [y dV(x,y)’
d()p(2) #(2)
E[Z] = 6 [ydv(x,y) [eydv(x,y) [e Zydv(x,y) [V dv(x,y)
¢ (2)9(3) #(3)
3y dv(x,y) e Zydv(x,y) 3 [ydv(x.y) [e*y?dv(x,y)
$(2)¢(3) #(1)ep(3) '

Indeed, by Lemma 4.1,
Jydv(x,y)
— N— A | = N .
EZ] =E |:AXEI#08 §:| E [/ /e ydv(x, y)dt:| s(1)

For the higher moments we use linearization, as in Sect. 3, e.g., we obtain

B 2
E[Z’) = E Z e " Ag =E Z e AE Z e AE,
B AX#0 AX7#0 AX, 70

=E[2 Y P TALAE | +E [ 3 (e‘”’Aé,)2:| =20 +11,

s<t AX 0
| AX,, AX,#0 7

where, by Corollary 4.4,

o o0
I=E [/ / / /e_”fyle_”’_x‘yz dv(xy,y1) dv(xz,yz)dtdsi|
0 s
o o0
= //e‘x‘ylyz dv(xl,yl)dv(xz,yz)E[/ / e_(”’_”f)_znfdtds}
/e “ydv(x, y)/ydu(x y)/ / [e ”’—]E 2"S]dtds

_ JeTydvy) [ydv(x.y)
¢(1e((2)

)
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and

— o 2,=2 n _ fyz dv(x,y)
nI=E |:/0 /y dv( ,y)dti| 52)

The third and the higher moments are obtained analogously. We note that [2, Theo-
rem 3.1] gives the first and the second moments of Z, but not the higher moments,
which are cumbersome to obtain by the methods of [2] (private communication).
Our approach also gives moments of anticipating integrals like

o0
Y::/ Mg = Y eTTAMAE,
0 t t

AX;#£0

Here, similar calculations as for Z yield

_ fe_"ydv(x,y)
=00

and higher moments of Y can be obtained analogously. We notice the difference
between the formulas for the expectations of Z and Y.
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Appendix
The following Mecke-Palm identity holds for 1-processes f(x; @) > 0 [20],
E/ flx;w) w(dx) = / E f(x; 0 U {x}) o(dx). (1)
x x

For the reader’s convenience we give a direct proof of (1) in the setting of Sect. 2.
We first consider o(X’) < oo and nonnegative process f(x; w) = f(x; 0w N X), i.e.
depending only on X'. If = {y1,...,y,}, a set with n elements, then

| fs 0@ = i .

i=1
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The above quantity is invariant upon permutations of yi, ..., y,, in fact it is the n-
th coefficient of the random variable | v f(x; w)w(dx). By (2.1), the left-hand side
of (1) equals

o0 n
— 1
DD Z;/an(n)(yi;yl,...,yn)U(dyl)”-U(dyn)- )
n=1 i=
Ifw = {y1,...,yu}, aset with n elements, and x ¢ w, then
fo UX}) = farn Xy ..o = oo = far ) (81,00 Ve X)
1 n+1

= D Fut (VL Y X YY)
n+1 pue

Since ¢ is non-atomic, we have P(x € w) = 0 and so {x} U w has n + 1 elements
if w has n, for almost all x € X, cf. (2.1). Therefore, by (2.1), the right-hand side
of (1) equals

IE/ fx; o U{x})o(dx)
X

n+1

o0
1 1
= —“(X)E E :
=e€ ~ }’l' L /A/n n + 1 i=lﬁn+l)(xs )’17 LRCI] 7ynsx)0(dyl) O—(dyn)o—(d'x)

This verifies (1) when o (&) < oo, e.g., if X C X is compact; we note in passing
that (2) is an explicit representation of either side of (1).

We next let X = [ J,, X» be a countable decomposition of X into disjoint Borel
sets with o (X},) < oo. For arbitrary process f(x; w) > 0 we have

/Xf(x; w)w(dx) = zm:/me(x; w)w(dx). 3)

For fixed m, we write wx = w N X, ®* = w \ A),, and denote by E, and E*
the expectation [E when restricted to random variables depending only on A}, and
X\ A, respectively. By (2.2) and by (1) for A},

IE/me(x; w)w(dx) = E*E, /me(x; s U 0®)wy (dx)
= ]E*/ Evof (x; wx U {x} U 0™)o (dx) = / Ef (x; w U {x})o (dx).
Xn

‘X}Vl

This yields (1) in the general case, cf. (3).
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Needless to say, (1) also holds for signed processes f under the assumption of

absolute integrability, because we can decompose both sides of (1) according to
f =f+ —f-, where fy = max{f, 0} and f— = max{—f, 0}.
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Conformal Transforms and Doob’s i-Processes
on Heisenberg Groups

Jing Wang

Abstract We study the stochastic processes that are images of Brownian motions
on Heisenberg group H***! under conformal maps. In particular, we obtain that
Cayley transform maps Brownian paths in H?”"*! to a time changed Brownian
motion on CR sphere S***! conditioned to be at its south pole at a random time.
We also obtain that the inversion of Brownian motion on H¥**t! gtarted from x #0,
is up to time change, a Brownian bridge on H*"*! conditioned to be at the origin.

Keywords Brownian bridge ¢ Cayley transform * Doob’s h-process ¢ Heisenberg
group * Kelvin transform

1 Introduction

The Brownian motions on sub-Riemannian model spaces has been widely studied in
recent years. Due to strong symmetries of the model spaces, explicit computations
analysis can be conducted (see [1—4, 7]). In this paper we focus on the relationships
between Brownian motion on Heisenberg group and its images under certain
conformal maps, namely Cayley transform and Kelvin transform.

Let H*"*! be a 2n + 1 dimensional Heisenberg group that lives in C" x R with
coordinates (z,#) = (21, ..., 2, ) Where z; = x; + iy;. It has the group law

(0. 1) = @+7,t+1 +1Imz).

It is a flat model space of sub-Riemannian manifolds. There is a canonical sub-
Laplacian on H>"*!:

L Z 82+82+2 - 2 ” + | |282
n = . f— X .
T g oy T o Tayor T o
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The Brownian motion on H”"*! issued from x' € H?'*! is the strong Markov
process that is generated by éLHZrl-‘rl .

Cayley transform is known to be a bi-holomorphic map between the Siegel
domain Q"*! and a unit ball in C"*!. The restriction of Cayley transform on its
boundary therefore provides a conformal map between H>**! and the unit sphere
S¥+1in C"*1. If we consider the image of a Brownian path on H*"*! under Cayley
transform, it then turns out to be a S***!-valued process. In particular, it is a time
changed version of a Brownian path on S**! conditioned to be at the south pole at
arandom time. Below we state our main result.

Theorem 1.1 The Brownian motion on H*'*! issued from x' is mapped by Cayley
transform C; to a time-changed Brownian motion on S*"*! issued from x = C;(x')
and conditioned to be at the south pole —e, at time T, where T is an independent
random variable with distribution

ft+°° e_”zsps(—en, x)ds

PUT>d=""__ | .
f() e rpt(_ens x)dt

(1.1)

Here p;(x,y) denotes the subelliptic heat kernel on S**+!.

This result extends the result by Carne in [5], where he proved that the Stereographic
projection from R" to $” maps Brownian paths in R” to the paths of conditioned
Brownian motion on S”.

Another object of our study is to probabilistically interpret the relation between
the Brownian motion on H***! started from any x' # 0 and its image under the
inversion map, namely the Kelvin transform. This type of question was first posed
by Schwartz (see [10]), who asked how Brownian motion in R” can be interpreted as
a Brownian bridge conditioned to be at the “ideal point at infinity”. A probabilistic
approach was provided by Yor in [11]. In the present paper, we obtain the result in
a setting of a flat sub-Riemannian manifold. The inversion of Brownian motion on
H?*! issued from x # 0 turns out to be a Brownian bridge conditioned to be at the
origin up to time change.

Theorem 1.2 The Brownian motion on H*'*! generated by éLHszrl and issued
from ¥ # 0 is mapped by Kelvin transform to a time-changed H*'*'-valued
Brownian motion conditioned to be at the origin at t = oo.

The approaches to both results follow the idea of Carne. By analyzing the radial
part of the corresponding conformal sub-Laplacians on S***! and on H*'*!, we
are able to obtain the relationship between Markov processes that are generated by
;LSZV,JH and ;LHZnJrl respectively through an argument of Doob’s h-processes.

In the next section, we deduce Theorem 1.1 after a detailed discussion of Cayley
transform and radial process or Brownian motions on S?**! and H**!. In Sect. 3
we focus on the inverse transform on H?"*! and the proof of Theorem 1.2.
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2 Cayley Transformation and Doob’s k-Process

2.1 Cayley Transform on CR Model Spaces

Cayley transforms on CR model spaces are natural analogues of stereographic
projections on Riemannian models. Let B"™! = {¢ € C""!' : |¢| < 1} be the
unit ball in C**! and Q>+ = {(z,w) € C" x C,Im(w) > |z|?} the Siegel domain.
The Cayley transform C : B>**! — Q"*! is a biholomorphic map such that (see [6])

. N é‘l Cn .1_§n+l n+1 .
C.(fl,...,é‘n.H) (1+é_n+l,...,1+§n+1,ll+§n+l), é' 7é 1.

Let S?"*! = {¢ € C"!', |¢| = 1} be the unit sphere in C"*!. It also appears
as a model space of CR manifolds. The restriction of C to the CR sphere S?'*!
minus a point gives a CR diffeomorphism to the boundary of the Siegel domain
0Q2"*!, which may be identified with the Heisenberg group H***! through the CR
isomorphism ¢ : H*'*! — 9Q?"*! For any (z,7) € H*"*!,

o(z,0) = (2,2t + i2)?). (2.2)
We denote the north pole of S*"*! by e, = {0,...,0,1} and denote the south

pole by —e,. Now we consider the CR equivalence between Heisenberg group and
CR sphere minus the south pole C; : H***! — S§?"t1\{—¢, . It is then given by

C; = C™! o ¢. In local coordinates we have for any (z,1) = (z1....,2,. 1) € H*'T1,
2z 22, 1—z* + 2it)

Ci:(z,t) > e o . 2.3

12 @) ((1 F ) —2i T (4 [22) = 20t 1+ |2]2 — 2ir 23

It is a conformal map with inverse C;!' : S*"*1\{—e,} — H*"*1,

—1 . (r & Sn [ Cnt1 — Cnt1
Cr (G Cug) — (1 U 4 b2 1 +§n+1|2)' (2.4)

Since S?"*! is a model space of sub-Riemannian manifold with the Hopf fibration
S — §¥*1 — CP", it is more convenient for us to use the so-called cylindrical
coordinates that carries the structural information and are given by

it
V14 wP

where 6 € R/2xZ, and w = ¢/C,4+1 € CP". Here w = (wy,--- , w,) parametrizes
the complex lines passing through the origin, and 6 determines a point on the line
that is of unit distance from the north pole. Let |w| = tanrg, rg € [0, 7/2), then we

w,0) > w, 1),
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have C° !in cylindrical coordinates given by

c . ei@
[ , 1

( e cos rg + cos? rg cos rg sin )

w,
1+ cos?rs+2cosrscos@ 1+ cos?rg—+ 2cosrgcosf

Let ¢g : S*"T! — [0, 7/2) x R/27Z be such that

i0
vs ( i N e 1)) = (5.6)

and ¥y : H*t! — R x R be such that
Yu (z,1) = (ru, 1),

where rg = \/Z;;l |zj|?. We define a map R>g x R — [0, 7/2) x R/2nZ by the
chart below, and by abusing of notation we denote it by C;:

H2n+l Cl S2n+l

VH Vs
Ci
Rso x R = [0, 7/2) x R/27Z
We easily compute that
Ci:(ru,1)

. 2ry . 4¢
— | arcsin , arcsin

\/(1+r[2_1)2+4t2 \/(1 +r[2_1)2+4t2\/(1—r,2_,)2+4t2
and

Crt(rs,0) — (

sin rg cos rs sin 6 )

V1 + cos?rg +2cosrscos@ 14 cos?rs +2cosrgcos
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2.2 Brownian Motion and Doob’s h-Process

Now we consider the Markov processes that are generated by sub-Laplacians
iHle+l and igzn+1 , which are referred to as Brownian motions on H2'+! and S?*+1
respectively throughout this paper. Due to the radial symmetries of these diffusion
processes, it is sufficient for us to consider only the radial part of the sub-Laplacians.

We denote by Lyp.+1 the radial part of the sub-Laplacian on H***! in coordinates
(ru, 1), it is defined on the space Dy = {f € C*(R>¢ x R,R), E)ar]; lry=0 = O}.
Let Lga+1 be the radial part of Z;Sszrl in cylindric coordinates (rs, 6), with domain
Dg = {f € C*([0.7) x R/27Z.R), /| ;5= = 0}. Then for any f € Dy and
g € Dg, we have

L1 (f 0 Y1) = (Lgpenif) 0 Y, Lepas1 (g 0 ¥s) = (Lgzir18) 0 Vs

It is known that Lg.+1 is essentially self-adjoint with respect to the volume measure

dppgont1 = 1%’(’:) (sinrs)?" ! cos redrsdf on ST, and Lyp.+1 is essentially self-
adjoint with respect to the volume measure dpgont+1 = 1%’(’;) 2V drydt on H* L,

Moreover, we have explicitly

2 2m—109 0

L n - 2.5
L 8}’%1 ry Ory T or? (2:5)
and (see [1, 2], also [8])
2 P 82
Lt = a2 4+ ((2n — 1) cotrg — tanry) ors + tan’ rg 902" (2.6)

Let us consider Green function of the conformal sub-Laplacian —Lg+1 + n? with
pole (0, 0) (the north pole of S***1) and denote it by Ggant1. From [2] we have

r(;)°

. 2.7
a"t1(1 — 2 cos rgcos O + cos? rg)/? @7)

Gs+1((0,0), (rs,0)) = g
On the other hand the Green function of —Lyp.+1 with respect to djtgea+1 is given by

r(;)°

Gt ((0.0). r11.)) = 8t (rfy + 412)/2

(2.8)

We consider i € Dy, such that for any (rs,6) € [0, 5 ) x R/27Z,

h(rs,0) =1 + 2cosrscos @ + cos’ rs, (2.9)
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and H € Dy, such that for any (rgy,t) € R>9 xR,

4

H(ry,t) = (a +r%1)2 L4

(2.10)

It is an easy fact that & and H are harmonic functions with poles (0, ) and (0, 0)
respectively. Moreover, we have

H=C{h=hoC(.
From (2.7) and (2.8) we can easily observe that
Ge241((0,0), (5, 0)) (142 cos rs cos 8 +cos? )2 = (C7*Gygait1)((0, 0), (5. ).
In fact, forany x,y € [0, 5) x R/277Z we have

Gt (6,y) = (C7* Gygant) (6, ) () "2 h(y) 2. (2.11)

From this we can then deduce the relation between Lyg.+1 and Lgout1 — n?.

Theorem 2.1 For any function f € Dy, the relation of Lypat1 and Lgowt1 — n? via
Cayley transform is given by

R (“Layr + n?) (h—ﬁ f) = —(CixLypt)f 2.12)

where h is as in (2.9).

Proof For any f € Dg, let F € Dy be such that F = (C))*f = f o C;. We assume
for some 01, 0, € Ds it holds that for any x € [0, 7)) x R/27Z,

(—Lgatr + 1) (01f) [y = =02 Lyort1) (€T 1 -

It then amounts to find 07, 0,. Let § = —Lyout1 F, then F = (—Lypat1)"'g. The
above equation is equivalent to

o1 ((—Lgpnt1)'g) 0 O = (—Lgot1 +n*) N (02(g 0 C771)). (2.13)
Therefore, for all x € [0, %) x R/27Z, we have

[ G €7 @000 = 07 ) [ Gt ()02 (08 Oty
(2.14)
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where Ggn+1 and G+ are Green functions as in (2.7) and (2.8). Moreover by
changing variable y = C;(v), the right hand side of the above equation writes

070 [ G 3. CL 0D 0D ) ey () v 2.15)

where |J¢, (v)] is the Jacobi determinant. We can easily compute that
e, (v)] = H'" (v),

where H is given as in (2.10). Therefore (2.15) becomes
07 [ G 5.1 0D)02(C 0D WH" W)y

By plugging in (2.11) and comparing to (2.14), we obtain for all x,y € S>**!

o1(x) = h™3 (%)
o (y) = k=12 (),

O
hence the conclusion.
Corollary 2.2 For any function f € Dgs, we have that
2Tgont1 (B2,

(CraLgont))f = h (ngf + +hl_(z f)) (2.16)
where Tt 1 (f, 8) = 5 (Lga1 (fg) — fLgaut18 — gl f) for any f, g € Ds.
Proof Notice that

(Lgzot1 —n?)(h™2) = 0.
hence
h? (Lgantr — n2)(h™2f) = Leautaf + 2h2 Dguupr (72, f).
O

Now we are ready to prove the main result.

Proof of Theorem 1.1 The proof follows two steps.
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Step 1 Notice that h~2 is the Green function of the conformal sub-Laplacian
Leoat1 — n* with pole (7r/2, 0) (the south pole —e, of S?"1). For any f € Dy we let

2Tont1 (h2, Lot (B2
L'f = Lo f + Sth—(S N _ Sth—(ﬁ f)—nzf. (2.17)

Let X" and X, be Markov processes generated by ;L” and 5L§2n+1 , issued from
x € §™+1. We first prove that X" is X, conditioned to be at the south pole —e, at
time 7', where T is a random time with distribution (1.1).

It is sufficient to prove that for any f € Dy,

E[f(X)] = E: [f(X) Li<r|X7 = —e4] (2.18)

Let P! and P; be the heat semigroups generated by L and Lgo.+1 respectively, then
by iterating (2.17) it is not hard to obtain for any x € S?'*1,

PI(f(x) = h(x)2e ™ P,(h % (0)f (x)),

that is
m_ L e [ i)
B O] = B r o] = E[ i f(x,)]
Proving (2.18) is then equivalent to proving
—mp=5 (X,
E, [f(X)1i<r|Xr = —e,] = B, [ erHX) f(X,):| . (2.19)
h™2(x)

Note that

Ex Xt 11t< 1 T=—¢€n
E, [f(X) Lier X7 = —e,] = [g p)ff e :

Assume 7 is an exponential random variable with parameter —n> under the original
probability measure, we have

B, [0 Licr Ly =] = Ex [ h7H (X0 (X))

and

+oo 2 n
E, [Xr = —e,] = / pi(x, —ey)e " dt = h2 (x).
0
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Thus (2.19) holds when T is an exponential random variable under the original
probability measure. Switching to the conditioned probability measure, T then has
the distribution

E, h—g X +oo 2 (=, )
]P)il[T>f]=€_nzt [_n x)] =fr+ooe_zp( o) *
h Z(X) .[0 e tpt(_en,x)dt

Step 2 Next we prove the time change. Let Y; be the Markov process generated by
;LHan and issued from C;! (x), we claim that Y, is mapped by Cayley transform to
a time-changed version of X", ie.,

Xl =Ci(Y) (2.20)

where the time change is given by A, = fot H(Y, Y)_lds. To see this, we consider for
any F = f o C; € Dy, the associated martingale M? that is given by

1 t
MF =F(,) - 5 / Lypni 1 F(Yy)ds.
0
By plugging in (2.20), (2.16) and (2.17) we have
1! _ 1 [
M =fixl) - 5 / (Lypn+1 F) o CN (X0 )ds = (X)) — 5 / H(Y)L'f (X" )ds.
0 0

Let o; be the hitting time such that o; = inf{u, A, > t}, thenclearly A,, =t = 0.4,.
By changing variable s = g, we obtain

1 OA; 1 Ay

M =) = [ et as = o - [T HOG) ol

0 0
Note for any u > 0 we have u = A,, = [ H(Y,)ds. This implies that

1 = H(Y,,)o,.
Therefore
1A
M=o =) [ o
0

and it completes the proof.
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3 Inversion of Brownian Motions on Heisenberg Group

In this section we consider the inversion of Brownian motion on Heisenberg group.
First we construct the inverse map by composing two Cayley transforms C; and Cs,
between H*'*! and S?"*! minus a point (—e, and e, respectively). We have already
discussed C; in the previous section. Now let us consider C, : H*'*!1 — S¥"1\ {¢,}
where e, is the north pole on S?**!. We have
sz(z’t)_)( 2z1 2z, .’_1—|Z|2—2i‘t).
1+ |z|> + 2it 1+ g2+ 2it7 14 |z + 2it

and

Gl b b} — % & i & _é‘n-i-l}.

1=t 72 1= 8

Let K : H1\{0} — H?"*1\ {0} be such that K = C;' o Cj, then

IC:(zl,~~~z,,,t)—>( “ .. on ! )

2|2 =2 2|2 = 2it |z|* + 422

Clearly K is an involution on H***'1\{0} and preserve the Koranyi ball {(z.7) €
H>"*! |z|* + 42 = 1}. Indeed it is the Kelvin transform generalized to Heisenberg
group (see [9]).

For any (ry.1) € Rso x R and (s, 0) € [0, 7) x R/27Z, we let h(rs, 0) = 1 +
2 (fﬁ[;ﬁ)ﬂ then K*H = (Co 0 C7Y)*H = A.
Moreover, simple calculations show that

cos” rg — 2 cosrg cos 6 and I:I(rH, 1 =

h=(CY*H, h=(CH*H, h

(CTY*H.

Let N(ry, 1) = rj, +47>. By comparing the conformal Laplacians induced by C; and
C,, we obtain the following relation.

Theorem 3.1 For any function F € Dy,
(KaLggzit1)F = N2 Lipuit (NT"2F).
Proof First we notice that for all f € Dy,
R (~Lors + %) (5 ) = =(CarLapnr)f
Together with (2.12) we obtain

B G (CruLgpe) (R2f) = h~ G (ConLgpnt ) (R2F).
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Thus

(Cl*LH2u+1)f = I’l_(;+1)(C2*LH2n+1) (l’l;f) s
where n = 2 Note that (C;)*n = N~!, we have for any F = C}f,

(KsLgpnt)F = N> Lt (N2 F).

O
Now we are ready to prove the relation between the inversion of Brownian
motion on H?"*! and the time changed Brownian bridge on H"*+1.

Proof of Theorem 1.2 Note that N™2 is the Green function of the sub-Laplacian
Lypnt1 with pole (0, 0). We let

INF := Lyt F 4 2N Tyt (N2, F), (3.21)

where Typt1 (F, G) = ) (L1 (FG) — fLypu+1 G — GLyput1 F) for any F, G € Dy.
From the previous theorem we have

IC*LHZI[+1 - NLN

Let XV and X, be Markov processes generated by éLN and éLHz,,+1. We first
prove that X" is X, conditioned to be at the origin.
It suffices to prove that for any F € Dy,

E [F(X))] = E; [F(X))Li<1|Xoo = (0,0)] (3.22)

Let P and P, be the heat semigroups generated by LV and Ly.+1 respectively, then
by iterating (3.21) it is not hard to obtain

PY(F(x)) = N(x)"2P,(N(x) "2 F(x)),
that is

N(X)~2

N\T —
E[F(X)] = NG

B[N =B [

N F(X,):| .

From (3.22), we just need to show that

N(X,)2

Ex [F(Xt) IX = O] = Ex |: N_g (x)

F(X,):| .
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This is an easy consequence of E, [Xo, = 0] = N™2(x) and
E, [F(Xt)lXoo=0] = E, [F(Xt)EX[]lXoo=0|]:t]] = E, [N(Xt)_gF(Xt):I .

Next we prove the time change. Consider the Markov process generated by
;IC* (Lggent1). It is the image of X, under Kelvin transform, namely /C(X;). We claim

KX,) = X%, (3.23)

where A; = for N(X;)ds is the time-change of XV. For any F € Dy, we consider the
associated martingale

1 t
MF = F(X,) - 5 / Lypnt1 F(X;)ds.
0
Denote F = (K)*F. By plugging in (3.23), we obtain
~ 1 ! - 1 ! ~
MF = F(Xfi)—z / (Lypnt1 F)o K™ (X )ds = F(Xﬁ,)—2 / NX)LVF(X' )ds.
0 i 0 i

Let o, be the hitting time such that o; = inf{u, 4, > f}, then clearly A,, =t = 04,.
By changing variable s = 0, we have

. 1 [o4 . . 1 [A .
MF = F(XN,)—2 /0 N(X)LNF(XY )ds = F(xﬁv)—2 /0 N(X,,)LNF(XY)o! du.

Oy

Note for any u > 0 we have u = A,;, = [," N(X,)ds. By differentiating both sides
with respect to # we obtain

1= N(Xgu)(rl’l.
Hence
- 1 (A
MF = F(xN) — ) / LNE(XN)du,
0

and we have the conclusion.
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symmetric stable processes.
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1 Introduction

It has been known for some time that the curve of a Lévy process in R is typically
an interesting “random fractal.” For example, if B = {B;},> is a standard Brownian
motion on R, then the image and graph of B have Hausdorff dimension d A 2 and
max(d A 2,3/2) respectively. If in addition d = 1, then the level sets of B also have
non-trivial Hausdorff dimension !/2. See the survey papers of Taylor [21] and Xiao
[22] for historic accounts on these results and further developments.

The beginning student is often presented with some of these “random-fractal
facts” via simulation. The well-versed reader will see in Fig. 1 a typical example.
As a consequence of such a simulation, one is led to believe that one can
deduce from a simulation, such as that in Fig. 1, the fractal nature of the graph
Uo<i<1{(, B;)} of Brownian motion up to time 1.

Figure 1, and other such simulations, are produced by running a random walk
for a long time and then rescaling, using a central-limit scaling. The process is
usually explained by appealing to Donsker’s invariance principle. Unfortunately, the
actual statement of Donsker’s invariance principle is not sufficiently strong to ensure
that we can “see” the various fractal properties of Brownian motion in simulations.
Though Barlow and Taylor [1, 2] have introduced a theory of large-scale random
fractals which, among other things, provides a more rigorous justification.

0.6 T T T T

0.4} J

0.2F R

-0.8 L i " "
0 0.2 0.4 0.6 0.8 1

Fig. 1 The graph of one-dimensional Brownian motion
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One of the goals of this paper is to test the extent to which one can experimentally
deduce geometric facts about Brownian motion—and sometimes more general
Lévy processes—from simulation analysis. This is achieved by presenting several
examples in which one is able to compute the macroscopic fractal dimension of a
macroscopic random fractal. One of the surprising lessons of this exercise is that
our intuition is, at times, faulty. Yet, our instincts are correct at other times.

Here is an example in which our intuition is spot on: It is known that the level sets
of Brownian motion have dimension !/2, both macroscopically and microscopically.
This statement has the pleasant consequence that we can “see” the fractal structure
of the level sets of Brownian motion from Fig. 1. As we shall soon see, however,
the same cannot be said of the graph of Brownian motion: The microscopic and
macroscopic fractal dimensions of the graph of Brownian motion do not agree!

In order to keep the technical level of the paper as low as possible, our choice
of “fractal dimension” is the macroscopic Minkowski dimension, which we will
present in the following section. There are more sophisticated notions which, we
however, will not present here; see Barlow and Taylor [1, 2] for examples of these
more sophisticated notions of macroscopic fractal dimension.

Throughout, we set |x| := max<j<q %] and ||x]| := (3 + -+ + x2)!/? for all
x € RY. Whenever we write “f(x) < g(x) [also f(x) = g(x)] for all x € X we mean
that there exists a finite constant K such that f(x) < Kg(x) uniformly for all x € X.
If f(x) < g(x) and g(x) < f(x) for all x € X, then we write “f(x) =< g(x) for all
xeX”

2 Minkowski Dimension

The macroscopic Minkowski dimension is an easy-to-compute “fractal dimension
number” that describes the large-scale fractal geometry of a set. In order to recall
the Minkowski dimension, we first need to introduce some notation.

For all x € R and r > 0 define

BO;r):=[xi—r,x; +1r) X X[xg—r,xg+7r),
and
O@) :=[ri,x1 + 1) X X [xa, xg + 1). (H
Of course, Q(x) = B(y; é) where y; 1= x; + é But it is convenient for Q(x) to have
its own notation.
One can introduce a pixelization map which maps a set F € R? to a set pix(F) C

74 as follows:

pix(F) := {x e Z': FNQ(x) # @},
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pix

Fig. 2 The effect of the pixelization map on an ellipse

for all F C RY. It is clear that F = pix(F) whenever F is a subset of the integer
lattice Z?. For example, it should be clear that pix(R¢) = Z. Figure 2 below shows
how the pixelization map works in a different simple case.

The following describes the role of the pixelization map in this paper.

Definition 2.1 The macroscopic Minkowski dimension of a set F C RY is

Dim,, (F) := limsupn™'Log ;. (|pix(F) N B(0;2")]), )

n—>o0o

where | - - - | denotes cardinality and Log , (y) := log,(max(y, 2)).

Remark 2.2 The right-hand side of (2) coincides with the Barlow—Taylor [2] upper
mass dimension of the discrete set pix(F) C Z.
The proof of the following elementary result is left to the interested reader.

Lemma 2.3 Forevery F C R4,

Dim,, (F) = limsupn~'Log , |{x € B(0;2")NZ‘: Q(x) N F # @},

n—oo
where Q(x) was defined in (1).
Some of the elementary properties of Dim,, are listed below:

e IfA C B then Dim,,(A) < Dim,,(B);
* If A is a bounded set, then Dim,, (A) = 0;
+ Dim (RY) = Dim,(Z%) = d.

The proof is omitted as it is easy to justify the preceding.
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We end this section with a property of Dim,, that is similar to the microscopic
Minkowski dimension (compare with [6], for example), which will be used in the
proof of Theorem 3.1 and in Example 3.16.

Lemma 2.4 Dim,,(F) = Dim,, (F) for every F C R% where F denotes the closure
of F.

Proof Let xi,...,x denote the corners of B(0;r), where r € (0,1), and let
Xj + pix(F) denote the translate of pix(F) by x; forall 1 < j < 2¢. We may note

that pix(F) C U]zil (xj + pix(F)). Since ||xj|| = r+/d, it follows from the translation
invariance of counting measure that

2(1
Ipix(F) N B©0;2)| < 3" ){x,- + pix(F)} N B (xj; rd + 2")
=1

<2 ‘pix(F) nB (0; rd + 2")

Let » | O to deduce the second inequality in the following, the first being a
tautology:

[pix(F) N B(0;2")| < |pix(F) N B(0;2")| < 2 |pix(F) N B(0;2")| .

The lemma follows from the above and (2). O

2.1 Enumeration in Shells

There is a slightly different method of computing the macroscopic Minkowski
dimension of a set. With this aim in mind, define

Sy := B(0; )N Z7, Spt1:= (B(O; 2n \ B(0; 2")) NZ4  for every integer n = 0.

One can think of S, as the nth shell in Z2.
The following provides an alternative description of Dim,, (F).

Proposition 2.5 For every F € R,

Dim,, (F) := limsupn~'Log , (|pix(F) N S,|).

n—>oo

Proposition 2.5 tells us that we can replace pix(F) N B(0;2"), in Definition 2.1,
by pix(F) N S, without altering the formula for Dim,, (F).
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Proof Our goal is to prove that Dim,, (F) = §(F), where

8(F) := limsupn~'Log , (|pix(F) N S,|).

n—>o00

Since S, € B(0;2"), the bound §(F) < Dim,,(F) is immediate. We will establish
the reverse inequality.

The definition of §(F) ensures that for every ¢ € (0, 1) there exists an integer
N(e) such that

Ipix(F) N S| < 28®0+a forall k = N(e).

In particular, all n = N(g),

n

Ipix(F) N B(0:2")| = Y _ [pix(F) N S| < K(e) + »_ 290+,
k=0 k=N(¢)

— 2n5(F)(l+o(l)) [l’l s OO],

where K(g) := ZO$k<N(£) |Sk| is finite and depends only on (d,¢). It follows
from (2) that Dim,, (F) < §(F)/(1 — ¢). This completes the proof since ¢ € (0, 1)
can be made to be as small as one would like. |

2.2 Boolean Models

In addition to the method of Proposition 2.5, there is at least one other useful method
for computing the macroscopic Minkowski dimension of a set. In contrast with
the enumerative method of Sect. 2.1, the method of this subsection is intrinsically
probabilistic.

Let p := {p(x)} ez« denote a collection of numbers in (0, 1), and refer to the
collection p as coverage probabilities, in keeping with the literature on Boolean
coverage processes [7].

Let ¢ := {C(x)} ez denote a field of totally independent random variables that
satisfy the following for all x € Z:

P{l(x) =1} =p(x) and P{{(x) =0} =1—p(x).

By a Boolean model in R with coverage probabilities p we mean the random set

B(p) = | J o).
x€Z4:

{x)=1

where Q(x) was defined earlier in (1). Figure 3 depicts simulations of two Booelan
models.
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If A and B are two subsets of R?, then we say that A is recurrent for B if
| pix(A N B)| = oo. Equivalently, A is recurrent for B if pixA NB) NS, # @
for infinitely-many integers n = 0. Clearly, if A is recurrent for B, then B is also
recurrent for A. Therefore, set recurrence is a symmetric relation.

As the following result shows, it is not hard to decide whether or not a nonrandom
Borel set A C R is recurrent for B(p).

Lemma 2.6 Let A C RY be a nonrandom Borel set. Then,

1 g . = 00,
P{[pix (A N B(p))| = oo} = o i; ;xelmxm)ig; ) ;’2
g XEPix(A) .

Lemma 2.6 is basically a reformulation of the Borel-Cantelli lemma for inde-
pendent events. Therefore, we skip the proof. Instead, let us mention the following,
more geometric, result which almost characterizes recurrent sets in terms of their
macroscopic Minkowski dimension, in some cases.

Proposition 2.7 Suppose p has an index,

1
Ind(p) := — lim 0gp(x)

Jx]—o00 IOg |x| ’

3)

Then for every nonrandom Borel set A C R4,

1 ifDim,(A) > Ind(p),

P{| pix (A NB(p))| = oo} = 0 ifDim,(A) < Ind(p).

We can compare this result to a similar result of Hawkes [8] about the hitting
probabilities of the Mandelbrot fractal percolation. This comparison suggests
that the Boolean models of this paper play an analogous role in the theory of
macroscopic fractals as does fractal percolation in the better-studied theory of
microscopic fractals.

Open Problem Is there a macroscopic analogue of the microscopic capacity theory
of Peres [17, 18]?

Proof of Proposition 2.7 Let us consider the process Ny, Ny, N, .. ., defined as

Ny:=[pix(ANB@)NS,|= > (@ [2=0]
X€Epix(A)NS,

Owing to (3) and the definition of Dim,,, we can verify that

limsupn~'Log , E(N,) = Dim,,(A) — Ind(p). 4)

n—>oo
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Suppose first that Dim,(A) < Ind(p). We may combine (4) and Markov’s
inequality in order to see that Y .o, P{N, > 0} < > °2 E(N,) < oo. The
Borel-Cantelli lemma then implies that with probability one N, = 0 for all but
finitely-many integers n. That is, \ pix (A n B(p))| < oo a.s. if Dim, (A) < Ind(p).
This proves half of the proposition.

For the remaining half let us assume that Dim,,(A) > Ind(p), and notice that

Var(N,) = 3 cpixiayns, P (1 — p(x)) < E(N,,). Therefore,

4Var(N,) _ 4

. _ 1
P{N, < ;EWNa)} < P{IN, —EN,| = ;EWV,)} < [E(V)P2 T E(Ny)'

&)

thanks to the Chebyshev’s inequality. Because of (4) there exists an infinite
collection NV of positive integers such that

n"'Log +E(N,) — Dim, (A) — Ind(p) > 0 as n approaches infinity in AV,
This fact, and (5), together imply that ) - P{N, < éE(Nn)} < 00, and hence

Dim,, (B(p)NA) = limsupn™'Log , N, > Jdim n~'Log N, = Dim, (A)—Ind(p) > 0,

n—o0 neN

almost surely. This completes the proof. O

Remark 2.8 A quick glance at the proof shows that the independence of the {’s was
needed only to show that

Var(N,)) = O(E(N,)) as n — oo. (6)
Because Var(V,) = ZX’},Epix(Am s, P{C(x) = {(y) = 1}, (6) continues to hold if the

independence of the {’s is relaxed to a condition such as the following: There exists
finite and positive constants ¢ and K such that

PlE(x) =1]8(y) = 1] < cP{l(x) =1} whenever |x]| A [ly]| = K.

We highlight the power of Proposition 2.7 by using it to give a quick computation
of Dim,, (A N B(p)).

Corollary 2.9 IfA C RY denotes a nonrandom Borel set, then
Dim,, (A N B(p)) = Dim,,(A) — Ind(p) a.s.

Because Dim,(RY) = d, the following is an immediate consequence of
Corollary 2.9.

Corollary 2.10 Dim,,(B(p)) = d — Ind(p) a.s.
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(b)

Fig. 3 A simulation of two Boolean models. Corollary 2.10 ensures that the Minkowski dimen-
sions of the two figures are respectively 1.7 (a) and 1.3 (b). (a) Ind(p) = 0.3, Dim,,(B(p)) = 1.7.
(b) Ind(p) = 0.7, Dim,,(B(p)) = 1.3

Therefore, it remains to establish Corollary 2.9. The proof uses a variation of
an elegant “replica argument” that was introduced by Peres [18] in the context of
[microscopic] Hausdorff dimension of fractal percolation processes.

Proof of Corollary 2.9 Let B'(p’) be an independent Boolean model with coverage
probabilities p’ = {p’(x)} ez« that have an index Ind(p’). Define g(x) := p(x) xp’(x)
for all x € Z¢. It is then easy to see that C(q) := B/(p’) N B(p) is a Boolean model
with coverage probabilities q = {g(x)},ez¢. Since Ind(q) = Ind(p) + Ind(p’),
Proposition 2.7 implies that

1 if Ind(p) + Ind(p’) < Dim,, (4),

P{[pix (4N Cl@)| = oof = {o if Ind(p) + Ind(p’) > Dim,, (A).

At the same time, one can apply Proposition 2.7 conditionally in order to see that
almost surely,

P {| pix (A N C(q))| = oo | B(p)} =P {| pix (A N B(p) N B'(p"))| = oo | B(p)}

_ {1 ifDim, (A N B(p)) > Ind(p),
|0 if Dim, (A N B(p)) < Ind(p’).

A comparison of the preceding two displays yields the following almost sure
assertions:

1. If Ind(p) + Ind(p’) < Dim,,(A), then Dim, (A N B(p)) = Ind(p’) a.s.; and
2. If Ind(p) + Ind(p’) > Dim,,(A), then Dim,, (A N B(p)) < Ind(p’) a.s.

Since p’ can have any arbitrary index Ind(p’) > 0 that one wishes, the corollary
follows. a
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3 Transient Lévy Processes

Let X := {X,};>0 be a Lévy process on R?. That is, X is a strong Markov process that
has cadlag paths, takes values in RY, X, = 0, and X has stationary and independent
increments. See, for example, Bertoin [3] for a pedagogic account. In this section
we assume that X is transient and compute the macroscopic Minkowski dimension
of the range R, of X, where we recall the range is the following random set:

Ry = X}

=0

3.1 The Potential Measure

Let U, denote the potential measure of X; that is,

o

U, (A) := /Ooo P{X, € A}dr = E/O 14(X,) dr. (7)

Throughout we assume that X is transient; equivalently, U, is a Radon measure.
The following shows that the macroscopic Minkowski dimension of the range of X
is linked intimately to the potential measure of X.

Theorem 3.1 With probability one,
. . Uy (dx)
Dim,, (R,) =1nf{a >0: /Rd : —);—|x|“ < oo} .

Theorem 3.9 below contains an alternative formula for Dim,, (R, ), in terms of the
Lévy exponent of X, which is reminiscent of an old formula of Pruitt [20] for the
[microscopic] Hausdorff dimension of R,. We refer to Ref’s [11-13] for more
recent developments on microscopic fractal properties of Lévy processes, based on
potential theory of additive Lévy processes.

Example 3.2 Consider the case that X := {X;};>0 is a symmetric B-stable process
on R? for some 0 < B < 2. Transience is equivalent to the condition 8 < d. This
condition is known to imply that U, (dx)/dx o ||x||~¢*# for all x € R? \ {0} [3, 19].
Therefore, [pi(1 4 [x|*) ™' Ug(dx) < oo iff [, [x[7*"*Fdx < oo iff @ > B.
Theorem 3.1 then implies that Dim,,(R,) = B a.s. This fact is essentially due to
Barlow and Taylor [2].
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Remark 3.3 Recall that the measure U, is finite because X is transient. As a result,
Jra(1+ |x[*)~" U, (dx) converges iff f\x|>1 |x|7* U, (dx) < oo. One can then deduce
from this fact, from the definition (7) of U,, and from Theorem 3.1 that

o0
Dim, (R,) = inf{oc >0: / E(X,|7% X/ > 1) dt < o0 a.s.
0

This is the macroscopic analogue of a result of Pruitt [20, p. 374].

Open Problem It is natural to ask if there is a nice formula for Dim, (A N R,)
when A € R? is Borel and nonrandom. We do not have an answer to this question
when A is not “macroscopically self-similar.”

The proof of Theorem 3.1 hinges on a few prefatory technical results. The first is
a more-or-less well-known set of bounds on the potential measure of a ball.

Lemma 3.4 Foreveryx € R and r > 0,
U, (B(x;r)) < U (B(0:2r)) - P{R, N B(x; 1) # &} .
Proof Let inf @ := oo, and consider the stopping time
T(x;r) :=inf{t = 0: X, € B(x;r)}. (8)

We can write U, (B(x; r)) in the following equivalent form:

[e'9)
E (/ ]lB(x—XT(x;,),r) (XH-T(x;r) - XT(x;r)) dr- ]]-{T(x;r)<oo}) . (9)
0

Since X7,y —x| < ra.s.onthe event {T'(x; r) < oo}, the triangle inequality implies
that B(x — Xr(xr) . ) € B(0;2r) a.s. on {T(x; r) < oo}, and hence

U, (B(x;r)) < U, (B(0;2r)) - P{T(x; r) < 00}.

This is another way to state the lemma. |
The next result is a standard upper bound on the hitting probability of a ball.

Lemma 3.5 Foreveryx € R and r > 0,
U, (B(x;2r)) = U (B(0:r)) - P{R, N B(x; 1) # &} .

Proof Similarly to (9), we see that U, (B(x; 2r)) is bounded from below by

o0
E (/ ]lB(x—XT(,\-;r),Zr) (XH-T(x;r) - XT(x;r)) dr- ]l{T(x;r)<oo}) s
0
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where T(x;r) was defined in (8). By the triangle inequality, B(x — X7(x ,2r) D
B(0; r) almost surely on the event {T'(x; r) < oo}. Therefore, we apply the strong
Markov property in order to see that

U, (B(x;2r)) = U, (B(0;r)) - P{T(x; r) < 00}.

This is another way to write the lemma. O
The following is a “weak unimodality” result for the potential measure.

Lemma 3.6 U, (B(x;r)) < 49U, (B(0; 1)) forall x € R? and r > 0.

Proof The proof will use the following elementary covering property of Euclidean
spaces: For every x € R? and r > 0 there exist points yy, ...,y € B(x; r) such that
B(x;r) = U;<;<4B(y:, r/2). This leads to the following “volume-doubling” bound:
Forall > 0 and x € R,

U, (B(x:7)) <4 sup U, (B(y:r/2)). (10)

YEB(x,r)

This inequality yields the lemma since U, (B(y; r/2)) < U,(B(0;r)) for all y € R4
and r > 0, thanks to Lemma 3.4. O

The next result presents bounds for the probability that the pixelization of the
range of X hits singletons. Naturally, both bounds are in terms of the potential
measure of X.

Lemma 3.7 There exist finite constants c; > 1 > ¢; > 0 such that, for all x € 74,
aU,(Qx) <P {x € pix (RX)} < U, (B(x; 2)).

Proof For x € 74, let y; 1= x; + ; for 1 < i < d and recall that Q(x) = B(y;1/2)
in order to deduce from Lemmas 3.4 and 3.5 that

Uy(QW)  _ Uy(B(y;1/2)) _

i Uy (B(y; 1))
U, (BO:1)) Uy (B(O:1) Pix € pix (Ry)j

T UL(B(0;1/2))°

A

Y

The denominators are strictly positive because X is cadlag and B(0; 1/2) contains
an open ball in RY; and they are finite because of the transience of X. Because
B(y; 1) € B(x;2), (11) completes the proof. O

The following lemma is the final technical result of this section. It presents an
upper bound for the probability that the range of X simultaneously intersects two
given balls.
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Lemma 3.8 Forallx,y € R and r > 0,

P{RX NBx;r) # 3, R, NB(y;r) # @}
= UxB(x:2r)) Ug(B(y—x;4r)) | Uy(B(y;2r)) Ux(B(x—y:4r))
T ULBO;1) U (B(0;21)) U, (B(0:r) Uy (B(0:2r))

Proof Let us recall the stopping time T'(x; ) from (8). First one notices that

P{T(x;r) S T(y;r) < 00} = P{T(x;r) < 00, 35 = 01 X7 — X1 € BO = Xren3 1)}
< P{T(x;r) < oo} -P{T(y — x;2r) < 0o}
=P{R, NB(x;r) # B} -P{R, N B(y —x;2r) # B},
owing to the strong Markov property and the fact that B(y — Xr();7) € B(y —
x;2r) a.s. on {T(x;r) < oo} [the triangle inequality]. By exchanging the roles of x
and y and appealing to the subadditivity of probabilities, one can deduce from the
preceding that
P{RXﬂB(x;r) # 3, R, NBy;r) # @}
<P{R, NB(x:r) # @} -P{R, N B(y — x;2r) # @}
+P{R, NB(y;r) # @} -P{R, N B(x —y:2r) # &} .
An appeal to Lemma 3.5 completes the proof. |

With the requisite material for the proof of Theorem 3.1 under way, we are ready
for the following.

Proof of Theorem 3.1 Because of Lemma 2.4, it is sufficient to to verify that
Dim,, (R,) = o, a.s., where

. U, (dx)
o, :=inf{a>0: <o0p .
re 1+ |x|

Let us begin by making some real-variable observations. First, let us note that
because U, is a finite measure [by transience],

o0 o0

_ _ U, (dx) U, (dx)
EZ”“U(Sn)=§:2”“/U(dx)x/ X x/ X .
= i po s et e T e 1 [

Therefore,

Q. = inf{a >0: Y 27UL(S,) < oo§ .

n=1
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By the definition of ¢, if 0 < @ < o, then Zn 27"U,(Sy) = oo; as aresult,

lim sup 2_’3”Ux (B(0;2")) = limsup 2_’3"UX (S,) = oo,

n—>oo n—>oo

whenever 0 < B < a. On the other hand, if 8 > o, then lim, -0 27%"U,(S,) = 0,
and hence

U (B(0:2") = Y U (S) = 02"")  asn— oo.
k=0

These remarks together show the following alternative representation of «:

o, = limsupn~'Log 4+ U, (B(0;2")) = limsup n~'Log LU (Sn). (12)
—>00

n—>o0o n

Now we begin the bulk of the proof. Lemma 3.7 and (12) together imply that for
alln = 2,

Elpix (R,) NB(0:2")| 5 Y U, (B(x:2) S U, (B(0:2"F1)) < 2"IHole
XEB(0;21)

as n — oo. Therefore, the Chebyshev inequality implies that

o0
> P{|pix (R,) N B(0:2")| > 2"} <oo  forall § > a.

n=1

An application of the Borel-Cantelli lemma yields Dim(R,) < o, a.s., which
implies a part of the assertion of the theorem.
For the next part, let us begin with the following consequence of Lemma 3.7:

E |pix (Ry) N B(0;2")| 2 Z U, (Q(x)) =< U, (B(0:2")). (13)
XEB(0;27)

Next, we estimate the second moment of the same random variable as follows:

E <|pix (Ry) N BO; 2")|2) < Y P{R,NBx1)#2.R,NBG:1) # 2}
x,yEB(0;2")
3 UBd) U606 x)
UBO:1) U (B(0:2)

<

X, yEB(0;2"

+ Z U, (B(v:2)) U,(B(x—y;4))

x.yEB(0:21) U, (B(0; 1)) U, (B(0:2))
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see Lemma 3.8 for the final inequality. Since for all x,y € B(0;2"), we have
x—y,y—x € B(0,2"), it follows that

Ux (B(x; 2)) . Z Ux (B(W; 4))

B(lpix (R) nBO:2f) <2 >0 X pe U, (B(0:2))

XEB(0;2) weB(0;2nt1)

< KU, (B(0:2""1)) - U, (B(0:2"*?)
< 4K[U(B(0:2")P,

where K := 2[U,(B(0;1))U,(B(0;2))]"" and the last line follows from (10).
Therefore, the Paley—Zygmund inequality and (13) together imply that

(E |pix (R, ) N B(0;2")|)*

1
P |pix (R, ) N B(0;2") UX(B(O;Z”))} =
‘PIX( ) | > 5 JE (‘pix (Rx) N B(O: 2n)|2)

> 1,

~

uniformly in n. The preceding and (12) together imply that P{Dim,,(R,) = «.} > 0
and hence P{Dim,,(R,) = .} > 0 thanks to Lemma 2.4. Since the event
{Dim,,(R,) = o} is a tail event for the Lévy process X, the Kolmogorov 0-1 law
implies that Dim,,(R,) > o, a.s. This verifies the theorem since the other bound
was verified earlier in the proof. |

3.2 Fourier Analysis

It is well-known that the law of X is determined by a socalled characteristic
exponent ¥, : RY — C, which can be defined via Eexp(iz - X;) = exp(—t¥,(z))
forall # = 0 and z € RY. In particular, one can prove from this that ¥, (z) # 0 for
almost all z € RY. This fact is used tacitly in the sequel.

We frequently use the well-known fact that ReW, (z) = 0 for all z € RY. To see
this fact, let X’ be an independent copy of X and note that t — X, — X/ is a Lévy
process with characteristic exponent 2ReW, . Since X; — X is a symmetric random
variable, one can conclude the mentioned fact that Re¥, = 0.

Port and Stone [19] have proved, among other things, that the transience of X is
equivalent to the convergence of the integral

1
1= /nznsl Re (‘I’X(Z)) &

see also [3]. The following shows that the macroscopic dimension of the range of X
is determined by the strength by which the Port—Stone integral (¥, ) converges.



194 D. Khoshnevisan and Y. Xiao

Theorem 3.9 With probability one,

1 dz
Dim, (R):inf{(x>0:/ Re( ) <oo}.
e <1 U, (2) ) |lzfld

The proof of Theorem 3.9 hinges on a calculation from classical Fourier analysis.
From now on, & denotes the Fourier transform of a locally integrable function 4 :
R4 — R, normalized so that

h(z) = / e h(x)dx  forallz € R? and h € L' (R?).
R4

As is done customarily, we let K, denote the modified Bessel function [Macdonald
function] of the second kind.

Lemma 3.10 Choose and fix « > 0 and define f(x) = (1 + ||x|*)™%/? for all
x € R%. Then, the Fourier transform of f is

o Ka—a) 2011211 d
f(Z) =Cda" ”Z”(d—a)/Z [Z €R ]’

where 0 < ¢y < 00 depends only on (d , ).

Proof This is undoubtedly well known; the proof hinges on a simple abelian trick
that can be included with little added effort.
Forall x € R4 and 6 > 0,

* _ - ')
e—f+Ixl») -1 g, — _
/0 (1 + [x1%)°

Therefore, for every rapidly decreasing test function ¢ : RY — R,

@(x) 1 / /oo —1(1+[Ix]1?) ,6—1
dx = x) dx dre )
Lo ey 4= vy Looae |

_ | /00 e 77! dt/ o(x)e M gy,
I'©) Jo R

Since

2
/ (p(x)e—rllxllz dx = (47”)—d/2/ les) exp (_ [zl ) dz.
R4 RY 4t
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it follows that

oo e [T eI
dx = d i d
re (1 + ||x]|2)¢ b Jos 9(z)dz e exp o )&

1  Kum-e(z
_ / 50 w@/2)—o(l1zll) dz.
C JRrd

2]} @/»=*

where b := (47)¥/?T'(0) and ¢ := (47)¥/?T(0)27'=@/2+% This proves the result,
after we set 6 := a/2. |

Proof of Theorem 3.9 1t is not hard to check (see, for example, Port and Stone
[19]) that Gx(z) = 1/W,(z) for almost all z € R?. Because Re(1/¥,(z)) =
ReV, (z)/|¥,(z)|> > 0 ae., Lemma 3.10 and a suitable form of the Plancherel’s
theorem together imply that

U, (dx U, (dx 1 K-
/ (dx) _ (dx) O(/ Re( ) @—a2(lzl) dz = T\ 1 To.
re 1+ |x|* re (14 [x]2)%/2 " Jpa U (z)) z||@e/2

where 7 denotes the preceding integral with domain of integration restricted to
{zeRY: |W,(z)| < 1} and T is the same integral over {z € R? : |¥,(z)| > 1}.

A standard application of Laplace’s method shows that for all R > 0 there exists
a finite A > 1 such that

whenever w > R. And one can check directly that for all R > 0 we can find a finite
B > 1 such that

B 'w™ < K,(w) < Bw™ whenever 0 < w < R.
Since W, : R4 — C is a continuous function that vanishes at the origin, {z € RY :

|W,(z)| > 1} does not intersect a certain ball about the origin of R?. Therefore, the
inequality Re(1/ W, (z)) < |W,(z)| !, valid for all z € RY, implies that

T / R ( 1 ) dz
1< e ,
Iy (@)<1 U, (2) ) llzl|*

and

1 el el
sz/ Re( ) dzsf dz < o0.
Wy (2)|=1 U, (z) ) |lz]|@=otD/2 Wy (2)|=1 [|z|(@—e+D/2
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This verifies that

/ U, (dx)
< 00 = T) < oo,
re 1+ |x]*

which completes the theorem in light of Theorem 3.1 and a real-variable argument
that implies that T; < oo iff fIIZIISI Re(1/¥,(2)) |z 7¢T* dz < oo. O

3.3 The Graph of a Lévy Process

Let X := {X;};>0 denote an arbitrary Lévy process on R?, not necessarily transient.
It is easy to check that

Y, = (t,X)) [t = 0]
is a transient Lévy process in R¢*!. Moreover,
gx = Ry
is the graph of the original Lévy process X. The literature on Lévy processes contains

several results about the microscopic structure of G, . Perhaps the most noteworthy
result of this type is the fact that

dim, (G,) = 3/2 a.s., (14)
when X denotes a one-dimensional Brownian motion. In this section we compute
the macroscopic Minkowski dimension of the same random set; in fact, we plan
to compute the macroscopic Minkowski dimension of the graph of a large class of

Lévy processes X.
The potential measure of the space-time process Y is, in general,

U,(AxB):=E [/oo Taxs(s,X;) ds:| = /PS(B) ds,
0 A

for all Borel sets A C Ry and B C R4, where
Py(B) := P{X, € B}.

Therefore, Theorem 3.1 implies that

. . °° Py(dx)
Dim, G, =inf{a > 0: ds < o0 a.s.
0 ri 1+ %+ [x]|

In order to understand what this formula says, let us first prove the following result.
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Lemma 3.11 IfX is an arbitrary Lévy process on R, then
0 < Dim,(G,) <1 a.s.

Proof Since

! Py(dx) !
ds < ds Py(dx) =1,
0 rd 1+ 5% + |x|* 0 RY
it follows that

Dim,,G, —1nf{o: >0: / ds/ Py(dv) oo} a.s.
rd 8% + |x|*

The proposition follows because

o Py(dx ®d
/ ds/ (dx) $/ s<oo,
1 Rre $* + |x[* 1 s

whenever o > 1. a
It is possible to also show that, in a large number of cases, the graph of a Lévy
process has macroscopic Minkowski dimension one, viz.,

Proposition 3.12 Let X be a Lévy process on R? such that X, € L'(P) and
E(X;) = 0. Then, Dim,,(G,) =1 a.s.

Therefore, we can see from Lemma 3.12 that the graph of one-dimensional
Brownian motion has macroscopic Minkowski dimension 1, yet it has microscopic
Hausdorff dimension 3/2; compare with (14).

Proof Lemma 3.11 implies that

Dim,,(G,) = inf%O <o < / / Ps(dx) oo} a.s., (15)
Re s 4 [x]*

where inf@ := 1. If 0 < o < 1, then

00 P, (dx 00 Py(dx 00 d
/ ds/ () ;/ ds/ (dv) ;2—“/ PX,| <5}
1 Rd S* + |x|* 1 lel<s ¢ + |x|* 1 5«

Because E(X;) = 0, the law of large numbers for Lévy processes (see, for example,
Bertoin [3, pp. 40—41]) implies that P{|X,| < s} — 1 as s — oco. This shows that

© ds
/ P{X;| <5} , =00 foreverya € (0,1),
1 A

and proves the lemma. |



198 D. Khoshnevisan and Y. Xiao

Remark 3.13 The assumption X; € L'(P) in Proposition 3.12 can be weakened.
From the last part of the proof, we see that the conclusion of Proposition 3.12 still
holds if there is a constant ¢ > 0 such that P{|X,| < s} = ¢ for all s = 1. This is the
case, for example, when X is a symmetric Cauchy process.

Finally, let us prove that the preceding result is unimprovable in the following
sense: For every number ¢ € (0, 1), there exist a Lévy process X on R¢ the
macroscopic dimension of whose graph is g.

Theorem 3.14 If X be a symmetric B-stable Lévy process on RY for some
0 < B <2, then

Dim,(G,) = A1l a.s.

The preceding is a large-scale analogue of a result due to McKean [15].
McKean’s theorem asserts that with probability one, the (microscopic) Hausdorff
dimension of the range (not graph!) of a real-valued, symmetric f-stable Lévy
process is B A 1.

Proof 1f B > 1, then the result follows from Proposition 3.12. When 8 = 1, the
process X is a symmetric Cauchy process and the result follows from Remark 3.13.
In the remainder of the proof we assume that 0 < f < 1.

Let us observe the elementary estimate,

© Ps dx * PS d‘x o0 PS dx
/ ds/ (dx) x/ ds/ (@) +/ ds/ (dx)
| e s+ |x|* ) MR i s Xl (16)

=T+ 7.
Forall0 <« < 1,

ds

SO{

T =/ P{X,| < 5} =/ P{X,| < s~1-AA)
1 s 1

by scaling. It is well known that X; has a bounded, continuous, and strictly positive
density function on R?. This shows that P{|X;| < s~('=#)/#} is bounded above and
below by constant multiples of s~('=#)/# uniformly for all s > 1. In particular,

Ti<oo iff 1>a>2—p8""1 (17)
Next we note that if 0 < o < 1, then

ds

[od)
— —o. > 1—(1/B)
T /1 B (X7 x| = 500
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by scaling. Because X; has a strictly positive and bounded density in RY, the
inequalities

E(X|7™% X1l = D) < E (X7 %] = s"~VP) < E(X(7)
imply that
T, <oo iff B<a. (18)

Hence, we have shown that 71 + 7; < o0 iff 8 < «. The theorem follows from (15)
to (18). O

3.4 Application to Subordinators

Let us now consider the special case that the Lévy process X is a subordinator. To
be concrete, by the latter we mean that X is a Lévy process on R such that Xy = 0
and the sample function ¢ — X; is a.s. nondecreasing. If we assume further that
P{X; > 0} > 0, then it follows readily that lim,,.c X; = oo a.s. and hence X
is transient. As is customary, one prefers to study subordinators via their Laplace
exponent ®, : Ry — R. The Laplace exponent of X is defined via the identity

Eexp(—=AX:) = exp(—1D, (%)),

valid for all £, A = 0. It is easy to see that ®, (1) = W, (i1), where W, now denotes
[the analytic continuation, from R to iR, of] the characteristic exponent of X.

Theorem 3.15 If ®, : Ry — Ry denote the Laplace exponent of a subordinator
X on Ry, then

dy

< 0 a.s.,
YT, (y)

o0
Dim,,(R,) :inf%0<a <1 :/
0

where inf @ := 1.

Theorem 3.15 is the macroscopic analogue of a theorem of Horowitz [9] (see also
[4] for more results) which gave a formula for the microscopic Hausdorff dimension
of the range of a subordinator. The following highlights a standard application of
subordinators to the study of level sets of Markov process; see Bertoin [4] for much
more on this connection.

Example 3.16 Let X be a symmetric, 8-stable process on R where 1 < 8 < 2. Itis
well known that X~1{0} := {s > 0 : X, = 0} is a.s. nonempty, and coincides with
the closure of the range of a stable subordinator 7 := {T,};>0 of index 1 — g~
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It follows from Lemma 2.4 and Theorem 3.15 that

Dim,, (X~'{0}) = inf{0 1: 1 dr =1 !
im,, ( { }) =in <a<l: R <oop =1-— 5 a.s.
(19)

Notice that (19) is analogous to the microscopic fractal dimension result for the zero
set X~1{0}. This is due to the fact that the Laplace exponent of the corresponding
stable subordinator is a homogeneous function, which has the same asymptotic
behavior at the origin and the infinity. For a Lévy process whose characteristic
exponent has different asymptotic behaviors at the origin and the infinity, the
macroscopic and microscopic fractal dimensions of the zero set may be different.

Proof of Theorem 3.15 The proof uses as its basis an old idea which is basically
a “change of variables for subordinators,” and is loosely connected to Bochner’s
method of subordination [5]. Before we get to that, let us observe first that
Theorem 3.1 readily implies that

o0
Dim,,(R,) = inf{O <a<l: / x Uy (dx) < 00 a.s.
0
Now let us choose and fix some ¢ € (0,1), and let ¥ := {¥;}s>0 be an
independent «-stable subordinator, normalized to satisty ®,(x) = x* for every

x = 0. Since x™* = [ exp(—sx*)ds = [;° Eexp(—xY;)ds, a few back-to-back
appeals to the Tonelli theorem yield the following probabilistic change-of-variables
formula':

/Ooox“"Ux(dx) —E UOOOUX(dx) /Ooods e—st] _E [/Ooo dt/ooods e—XrY»}

= /ooo d’/ooo ds Blem ] =B Uooo <I>Xd(sm] - /ooo ng((z)'

It is well-known that U, (dy) < dy (or one can verify this directly using transition
density or characteristic function of Y), and the Radon—-Nikodym density u, (y) :=
U, (dy)/dy—this is the socalled potential density of Y—is given by u, (y) = cy~' ¢
for all y > 0, where ¢ = ¢(«) is a positive and finite constant [this follows from the
scaling properties of Y]. Consequently, we see that fooo x~* U, (dx) < oo for some
0 < a < lifand onlyif f;°y "**dy/®,(y) < oo for the same . The theorem
follows from this. |

! The same argument shows that if X and ¥ are independent subordinators, then we have the change-
of-variables formula,

/°° Ue(d) _ /°° U, ()
0 0w b o0
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4 Tall Peaks of Symmetric Stable Processes

Let B = {B:}=0 be a standard Brownian motion. For every o > 0, let us consider
the set

H,(a) = {t)e: BtZa\/Zloglogt}, (20)

where “log” denotes the natural logarithm. In the terminology of Khoshnevisan et
al. [14], the random set #, (o) denotes the collection of the tall peaks of B in length
scale .

Theorem 4.1 below follows from the law of the iterated logarithm for Brownian
motion for & # 1. The critical case of &« = 1 follows from Motoo [16, Example 2].

Theorem 4.1 H,(«) is a.s. unbounded if 0 < a < 1 and is a.s. bounded if a > 1.

Recently, Khoshnevisan et al. [14] showed that the macroscopic Hausdorff
dimension of H,(«) is 1 almost surely if « < 1. Since the macroscopic Hausdorff
dimension never exceeds the Minkowski dimension (see Barlow and Taylor [2])
Theorem 4.1 implies the following.

Theorem 4.2 Dim,,(H,(«)) = 1 a.s. forevery 0 < a < 1.
Together, Theorems 4.1 and 4.2 imply that the tall peaks of Brownian motion
are macroscopic monofractals in the sense that either Dim,, (H,(a)) = 1 or
Dim,, (H,(«)) = 0. In this section we extend the above results to facts about all
symmetric stable Lévy processes. However, we are quick to point out that the proofs,
in the stable case, are substantially more delicate than those in the Brownian case.
Let X = {X;};>0 be a real-valued, symmetric B-stable Lévy process for some
B € (0,2). We have ruled out the case B = 2 since X is Brownian motion in that
case, and there is nothing new to be said about X in that case. To be concrete, the
process X will be scaled so that it satisfies

Eexp(izX;) = exp(—t|z|?) foreveryr = 0 and z € R. 21
In analogy with (20), for every a > 0, let us consider the following set
H, () := {t >e: X, =1"P(log t)”‘}

of tall peaks of X, parametrized by a “scale factor” o > 0. The following is a re-
interpretation of a classical result of Khintchine [10].

Theorem 4.3 #, () is a.s. unbounded if 0 < o < 1/, and it is a.s. bounded if
a>1/p.

We include a proof for the sake of completeness.
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Proof 1t suffices to study only the case that « > 1/8. The other case follows from
the stronger Theorem 4.4 below.
Recall from [3, p. 221] that

¢:= lim APP{X, > A} (22)

exists and is in (0, 00). Consequently,
P{X,>t/P2y <A forallA = 1ands> 0. (23)
Let

X' := sup X, forall t = 0.

0<s<t

The standard argument that yields the classical reflection principle also yields
P{X = A} <2P{X, = 1} forallz, A > 0.
Therefore, (23) implies that
P{X" = er'/P(log1)®} < 2P {X, = er'/P (log1)®} < (log1)™F,

forall + = e and ¢ > 0. This and the Borel-Cantelli lemma together show that, if
o > 1/B, then X, = o(¢"/#(logn)¥) as t — oo, a.s. In other words, H, () is a.s.
bounded if ¢ > 1/8. This completes the proof. |

Theorem 4.3 reduces the analysis of the peaks of X to the case where o €
(0, 1/B]. That case is described by the following theorem, which is the promised
extension of Theorem 4.2 to the stable case.

Theorem 4.4 If0 < o < 1/8, then Dim,(H,(2)) = 1 a.s.
Proof 1Tt suffices to prove that

Dimy, (H, () = 1 a.s. (24)

Throughout the proof, we choose and fix a constant y € (0, 1). Let us define an
increasing sequence 71, T, . .., where

7} = 22ﬂj7’/y = exp (ﬂ 10g(4)]}/) '
14

Let us also introduce a collection of intervals Z(1), Z(2), ..., defined as follows:

2 = [ 1} tog )" . 21" (tog T))")
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Finally, let us introduce events &7, &3, . . ., where
& ={weQ: Xr(0) € I())}.
According to (22),

P(&) =P {XT_/. > 7" (log Tj)“} ~P {XTj > 21,/ (log Tj)“}

1-27F
-8 ( ) [asj — o0]
(log T))**
o(1—27F)
- jor
For every integer n = 1, let us define
21
W, = Z ]lg/..
j=2n71

It follows from the preceding that there exists an integer np > 1 such that
E(W,) = 2"1=%") uniformly for all n = n. (25)

Next, we estimate E(W?), which may be written in the following form:

EW) =EW,) +2 > ) PEN&). (26)

m=Igj<k<on

Henceforth, suppose k > j are two integers between 2"~ and 2" — 1.
Because X has stationary independent increments,

P(& N &) < Py x Pjs, 27)
where
P = P{XTj > Tj”ﬁ(logTj)“},
Pis =P X1, = T}/ (0g T)* = 27" (log T} .

In accord with (23),

P =P(&) = j . (28)
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The analysis of P;; is somewhat mode complicated.
First, one might observe that

Pis = P {Xn—r, = (og T [1}/* — 21771}

1/f —or!/?

_ ay J :

=P{X; =k (Ty — T)1/# § [by scaling] (29)
T: /8

<P Xlzkw[l—z(’) } )
T

[The final inequality holds simply because (T — Tj)l/ S le/ p .
If j and k are integers in [2"~!, 2") that satisfy j < k — k'~7, then

v =i~ (j()} >0 [1= (k)] 2.

The preceding is justified by the following elementary inequality: (1 —x)” < 1 —yx
for all x € (0, 1). As a result, we are led to the following bound:

7.\ /# 21log?2 1
1=2( 7)) =t1-2exp(-"% -y = _,
Ty y 2

valid uniformly for all integers j and k that satisfy k > j > k—k'~” and are between
2"=! and 2" — 1. Therefore, (23) and (29) together imply that

Pix < P{X, = k) < k0P,
uniformly for all integers k > j that are in [2"~',2" — 1) and satisfy j < k — k'~7,

and uniformly for every integer n = ny. It follows from this bound, (27), and (28)
that

P(&N &) < (jk)~Pr < qr(i=aby) (30)
PIP I G >

2 —lgjck<2n 2= lgjck<2n
k=K' J<k—k'TY

uniformly for all integers n = ny.

On the other hand,
Y PENS& < DD PEIS Y. Y K [by28)
gk <n lgj<k<n 2 lgj<k<2"

e k—k 7Y Jek—k' 7Y Jek—k'TY
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2"—1
< Z Kl—r—eBy < pn(2—y—apy)
J=2n—1

< 4’1(1—05/3)’) ,

since af < 1. Therefore, (30) implies that

D3 PEN &) s 4,
m—lgj<k<on
This and (26) together imply that

E(W?) < E(W,) + (E[W,])*, (1)

uniformly for all n = ny. Because of (25) and the condition ¢ < 1, it follows that
E(W,) Z 1, uniformly for all n = 1. Therefore, there exists a finite and positive
constant ¢ such that

E(W2) < ¢ (E[W,])* for all n = n.

An appeal to the Paley—Zygmund inequality then yields the following: Uniformly
for all integers n = no,

inf P{W, > JE(W,)} = (40)~".

nzng
From this and (25) it immediately follows that
P! lim supn_lLog+Wn >1—afyy = (4c)"' > 0.
n—>o00

The event in the preceding event is a tail event for the Lévy process X. Therefore,
the Kolmogorov 0-1 law implies that

lim supn_1L0g+Wn = 1—afy a.s.

n—>oo

Because y € (0,1) was arbitrary, this proves that limsup,_, ., n 'Log
W, = 1 as., and (24) follows since Dim,, (H, () = limsup,_, ., n 'Log  W,.
This completes the proof of the theorem. |
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Critical Behavior of Mean-Field XY and Related
Models

Kay Kirkpatrick and Tayyab Nawaz

Abstract We discuss spin models on complete graphs in the mean-field (infinite-
vertex) limit, especially the classical XY model, the Toy model of the Higgs sector,
and related generalizations. We present a number of results coming from the theory
of large deviations and Stein’s method, in particular, Cramér and Sanov-type results,
limit theorems with rates of convergence, and phase transition behavior for these
models.

Keywords Mean-field  Free energy ¢ Density function ¢ Gibbs measure

1 Introduction

We use mean-field theory to approximate a challenging problem and to study a
many-body problem by converting it into a one-body problem. We survey a number
of results obtained recently using the theory of large deviations along with Stein’s
method-type limit theorems to describe the asymptotic behavior of the O(N) spin
models such as the N = 1 Curie-Weiss model, the N = 2 model called the XY
model, the N = 3 Heisenberg model, and the N = 4 Toy model of the Higgs
sector [5, 12, 13]. We present these results mostly without proofs. In this section,
we describe the mean-field XY model and the history, including the 2D XY model
(which is currently intractable). In the next section we describe the asymptotic
behavior of the XY model; in the last section, the behavior of its generalizations
to N-dimensional spins.

The XY model on a complete graph K,, with n vertices in the absence of an
external field is defined as follows: there is a circular spin 0; € S! at each site
i€1,2,...,n. The configuration space of the XY model is 2, = (SH" where each
microstate is 0 = (01,02, ...,0,). For the higher O(N) spin models, we simply
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replace S! by S¥!, and in all cases the Hamiltonian energy is defined by
Hy(0) = =) Jij{0i.0)).
ij

The mean-field interaction for the XY and O(N) models on the complete graph is
defined by J;; = , forall i, ;.

The simplest spin model is the Ising model, with one-dimensional +1 spins,
a model that is used extensively in statistical mechanics, invented by Ernest Ising
while working with his advisor Wilhelm Lenz [4, 11]. The one-dimensional Ising
model has no phase transition, but there is a phase transition on an infinite two-
dimensional lattice. The mean-field Ising model, or Curie-Weiss model, describes
the Ising model well for higher dimensions, and the magnetization (average spin)
in this model has a Gaussian law away from the critical temperature and a non-
Gaussian law at the critical temperature [7]. Recently, Chatterjee and Shao [5]
proved that the total spin in the Curie-Weiss model at the critical temperature
satisfies a Berry—Esseen type error bound in this non-Gaussian limit.

The XY model, with two-dimensional circular spins, models superconductors
and is interesting but challenging to study its phase transition rigorously [3]. On
a lattice of two spatial dimensions, such a continuous circular symmetry cannot be
broken at any finite temperature [16]. Thus the 2D XY model cannot have an ordered
phase at low temperature quite like the Ising model, and it has a phase transition that
is quite different from the Ising model [17, 18]. Instead, the 2D XY model exhibits
the peculiar Kosterlitz-Thouless (KT) transition, a phase transition of infinite order
and the subject of a Nobel prize. Above the transition temperature Txr correlations
between spins decay exponentially. At low temperatures, the system does not have
any long-range order as the ground state is unstable, but there is a low-temperature
quasi-ordered phase with a correlation function that decreases with the distance like
a power, which depends on the temperature [14].

Because the 2D XY model is so challenging, we study the mean-field classical
XY model instead, which can be viewed as the large-dimensional (d — oo) limit
of the nearest-neighbor model on 74, with spins in S!, and with critical inverse
temperature B, = 2 [1]. Furthermore, the large-dimensional limit approximates
high-dimensional models nicely since below the critical temperature, the average
spin goes to zero for all d, and above the critical temperature, the total spin has a
non-zero limit as d — oo.

In the next section we will examine the XY model in detail, while Sect. 3 deals
with extensions to higher spin dimensions.

2 The Mean-Field XY Model and Asymptotic Results

We consider the isotropic mean-field classical XY model on a finite complete graph
K, with n vertices. That is, at each site i € K, of the graph is a spin living in
Q = S!, so the state space is 2, = (S')". See Fig. 1 for a picture of the XY model
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Fig. 1 Left: The classical mean-field XY Model on the complete graph K5 with five sample spin
vectors. Right: The projection of the same spin vectors from K5 onto S

on 5 vertices. The corresponding mean-field Hamiltonian energy H, : 2, — R is
given by:

n

1 1
H,(0) := ~ Z (oi.0)) = ~ Zcos(@,- —0),
ij

ij=1

where 6; is the angle that the i-th spin makes with respect to some axis. The
corresponding Gibbs measure is the probability measure P, g on €2, with density
function:

— b

f(o): Z(,B)e : ey
where Z is the normalizing constant, also known as the partition function, which
encodes the statistical properties of the model such as free energy and magnetiza-
tion. Note that Gibbs measure here is a normalization of the Boltzmann distribution,
and that the inverse temperature f8 is equal to (kgT)™!, where kg is the Boltzmann
constant and 7 is the temperature of the system. We can understand the structural
behavior of the spin vectors’ distribution by studying extreme cases for the inverse
temperature 8 as follows:

e At high temperature, from Eq.(1) we can predict that the Gibbs measure is
uniform.

* At low temperature, again from Eq. (1) we can predict that the Gibbs measure
decays quickly, and the spin vector distribution prefers the lowest-energy ground
state.

The most likely physical system states corresponding to the Gibbs measure are
called the canonical macrostates. We will consider the random measure of the spins
{0i}, defined by u,, = ’11 > 85 on S! and study the total empirical spin,
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defined by

Sq(0) := 2": 0.
i=1

The relative entropy of a probability measure v on S!, with respect to the uniform
probability measure u is defined by

_ Jor flog(Ndp if f:= fi!;‘i exists;
00

otherwise.

H(v | p) : @

2.1 LDPs, Free Energy, and Macrostates for the XY Model

Let M,(S") represent the probability measures on S! with the weak-* topology.
We are interested in analyzing the total spin, S, := Y ., 0;, as a function of
the inverse temperature B in the Gibbs measures. This leads us to consider large
deviation principles (LDPs) for the u, s, and then we can rewrite the free energy
more explicitly to describe the phase transition at § = 2. Part of Theorem 1 (8 = 0)
is a special case of Sanov’s theorem, while the other cases (8 > 0) follow from an
abstract result of Ellis, Haven, and Turkington [10, Theorem 2.5].

Theorem 1 If P, is the n-fold product of uniform measure on S' and [, is the
random measure as defined above. For T C M(S"), the i, satisfy an LDP with
rate function

2
—9(B). 3)

2
| e

For fixed B > 0, every subsequence of P,g|[ins €] converges weakly to a
probability measure on M (S') concentrated on the canonical macrostates g =
{v 1 Ig(v) = 0}, i.e., the zeros of the rate function.

For B = 0, the relative entropy H(- | p) achieves its minima of 0 only for the
uniform measure y, implying that the canonical macrostate is disordered. For § > 0,
canonical macrostates are defined abstractly through zeros of the rate function (3),
and later Theorem 5 will describe the macrostates explicitly.

The free energy given by (4) can be transformed into the following more explicit
form.

Ig(v) :=HW | n) — '2 ‘/Sl xdv(x)

where the free energy is given by

oB) = inf [H(vm)—’j' /Slx‘l”(x)

veM, (S
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Theorem 2 (Kirkpatrick-Nawaz [13]) The free energy ¢ has the formula:
0, ifp <2,
Dp(g™'(B), if B =2,

where 1; below are modified Bessel functions of first kind and ®g is the functional
defined by:

p(B) =

2
w0y =) <toeliol = (1) ®
and
()
g(r) = rIl "’

Here the phase transition is continuous as the function ¢ and its derivative ¢’ are
continuous at the critical threshold B = B, = 2.
The magnetization for the classical XY model can be obtained by differentiating

the partition function:
1 1
E i = E Sn
2] Ls]

From the free energy we can precisely explain the phase transition at § = 2. For
0 < B <2, we have a unique global minimum for the free energy at the origin with
a zero magnetization. For 8 > 2, we have a unique global minimum for a positive
radius.

Let {0;}"_, be i.i.d. uniform random points on S' C R2. We have the following
Cramér-type LDP for the average spin.

Theorem 3 (Kirkpatrick-Nawaz [13]) Let P,g be the Gibbs measure defined

above (1). Then for 8 > 0, the average spin M, = M, (0) := rll Y ', 0; satisfies an
LDP with rate function Ig(x) = ®g(r):

_ Li(r)
Iy(r)

Im| =

Pup (M, = x) = e "0,

where ®g is given by (5) and r = |x|.
For an explicit representation of £g, we note from (2) that the relative entropy
depends only on the distribution of f. By Fubini’s theorem

o

[ roetrdn = [~ ulrtoen) > dar= [ ulfiogtr) < e

This implies that for a fixed f, the quantity | [ xd v(x)’ is maximized for correspond-
ing densities which are symmetric about a fixed pole and decreasing as the distance
from the pole increases. Using this reasoning, consider a density f that is symmetric
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about the north pole and decreasing away from the pole i.e., vy is the measure with
density f(x,y) = f(y) which is increasing in y. Then

HOy L) = 5 [ 769y ol yldsay

1 2r  pm
2| s ogtseos@ntasa

1 [ f) log[f ()] o
) Ji—y

ol 1 o
/sl xdvr(x) = - |:1i| /_1 \/l—yzdy'

Therefore, our minimization problem is reduced to minimizing the following
functional

Similarly,

U oo, B (1[0 e Y
) 1=y 2\7Ja y1-y?

over f : [-1,1] — Ry such that f is increasing and 711 f_ll ji)) ,dy = 1. We can
-y

rewrite the first term of the last expression to see that it involves the usual entropy

S(f) = [ flog(f):

Ll rloglfol , 1 1 fO) £0) ;
7)1 \/1_}]2 dy = . /_1 \/1_)}2 10g|: ” ]dy+log(n) :—S(ﬂ) + log(m).

Now for \ [ xdv (x)| = ¢ € [0, 1], using constrained entropy maximization (see
Theorem 12.1.1 from [6]), we will minimize 711 f_ll \}/fl (y)zdy, that is, maximize
-y

S(f/m), over the v € M (S') corresponding to this c.

Proposition 4 (Kirkpatrick-Nawaz [13]) Consider a set of functions f
[—1, 1] = Ry, with weight function w(y) = \/11 ,» such that f_llf(y)w(y)dy =1,
~y

and

f_ll yf(y)w(y)dy‘ = c. ie., weighted integral of f is 1 while first weighted

moment is bounded. Then the exponential function f*(y) = mae® uniquely
maximizes S(f /) over the densities satisfying these conditions.
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For ¢ € [0, 1], observe that f* increasing gives all b € [0,00). Now for
b € [0, 00), our functional minimization reduces to the following one dimensional
function:

L fo)loglf») , B, Lb) _ﬁ(ll(b))2
el oy T2 T e OIS ()
=: Og(b). (6)

The following theorem, a special case proved using the calculus of variations in
[13], describes the canonical macrostates:

Theorem 5 (Kirkpatrick-Nawaz [13])

(a) For B < 2, infy> {@ﬂ (b)} = 0 is achieved for b = 0 and the corresponding
a = 1, so that the minimizing function f* = 1 and therefore the only canonical
macrostate is the uniform distribution (L.

(b) For B > 2, infp>g {@ﬂ(b)} = ®g(g " (B)), where b = g~ '(B) is the unique
strictly positive solution to g(b) = B where

Io(b)

gb)=>b ",

11(b)
a ﬂlol(b)and limg 5 inf}>o {CI>5(b)} = 0. In this case, the canonical
macrostates are given by Eg = {Vr},esi, wWhere vy is the measure that is

the rotation of vy from north pole to x-direction, which is symmetric about the
north pole with density f : [—1,1] — R given by f(y) = mae® with a and b as
above.

We can also visualize the Gibbs measure corresponding to subcritical or super-
critical cases as shown in Fig. 2.

2.2 Limit Theorems for the Total Spin in the XY Model

Next we understand the asymptotics for the total spin of the mean-field XY model, in
different regimes across the phase transition, describing the central and non-central
limit theorems for each phase.

In the high temperature regime (0 < < 2), the average spin (magnetization)
of the system goes to zero with increasing number of spins n — oo, and we have
a multivariate central limit theorem with a rate of convergence in Theorem 6. The
main idea is to use Stein’s method [12, 15, 19] with the exchangeable pair (W, W,’l)
from the Gibbs sampling approach: our random variable representing the rescaled
total spin of the original configuration is

_ 2B
Wn.—\/ " ;o,,
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Fig. 2 Cross-sections of two canonical macrostates: For f < 2 (the disordered regime), we have
the uniform distribution f(y) = 1 as the dotted line; for p = 5 > f. = 2 (the ordered regime), we

have plotted the cross-section of the distribution vy, given by f(x,y) = f(y) = ,glg,), showing that
the spins point predominantly near the north-pole direction

while the random variable representing the rescaled total spin of the new configura-
tion, with I € {1, ..., n} chosen uniformly at random, is

2— 2—
W= Wn(o/):Wn—\/ n'B(n—}—\/ '30;.

n

Theorem 6 (Kirkpatrick-Nawaz [13]) In the high temperature regime 0 < <2,
if W, is defined as above, Z is a standard normal random variable in R? cgisa
Sfunction depending on B only, L(g) is the modulus of uniform continuity of g, and
M(g) is the maximum operator norm of the Hessian of g, then we have:

C
sup  |Eg(W,) —Eg(2)| < ©
iL(g) M(g)<1 N

The proof of Theorem 6 proceeds in several steps, as a special case of [13]:
first we use the fact that the density of the Gibbs measure is rotationally invariant to
conclude that each spin has a uniform marginal distribution. We obtain the complete
asymptotic behavior of the total spin using the rotational invariance of the total
spin, a strategy adapted from [12]. We calculate the variance of the total spin to
arrive at the proper scaling for defining the exchangeable pair and use the pair to
derive expressions and bounds for the linear factor A appearing in the conditional
expectation and the remainder terms R and R’ [12, 13, 15]. The rest follows from a
theorem of Meckes [15].
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As the temperature decreases to zero, the spins start aligning. For smaller values
of B > 2, the spins vectors are aligned weakly, while for larger B, this alignment
is strong. For any 8 > 2, because of the large deviation principle in Theorem 3,
we have that | ) o;] is close to bn/p with high probability, if b is the minimizer
in ®4. And due to the circular symmetry, all points on the circle of radius bn/p
are equally likely. With this reasoning, similar to [12], it is natural to consider the
random variable representing the fluctuations of squared-length of total spin, i.e.,

B I 2
W, == /n o > o —1]. (7
J

i—1

Our multivariate central limit theorem in the low temperature (ordered) regime is as
follows:

Theorem 7 (Kirkpatrick-Nawaz [13]) If B > 2 and b is the solution of b =
Bf(b) := ,32‘)22;, and W, is as defined above in (7), and if Z is a centered normal
random variable with variance V, where

o M| 1he) (n(b))z
(1= Bf'(b)) b? bl) \Ilo®)/) |’
then there exists cg, depending only on B, such that then

log(n)\ /*
dBL(WnsZ)EC/S( gn()) .

where dpi(X,Y) is the bounded Lipschitz distance between random variables X
andY.
Again the proof of Theorem 7 follows from a univariate analogue of the abstract
normal approximation of Stein [19], and relies on conditional moment bounds.
The fact that the variance is positive was proved by Amos [2] while deriving the
improved bounds on the ratio of Bessel functions.

At the critical temperature 8. = 2, we will consider the random variable

c n
Wn = }’l3/2 Z (Uis O—]>s (8)

ij=1

and make an exchangeable pair (W,,, W)) using Glauber dynamics. Using symmetry
of the total spin and Stein’s method similar to [5, 12], we will obtain critical limiting
density function p as defined below.
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Theorem 8 (Kirkpatrick-Nawaz [13]) For the critical inverse temperature 8 =
2, if W, is as defined above in (8), and X is the random variable with the density

p(t) = ye % 1= 0,
0 t <0,

where Z is normalizing constant, then there exists a universal constant C such that

Cl
sup  |BA(W,) — EA(X)| < 0g(n)
Moo <L, I oo <1 Jn
177 oo <1

The proof of the limit theorem for the critical temperature is essentially via the
“density approach” to Stein’s method introduced by Stein, Diaconis, Holmes, and
Reinert [20]. Recently, also Chatterjee and Shao [5] have applied this approach to
the total spin of the mean-field Ising model, i.e., the Curie-Weiss model.

We note that these limit theorems with explicit rates of convergence can be
generalized to high-dimensional spins, but we will omit those technicalities in the
following section.

3 High-Dimensional Spin O(N) Models

We can use similar methods to extend our results for two-dimensional spin classical
XY model to classical O(N) models, or N-vector models. In this general case, with
spins in SN C R¥, the critical inverse temperature is 8. = N [1, 13]. The N-vector
models on a complete graph K, have the Hamiltonian:

n

Hn(o—) = _zln Z (Uiv 01) (9)

ij=1

We present results about the magnetization, free energy, and critical behavior in the
O(N) models. It is important to note that we divide our asymptotic analysis into
two cases: if N an even positive integer, we have modified Bessel functions of first
kind with order v = N/2 and v — 1, while for N odd, we have hyperbolic functions
arising from the half-integer order Bessel functions.

3.1 The Magnetization in O(N) Models

Similar to the classical XY model, we can calculate the magnetization of the
classical N-vector unit hyperspherical model using the conditional density, from the
conditional expectations, and it turns out to be a ratio of modified Bessel function
of first kind:
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-7 N=1
N=2
N=3
— — N=4
5 10 15 20 2

Fig. 3 Graph of magnetization limits |My| for N-vector models, I < N < 4. For the mean-
field Ising model, M| = tanh(x), for the mean-field XY model |M,| = 2)8 , for the mean-field
Heisenberg model |M3| = coth(r) — lr, and for the mean-field Toy model of the Higgs sector,

Iy _(r

)
|M,| = 2:2 . Here r and B are related by the formula gy (r) := r ;’2’ n =B

Theorem 9 (Kirkpatrick-Nawaz [13]) Consider the O(N) model with the above
Hamiltonian (9), with N representing the dimension of the spin o; € SN=!. Then on
the complete graph K, the O(N) magnetization My, = Y ., 0; has the following
mean-field limit:

From Fig. 3, we can observe that low-dimensional spin models can be magne-
tized easier in some sense, and as the spin gets higher dimensional, it takes more
energy to magnetize the physical system.

3.2 The Rate Function and Free Energy in O(N) Models

Next we will present rate functions for large deviation principles similar to
Theorems 1 and 3, the first of which is the relative entropy for the N-vector model
given by an abstract formula similar to before:

2
)= 10 10 =5 | [ v = o0p)
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()

025}

020 N2
N=3
N=4

Fig. 4 Graph of the rate function Ig y(x) = ®Pg y(r) in the supercritical regime (8 = N + 1) for
2 < N < 4, which has minimum at radius gy '(8) = r

where H(v | p) is the relative entropy (2) and ¢y is the free energy defined
abstractly as before:

2

:| . (10)

We can calculate the minima in the expression of this rate function and verify that in
the subcritical regime (8 < N) there is a unique minimum, while in the supercritical
regime there is a family of minima parametrized by S¥~!. The free energy given by
(10) can be written in the following more explicit form using a method like the one
in the previous section. In particular, we have a Cramér-type LDP for the average
spin M, := :l Z?:l o; € RY, with rate function Ign(x) = Pgn(r), defined below
for § > 0 and r = |x| (Fig.4).

\JGMl(SN_l)

en(B) = inf |:H(V | ) — 'g )/SN_I xdv(x)

Theorem 10 (Kirkpatrick-Nawaz [13]) For dimension N, the free energy ¢ has
the formula:

ox B =" P <N
N =
Ppn(g™ (B)), if =N,
where g='(B) = r with
IN_I(V)

2

g(r) =gn(r):=r Iy() ,
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and
In(r) Ay ral B 10 2
Qpn(r)=r ° I N 2 ’
ﬂ,N(r) rlg_l(r) + Og |:AN—1 BNNIg/—l(r) 2 Ilg—l(r)
with
A 27112V
N = N
r'(3)
and
N_j
l_[k2=0 |2k— llv lfN even,

By =
227r("5)

T

, if N odd.

In particular, ¢ and ¢’ are continuous at the critical threshold § = N, implying that
the phase transition is second-order or continuous.

3.3 The Critical Density Function in O(N) Models

The limiting density for the critical case uses the (hyper-)spherical symmetry of the
total spin for O(N) models, giving the following non-normal limit theorem (Fig. 5).
Theorem 11 (Kirkpatrick-Nawaz [13]) At the critical temperature 3 = N, the

CN‘Sn‘z

random variable W, = "5 has as its limit as n — oo the random variable X
with density
N—2 2.
L2 o8 ifr >0,
v =17
0, ift <0,
where k =, ( 411\, +8) and Z is the normalizing constant. To be precise about the rate

of convergence, there exists a universal constant C such that

Cl
sup  |ER(W,) — EA(X)| < 0g(n)
Moo <1, I lloo <1 Jn
17 oo <1

The proof of this theorem is in [13] and includes methods from [8, 9, 12].
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pn(t)

L L L L il L 1 t
20 25 30

Fig. 5 Mean-field critical density functions py for 2 < N < 4 and r > 0. For the XY model

pa(n) = ¢, Jro for the Heisenberg model p5(r) =

Hig,

—2 —2/
—2/64 53;{ 19/54;[34], and for the Toy model of the

o—12/384

gs sector, py(f) = ' |,
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