inequalities

Patricia Alonso Ruiz, Fabrice Baudoin, Li Chen, Luke G. Rogers, Nageswari
Shanmugalingam, Alexander Teplyaev

Abstract

We introduce heat semigroup-based Besov classes in the general framework of Dirichlet
spaces. General properties of those classes are studied and quantitative regularization estimates
for the heat semigroup in this scale of spaces are obtained. As a highlight of the paper, we
obtain a far reaching LP-analogue, p > 1, of the Sobolev inequality that was proved for p = 2
by N. Varopoulos under the assumption of ultracontractivity for the heat semigroup. The case
p =1 is of special interest since it yields isoperimetric type inequalities.
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1 Introduction

Motivation

The family of Sobolev inequalities plays a major role in analysis (see for instance [52] and references
therein). In the Euclidean space R™, n > 2, it reads

[fllLamny < CIHIV I Lo@ny,  f € C5°(R™) (1)

where 1 <p<n, qg= %, and the constant C' depends on n and p.

In the context of a measure space (X, u) equipped with a symmetric Dirichlet form £ with
domain F, N. Varopoulos proved in [56] that a heat kernel upper bound of the type p;(z,y) < t"%’
n > 2, implies the following Sobolev inequality

||f||Lq(X“LL) chg(fvf)7 fEF, (2)

where ¢ = %

When applied to the Euclidean space equipped with the standard Dirichlet form E(f, f) =
IV £l H%?(]Rn)’ Varopoulos’ theorem yields the case p = 2 in (1). When p # 2, it is natural to look

for results extending the inequalities (1) to Dirichlet spaces. In the present paper, among other
results, and without using any gradient structure (e.g. [6,38]) we extend Varopoulos’ theorem to
any p > 1 and prove the following:

Theorem 1.1. Let (X, u, &, F) be a Dirichlet space. Let {Py}iej0,00) denote the Markovian semi-
group associated with (X, pu,E,F). Let p > 1.

1. Assume that P, admits a measurable heat kernel p.(xz,y) satisfying, for some C > 0 and
B >0,
pilx,y) < Ct™P (3)

for p x p-a.e. (x,y) € X x X, and for each t € (0, —l—oo).

2. Assume that there exist a« > 0 and C > 0 such that for every f € LP(X, )

Il < Climipt == ([ [ 17) = 1Pt it )du(y)>1/p7 (4)

where
Il = o= ([ [ 1) = F Pt it )du(y)>1/p- (5)

Then, if 0 < a < 8 and p < , there exists a constant Cp o 3 > 0 such that for every f € LP(X, ),

£l za(x,u) < Cpa,

(03]

pB
B—pa”

where ¢ =



Note that it is possible to verify condition (3) in many classical and fractal examples because,
according to [8,20,45], it is equivalent to the Nash inequality
2+2/8 2/p

IR < CEC DI x (6)

In the case p = 2, we will prove that the condition (4) is always satisfied with oo = % and that we

have E(f, f) ~ || f3, /o As a consequence, Theorem 1.1 is indeed an extension of the Varopoulos

theorem. On the other hand, when applied to the Euclidean space equipped with the standard
Dirichlet form E(f, f) = || IV f] H%Q(Rn), for every p > 1 the condition (4) is always satisfied with

o = % and Theorem 1.1 yields all of the Sobolev inequalities (1) because in that case we have
1£1lp,1/2 = NV F] o @y

Theorem 1.1 is proved by applying the methods of [8] in the general framework of Dirichlet
spaces. In a first step, we prove in Theorem 6.3 that the assumption (3) alone implies a weak
Sobolev inequality

1
Sggsu(ﬂr€4X:| (@) = s})7 < Cpaplflpas
2

(4) is also assumed, then this weak

where ¢ =
Sobolev inequality implies the strong one:

1/l 2acx ) < Cpoa,

The case p = 1 is of special interest. In that case, weak Sobolev inequalities applied to indicator
functions of sets are related to isoperimetric type inequalities, and by adapting a method of M.
Ledoux, we obtain in Proposition 6.5 an isoperimetric type inequality with explicit constant. We
note that it is well-known since the works of Maz’ja and Federer-Fleming that the case p = 1 in
(1) is equivalent to the isoperimetric inequality in R™ (see [49]) and is intimately connected to the
theory of BV functions. It is therefore expected that for p = 1 and under assumption (4) Theorem
1.1 should yield isoperimetric type inequalities and possibly also a theory of BV functions valid in
very general Dirichlet spaces. Moreover, the seminorm || f||1,o provides a natural notion of variation
of a function in that context. In more restrictive contexts, this remark is made very precise in the
papers [1] and [2], where it is moreover shown that the condition (4) is satisfied if the underlying
space X satisfies a weak Bakry—Emery type curvature condition.

In view of Theorem 1.1, given a Dirichlet space (X, u,&, F) with semigroup {F}cjo,00) it is
natural to thoroughly study the family of Besov type spaces

1/p
BP’O‘(X>={feLP(X,m,nfnp,a -~ supt ™ ( /X Pt(\f—f(y)lp)(y)du(y)) <+oo}.

Structure of the paper

This paper is structured as follows. In Section 2 we introduce the notations and recall some basic
facts about Dirichlet forms and their associated heat semigroups. In Section 3 we describe the basic
setup of Dirichlet forms and our heat semigroup-based Besov spaces BP%(X), and conclude with a
metric characterization of these spaces under the hypothesis that the heat semigroup has a kernel
with sub-Gaussian estimates; this characterization, due to Pietruska-Paluba [51], does not play a
major role in the arguments introduced in this paper, but is included here as an illustration and
because of its usefulness in concrete examples.

Section 4 is devoted to obtaining fundamental properties of the Besov classes, including the
Banach space property, reflexivity, interpolation properties and locality in time. We show that



certain of the Besov spaces are non-trivial, in particular by showing in Proposition 4.6 that the
Besov space B>!/2(X) is precisely the domain F of the Dirichlet form, the analog of the classical
Sobolev space W2(X). This is in contrast to the classical (metric-based) Besov space theory,
where B%po(R”) consists only of constant functions, see [17]. From the preceding one deduces by
elementary convexity considerations that B!/ 2(X) is dense in LP if 1 < p < 2. We also give
examples that establish the range of possibilities for B!/ 2(X) when p > 2: in Proposition 4.2 we
describe a smooth setting in which BP!/2(X) contains C§°(X), but in Corollary 4.13 we provide
a class of Dirichlet forms for which the Besov spaces BP'1/2(X) are trivial (contain only constant
functions) when p > 2. Moreover, we begin to analyze the relationship between the Besov spaces
B?*(X) and the domain of the fractional powers of the generator L of the Dirichlet form, showing
in particular that (—L)® : BP*(X) — L? is bounded for 0 < s < a.

In Section 5, we prove that, when 1 < p < 2, the heat semigroup is always continuous as an
operator LP(X, i) — BP'/2(X), see Theorem 5.1. Tt is remarkable that this is true in any Dirichlet
space without any further assumption. In [1] and [2], we will see that for p > 2, this continuity
is valid under weak Bakry—Emery type curvature conditions. We use this result to establish some
refinements of our triviality and non-triviality results from Section 4 and summarize them in terms
of critical exponents for density and triviality of the Besov spaces. The results of this section will
play an important role in [2]. In particular, the Besov critical exponents on fractal sets will be
shown to be closely related to the geometry of these sets.

In Section 6 we will consider Sobolev-type embedding theorems for the Besov classes BP(X).
Our main assumption is that the underlying Dirichlet space admits a heat kernel p;(z,y) satisfying
a global upper bound of the type p;(x,y) < ct~”. In Dirichlet spaces, the proof of the existence of
a Sobolev inequality with p = 2 under this type of heat kernel estimates goes back to a celebrated
work by N. Varopoulos (see Chapter 2 of [57] and the references therein). To study the case
p # 2, we make use of the ideas and methods developed in [8,52] and more recently in [12]. Those
methods are general enough to apply to our setting and underline the fact that our Besov classes
provide a natural framework for a general theory of BV functions and isoperimetric inequalities on
arbitrary Dirichlet spaces. These outline the beginnings of a connection between our Besov classes
and isoperimetric type estimates that will be further explored under various assumptions in the
works [1-3]. Among many others, one of the future applications of Besov classes and isoperimetry
will be to study diffusions on pattern spaces of quasicrystals [5], corresponding to a unique strongly
local but not strictly local Dirichlet form for which energy measures are absolutely continuous.

In Section 7 we give some further applications of the main ideas under the assumption of either
a Poincaré inequality or a log-Sobolev inequality. The idea is to replace the ultracontractivity esti-
mate assumption of Section 6 by a supercontractive or hypercontractive one and explore the corre-
sponding isoperimetric information. Such results may potentially be applied in infinite-dimensional
situations like the Wiener space.

We conclude this introduction by noting some references from the existing literature that are
closest to our work. The literature on Besov spaces is so large that it is not possible to be exhaustive,
but we hope the following may be helpful to the reader. Further references and comments will be
given throughout the text. For many equivalent descriptions of the Besov-Nikol’skii spaces in
R™ including Poisson heat kernel characterizations we refer to [54]. For the classical theory of
Besov spaces from the point of view of interpolation theory, we refer for example to the book of
Triebel [55]. The relationship between Besov spaces and the Laplace operator or its square root in
different settings has been studied from various points of view for some time; see, for example, [26]
on Lie groups, [18] on spaces with polynomial upper bound on the volume and Poisson-type heat
kernel bound, [41] on fractal metric spaces, and [36] on metric measure spaces with sub-Gaussian



heat kernel estimates and certain regularity assumptions. We also note that Besov spaces can be
characterized via wavelet frames, see [25,44]. Finally, our definition of Besov classes is particularly
closely connected to the work of Pietruska-Patuba [51], and we learned much about the relevance
of this approach to Dirichlet forms from work of Grigor’yan, Hu and Lau [34, 35].
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2 Preliminaries

In this section we introduce the notations and notions used throughout the paper and, for conve-
nience of the reader, collect some standard definitions and known results that will be used later.
The book [31] is a classical reference on the theory of Dirichlet forms and we refer to it for further
details. We also refer to [15] for an exposition of the theory that does not use the hypothesis of
regularity of the form. For the general theory of heat semigroups we refer for instance to [27] or [29].

2.1 Dirichlet forms

Throughout the paper, let X be a good measurable space (like a Polish space) equipped with a
o-finite measure u. By good measurable space, we mean a measurable space for which the measure
decomposition theorem holds and for which there exists a countable family generating the o-algebra
of X (see [9, page 7] for a discussion about good measurable spaces).

Let (£,F = dom(€)) be a densely defined closed symmetric form on L?(X,u). A function v
on X is called a normal contraction of the function w if for almost every z,y € X,

[v(@) —o(y)] < Ju(z) —u(y)| and Jo(z)] < fu(z)].

The form & is called a Dirichlet form if it is Markovian, that is, it has the property that if u € F and
v is a normal contraction of u then v € F and £(v,v) < E(u,w). In this paper we always assume
that £ is a Dirichlet form and refer to (X, u, &, F) as a Dirichlet space. Some basic properties of
Dirichlet forms are collected in [31, Theorem 1.4.2]. In particular, we note that F N L*(X, u) is
an algebra and F is a Hilbert space with the £ -norm

/
17l = (17 e, +EC.D) (7)

The Dirichlet space (X, u, £, F) is called regular if X is a locally compact topological space, p
is a Radon measure whose support is X and (X, 1, £, F) admits a core. If we denote by C.(X) the
space of continuous functions with compact support in X, we recall that a core for (X, u, &, F) is
a subset C of C,(X) N F which is dense in C¢(X) in the supremum norm and dense in F in the
&E1-norm.



If £ is regular, then for every f € F N L*(X, u), we can define the energy measure vy in the
sense of [14] through the formula

| vy =e(s0.0) = 360, e FACUX),

see [24, Theorem 4.3.11]. Then vy can be extended to all f € F by truncation, that is, for each
positive integer we consider f, := max{—n,min{n, f}}, and set vy to be the weak limit of the
sequence of measures vy, .

In this paper, most of the time we will not need to assume that (X, u, £, F) is regular, so if the
regularity assumption is needed, it will be stated out explicitly.

2.2 Heat semigroup

Let {P;}1e[0,00) denote the self-adjoint semigroup on L?(X, ) associated with the Dirichlet space
(X, p, &, F) and L the infinitesimal generator of { P }ic[0,); see [31, Section 1.4]). The semigroup
{Pi}ief0,00) 18 referred to as the heat semigroup on (X, u, &, F).

The following spectral theory lemma can be found in [15, Proposition 1.2.3] or in [33, Section 4].
It shows that one can recover the Dirichlet form &£ and its domain from the semigroup { P };(o,00)-

Lemma 2.1. Denoting (-,-) as the inner product in L*(X, ), for f € L*(X, ) we have that
1
0<tr L (T=P)f )

is a decreasing function. Moreover, the limit lim;_ o+ %((I — P)f, f) exists if and only if f € F, in
which case,

EU D) = lim (1= P)J.§) Q

By definition, the semigroup {P;};c[0,00) acts on L?(X, ). However, it inherits from the Marko-
vian property of the Dirichlet form the sub-Markovian property: if 0 < f < 1 then 0 < P, f < 1.
This fundamental property allows us to develop an LP theory of the semigroup and from this classi-
cal theory (see for instance [27, Theorem 1.4.1 and 1.4.2]), the following properties of the semigroup
{P+}ie(0,00) are known:

e The semigroup {P; }1e[0,00) maps L'(X, ) N L>®(X, p1) into itself and may be extended, using
the Riesz-Thorin interpolation, to a contraction semigroup on LP(X, u) for each 1 < p < +o0.
We will denote that extension also by P;. We explicitly note that the contraction property
reads:

1P fllex,) < fllvx ), € LP(X,p),1 <p<oo.
The semigroup {F;}e(o,0c) 18 said to be conservative if P;1 = 1.

In this paper, we always assume that {Pt}tE[O,oo) is conservative. This assumption is
not overly restrictive, as it holds also for the standard Dirichlet form on the Wiener space,
see [46].

e The semigroup {F};c[0,00) 18 symmetric, i.e. for 1 < p,q < oo with % + % =1, fe LP(X,pu),
g€ LUX, 1), t >0,

/ (Puf) (@)g()dpu(z) = / £(2)(Pog) (2)dp(x). (9)
X X

6



e The semigroup {F;}ic(0,00) 18 strongly continuous on LP(X, u) for 1 <p < +oo, ie.,

|Pef = flloexy = 0, ast—0. (10)

e The semigroup {F;}c[0,00) 18 an analytic semigroup on LP(X, u) for 1 < p < +oo. In partic-
ular, from [29, page 101], there exists a constant C' > 0 independent of ¢ > 0 (but depending
on p) such that for every f € LP(X, u),

C

ILE oy = I lzecx - (11)

Since we assume conservativeness, the semigroup {Pt}te[o,oo) yields a family of heat kernel
measures. Namely, from [9, Theorem 1.2.3], for every bounded or non-negative measurable function
f: X =R,

P.f(z /f Ype(z,dy), t>0,z€ X, (12)

where, for each ¢t > 0, pi(x,dy) is a probability kernel (that is, for every z € X, pi(z,-) is a
probability measure on X and for every measurable set A, x — p¢(x, A) is measurable). Note that
from the symmetry property of the heat semigroup, the measure defined on X x X by 14(A x B) =
| + 1aP1pdp is symmetric, thus one has for every non-negative measurable function F' : X x X — R,

// (z, y)pe(z, dy)dp(x // (@, y)pe(y, dz)dp(y). (13)

We say that the semigroup {F;}ic(0,00) admits a heat kernel if the heat kernel measures have a
density with respect to p, i.e. there exists a measurable function p : R5g x X x X — R>q, (and we
denote p(t, x,y) as pi(x,y) for t > 0 and =,y € X) such that for every t > 0,2,y € X, f € LP(X, p),
1 <p<oo

Puf(x) = /X P, 9) () dia(y).

Many of our results do not require the existence of a heat kernel. The major exceptions are the
Sobolev embeddings in Section 6. This assumption will thus be explicitly stated when needed.

The following lemma is well known. It follows from the classical Jensen’s inequality applied to
(12).

Lemma 2.2. Let ® : R — [0,00) be a convez function. For 1 < p < oo and all f € LP(X, ) and
t > 0 we have

Q(P(f)) < P(®of).
In particular, for 1 <p < oo and all f € LP(X, ) and t > 0 we have

[B(N)IP < Bl f17)-

3 Heat semigroup-based Besov spaces

Let (X, u, &, F) be a Dirichlet space and let { P, };c[o,o0) denote the associated heat semigroup. As
already pointed out, { P };c[o,00) is assumed to be conservative. Our basic definition of the (heat
semigroup-based) Besov seminorm is the following;:



Definition 3.1. Let p > 1 and a > 0. For f € LP(X, u), we define the Besov seminorm:

Il =supe== ([ Pl - 100 rp><y>du<y>) "

Observe that in terms of the heat kernel measure (12), one has:

[Pl = st = | / 1)~ )Py, d)p(y).
Our goal in this paper is to study the Besov type spaces
BP(X) ={f € L(X, ) : [[fllp.a <400} (14)
The norm on BP*(X) is defined as:

[fllBre oy = 1l e x ) + 1]

Remark 3.2. It is apparent that if v is a normal contraction of u € BP*(X) then v € BPY(X)
with [Vl p.a < ||ullpa and |[v]|gr.a(x) < [Jullgraxy. This fact will be used from time to time without
further comment.

p,o-

One has first the following example of the standard Dirichlet form on R™.

Example 3.3. If X = R" and & is the standard Dirichlet form on R™, that is, for f,g € WH2(R™)
we have

£(.9) = [ (V1) Vgla)da,

then, for p > 1 and a > 0 the class BP*(X) coincides with the Besov-Nikol’skii class BQO‘ *(R™)
that consists of f € LP(R™,dx) such that

wp L) = FO,

< +00.
heR™ h#£0 |h|2

We refer, for instance, to [7] and [5/, Theorems 4 and 4% for several equivalent descriptions of
those spaces.

Comparable Besov type spaces have previously been considered in the literature in some specific
settings. A most relevant reference is the paper by K. Pietruska-Paluba [51] (see also references
therein). In particular, [51] provides a metric characterization of the spaces BP*(X) on Dirichlet
spaces that admit a heat kernel with Gaussian or sub-Gaussian heat kernel estimates.

Theorem 3.4 ( [51, Theorem 3.2]). Let (X, u,E,F) be a Dirichlet space and let d be a metric on
X compatible with the topology of X. Assume that the metric space (X, d) is Ahlfors dg-reqular
and that {P;}icjo,00) admits a heat kernel py(x,y) satisfying, for some ci,c2,c3,ca € (0,00) and
dw € (1,00),

d dw \ 1= d dw -
eyt~ /dw exp<—62 <(x,;g) ) w 1) < prla,y) < cgt~dH/dw exp<—c4( (z,9) ) dw 1>
for u x p-a.e. (z,y) € X x X for each t € (O,Jroo). Let p>1 and a > 0. We have

B (X) = {f e () s sp o ([ 156 = P dnto) ) " oo}

with comparable seminorms, where for r > 0 the set A, denotes the collection of all (z,y) € X x X
for which d(z,y) < r.




The further study of the spaces BP%(X) on Dirichlet spaces that admit a heat kernel with
sub-Gaussian estimates will be the object of the paper [2]. In the present paper, one of the main
goals is to study the spaces BP*(X) in the framework of a general Dirichlet space (X, u, &, F).

4 Properties of the heat semigroup-based Besov spaces

In this section we identify and prove some fundamental properties of the Besov spaces given in
Section 3, including Banach space property, reflexivity, and non-triviality. We also show that the
supremum in the definition of Besov spaces can be replaced with limit supremum; this “locality in
time” property is very useful in obtaining local information about Besov functions (in particular,
dimensions of boundaries of sets whose characteristic functions are in a Besov class from their
norms, see [1-3]). We will also prove interpolation inequalities and pseudo-Poincaré inequalities.
Those pseudo-Poincaré inequalities will play a prominent role in the study of Sobolev inequalities,
see Section 6. Finally, we study the relationship between the Besov spaces and the domain of the
fractional powers of the generator of the Dirichlet form.

Throughout the section, let (X, u,&,F) be a Dirichlet space and let {P;}c[o,00) denote the
associated Markovian semigroup.

4.1 Locality in time

The following “locality in time” property will be useful in understanding functions of bounded
variation, to be studied in the second and third paper [1,2]. It also underlines the fact that the
Besov energy seminorm || - ||, is a global object, since in going from the supremum in the Besov
norm to limit supremum one also picks up the LP-norm. Recall the definition of (heat semigroup-
based) Besov classes from Definition 3.1.

Lemma 4.1. Letp>1 and o > 0. Then

1/p
BP*(X) = {f € LP(X,p) : limsupt™® (/X Pt(lf—f(y)lp)(y)du(y)> < +OO}-

t—0

Moreover, if > «, then BP3(X) c BP*(X). Furthermore, for f € BP*(X), and for every t > 0,
we have

1/p
£l < nﬂmmm+SWﬁ (L}HV—ﬂMW@MMM) |

St iy

Proof. The claim BP#(X) ¢ BP%(X) for 8 > «a is immediate.
If f € B»*(X), then

p,oe-

1/p
limsup ¢~ </X P(lf = f(y)l”)(y)du(y)> < | f]

t—0

Conversely, if limsup, ot~ ([ P:(|f — f(y) ]p)(y)du(y))l/p < 400, then there is some ¢ > 0 for
which

sthQ/au ﬂNW)@Uym<m

te(0,¢€]



For t > ¢, since |f(z) — f(y)|P < 2°P7L(|f(z)[P + | f(y)|P), the semigroup is conservative (and hence
Pil(z) =1 for all z € X) and [ R(|fIP)(z) dpu(z) < [ |f ()P dp(z), we have

1/p
e (/X P(|f - f(y)lp)(y)du(y)> < 26| fll Lo (x -

The last inequality stated in the lemma now follows from the above inequality, and we also have

that if limsup, ot~ ([ P(|f — f(y)\p)(y)du(y))l/p < 00, then f € BP»*(X). This completes the
proof. O

Interestingly, in a large class of examples of strictly local Dirichlet forms, for a = 1/2,

t—0

limsup ¢~ </X P(lf - f(y)\p)(y)du(y))l/p

is actually a limit that can be explicitly computed:

Proposition 4.2. Assume that X is a smooth manifold of dimensionn > d. Let L = V0+Z§l:1 V2
be a Hormander’s type operator on X, where the V;’s are smooth vector fields. Let us assume that
L is essentially self-adjoint on C§°(X) in L(X, i) for some Radon measure ju on X. Consider the
Dirichlet space (X, u,E,F) obtained by closing the pre-Dirichlet form

E(f.g) = /X P(f.g)du(z), f.9 € CF(X),

where T'(f,g) is the carré du champ operator defined by I'(f,g) = %(L(fg) — fLg — gLf) =
Zg‘zl(w)(mg). Assume that the associated semigroup P, is conservative. Then, for every p > 1,

C(X) c BPY2(X)

and one has for every f € C§°(X), and open set A C X,

14p 1/p
it ([ Blr- f(fv)lp)(w)du(w)>l/p — F<ﬁ) (fru f)(w)””du(fv))l/p,

where I’ (%) denotes the Euler’s gamma function.

We will prove this proposition below, after discussing its consequences.

Remark 4.3. In the previous setting, one therefore has

1/p
( / r<f,f><x>p/2du<x>) < Clf s (15)
X

for f € C¥(X). Moreover, if P; satisfies the Bakry-Emery estimate \/T(P,f) < CP,\/T(f), we
will see in [1, Section 4.5] that the converse inequality to (15) holds for p = 1, which takes the form

sz < ( [ 070 20 )

10



Remark 4.4. Proposition 4.2 indicates that at a high level of generality, one may expect the Besov
spaces Bpﬁl/Q(X), 1 < p < 400 to be closely related to the various notions of Sobolev spaces that
have been defined on metric measure spaces (see for instance [53]). While in this paper we shall
only be concerned with the study of all the Besov spaces BP*(X), the comparison between Sobolev
spaces and Besov spaces will be made in [1, Section 7] in the framework of Dirichlet spaces with
absolutely continuous energy measures. In the framework of [2], it will be interesting to compare
our results with the recent preprint [40] on Sobolev spaces and calculus of variations on fractals.
Such a comparison will be the subject of future study.

Example 4.5. If X = R" and & is the standard Dirichlet form on R™, it is natural to expect that
for every p > 1, and every f € BP/2(X)

y4 1
%i_{%tﬂ/z (/RnPtW - f(g;)|P)(x)daf)1/p =2 F<1\/§r) p (/Rn Vf(x)de) Up.

The case p =1 is proved in [50], but we did not find it in the literature for p > 1, p # 2, though it
seems to be closely related to [16] .

Proof of Proposition 4.2. We use here a probabilistic argument. For x € X, we denote by
(Bf)t>0 the L-Brownian motion on X started from z, that is the diffusion with generator L. It can
be constructed as the solution of a stochastic differential equation in Stratonovich form:

d
dB} = Vo(Bf)dt + V2 Vi(Bf) o dp;
=1

where [ is a d-dimensional Brownian motion. Let f € C§°(X). The process

t
M = §(B7) = f@) - [ Lf(Bas
is a square integrable martingale that can be written
d . '
M =V2Y” [(vnmas.
i=170
We have then
Bi(|f = f(@)[P)(z) = E(|f(BY) — f(2)[")
t P
—E (‘Mtf +/ Lf(B%)ds ) .
0

Observe now that % fot Lf(B¥)ds almost surely converges to 0 when ¢ — 0. Note also that \%Mtf

converges in all LP’s to the Gaussian random variable /2 Z?ZI(VZ- f)(z)B:. Since f has a compact
support, one deduces that

1/p

lim ¢~/ ( /A P(|f - f(a:)]p)(:c)du(x)>1/p:Cp < /A F(fvf)(x)mdu(a:)) :

t—0

r(2)

with C, = V2E(|NP)!/? = 2< =

mean 0 and variance 1. O

1/p
> , where N denotes a Gaussian random variable with
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4.2 B?Y2(X) = F and non-triviality of some of the spaces B?»*(X)

We prove that the Besov space B>'/2(X) is exactly the domain F of the Dirichlet form. It follows
that B>'/2(X) is dense in L?(X, ).

Proposition 4.6. We have B*Y/2(X) = F. Moreover, for every f € F, 25(f, f) = || f|I? 12

Proof. Let f € L?(X,u). Note that as P, is linear and fixes constant functions (by its conserva-
tiveness), we have for ¢ > 0 that

Plf = F)P) () = B2 () + f()* = 2f () P.(f) (v)-

Therefore,

1

o Pt(!f FWP) () duly) = 21t/ (B ) + fW)? = 2f ()P )(y) du(y).

Now using the symmetry (9) and the conservativeness of { P, };c(o o), We have

/Pt(fz)(y)du(y)Z/(Ptl)(y)fQ(y)du(y)z/ F(y) du(y)
X X X

Therefore,
1 1 )
5 [ PE = P dut) = 7 [ (0P = F0)PAN@)) duto)
= - RS f). (16)

From Lemma 2.1 above, one sees that the right side of (16) is positive and decreasing as t increases,
and has limit £(f, f) as t | 0 if and only if f € F. From this, we know that the limit ¢ — 0T of the
left-hand side term above is the supremum, and the claim follows. O

Proposition 4.7. If1 < ¢ < p < oo and f € B»*(X), then |f|P/9 € B®*(X) and

£/l < 24/ < ) LAZD 1 o (17)

Proof. We need only prove the seminorm estimate, as the norm estimate then follows trivially from
Holder’s inequality. We use for any a,b > 0 such that a # b, the elementary inequality

laP/a — bP/4|

< = maxabq
la — b q {a.b}

Equivalently,
q
|aP/9 — P99 < (5) max{a, b}’ a — b|9.

Using this elementary inequality, one has

/ / 1F@) P/ — |£ () P'9] pily, d) diu(y)
X JX
g(Z) [ [ @P 5@ - I b1 d) dnty)
q
§<Z) /X /X (F@P + [F @) @) — F0)]* pely, do) dpu(y). (18)

12



We now observe that thanks to (13),

[ [ i@ - 10 ntanyants) = [ [ 150879176) - 1) e, ) o).

On the other hand,

/X /X F@P (@) - F@)| pely, d) duly / / F@ P £ (@) — )| piles dy) du(a).

Thus, applying Holder’s inequality and then (12) to (18), we have

[ J @l = | . do) duty

<2 (L) [ s ( [ 15 = 1) o)) duta)
/X f@p-e( [ 5@ - 1l o) " auta)
11500 [ [ 5@ = el i) au(x))""
RS f<x>|p><x>du<x>)m

LAIES o oyt A1

IA
N

IN
N

IN
[\)
Q

QRIT R RIT RIT
\/\/\_/\/

VAN
[\)
7~ N 7 N /\/\

O

which implies (17).
The following is an immediate consequence of Propositions 4.6 and 4.7.

Corollary 4.8. If 1 < ¢ < p < 0o and BP*(X) is dense in LP(X, p), then BY*(X) is dense in
LY(X, ). Hence BPY/2(X) is dense in LP(X, p) for 1 < p < 2.

We note that when the measure is finite a stronger statement is true:
Proposition 4.9. Let us assume that u(X) < oco. Then p > q implies BP*(X) C B¥*(X) and

[fllge < p(X)

Proof. Let f € BP»*(X). From Lemma 2.2 and Hoélder’s inequality, one has

q/p
/ P(|f — f()]1)du(y) < / Pi(|f — F)P)YPdu(y) < (u(X))-e/P (/ Pi(lf - f(y)l”)du(y)> :
X X X

O]

4.3 Triviality of some of the spaces B»*(X)

As we have seen, the space B>!/2(X) is dense in L?(X, ) since it is the domain F of £ which is
dense in L?(X). For other values of the parameters, it turns out that some of the spaces BP%(X)
are in general trivial.

13



Proposition 4.10. Suppose that for all f € F we have that f is constant whenever E(f, f) = 0.
Then, any f € BPY(X) with 1 <p <2 and o > 1/p is constant.

Proof. Let f € BP*(X) with 1 < p < 2. For n > 0, we set f, := min{n, max{—n, f}}. Since

[fn(x) = fa(y)] < [f(x) — f(y)| for every z,y € X and therefore Py(|fn — fu(y)|P) < Bi(lf = f(y)IP),
it is clear that f,, € BP*(X). Moreover,

P fa = fa(@)?) = Plfa = fa@)PP1fn = fa(@)P) < 27PN full 78y Pl = Fa(@)P)-
Therefore,

1 . _
5 [ Pl = Fu@P) @) < 27 Ll

As ap > 1, this implies that

o1

tin 5> [ Pl = £ @)ditz) = 0.
—0 2t X

Thus f, € B*»Y/2(X). Hence from Lemma 2.1 and Proposition 4.6, we see that f, € F and

E(fn, fn) = 0. This implies that f, is constant for every n, thus f is constant. O

The following theorem says that functions in BP/ 2(X)NF have a property related to the carré
du champ. For the definition of a regular Dirichlet space and energy measure used in the proof we
refer to the preliminaries in Section 2.

Theorem 4.11. Let p > 2. If f € BPY2(X) N F then there is T'(f) € LY(X, ) such that for all
g€ L®(X, )N F,

/X gT(f)dp = 26 (af, f) — E(f2. ). (19)

Proof. According to [31, Theorem A.4.1(ii)], any Dirichlet space (X, i, £, F) satisfying our assump-
tions is equivalent to a regular Dirichlet space (X', u/, &', F') where i/ is a Radon measure. This
result was first obtained in [30], and in [39, Section 6] the isomorphism is realized as a Gelfand trans-
form. According to [31, Appendix A.4], the equivalence between the Dirichlet spaces (X, u, &, F)
and (X', p/, &, F') implies the equivalence of LP(X,u) and LP(X', ') spaces and the equivalence
of corresponding semigroups P; and P/. The spaces BPY/2(X) and BP'/2(X’) are therefore also
equivalent.

Since (X', ', €', F') is regular, the Radon energy measure v}, exists for any f' € F'. Let

f e BPY2(X"YN F' and suppose ¢’ € L=(X', /) N F' with support of finite y/-measure. Note that
then ¢ € LP/P=2(X' 1)),
By Hoélder’s inequality from Lemma 2.2, we have

¢ [ IR = PP a6 < 7 [ IEI - Fe)
X’ y
2/p
< ([ nr - romwae) I, e g,
<

1712020,
Observe that we have
@RS = @) i ) = (PUP)a') = 2P0 L) + (o)
= (=P, d") = 2PLf' f'g) +2(f' gy = ((f).d)
= (' = P g) + 20~ POF TS,
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Now using the above identity and then taking the limit ¢ — 0, we obtain
. 2 1
1 p.1/20l9 Wl o2 (7 y > lima <t<(f’ —F)S 1'g) = T - Pt/)(f/)279>>

— 28/ (g ) — E(f)2g) = /X 2 vy,

where, as in the previous result, the limit is by Lemma 2.1 above. The final equality is from the
definition of v/}, and [24, Theorem 4.3.11], see also [14].
In particular, if E4 C Es are of finite g/ measure and 15, < ¢’ < 1p, then we obtain

1 -2
(B < [ vy < S () T

We wish to show that v},-measure of a y/-null X’-Borel set is zero. Since both ' and v}, are
X’-Radon measures, it suffices to show this for a compact p/-null set Ey. For U D E; open with
compact closure there is a continuous function h satisfying h = 1 on Fy and h = 0 on X'\ U. Then
by the regularity of £, we can find k € F' for which ||h —k[|oc < 1/3 (see [24, Definition 1.3.10(iii)]),

at which point ¢' = 3((kA2/3)—1/3) V0 satisfies the conditions of the above estimate with Fy = U,
the closure of U. Then

vy (Er) < ||f/H129,1/2M'(U)(p_2)/p < Hf’||12771/2#’(v)(p—2)/p

for any open V' containing U. Thus Vi, (E1) < infy Hf’|]§71/2u’(V)(7’_2)/p, with the infimum over all
open sets V' containing FEj; this is zero by the outer regularity of 1/ on X’. Hence V}/ < p' with a

density % € LY(X', /). However the equivalence of the Dirichlet forms and LP spaces then allows

us to take I'(f) € LY (X, p) so that for u € F N L>®(X, u),

_ /i I ool pl el _ol((fN\2 1\ - _ 2
Jourdu= [ WL =gl =R = [ 2l vy = 26(Fu £ ). ©

We deduce two corollaries. The first uses the definition of a carré du champ operator, see [15,
Defintion 4.1.2 |, which is that there is a map f +— I'(f) on a £ -dense subspace of F N L such
that (19) holds. It shows that for p > 2, B»Y/2(X) N F is dense in F only in Dirichlet spaces that
admit a carré du champ operator.

Corollary 4.12. If BPY/2(X)NF is dense in F with respect to the norm &1 defined in (7) for some
p > 2, then € admits a carré du champ operator. In particular, (19) is true for all f € FONL> (X, ).

Proof. The proof that I" extends to represent all f € F N L>®(X, u) is [15, Proposition 4.1.3]. [

The second corollary is of interest because it is known there are spaces that admit regular
Dirichlet forms for which the energy measure vy is singular to p for any non-constant f € F N
L>(X, u), see [13,46]. Examples of such spaces include the Sierpinski gasket, see for instance [10,
11,42,43]. These spaces also have the property that E(f, f) = 0 implies f is constant, so the
following result says that on these spaces BPY/ 2(X) consists of constant functions when p > 2.

Corollary 4.13. Suppose that for all f € F we have that f is constant whenever E(f, f) = 0.
Then, if £ is reqular and the energy measure vy is singular to p for any non-constant f € F, the
space Bp’l/Q(X) contains only constant functions when p > 2.

Proof. Suppose that f € BP'/2(X) and assume without loss of generality, by Remark 3.2, that
f > 0is bounded. Then, from Lemma 4.7 f?/2 ¢ B>'/2(X) = F. However, since f is bounded,
one also has fP/? € BP/2(X). Therefore, f?/2 € BP'/2(X) N F. From the proof of Theorem 4.11
we can conclude that Vipr2 =0, thus f?/2 and hence f are constants. O
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4.4 Banach space property and reflexivity

In this section we prove that for p > 1 and a > 0, BP»*(X) is always a Banach space which is
moreover reflexive if p > 1.

Proposition 4.14. For p > 1 and o > 0, BP»*(X) is a Banach space.

Proof. Let f, be a Cauchy sequence in BP*(X). Let f be the LP limit of f,,. From Minkowski’s
inequality used from the representation (12) and conservativeness of P, one has

(fortan= s " = ([ rs - o)

1/p
< ( [ 2= = Galo) - f(y))\p)(y)du(y)>

< ([ nus- flp)(y)du(y)>1/p #( [ P - f(y)\p)(y)du(y))l/p

<2/[f = fallLe(x,p)-

in_ ([ P~ £GP0 )W ([ 215 = s 01ty >)1/p,

Therefore

n—-+0o
from which we deduce that
1/p 1/p
i (07 = s = tm & ([ 205 - RGP @00

< lim [ fallpa < oo

n—oo

Therefore f € BPY(X) and || f||p,o < limy—io0 || fn
If = fmllpa < ngr_{loo [fn = frllp,a

and taking the limit m — 400 together with the fact that (f,) is Cauchy with respect to the
seminorm || - || o completes the proof. O

p.a- Similarly, for each fixed positive integer m,

We now turn to the reflexivity of B»*(X). The Clarkson inequalities for LP-functions are well-
known. Given them, the following equivalent norm of | - [|gr.a(x) immediately verifies the Clarkson
inequalities for B*(X) given below. The equivalent norm, still denoted by || - [[gr.«(x), is given by

1

1l cey = (100 + 1)

Lemma 4.15 (Clarkson type inequahtles). Let f,g € BP(X), 1 < p < o0, and q be the Hélder
conjugate of p. If 2 < p < 0o, then

1CF + 92080y + 1 = 9)/21B00x) < 1m0y /2 + 191Bsma ) /2 (20)
If 1 < p <2, then
-1
1 + )12y + 10 = 9720y < (1 By /2 + lolnay/2)” - (21)

By Proposition 4.14 and by the discussion above, we know that BP*(X) is a Banach space. By
the above Clarkson inequalities, BP»(X) is uniformly convex. These, together with the Milman-
Pettis theorem, yield the following corollary.

Corollary 4.16. For any p > 1 and o > 0, BP*(X) is a reflexive Banach space.
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4.5 Interpolation inequalities

Now we turn our attention to interpolation inequalities. This exploration is in the spirit of the
classical situation, where it is known that the classical (metric) Besov classes of functions on
Euclidean spaces are obtained by interpolation between the Lebesgue spaces LP and Sobolev spaces
WP, see [32] for analogous results in metric setting where the measure is doubling and supports a
p-Poincaré inequality. In our general setting, we have the following basic interpolation inequalities.

Proposition 4.17. Let 6 € [0,1], 1 < q,r < +00 and 3,y > 0. Let us assume % = g—i— 1;9 and

a =08+ (1—-0)y. Then, B4 (X)NB™(X) C B»*(X) and for any f € B*?(X) N B (X),
1Fllp.c < 11£1G.811F1155°-

Proof. Let f € B#¥(X)NB"7(X). One has for every t > 0

1/p

e ([ Rar - s wan) " oma-on ([ 7= s wantn)

Then, from Hoélder’s inequality

/ P — F)P) (w)dp(y) = / BAf — F) P00 () dp(y)
X X
pf p(1-0)

< ( [ nair- f(y)lq)(y)du(y)> ([ oras - onwaw)

r

One deduces

e ([ e - 1)) "

1-6
3

< ([ nas = swmwan)) o ([ 21 = s )

Taking the supremum over ¢ > 0 finishes the proof. O

Remark 4.18. This interpolation inequality opens the door to study the (real and complex) inter-
polation theory of our Besov spaces. In view of the previous interpolation inequalities, it would be
natural to conjecture that (B4#(X),B™(X))s, = BP*(X), where 0 < 0 < 1, 1 < ¢,7 < 400 and
a, B,7,p are the same as in the above proposition.

By Proposition 4.6 we know that B>'/2(X) = F. Therefore, by the above interpolation in-
equality from Proposition 4.17, we have the following result.

Corollary 4.19. Let 1 < p <2 and q be its conjugate, i.e.
any f € FNBPYX) and g € FNBY1~%(X), it holds that

€L 9] < I fllpallgllg-a-

%4_%:1. Let 0 < o < 1. Then, for
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4.6 Pseudo-Poincaré inequalities and fractional powers of the generator

Our goal in this section is to relate our Besov spaces to the domain of some fractional powers of
the generator of the Dirichlet form. In a very general framework, one can resort to (Hille-Yosida)
spectral theory to define the fractional powers of a closed operator A on a Banach space D(A) via
the following formula

sin s

(—A)f = / TN - A) N (—A)f dA,

™

for every f € D(A). In fact, using Bochner’s subordination one can express the fractional powers of
A also in terms of the heat semi-group P; = e via the following formula, see (5) in [58, page 260],

S

(=A)°f = T /000 t P — f] dt. (22)

With A = L where L is the generator of £, we set, for 0 < s <1, the class £} to be the domain
of the operator (—L)® in LP(X,pu), 1 < p < oo. In other words, £ consists of functions from
LP(X, u) for which there is a function g € LP(X, p) such that (—=L)%f = g.

The following simple pseudo-Poincaré inequalities that are analogs of classical Sobolev embed-
dings, will later play a prominent role in Section 6 and in our three subsequent papers. In this
section, we will use them to prove that the fractional operator (—L)°% : BP*(X) — LP(X,u) is
bounded, where L is the generator of the Dirichlet form £ and 0 < s < a < 1.

Lemma 4.20 (Pseudo-Poincaré inequalities). Let p > 1 and o > 0. Then for every f € BP*(X),
andt >0,

1Pef = flleexm < 1 f lpa-

Proof. From conservativeness of the semigroup and Hoélder’s inequality of Lemma 2.2, we have
1/p

([ 17 - serane)” = ([ 170 - r@p@pane)

1/p
s(/x Pt(\f—f(rr)l”)(x)du(w)> < flpe O

Remark 4.21. Triebel [55] (Section 1.13.6) introduced the interpolation spaces:
(LP(X, 1), E) o0 = {u e LP(X,p) : sugt*aHPtu —ullgp(x ) < —i—oo} )
t>

From the previous lemma, it is therefore clear that BP*(X) C (LP(X, n),E)a,c0. However, it
may not be true that BP*(X) = (LP(X, 1), E)a,00, even when X = R™, see Remark 4.5 in [50]
and [54] (Theorems 4 and 4*).

The following lemma will be useful:

Lemma 4.22. Let L be the generator of £, and let p > 1, 0 < a < 1. Then, there exists a constant
C > 0 such that for every f € BP*(X) and t > 0,

[ f]lp.

ILPfllrx,m < C e
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Proof. By the analyticity of the semigroup P, see (11), it follows that lims—, 4 oo [[LPf|[1p(x ) = 0
for 1 < p < co. Then, we have by the semigroup property of {Pt}te[O,oo) that

[e.e]
S Z ||LP2Ictf - LPQkfltfHLP(X,,u)
Lp(X,u) k=1

< Z |LPok—14(Por—1,f — f)HLP(X,,u)
k=1

=D (LPyyf — LPyi-1,f)

k=1

| LPot fl 1o (x )

o0
1
< Z Y [ Por—1ef = fll Lo (x
(2k—1¢)«
= CZ 2k 1¢ Hf b,

Hpra
<C tl a

where we used the analyticity of P, in the third inequality and the pseudo-Poincaré inequality in
the fourth. ]

One has then the following proposition:

Proposition 4.23. Let a € (0,1], p>1 and 0 < s < a. Then
BP*(X) C £,

and there exists a constant C = Cs o such that for every f € BP*(X),

s =3 o
=L fllsegy < O I I (23)
In particular, (—L)* : BP*(X) — LP(X, ) is bounded.

Proof. Let f € BP*(X). We need to prove that the integral = — [°t~*"H(P.f(x) — f(x)) dt is
finite for almost every z € X, and therefore that f € L£;. For § > 0, one has

/mr*waf—ﬁdt

0

g/ t5 NP = fllioxdt
LP(X,u) 0
5 ) > 1
< /0 NP = Fllio(xgdt + /5 TIPS = Flliecxmdt
6 o
< Hprﬂ/O t81+adt+2||f”Lp(X,,u)/6 t*Sfldt

a—s 6—8

6
< [ llpa— + 21 fllr e

Choosing 0 = 1 in the above shows the boundedness of (—L)*. To see (23), we choose § > 0 that

satisfies
Hﬂhp oa—s

0 =
I/ \p, s

so that

a—Ss 5—8

)
||f||p,aE = 2Hf||Lp(X“U,)?

19



Then
I'(l1-ys)
s

H«Lfﬂuaxm:H[;tswaf—f>w

675
< 2 ey —

_ 92—s/a 1-s/a
- I

Lr(X,p)

5 Continuity of P, on the Besov spaces and critical exponents

Our goal in this section is to study the continuity properties of the semigroup F; in the Besov
spaces BP%(X) with range 1 < p < 2 and parameter o = % As corollaries we will deduce several
important properties of the Besov spaces themselves. In particular, we will obtain the non-trivial
fact that for 1 < p < 2, the Besov space B»'/2(X) contains the LP(X, 1) domain of L.

As before, throughout the section, let (X, u, £, F) be a Dirichlet space and let { P; }4¢[9,oc) denote
the associated heat semigroup.

5.1 Continuity

The main result of this section quantifies a regularization property of the heat semigroup as follows.

Theorem 5.1. Let 1 < p < 2. There exists a constant C, > 0 such that for every f € LP(X, p)

andt >0 o
1P fllp,1y2 < ﬂf/’;Hme(x,u)-

In particular P, : LP(X, 1) — BPY2(X) is bounded for t > 0.

It is remarkable that Theorem 5.1 applies to any Dirichlet space (X, 1, £, F). We will see in [1,2]
that the study of the continuity of the semigroup in the Besov spaces BP**(X) with range p > 2
requires additional assumptions on the space (weak Bakry—Emery type curvature condition).

To prove this theorem we need the following auxiliary result. The proof of this auxiliary result
is obtained from some deep ideas originally due to Nick Dungey [28] and developed further by Li
Chen in [22].

Lemma 5.2. Let 1 < p < 2. There ewists a constant C, > 0 such that for every non-negative
feLlP(X,pu) andt >0

1/p
([ 2= 1P < I IP = 115

Proof. Let 1 <p < 2andt > 0 be fixed in the following proof. The constant C' in the following will
denote a positive constant depending only on p that may change from line to line. For «, 8 > 0,
set

Yole, B) := pa(a — B) — a* P (a? — BP)

and for a non-negative function f € LP(X, )

Tp(f)(w):==praﬂb/;(f(w)<—<f(y))pttr,dy)<—(f2‘p(w)u/;(fw($)<—.fp(y))z%(w7dy)
=A%MWHWM@M-
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Note that from [23, Lemma 3.5], one has for any «, 5 > 0

(p =1~ B)* < (e, f) + (B, a) < pla — §)?

and that, similarly to [28, page 122], one has I'y(f) > 0. Then the same argument as in [23,
Lemma 3.6] gives

Here the fourth line follows from the symmetry property of heat kernel measure in (13). Denote
Ay = I — P;,. Then A; is the generator of a strongly continuous semigroup {e*SAf}se[om) on
LP(X, u) given by e™55¢ = 3% s° (P, — I)". We then follow the proof of Theorem 1 in [23] (see

n=0 n!

also Theorem 1.3 in [28]) by taking u(s,z) = e~ f(z). Note that

T,(u) = pu(u — Pou) — u* P(uf — Py(uP))
= pulyu — u* P A (uP)
= —pudsu — u> P A (uP)

= —u? P (95 + Ay) uP.

Set now
J(s,2) = — (0s + A¢) uP (s, z),

so that
Tp(u) = u?PJ.

Note that since v > 0 and I'y(u) > 0, one has J > 0. One has then from Hélder’s inequality

/F£/2(U)dM=/ uP2P)2 gp2 gy,
X X

(o)™ ()

Observe that u € LP(X, ) and hence w? € LY(X, ). Then [ Py(uP)du = [wPPldp = [ uPdu by
symmetry and the conservative property of P;. It follows that [, AjuPdyu = 0. One computes then

/ Jdp = —/ (0s + Ap) uP (s, z)dp = —/ Os(uP)dp = —p/ P Ogudp = p/ P~ Avudp.
X X X X X
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Thus, we have from Holder’s inequality

[ T <l ol vl

From the definition of A; one concludes therefore

1/p
(/X /. |u<s,x>—u<s,y>rppt<x,dy>du<m>> < Cluls, Y2 |1 Prus, ) = u(s, Y2 .

Letting s — 07 yields

1/ 1/2 1/2
([ [ 1@ = sor mean ) < U1 ollRS = 1135 .
We are now ready to prove Theorem 5.1.

Proof of Theorem 5.1. Let f € LP(X,pu). We can assume f > 0. If not, it is enough to
decompose f as f* — f~ with f* = max{f,0} and f~ = max{—f,0}. Let s,t > 0, applying
Lemma 5.2 to P, f, one obtains

1/p
( /X Ptopsf—Psf<y>|p><y>du<y>) < ColIPuF o o | Pevsf = Pof Ity

Note that || Psf|zr(x,u) < Ifllzr(x ) and that

t
||Pt+sf - PsfHLP(X,,u) = H/O LPs-i-ufdu

- ‘ LP(X,p)
< /Ot 1P LPefll o x ) s
SUILPsfll pocx )
< CZ o xgn

where in the last step we used analyticity of the semigroup. One concludes

([ purs—rswrwam) " <e (D) Moo

Dividing both sides by v/t and taking the supremum over ¢ > 0 complete the proof. O

Lr(X,p)

t
/ P,LP;fdu
0

We now collect several corollaries of Theorem 5.1. The following surprising result shows that
when p > 2, the quantity
supt™ /2| P, f — Fllzex
>0

can actually always be controlled by

t—0t+

1/p
lim inf 4172 ( U f(y)!p)(y)dﬂ(y)> .

This is another manifestation of the locality in time property of our Besov spaces (see also Section
4.1).
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Proposition 5.3. Let 2 < p < +o0. For every f € LP(X, ), and t > 0,

1/p
I1Pef = fllzo(x < Cpt'/? liminf s~/2 </X Py(If = f() !p)(y)du(y)> :
Proof. For T € (0,00) we set

£ (u,v) = /X (P, — Duvdp. (24)

T

Let f € LP(X,u) and g € LI(X, u) where ¢ is the conjugate exponent of p. We note that,
t t 1
/ E-(P.f, g)ds = / E / (Purnf — Puf)gdyuds
0 o TJXx

1 t+71 1 T
:/ (/ Psfds—/ Psfds> gdp
X \T Jt T Jo

Therefore, using the strong continuity of the semigroup in LP(X, ), one has for ¢ > 0,

t
/(Ptf—f)ngZ lim / E-(Psf, g)ds.
X =0t Jo

Note now that £ (Psf,g) = & (f, Psg) and that from Holder’s inequality (applied as in the proof
of Proposition 4.17)

1/p

1/q
206, (1, Pug)| < 7 ( /. PT<|Psg—Pw(y)\%(y)du(w) — ( /. Pr(lf—f(y)lp)(y)du(y)>
1/p
<12 ( [ s - f(y)lp)(y)du(y)> 1Pl

1/p
< Cpr /2 (/X P(|f - f(y)\p)(y)du(y)> s 2(lgl pa(x g0

One has therefore

1/p
[t = Dyt < 6 Pl timigt s ([ 2= sP 0an )
X s X

and we conclude by L? — L? duality. O
One deduces:
Corollary 5.4. Let 2 < p < 400 and o > 1/2. If f € BP*(X) then E(f, f) = 0.

Proof. Indeed, for f € BP*(X) with a > 1/2 one has

s—0

1/p
lim inf s~/ (/X Py(|f — f(y>\p)(y)du(y)> =0,

so that for every t > 0, P,.f = f, and thus E(f, f) = 0. O

Our final corollary of Theorem 5.1 is as follows.
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Proposition 5.5. Let 1 < p < 2. Let L be the generator of £ and L, be the domain of L in
LP(X, ). Then
L, c BP/2(X)

and for every f € L,
115,172 < CILFN Loy 1 F 1 2o (- (25)
Proof. Write for A > 0
Raf =(L=Nf = [ eNpsa
0

Consequently

o0 o
_ € _
1R fllpaje < [ e IR laadt < [ e et < O unc
It follows that
171172 < CX Y2 = N7l < COTIL oy + A2l o)

Taking A = HLfHLP(X,u)‘|f||£p1(x,u) gives the result. O

5.2 Critical Besov exponents

One can summarize several of our findings about the density or the triviality of our spaces BP*(X)
by introducing the notion of Besov critical exponents. Let p > 1. For the space X we define the
LP Besov density critical exponent a;(X) and triviality critical exponent a# (X) as follows:

a,(X) =sup{a >0 : BP*(X) is dense in LP(X, pu)}.

af (X) =sup{a > 0 : BP*(X) contains non-constant functions}.

Evidently aj(X) < a# (X). Critical Besov exponents of this and similar types have appeared in
several previous works [34,35,37]. In particular, Grigor’yan [34] points out that when Theorem 3.4
can be applied, we know BP*(X) can be defined in a purely metric fashion and therefore the
critical exponents are determined by the metric-measure structure of X and are independent of
any heat kernel. He also proves the exponent ab(X) = % if P, is stochastically complete, see also
Proposition 5.6(4) below. There does not seem to be any literature on whether o*(X) and o (X)
are distinct, but note that Gu and Lau [37] gave examples of spaces and Dirichlet forms for which

the Besov critical exponent for density of B%%(X) in C(X) is strictly less than a#(X )

Proposition 5.6. The following are true:

1. Both p = ay(X) and p a#(X) are non-increasing;

2. For1 <p <2 we have a#(X) > ap(X) >

D=

If we assume that E(f, f) = 0 implies f constant, then we have in addition

3. If 1 <p <2 then ay(X) ga#(X) <

7

S

4o a3(X) = af (X) = §;
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5. For 2 < p < oo one has ay(X) < a#(X) <

D=

Furthermore if £ is reqular and the energy measure vy for each non-constant f € F is singular to
W (as is the case on some fractals) we obtain

6. For p > 2 one has ay(X) < a#(X) <

1
p 2

Proof.

1. This is a direct application of Proposition 4.7 and Corollary 4.8.

2. We proved in Proposition 4.6 that B>'/2(X) = F which is dense in L?, which proves the
result for p = 2. For 1 < p <2 we use Claim 1.

3. This follows from Proposition 4.10.
4. Combine Claim 2 and Claim 3.
5. This follows from Corollary 5.4.

6. This is Corollary 4.13. O

We now present some conjectures on the critical exponents. We state them for a# (X), but

similar results would be expected to hold for o (X).

Remark 5.7. In view of the duality given by Corollary 4.19, it is natural to conjecture that under
suitable conditions one may have

af (X)+af(X)=1
if p and q are conjugates, i.e. satisfy ;1) + % =1.
Remark 5.8. We will see in [1, 2] that for local Dirichlet forms the limit

X) = lim of(X

(X) = lim o7 (X)

1s closely related to a Holder regularity property in space of the heat semigroup. If the conjecture
in Remark 5.7 is true, then classical interpolation theory (see Proposition 4.17) suggests that it is
reasonable to expect that for every p > 1:

aff (X) = ]19 + <1 - ;) ot (X).

Example 5.9. For strictly local Dirichlet forms with absolutely continuous energy measures, we

will see in [1] that one generically has off (X) = ay(X) = 1 for everyp > 1.

Example 5.10. On the infinite Sierpinski gaskets of(X) = j—;, where dg is the Hausdorff di-

mension of X and dw its walk dimension, see [2]. Finding the exact value of oﬁfﬁ(X) 18, in general,
an open question; in particular it is open for Sierpinski carpets.
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6 Sobolev and isoperimetric inequalities

In this section, we are interested in sharp Sobolev type embeddings (the case p = 1 corresponds to
isoperimetric type results) for the Besov spaces studied in this paper.

Let (X, u1, &, F) be a Dirichlet space. Let { P;};¢[0,00) denote the Markovian semigroup associated
with (X, u, £, F). Throughout the section, we shall assume that P; admits a measurable heat kernel
pi(x,y) satisfying, for some C' > 0 and § > 0,

pi(z,y) <Ct P (26)

for p x pra.e. (z,y) € X x X, and for each t € (0, +oo). Our goal in this section is to prove for the
space BP?(X) global Sobolev embeddings with sharp exponents and one of the main results will
be the following weak-type Sobolev inequality and the corresponding isoperimetric inequality:

Theorem 6.1. Let 0 < a < 5. Let 1 < p < g There ezists a constant Cp, o > 0 such that for
every f € BPY(X),
1
Sup sp({r e X : [f(x)] =5} < Cpallfllpa
§2

where q = 5232&. Therefore, there exists a constant Cige > 0, given in Proposition 6.5, such that

for every subset E C X with 15 € BL¥(X)

B—a
w(E) 7 < Cisol 1E[1,0-

6.1 Weak type Sobolev inequality

We follow and adapt to our setting a general approach to Sobolev inequalities developed in [8] (see
also [52]). The pseudo-Poincaré inequality proved in Lemma 4.20 plays a fundamental role here.

Lemma 6.2. Let 1 < p,q < +oo and o > 0. There exists a constant Cy o g > 0 such that for every
feBP*X)NLYX,p) and s > 0,

B =

sups' TS ({w € X ¢ |f(2)] > s})

>0 q,Ot B‘|f‘|ﬁ7a‘|f||Lq (X,p)"

Proof. We adapt an argument given in the proof of Theorem 9.1 in [8]. Let f € BP%(X) and
denote

F(s)=p({z e X : |f(x)] > s}).
We have then
F(s)<p({e e X« |f(x) - Pf(@)] > s/2}) + p({z € X : |Pf(z)| > 5/2}).

Now, from the heat kernel upper bound p;(z,y) < Ct=P,t > 0, one deduces, for g € LY(X, u), that
|Prg(z)] < Ct‘BHgHLl(Xm. Since P is a contraction in L (X, ), by the Riesz-Thorin interpolation

one obtains
Cl/a
P f(z)] < WHfHLq(X,H)-

Therefore, for s = QCl/q I fllLa(x p)> one has p({x € X : [P f(x)| > s/2}) = 0. On the other hand,
from Theorem 4.20,
p({ze X o |f(x) = Pf(x)] > s/2}) <27 P| fI[] o
We conclude that
F($)Y < 85~ 5 | fllan 1l - =
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As a corollary, we are now ready to prove the weak Sobolev inequality.

Theorem 6.3. Let 0 < a < 8. Let 1 <p < g There ewists a constant C), o 3 > 0 such that for
every f € BPY(X),

Q=

ssglgsu({xGX |f(@)] > s})

p, ﬁ”f

P,

pB

where ¢ = Fp
Proof. Let f € BP»*(X) be a non-negative function. For k € Z, we denote
fo=(f =25 A2~

Observe that fy € LP(X,pu) and || fillze(x,0) < Il fllze(x,u)- Moreover, for every z,y € X, |fi(z) —
fe@)| < 1f(z) = f(y)| and so || fllpa < [[fllpa- We also note that fi € L'(X, ), with

1illzrx = /X fldp < 2 p({a € X+ fz) > 2.
We now use Lemma 6.2 to deduce:

14+ 1 £
sups' (o € X ¢ ful@) > )P < Copllfillpall fillfr
SZO )

< Capllfellpo (2u(la € X ¢ @) > 29)".

In particular, by choosing s = 2¥ we obtain

@R

#(1+5), ({x €X : f(z) 2 2k+1}>; < Casllfi

pe (2°0{z € X ¢ fl2) > 2)

Let
M(f) =sup2¥u(fzr € X : f(x) = 2°)Y/9,
kEZ
where ¢ = 5 —. Using the fact that 1 = % — % and the previous inequality we obtain:
1
P _kga go
2 ({oe X 1 fl@) 22" <27 F CopllflpaM (5.
and
b
P (fo € X ¢ fla) = 24))7 < O
Therefore

M(f)'F < 2Cq5\\f\|p/q

One concludes
M(f) < 2q/pca,,8||f||p,a-

This easily yields:

supsp({z € X : f(z) > s})a < 279C 5 Fllpa
s>0

Let now f € BP?*(X), which is not necessarily non-negative. From the previous inequality applied
to | f|, we deduce

. - 1+q/p 1+q/p
Sup sp({z e X« [f(z)| = sh)a <279PCqgll| flllpa < 277PCopl fllp,a- [
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6.2 Capacitary estimates

It is well-known that Sobolev inequalities are related to capacitary estimates, see for instance [8,
Section 10]. In the current subsection, we explore this relation in our case. Let p > 1 and 0 < a < f3.
For a measurable set A C X, we define its («a, p)-capacity:

Cap,(A) = inf{[|f[|},, : f€B"P(X),14 < f <1}
We have the following corollary:

Corollary 6.4. Let 0 < o < 8. Let 1 < p < B There exists a constant Cpa > 0 such that for

a
every measurable set A C X,
1-kx

W(A)F < C, o Cap(A).

Proof. This is an immediate corollary of Theorem 6.3. O

6.3 Isoperimetric inequalities

Let £ C X be a measurable set with finite measure. We will say that E has a finite a-perimeter if
1z € BY®(X). In that case, we will denote

Pa(E) = H]-E

‘1,04-

Proposition 6.5. Let 0 < a < 8. For every E C X with finite a-perimeter
B-a
,U(E> 5 < CiSOPOé(E)v

where

|9

C (OH—[?)QT#

C’iso - [
2Ba B

and C' is the constant from (3) and (26).

Proof. We follow an argument originally due to M. Ledoux [48]. Observe, from symmetry and
conservativeness of the semigroup, that

”PtlE—]-EHLl(X,p) :/(1—Pt1E)d,u—|— Plgdu
E Ec

E E

=2 (u(E)—/EPtlEdu>

However, our assumption (26) on the heat kernel gives

/EPtlEduz/E/Ept(w,y) dp(z) du(y) < Ct P u(E)?

Combining these equations with the pseudo-Poincaré estimate from Lemma 4.20 gives, for ¢ > 0,

2u(E) < ||Ple — 1glpixu + 2/ Pagdp < t* Pa(E) 420t °u(E)*.
E
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If P,(E) = 0, then letting ¢t — oo we also see that p(F) = 0, and so without loss of generality we
may assume that P,(FE) > 0, in which case we also have p(F) > 0. We minimize the right-hand
side by choosing t satisfying
toth — @ © (E)2
a P,(F)

and obtain, for this choice of ¢, that

2u(E) < <1 + g) 1P, (E).

Raising both sides of this equality to the power QTJgﬁ concludes the proof. ]

We note that in the limiting case o — 3, the previous estimate for Cis, yields the following
corollary, which is applicable on many fractal spaces, see [2,4]:

Corollary 6.6. For every set E C X with finite B-perimeter and pu(E) > 0,

1
Ps(E) > —
where C' is the constant from (26).

6.4 Strong Sobolev inequality

We now prove strong Sobolev inequalities. This requires an additional assumption on the space.

Definition 6.7. We say that the Dirichlet space satisfies the property (Ppo) if there exists a
constant C > 0 such that for every f € BP%(X),

1/p
Il < Clipinte== ([ [ 170) = fP e pin@ant)

Remark 6.8. The property (Pp o) with a =1/2 can be seen as a stronger form of the Proposition
5.3. As shown in [1, 2], in many situations, the property (Pp ) is satisfied, provided that the space
X satisfies a weak BakTy—E’mery type non-negative curvature condition and that o is the LP-Besov
critical exponent of X (see Section 5.2 for the definition of Besov critical exponent).

For instance, (Pp o) is satisfied for p = 1, = 1/2 for the standard Dirichlet form of R™. It
is also satisfied for p = 1,a = 1/2 for the standard Dirichlet form of a complete Riemannian
manifold with non-negative Ricci curvature. More generally, in the framework of [1], property
(Pp.a) is satisfied when p =1, = 1/2, see Theorem 5.2 there. In the framework of Dirichlet spaces
with sub-Gaussian heat kernel estimates, see [1], the property (Py) is satisfied for some o (the L
Besov critical exponent) provided that a weak Bakry—Emery type estimate is satisfied.

Our main theorem is then the following;:

Theorem 6.9. Assume that the Dirichlet space satisfies the property (Ppo) and that B is given

in (26). Let 0 < a < fB. Let 1 <p < g There exists a constant Cp o g > 0 such that for every
feBP(X),

1l ey < Cpapllfllpas

pB
B—pa”

where ¢ =
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Note that in the standard Euclidean setting of R™ the Sobolev embedding theorem holds as
above with 8 = n. To show that the weak type inequality implies the desired Sobolev inequality,
we will need another cutoff argument and the following lemma is needed.

Lemma 6.10. For f € BP»*(X), f > 0, denote f;, = (f —2F), A2F, k € Z. There exists a constant
C > 0 such that for every f € BPY(X),

1/p
(ankup,a) < Clf e

keZ

Proof. By a similar type of argument, as in the the proof of Lemma 7.1 in [8], one has for some
constant Cj, > 0,

|fe(®) = fru()|Ppe(, y)dp(z)du(y) < Cp |f(z) — f(y)Ppe(x, y)dp(x)du(y).
];Z//k () |Ppe(z, y)dp(z)dp(y // Y)|Pp(z, y)dp(z)dp(y

As a consequence of property (Pp.q),

1/p
(ZIIMI%) < Cllfllpa-

keZ
and the proof is complete. O
We can now conclude the proof of Theorem 6.9.
Proof of Theorem 6.9. Let f € BP*(X). We can assume f > 0. As before, denote fr =
(f —2"); A2F k € Z. From Lemma 6.3 applied to f, we see that

1
supsp ({z € X« |fel(@)] 2 517 < Cpall fellpo:

In particular for s = 2%, we get

“u(fre X - f) > 2’““}) < Cpallfillpa-

Therefore,

Zqu,u ({ﬂ: eX: f(x)> 2k+1}> < Cg,az | fell?

j o
kEZ kEZ

Since ¢ > p, one has Y,y || fillfa < (Xiez ||fk\|£7a)Q/p. Thus, from the previous lemma

S 2 (fre X ¢ fla) 2 21}) < LI,

keZ
Finally, we observe that
2k+2
k k+1
Z2q <{$€X flx) =2 }) 2q+1_2‘12/k+1 p({ze X : f(z) > s})ds
kEZ kEZ
S -
The proof is thus complete. O
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6.5 Application

The Sobolev embeddings studied in this section have many applications that will be studied in great
details in the papers [1-3]. We just mention here that by combining Theorem 3.4 and Theorem 6.1
one immediately obtains:

Corollary 6.11. Let X be an Ahlfors dg-reqular space that satisfies sub-Gaussian heat kernel
estimates as in Theorem 3.4. Then, one has the following weak type Besov space embedding. Let
O0<d<dy. Let 1 <p< dTH. There exists a constant Cp, s > 0 such that for every f BP:d/dw (X),

1/p
sup s (o € X171 > )% < s e ([ 1500 = 501 duta) )

r>0 T

where q = urthermore, for ever < 0 < dp, there exists a constant Cigo.5 SucC at for
here ¢ = P45 Furth f y 0 <6 <dgy, th st tant Cigo 5 such that f

every measurable E C X, u(E) < 400,

dpy—3

dg =5 1 )
w(E) 4 < Cigos Sup m(u @ p){(z,y) € Ex E° : d(z,y) <r}. (27)

Remark 6.12. The number § in the previous corollary plays the role of the upper codimension of
the boundary of E. This will be further commented in [2].
Proof. From the upper sub-Gaussian estimate, one has

pe(z,y) < Ct™F

where = dy/dw. Let 0 < a < 8. Let 1 <p < g From Theorem 6.1, there exists a constant
Cp.o > 0 such that for every f € BP*(X),

1
swp sp({z € X+ |f(@)] = s})7 < Cpallflpa
S22

where ¢ = 5 . However, from Theorem 3.4,

1 1/p
£l < Csvp s ([ 1060 = soP dut) dut))

The result follows then with § = ady . O

7 Cheeger constant and Gaussian isoperimetry

While the previous section was devoted to Sobolev inequalities on Dirichlet spaces for which the
semigroup satisfies ultracontractive estimates, the present section is devoted to situations where
the Dirichlet form satisfies a Poincaré inequality or a log-Sobolev inequality.

7.1 Buser’s type inequality for the Cheeger constant of a Dirichlet space

In the context of a smooth compact n-dimensional Riemannian manifold with a normalized Rie-
mannian measure p, Cheeger introduced in [21] the following isoperimetric constant

HL(0A)
p(A)
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where H"1(0A) denotes the perimeter measure of A and where the infimum runs over all open
subsets A with smooth boundary 0A such that u(A) < % Cheeger’s constant can be used to bound
from below the first non zero eigenvalue of the manifold. Indeed, it is proved in [21] that
h2
AL > R
Buser [19] then proved that if the Riemannian Ricci curvature of the manifold is non-negative,

then we actually have

)\1 S Ch27

where C' is a universal constant depending only on the dimension. Buser’s inequality was reproved
by Ledoux [47] using heat semigroup techniques. Under proper assumptions, by using the tools we
introduced in the present paper, Ledoux’ technique can be essentially reproduced in our general
framework of Dirichlet spaces.

Let (X, u, &, F) be a Dirichlet space such that u(X) = 1. Let { P };¢[0,00) denote the semigroup
associated with (X, u, &, F). The Dirichlet form £ is said to satisfy a spectral gap inequality with
spectral gap Ay if for every f € F,

2
1
2 J— —_—
| s (Lm@ < L EUD.

We assume in this section that £ satisfies a spectral gap inequality. For o € (0, 1], we define the
a-Cheeger’s constant of X by

- 1El1a
he = inf =,
: p(E)
where the infimum runs over all measurable sets E such that u(E) < 1 and 15 € BY¥(X). We
denote by A; the spectral gap of £.

Theorem 7.1. We have hy > (1 — e H)AT.

Proof. Let A be a set with P, (A) := ||14]|1,« < +00. As shown in the proof of Proposition 6.5, we
have

114 = Pitalles g =2 (1(4) = 1Py (L) 2x)
By the pseudo-Poincaré inequality in Lemma 4.20,
P14 — Lallpr(x ) <t Pal(A).

We deduce that 1
p(A) < St Pa(A) + [Py (La) |72 (x -

Now, by the spectral theorem,
1Py (L)l = H(A) + 1Ps (La — (A 2y < 1A + € La = (D) -
This yields
1 _
B(A) < S PalA) + p(A)® + €M Ls — (A B

Equivalently, one obtains

SEPa(4) > u(A)(1 — p(A)(1 — e,
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Therefore,

1—e Mt
ha > sup <> ,
>0 >

which completes the proof. O
As already noted in [12], let us observe that it is known that the Cheeger lower bound on A\;
may be obtained under further assumptions on the Dirichlet space (X, d, ). Indeed, assume that

£ is strictly local with a carré du champ I', that Lipschitz functions are in the domain of £ and
that \/I'(f) is an upper gradient in the sense that for any Lipchitz function f,

T =1 _— v,
(Hi) lm d(zs,lyl)p—m d(z,y)

In that case, if A is a closed subset of X, we define its Minkowski exterior boundary measure by

i (4) = Tim inf © (u(A2) — (A)),

e—0 ¢

where A, = {z € X,d(z,A) < e}. We can then define a Cheeger’s constant of X by

p+(E)
n(E)

h+ = inf

where the infimum runs over all closed sets E such that u(E) < % Then, according to Theorem 8.5.2
in [9], one has
h2

7.2 Log-Sobolev and Gaussian isoperimetric inequalities

Let (X,p,&,F) be a Dirichlet space such that u(X) = 1. Let {P;};c(o,n0) denote the semigroup
associated with (X, u, €, F). The Dirichlet form &£ is said to satisfy a log-Sobolev inequality with
constant pq if for every f € F, f >0,

1
2 2 20, 1n 2 '
/flnf d,u—/fdul /fdugpoé'(f,f) (28)

We assume in this section that £ satisfies a log-Sobolev inequality with constant py. We define
the Gaussian isoperimetric constant of X by

115ll1,1/2
p(E)y/~Inp(E)’

where the infimum runs over all sets E such that u(E) < § and 1p € B'1/2(X). Following an
argument of M. Ledoux [47], we prove the following:

k = inf

Theorem 7.2. We have
po < Cik?

where C} is a numerical constant.
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Proof. Let A be a measurable set such that P(A) := |[14]|;,1/2 < +00. By the same computations
as before we have

1
n(A) < ix/iP(A) + 1P (L) l72(x -

Now we can use the log-Sobolev constant to bound HP% (14)]]3. Indeed, from Gross’ theorem it is
well known that the logarithmic Sobolev inequality

1
[ Pusan [ Papw [ Pae< o e,
X X X Po
is equivalent to the following hypercontractivity property of the semigroup
IPefllacx ) < I fllzexp)

for all f in LP(X, ) whenever 1 < p < ¢ < oo and e >,/ g%}. Therefore, with p(t) = 1+e200t <
2, we get

VEP(A) 22 (u(4) - p(A)70)

1—e2—Pot
22u(d) (1= () ).

By using then the computation page 956 in [47], one deduces that if A is a set which has a finite
P(A) and such that 0 < u(A) < 1, then

P> Cyu) ()

where C' is a numerical constant. O
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