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ABSTRACT. We study heat content and spectral properties of subordinated sub-Laplacians
on arbitrary Carnot groups. We consider restrictions of such operators to bounded open
sets with zero Dirichlet boundary condition and study their spectral properties. In par-
ticular, for a large class of subordinators we give explicit eigenvalue estimates in terms
of the subordinator and the eigenvalues of the sub-Laplacian. We also provide large-time
asymptotics of the heat content for the subordinated sub-Laplacian in terms of its spectral
gap. For fractional sub-Laplacians we prove short-time asymptotics for the correspond-
ing heat content and relative heat content. Our approach combines semigroup methods,
probabilistic techniques, geometric measure theory, and heat kernel estimates.
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1. INTRODUCTION

Carnot groups are Lie groups equipped with a natural sub-Riemannian structure. They
have been studied in analysis and metric geometry, e.g. |1,|11,/14,41]. One of the main
objects of study on Carnot groups is a sub-Laplacian. The aim of this article is to study such
operators under (Bochner) subordination using both analytic and probabilistic techniques.

The main object of interest for us is the heat content for subordinated sub-Laplacians
which measures the total energy over a set. It is known that the small-time and large-time
asymptotics of the heat content behavior encode geometric and spectral properties of the
underlying space and the operator.

For a smooth Riemannian manifold (M, g), the heat content of a domain  C M for the
Laplace-Beltrami operator A is defined as

Ho(t) = / u(t, z)d Vol (z),
Q
where u : [0,00) x @ — R satisfies

(O + A)u(t,z) =0 for all (t,z) € [0,00) x Q,
u(t,z) =0 for all (¢,z) € [0,00) x 0%,
u(0,2) =1 for all x € Q.

The small-time asymptotics of the heat content for the Laplace-Beltrami operator can be
given in terms of the volume, perimeter of the set, and the mean curvature of its boundary.
More precisely, van den Berg and Gilkey in [57] proved that for an open, bounded subset
Q with a C3 boundary in a Riemannian manifold, as t — 0 one has

Hol(t) = Vol (Q) — ﬁa(aa) + % /8 halx)o(de) + O(*12),

where hg denotes the mean curvature of the domain at the boundary, and o is the surface
measure on J2. As a generalization of the above result, Savo in [50] proved that for any
open bounded set €2 with C*° boundary in a Riemannian manifold, its heat content admits
an asymptotic expansion of any order, namely, for any k > 3 there exist explicit constants
as, ..., ax such that

k
Ho(t) = Vol (Q) — %0(80) +1 [ ho@)otdn) + > at + s
i=3

While the heat content asymptotics for Laplace-Beltrami operators have been known for a
while, such results for non-local operators have been studied quite recently. If one considers
fractional Laplacians on Euclidean spaces with 0 < a < 2, then the asymptotic behavior
depends on « and one gets the perimeter or the fractional perimeter of 2 depending on
a€ (0,1) or a € [1,2), see [44].

A similar behavior is observed for the fractional sub-Laplacian on Carnot groups. It has
been recently proved in [48] that heat content asymptotics for the fractional sub-Laplacian
operator defined by

(M), a e (0,2,

have the same scaling as in the Euclidean case when a € [1,2), and one recovers the
horizontal perimeter of the domain in the limit.
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One of the main goals of this article is to obtain the small-time asymptotics of the heat
content of the fractional sub-Laplacian when o € (0,1), but one needs to consider an
appropriate notion of the fractional perimeter, and also appropriate regularity condition for
the boundary of the domain intrinsic to Carnot groups.

When a = 2, the heat content asymptotics in sub-Riemannian geometry was first ob-
tained by Tyson and Wang [56] in the case of the 3-dimensional Heisenberg group. They
proved that

Hq(t) = Vol(Q) — \/f Pery () + % ., ha(2)o(dz) + O(t3?),

where hy (z) denotes the horizontal mean curvature at z € 92, assuming that the boundary
of Q) is completely non-characteristic. This result was later established by Rizzi and Rossi
in |47] for any sub-Riemannian manifold, still assuming that 9 does not contain any
characteristic points. Note that this setting is fundamentally different from Riemannian
manifolds, as there is no canonical measure analogous to the Riemannian volume and no
canonical connection analogous to the Levi-Civita connection. While for Carnot groups we
use a Haar measure, curvature notions are still a challenge for general Carnot groups.

In this article, we study properties of subordinated sub-Laplacians on a bounded open
set 2 in a Carnot group G. These operators are of particular interest because they are
non-local and are defined in a setting where the underlying geometry differs substantially
from that of Euclidean space. Consequently, identifying suitable geometric conditions under
which these operators satisfy analogues of known Euclidean results is a highly non-trivial
problem. Moreover, the analytical tools developed in [47] do not apply to such operators in
the context of heat content asymptotics. The main results of the paper can be summarized
in three parts as follows. Forthe precise assumptions we refer to later parts of the paper.

(1) Eigenvalues of subordinated sub-Laplacian. In Theorem we establish an
eigenvalue comparison between the subordinated sub-Laplacian and the sub-Laplacian,
both subject to Dirichlet boundary conditions on 2. In the Euclidean setting, an
analogous estimate was first obtained by Chen and Song in [18] for domains satisfying
an exterior cone condition.

We show that this comparison result extends to the setting of Carnot groups. The
upper bound (3.8]) requires no regularity assumptions on the boundary of Q. For the
lower bound (3.9), we assume that 2 satisfies an intrinsic exterior cone condition,
which provides a natural generalization of the classical exterior cone condition to the
sub-Riemannian geometry of Carnot groups. We refer to Section [5.2] for the precise
definition and further details. In particular, the eigenvalue comparison theorem applies
to every bounded domain with compact C! boundary and no characteristic points (see
Definition .

(2) Heat content asymptotics for subordinated sub-Laplacian. We then prove
explicit large and small time asymptotics of the heat content for subordinated sub-
Laplacians.

In Theorem [3.7] we obtain the large-time asymptotic behavior of the heat content
for a class of subordinated sub-Laplacians, including fractional sub-Laplacians, without
requiring any regularity assumptions on the boundary of 2. Our result shows that when
t — 00, the heat content at time ¢ scales like e *1.¢*, where A1,¢ is the spectral gap of
the subordinated sub-Laplacian with Dirichlet boundary condition. The proof of this
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result uses a careful application of the Krein-Rutman theorem and irreducibility of the
corresponding semigroups, developed in [15] for sub-Laplacians on Carnot groups.

For a € [1,2), the small-time asymptotics of the heat content for the fractional sub-
Laplacian were proved in [48]. Theorem complements this result by treating the
range 0 < a < 1, therefore establishing the existence of the corresponding limits for all
a € (0,2].

In the study of small-time heat content asymptotics in sub-Riemannian geometry, it
is typically assumed that the boundary of the domain is smooth and non-characteristic;
see, for instance, [47,48,/56]. In Theorem we instead prove the asymptotics for
domains satisfying the volume density condition. This condition is flexible enough
to include various domains with non-smooth boundaries, as well as domains whose
boundaries contain (infinitely many) characteristic points; see Examples

(3) Relative heat content asymptotics for fractional sub-Laplacian. An explicit
small time asymptotics formula of the relative heat content for fractional sub-Laplacians
with parameter 0 < a < 2 is given in Theorem [3.13] This generalizes the results
obtained by Agrachev, Rizzi, and Rossi in [2] in the context of relative heat content
asymptotics for Carnot groups. When 1 < a < 2, we assume that {2 has a C'° boundary
without any characteristic points. When o = 1, our results hold with no regularity
assumptions on the boundary of €2, and for any set {2 with finite fractional horizontal
perimeter.

The proofs of our main results are based on probabilistic techniques. From the standard
theory of Markov processes, if £ is the generator of a Feller process (X¢)i>0 on a metric
measure space (M, d, p), the solution to the Dirichlet boundary value problem

Owu(t,x) = Lu(t, ) for all (¢t,z) € [0,00) x Q
u(t,z) =0 for all (¢,z) € [0,00) x 002
u(0,z) =1 for all x € Q
under sufficient regularity conditions on the boundary of {2 can be represented as
u(t,x) = Py(1q > t),

where 7 is the first exit time of X; from ). Therefore, the heat content of €2 for the
operator £ can be written as

(1.1) Hol(t) :/qux(m > tpu(d).

We note that the above probabilistic representation of the heat content is well defined for
any measurable set 2, and does not require any regularity condition on the boundary of
Q. In this article, we adopt as the definition of heat content. In particular, the heat
content for the subordinated sub-Laplacian can be written as

HY(t) = /Q P, (g > t)dz, and Vol(Q) — HS(t) = /Q P,(rq < t)dz,

where 7 is the first exit time of the subordinated hypoelliptic Brownian motion on the
Carnot group, and ¢ is the Bernstein function associated with the subordinator. We refer
to Section [ for detailed discussion on such processes. This shows that the asymptotic
behavior of Hg; (t) is closely related to the asymptotic behavior of the exit probability

Py (1q > t).
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This probabilistic approach was also used in [48,56].

Let us briefly explain why the argument used in |48] to obtain the fractional heat content
asymptoticsﬂ for a € [1, 2] cannot be directly adapted to the case « € (0,1). First, the proof
of [48, Theorem 1.1] relies heavily on the C2?-regularity of the boundary and the absence
of characteristic points, assumptions that are substantially stronger than those imposed in
Theorem Another key ingredient in the argument of [48] is the following estimateﬂ
proved in Lemma 4.3: for any Q1 € © and every « € (0,2),

/ Py(mq < t)de =0O(t) ast— 0.
1951

When the fractional heat content subtracted from the volume of the domain is normalized by
1/ or tlog(1/t), depending on o > 1 or a = 1, this estimate implies that the contribution
from points away from the boundary is negligible in the small-time limit. Consequently, the
asymptotic behavior is governed by the geometry of the boundary, leading to the horizontal
perimeter in the limiting expression. In contrast, for o € (0,1), Theorem shows that
the appropriate scaling is of order t. Hence, the estimate above is no longer sufficient to
identify the precise limiting behavior, and one should also expect the effect of points away
from the boundary in the limit.

To overcome the above difficulty, we first obtain the relative heat content asymptotics
for the fractional sub-Laplacian; see Theorem For a € (0, 1), this asymptotics formula
holds for every bounded measurable set with a finite fractional horizontal perimeter. We
then show that the corresponding asymptotic relation also holds for the fractional heat
content. This step relies on the Ikeda-Watanabe theorem (see [38]) to determine the dis-
tribution of the subordinated hypoelliptic Brownian motion at the time of its exit from
the domain. Another observation that plays a central role in this part of the argument is
Proposition [9.3] where we prove that, under the volume density condition, the subordinated
hypoelliptic Brownian motion does not hit the boundary of the domain upon exiting. An
analogous property is known for certain Lévy processes on Euclidean spaces under suitable
technical assumptions on their Lévy measures; see [8,[10,/55]. However, when viewed as a
Markov process on the underlying Euclidean space, subordinated hypoelliptic Brownian mo-
tion on a Carnot group is not a Lévy process. Therefore, Proposition [9.3| enlarges the class
of jump-valued processes on Euclidean space that satisfy the boundary skipping property
during their exit time from domains.

Apart from the main results discussed above, a substantial portion of the paper is devoted
to developing suitable boundary regularity conditions for domains in Carnot groups that
are sufficient for our main results. In Section we extend the Fuclidean exterior cone
condition to the setting of Carnot groups using the intrinsic cones introduced in [26]. In
FEuclidean spaces, cones are isometric under translations and rotations, which considerably
simplifies the analysis of isotropic Lévy processesﬂ when restricted to cones. In Carnot
groups, however, it is generally difficult to identify transformations that both preserve
the volume of intrinsic cones and leave the distribution of the subordinated hypoelliptic
Brownian motion invariant. To circumvent this difficulty, in Lemma 5.8 we establish uniform
bounds for the volumes of intrinsic cones and for the corresponding probabilities, which are
sufficient for the proofs of our main results.

Iror brevity, we use this term to indicate the heat content for fractional sub-Laplacian.
2 [48] Lemma 4.3] states the estimate in a different way but has the same implication.
3A Lévy process whose distribution is invariant under isometries.
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We also introduce a volume density condition in Carnot groups as a natural extension
of its Euclidean counterpart considered in [59]. We investigate the relationship between
the intrinsic exterior cone condition and the volume density condition and establish suffi-
cient geometric conditions under which these regularity assumptions are satisfied; see, for
example, Theorem

The rest of the paper is organized as follows. After reviewing the necessary background on
Carnot groups in Section [2, we state our main results in Section [3} In Section |4} we discuss
the probabilistic interpretation of the subordinated sub-Laplacian. Boundary regularity
conditions for domains in Carnot groups are introduced in Section [5l Finally, the proofs of
the main results are presented in Sections [7] [8 and [9}

AT disclosure: The authors used OpenAl’s ChatGPT during the preparation of this
manuscript for language editing, bibliography assistance, and preliminary mathematical
discussion. The authors independently verified all mathematical content and references and
assume full responsibility for the final manuscript.

2. PRELIMINARIES

2.1. Carnot groups. We start by introducing the basics of Carnot groups needed for our
results.

Definition 2.1. We say that G is a Carnot group of step k if G is a connected and simply
connected Lie group whose Lie algebra g is stratified, that is, there are non-trivial linear
subspaces Vi,...,V; of g such that

g:V1@®Vk7
and

[Vla‘/;:—l] - V;:a Vvl # {0}7 2 < { < k?
(2.1) Vi, Vi] = {0}.

To exclude trivial cases we assume that the dimension of g is at least 3. From now on we
denote by H := V; the space of horizontal vectors that generate the rest of the Lie algebra.

By |11, Theorem 2.2.18|, each n-dimensional Carnot group G is isomorphic to some
homogeneous Carnot group (R", x) on R"™ (see |11} Definition 1.4.1] for the precise definition)
with the same Lie algebra g as that of G, and the isomorphism is given by the exponential
map

exp:g — G.

Therefore, G can be identified with some homogeneous Carnot group (R",x) on R™. We
refer to |11] for more details on this identification. This allows us to work on homogeneous
Carnot groups instead of general Carnot groups. For the sake of simplicity, we will often
use the notation xy to indicate the product of the group elements z,y € G. The identity
element of G = (R™, x) is given by e = (0,...,0) € R™. Since we identify any Carnot group
with a homogeneous Carnot group via the exponential map, without loss of generality we
are going to assume that =! = —z for any x € G.
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Set m; = dim(V;), for ¢ = 1,...,k and h; = my + --- + m;, so that hy = n with
ho :== 0, m :=my. We denote by @ the homogeneous dimension of G, i.e.

k
Q= Zidim(Vi).
=1

For any A > 0, the dilation §) : G — G, is defined as

(2.2) Oa(E1y .. En) = (N, ..., \Fe),

where x = (§1,...,&) ER™ x ... x R™ = G.

By [11, Proposition 1.3.21], the Lebesgue measure dx on R" is invariant with respect to
the left and the right translations on G. If A C G is Lebesgue measurable, we write Vol(A)
to denote its Lebesgue measure.

Definition 2.2. A continuous function || - || : G — [0, 00) is called a homogeneous quasi-
norm on the Carnot group G if the following conditions hold:

(1) ||0xz|| = Al|z|| for all A > 0 and = € G,
(2) ||=|]| > 0 if and only if = # 0.

The quasinorm is called symmetric if ||z|| = ||==!|| for all z € G. If || - || also subadditive,
that is,

eyl < [lzfl + llyll, =,y €G,
we call it a homogeneous norm.

By [11, Proposition 5.1.4] any two homogeneous quasinorms are equivalent, and from
now on we denote by || - || an arbitrary homogeneous norm; all the estimates that we give
are then the same up to changes in the constants. We denote by

B(z,r) ={y € G: |la""yll <7}
the open ball centered at x € G with radius > 0 and by B(r) = B(e, 7).

2.2. Sub-Riemannian structure on G. For z € G, we denote by L, : G — G the left
translation

L,y == zy, fory € G,
and the corresponding pushforward (differential) (Lg)s : TG — T'G by
(Ly), : T,G — Ty, G
v —> (Ly)sv.
Here T'G denotes the tangent bundle of G and T, G the tangent space at z € G.

Now we describe the sub-Riemannian structure on G. We assume that H is equipped
with an inner product (-,-)% which induces a norm |- |. One may use left translation to
define a horizontal distribution D, a sub-bundle of TG, and a metric on D as follows. First,
we identify the space H C g with D, C T.G. Then for any = € G, we define D, := (L;)«D,.
Then a metric on D can be defined by translating back to H C g, that is,

<u7 U>Dz = <(Lx‘1)*u7 (Lx—l)*v>'De
= ((Lp-1)st, (Ly—1),v)3y for all u,v € D,.
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Definition 2.3. Let {X;,...,X,,} be an orthonormal frame for D. Define the horizontal
gradient of f, denoted by Vg f, as the horizontal section

m

Vaf =Y (Xif)X

i=1
for any function f : G — R for which the partial derivatives X; f exist. The second-order
differential operator

(2.3) Ag ==Y X}
=1

defined on C*°(G) is called a sub-Laplacian.

By [36], since the vector fields X1, ..., X,, satisfy Hormander’s bracket-generating condi-
tion, the operator Ay is hypoelliptic. Moreover, its definition is independent of the choice of
a left-invariant orthonormal frame and depends only on the sub-Riemannian metric (-, )4,
see |32, Theorem 3.6].

The operator Ay is densely defined, symmetric and non-negative on L?(G, dxz). Indeed,
for every f € C(G),

<AHf7 f)LQ(G,dx) == Z/G |Xjf’2d{1? 2 0
j=1

Moreover, by [54] and [21} p. 950] it is known that Ay is essentially self-adjoint on C°(G).
Hence, its Friedrichs extension coincides with its unique self-adjoint extension. With a slight
abuse of notation, we continue to denote this extension by A. Consider the quadratic form
associated with A given by

E(f,9): /Xf Xjgde,  f,g€C>(G).

Then its closure is a regular, strongly local Dirichlet form on L?(G,dx), see [15, p. 1902]
and the references therein. Consequently, the associated self-adjoint semlgroup

Poi=e A, >0,

is sub-Markovian and admits consistent extensions to contraction semigroups on LP(G, dx)
for every 1 < p < oo. Moreover, by Hunt’s theorem (see [37, Theorem 5.1]) the heat
semigroup on a Carnot group is conservative, that is,

Pl =1

Thus, P; is Markovian and can be applied, in particular, to bounded Borel functions on
G. The hypoellipticity of the corresponding parabolic operator implies that P; admits a
smooth positive transition density

p:(0,00) x G x G — (0,00).

In particular, for every bounded Borel function f : G — R,

(2.4) PBif(x /f p(t,z,y)d
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The left-invariance of Ay, and hence of the semigroup P;, implies that
p(t, ha, hy) = p(t, ,y)

for every ¢t > 0 and every h,z,y € G. Since P; is self-adjoint on L?(G, dz), its transition
kernel is symmetric, that is, p(t, z,y) = p(t,y, ). Writing

(2.5) p(t,x) = p(t,e, x),

the left-invariance of the kernel gives p(t,x,y) = p(t,z~'y). Moreover, symmetry yields
p(t,z) = p(t,x=1). Tt follows that, for every f € L*(G,dx) and, more generally, for every
bounded Borel function f,

Pf(a / Fp(t,a ) dy = /G Fp(ty™ e) dy = (f * p(t, ))(x),

where we use the convention

(f * 9)a /f

The function (¢, x) — p(t,z) is the fundamental solution of the heat equation

0
A =0,
(7w v
and will be referred to as the hypoelliptic heat kernel. Finally, using the equivalence between
the norm induced by Carnot—Carathéodory distance and any homogeneous norm || - || on

G, it is known from [58, p. 50] that there exists a constant ¢ > 1 such that

2 2
(2.6) L% exp <—CH$H> <p(t,x) <ct™ ¥ exp <—Hxl’>
c

t
for every x € G and every t > 0.

3. MAIN RESULTS

3.1. Subordination of the sub-Laplacian and eigenvalue comparison. Suppose that
¢ :[0,00) — [0,00) is a Bernstein function, that is, ¢|( ) € C*°(0,00) and

(=) 1™ (u) > 0 for every n > 1 and u > 0.

Every Bernstein function admits a unique Lévy—Khintchine representation

(3.1) d(u) = ¢(0) + bu + /000(1 —e “"v(dr),

where b > 0 and v is a Radon measure on (0, 00) satisfying

o
/ min{1,r} v(dr) < co
0
In particular, ¢ has a continuous extension to [0,00). We call ¢ a complete Bernstein
function if v admits a completely monotone density m, that is,
(=1)"m™(r) >0 forall7>0andn=0,1,2,.

Throughout the paper we assume that ¢ is a non-constant Bernstein function. Since Ay is a
non-negative self-adjoint operator on L?(G, dx), for any Bernstein function (not necessarily



10 MARIA GORDINA, LIANGBING LUO, ANDREA PINAMONTI, AND ROHAN SARKAR

complete) ¢ the Borel functional calculus (see [46, Theorem VIIL.5, p. 262]) allows us to
define

(3.2 A= o(dw) = [ 900 B(@,

[0,00)

where E denotes the spectral measure of Ay. The domain of A% is

100)

D(A,) = {feL?(G,d:o: /[0 B(N)? dpi (M) <oo},

where
pp(B) = (E(B)f, [)12(G.dx)

for every Borel set B C [0,00). The operator Aﬁfl is self-adjoint and non-negative on
L?(G,dx). Tts associated semigroup is

(3.3) PP = et = ¢ t(A%)

This is the semigroup obtained by subordinating the heat semigroup P, = e ‘2% by the
Bernstein function ¢. Accordingly, we call A;Z the sub-Laplacian subordinated by ¢. More
precisely, there exists a convolution semigroup (7;)¢>0 of sub-probability measures on [0, co)
(i.e. 7([0,00)) < 1 for every t > 0) such that

/ e N ne(ds) = et
[0,00)
and

Plf= Pyf mu(ds).

[0,00)

If ¢(0) = 0, then each 7, is a probability measure and the subordinated semigroup is
conservative. We refer to Section [£.2] for details about the probabilistic interpretation of
Ptd). In particular, if 0 < o < 2 and

e o
3.4 0)=0=b dr)= ———r"'"24d
(3.4) 6O =0=b W) = ey R
then ¢(u) = u®/2, and in this case ¢ is a complete Bernstein function. Consequently,
A;Z = A?{/ %, With our sign convention, A?{/ ? is the non-negative fractional sub-Laplacian,
while —A%/ % is the non-positive generator of the fractional heat semigroup
Ptqb = e*m?%/z.

3.1.1. Subordinated sub-Laplacian with Dirichlet boundary condition. Let us consider the
Dirichlet form £9(-,-) associated with the subordinated semigroup (P{)i>o defined in (3.3)),
that is,

(3.5) EP(f,g) = (A2 £, (A9 V2 g) 12(coawy  for all f € D((AS)2).

In this case, the domain of Dirichlet form is also given by

D(E?) =D ((A;Zf) - {f € L2(G, dx) : /[000) (N dpp(N) < oo} .
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By Lemma we have C°(G) C D(E?). Hence, £? is a regular Dirichlet form. Moreover,
CX(G) is a form core for £% by Lemma For any open subset Q C G, let (£, (F#)?)
denote the part of the Dirichlet form on ), with

(FOY={feDE?:f=0 E%qe. onG\Q},

where ]? denotes a quasi-continuous version of f, and we refer to |29, p. 173] for details.
Then by [29, Theorem 4.4.3(1)], (%, (F?)%) is a regular Dirichlet form on L?(£, dx).

Definition 3.1. For any open set 2 C G, the generator associated with the Dirichlet
form £%%, denoted by A‘b’Q, is called the subordinated sub-Laplcian with Dirichlet boundary
condition on €.

Remark 3.2. The space of smooth functions C2°(€2) is a form core for £2?. As a result,
A%Q is given by the Friedrichs extension of ([';ép C°(9)), where for any f € C°(Q),

Cof = ALF°)
with f being the zero extension of f on G. We refer to Lemma for details.

Remark 3.3. The operator A%’Q should not be confused with ¢(A$), where A is the
sub-Laplacian with Dirichlet boundary condition on €. In probabilistic terms, the first
operator (up to a change of sign) is the generator of a killed subordinated Markov process
(subordinated first, then killed), whereas the latter (up to a change of sign) is the generator
of a subordinated killed (killed first, then subordinated) Markov process, see Section (4 for
details.

Motivated by the work of Chen and Song [18] relating eigenvalues of subordinated Lapla-
cian with Dirichlet boundary condition on Euclidean spaces, we relate the eigenvalues of
subordinated Dirichlet sub-Laplacian to the spectrum of the Dirichlet sub-Laplacian on
Carnot groups. Unlike in the Euclidean case, the sub-Laplacian on Carnot groups is not
elliptic, and the underlying space is not a linear space.

Some regularity assumptions on the boundary of the domain are needed to prove the
eigenvalue comparison results even in the Euclidean case. One such natural condition,
often assumed in the mathematical literature is the exterior cone condition, which assumes
that there exists a cone K C R™ centered at the origin and g > 0 such that for each point
p on the boundary of €1, there is a cone K;,, C R" with the vertex at p and isometric to K,
and a ball B(p,ro) centered at p and having radius r¢ that satisfy

K, N B(p,ry) C Q°.

For Carnot groups, even defining such cones involves subtleties of sub-Riemannian ge-
ometry of the group. Moreover, the class of isometric isomorphisms on Carnot groups is
quite restrictive compared to Euclidean spaces, and it is not feasible to extend the notion
of exterior cone condition from Euclidean spaces to Carnot groups. We refer to Section [5.2

for details about the cones and exterior cone conditions on Carnot groups. One of our main
results is stated below.

Theorem 3.4. Let ¢ be a Bernstein function such that
oo
(3.6) / u? e W gy < 0o
0

for some t > 0. Then,
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(1) A%Q has purely point spectrum in L?*(S,dx) and the first eigenvalue is strictly larger
than ¢(0). Moreover, denoting the eigenvalues of A%’Q by

ALg S A2 <oy
we have

(3.7) Ao < A4d(Nn)  for all n,

where 0 < A1 < Ao < -+ denote the eigenvalues of the Dirichlet sub-Laplacian A%.
(2) If ¢ is a complete Bernstein function, then

(3.8) Ao < O(An)  for all n.
If in addition Q satisfies the intrinsic exterior cone condition (see Definition @), then
(3.9) Ao = c(Q)d(N,)  for all n,

where ¢(Q) > 0 is a constant independent of n and ¢, and depends only on €.

Remark 3.5. The bound (3.6]) is satisfied whenever the drift coefficient b in (3.1]) is strictly
positive, or ¢(u) > logu as u — co. In particular, (3.6)) holds for ¢(u) = u” for 0 < § < 1.

Remark 3.6. In the special case when ¢(u) = u?, 0 < B < 1, the above upper and lower
bound for the eigenvalues A, 4 with explicit constants can be found in [17, Corollary 1.1,
Theorem 1.3]. Moreover, the authors proved such estimates for domains (2 satisfying the
condition

(3.10) Sup\{a;EQ.d(x,aQ)<r}|<oo'

>0 r
While it is difficult to adapt the argument in [17] for arbitrary Bernstein functions ¢, our
proof uses a probabilistic argument motivated by [18]. Our approach requires an exterior
cone condition on the boundary of the domain, which is different from . In particular,
theorem holds for all bounded open sets with C! boundary with no characteristic points,
see Theorem (.11l

3.2. Heat content of fractional sub-Laplacian. Let (2 be a bounded open subset of G.
The heat content of 2 associated with the subordinated sub-Laplacian A;Z is defined by

~ ,Q ®»,Q

H(1) = [ e t2%"1 d:<*mnﬂ,n> .

o(t) /Qe o(z)dr = (e 219) 204
Here A%Q denotes the subordinated sub-Laplacian with Dirichlet boundary condition in-
troduced in Definition [3.1] By the standard theory of strongly continuous semigroups of
linear operators, see, for instance, |22} p. 436], the function
ug(t) = €_tA$iQ:H.Q

belongs to C([0,00); L2(£,dz)) and is the unique mild solution of the abstract Cauchy
problem

— AP
(311) {Ot%(t)— A ug(t), >0,

uy(0) = 1o, in L(Q,dx).

Moreover, for every ¢ > 0, the function uy(t) belongs to D(A%Q), and hence the above
equation holds in L?(€2,dr) in the strong sense.
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Equivalently, if u4(t, -) denotes the extension of uy(t,-) by zero to G, the corresponding

non-local Dirichlet problem can be formally written as

Bty (t,x) = —AYug(t,x), (t,x) € (0,00) x Q,
(3.12) ug(t,x) =0, (t,z) € (0,00) x (G\ Q),

ug(0,2) =1, x e .
The last formulation is understood in the appropriate weak or L? sense unless additional
regularity assumptions are imposed. We are interested in understanding the large-time
and small-time behavior of Hg(t) While the large-time asymptotics would follow from the
spectral theory of the subordinated sub-Laplacian on bounded domains, the derivation of

small-time asymptotics would require some geometric conditions on the domain 2. Our
first result states the following:

Theorem 3.7. Assume that ¢ satisfies (3.6) and Q@ C G is a bounded, open, connected

subset. Then the first eigenvalue \1 4 of A%Q is simple and admits an eigenfunction fg
such that fy(x) >0 for all z € Q, and || fll12(G,4x) = 1. Moreover,

Jlim e HO (1) = (f,, 19>%2(Q,d:c)‘

For the small-time asymptotics of the heat content, we only focus on the case when
o(u) = u®/2, where 0 < o < 2. In this case, the subordinated sub-Laplacian is equal to the

fractional sub-Laplacian, and we denote the corresponding heat content by ITIS()Q) (t), and we

call it the fractional heat content. For the small-time asymptotic behavior of ﬁéa) (t), we
require the following notions of horizontal perimeter and fractional horizontal perimeter.

Definition 3.8 (Horizontal perimeter). For a measurable set 2 C G, its horizontal perime-
ter is defined by

d d
Pery,(€2) = sup {/QZXM Y Pl < 1,0 € CSO(G)} ;
i=1 i=1
where {X1,..., X4} is an orthonormal frame in V;. A measurable set  C G is called a

Caccioppoli set if Pery (Q) < oo.

Definition 3.9 (Fractional horizontal perimeter). For a € (0, 1), the a-fractional horizontal
perimeter of a measurable set €2 is defined as

o 1
Perg_i)(Q) = /Q/C 7Hx_1y”ada:dy,

where || - || is a homogeneous quasi-norm defined by
~ 1~ a *© _a_
313 ol = (o) 70, Rale) = gy [ 48 e
2

with p(t,-) being the hypoelliptic heat kernel defined in ({2.5).

The homogeneous quasinorm || - ||, was originally introduced by Ferrari and Franchi [24].
This is equivalent to any homogeneous quasinorm, that is, for any homogeneous quasinorm
|| - || on G, there exists a constant ¢ > 0 such that

(3.14) Tzl < llzfla < clll),
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see [25, Eq. (1.9)] for details. Moreover, for any u € S(G), the Schwartz space on G and
a € (0,2) one has

5/ te) = . [ M,
H ( ) p o ||£Cily||g+a Y

When «a € [1,2), the following small time asymptotics for the heat content of fractional

sub-Laplacian has been derived in [48], assuming that the boundary of the domain is non-

characteristic (see Definition [5.1)).

Theorem 3.10 (Theorem 1.1 in [48]). Let Q be a bounded, open subset of G. If Q has C?
boundary with no characteristic points, then

(1) For1 < a <2,

[ Vol(®) - H (1) g [

t—0 té

sup Y] Pery(©),

0<t<1
where (Yi)i>0 is a one-dimensional symmetric a-stable Lévy process such that E[e®Yt] =
e el for allt >0 and € € R.

(2) When a =1,

Vol(Q) — H(¢) 1

lim = — Pery(Q).
™

t—0  tlog(1/t)

As explained before, the technique used in [48] to prove the above theorem does not
extend to the case when o € (0,1). In the following result, we settle the question of the
existence of limits when a € (0,1). For this, we require a different regularity condition on
the boundary, known as the volume density condition introduced in Definition [5.12] We
refer to Section [5.3] for more details.

Theorem 3.11. Let Q2 C G be bounded, open set satisfying the volume density condition
(see Definition . Then for all 0 < oo < 1,

1(Q) — H (¢
(3.15) lim YO18Y) — Ho (V)
t—0 t

— Perl?) ()
whenever Pergf)(Q) < oo. In particular, (3.15) holds for all bounded domains with C*
boundary that does not have any characteristic points.

Remark 3.12. The volume density condition is flexible enough to include various domains
whose boundaries are non-smooth or contain characteristic points. We refer to Proposi-
tion [5.15| and Examples |5.17] for details.

3.3. Relative heat content of subordinated sub-Laplacian. For a bounded open sub-

set {2 C G, its relative heat content corresponding to the fractional sub-Laplacian A%/ % is
defined as

H (1) = / va(t, z)dz,
Q
where v, (t, ) = e_tA%/QILQ(x) is the mild solution to the Cauchy problem

Opva(t, ) = —A%/Zva(t,x)
vo(0,2) = Lg(z).
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When a = 2, we denote the relative heat content by Hq(t). The small time asymptotics of
the relative heat content for compact sub-Riemannian manifolds have been recently obtained
by Agrachev, Rizzi, and Rossi [2]. Their method applies to Carnot groups, and one has the
following asymptotic expansion

Hq(t) = Vol(2) — \/ZPGTH(Q) + O(t3/2)

whenever {2 has C*° boundary with no characteristic points. In the next theorem, we
generalize the above asymptotics for the fractional relative heat content.

Theorem 3.13. Let Q be a bounded set in G whose C*° boundary 082 does contain no
characteristic points. Then, the following holds.

(1) For1 < a <2,

(o)
lim Vol($) — Hy (1) _ Ip (1 — ;) Pery(Q).

=0 ta m
(2) When ao =1,

_ Vol(Q) — HS(t) 1
%E}(IJ tlog(1/t) o Pery(€).

For 0 < a <1 and for any bounded open set §) satisfying Pergtj)(Q) < 00 we have
_ Vol(Q) — H (1)
lim
t—0 t

Remark 3.14. When G is a Carnot group of step 2 and a = 2, Garofalo and Tralli [30]
proved the heat content asymptotics for any bounded open set with finite perimeter. By
the same technique used in the proof of the Theorem one can prove and for
any bounded open set having finite perimeter provided that G is a Carnot group of step
2. Tt still remains an open question whether the heat content asymptotics hold (even when
a = 2) for bounded open sets of general Carnot groups without assuming any regularity
conditions on the boundary.

= Perg_?)(Q).

We also note that as an interesting consequence of |2, Theorem 1.1], one obtains the
following version of the Bourgain-Brezis-Mironescu-Dévila theorem for Carnot groups which
was originally proved by Garofalo and Tralli [30] for step-2 Carnot groups.

Corollary 3.15. Let Q C G be a bounded domain with smooth boundary with no charac-

teristic points. Then,
: (a) _ 1
il/‘ml(l — ) Per,,”(Q) = - Pery (Q).

Also, for any measurable set Q@ with Vol(2) < oo and Pery () < oo,
: (@) —
il{‘% Pery,” (2) = Vol(Q2).

Remark 3.16. The normalization used here differs from the heat-Besov normalization of
Garofalo and Tralli [30]. If P s denotes their nonlocal horizontal perimeter, then
o
Per{?) () =

m‘%,m(ﬂ)
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Hence, their limit formula

lim (1= 26)%,(6) = \;’; Pers(Q)

is equivalent to
: (@) () — 1
Clyl/‘ml(l — a) Per,,”(Q) = = Pery (2).

Their result applies to finite-perimeter sets in step-two Carnot groups, while ours holds
in arbitrary Carnot groups under smoothness and non-characteristic assumptions on the
boundary.

4. PROBABILISTIC PRELIMINARIES: HYPOELLIPTIC BROWNIAN MOTION AND
SUBORDINATION

4.1. Hypoelliptic Brownian motion. The negative of the sub-Laplacian —A4 defined

in ([2.3)) is the generator of a Markov process B = (B;)i>0 on G. This is known as the

hypoelliptic Brownian motion on G, which satisfies the following properties analogous to

those of Brownian motion in Euclidean spaces:

(1) For any s > 0, the processes (B;'Byys)
independent.

(2) The sample paths of B are almost surely continuous.

With the identification G =2 R™ x --- x R™*k_ the hypoelliptic Brownian motion B; can be

realized as the solution to the following Stratonovich stochastic differential equation:

10 and (Bt)i=o0 have the same law, and are

dB; =Y Xi(By) o dW”, Xo =z,
=1

where W .. W™ are m independent Brownian motions on R with Var(Wt(l)) = 2t for
each i = 1,...,m. The heat kernel p(t,z,y) := p(t,z~'y) introduced in coincides with
the transition density of By, and for any bounded measurable function f on G, the heat
semigroup (F;)¢=0 can be realized as

Pif(zx) =E;[f(By)] forallzeG, t>0.

4.2. Subordination. Let ¢ be the Bernstein function introduced in (3.1)). There exists a
convolution semigroup (n:):=0 of sub-probability measures on [0, c0) such that

(4.1) / e ny(ds) = et for every t,u > 0.
[0,00)

Moreover,
m((0.00)) = 70 = e,

In particular, if @ = 0, then each 7 is a probability measure and there exists a conservative,
translation invariant, nonnegative and increasing Markov process S = (S¢)¢>0 such that

ne(ds) = P(S; € ds)
and
E [e—usz] _ e—tqﬁ(u)‘
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Such Markov processes are known as subordinators. If a > 0, the corresponding subordinator
is killed at rate a. We refer to |[49] for the general theory of subordinators. By [49, Theo-
rem 31.5], the generator of S; in Cy([0,00)) is given by

Apu(r) = —au(r) + b’ (r) + / (u(s + 1) —u(r))r(ds), and

0
C§(]0,00)) == {u € C*([0,00)) : u,u/,u” vanish at 0 and co} C D(Ay)
where a, b, v are given by .

Let B = (B¢)i>0 be the hypoelliptic Brownian motion on G, whose transition semigroup

(4.2)

is
—tA
Py =e 7,

and assume that B is independent of the subordinator. When a = 0, define the time-changed
process

(4.3) B? := Bg,.

When a > 0, the same definition is used before the lifetime of the subordinator, after
which the process is sent to a cemetery state. The transition semigroup of the subordinated
process is given by

P f(x) :=E, [f(B}); t < Cs),

where (g denotes the lifetime of the subordinator. By conditioning with respect to the time
change and using independence, we obtain

(4.4) PYf= . )Psfnt(dsy

For f € L?*(G,dzx), the integral in (4.4) is understood in the Bochner sense. The semigroup

(Pt¢)t>0 is a strongly continuous self-adjoint contraction semigroup on L?(G,dz). By the
Bochner-Phillips functional calculus (see [45]),

Pt¢> — e t(An) _ e-m;‘;’

where A;Z is the non-negative self-adjoint operator defined in (3.2]). Thus, the infinitesimal
generator of (Pfs)t;o is —A;Z. From (4.4) it follows that the Haar measure satisfies

/G PP f(z)dx = e /G flz)dx

for every f € LY(G,dx). Consequently, when a = 0, the Haar measure is invariant and the
subordinated semigroup is conservative. The process B? defined by (4.3)) is a possibly killed
Lévy process on G, that is,

(1) for every s > 0, the process
—1 d)
(B 'BL),

has the same distribution as (Bf5 )i>0 and is independent of the natural filtration up to
time s, and
(2) the mapping ¢ — Bf is continuous in probability.
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We refer to [42] for a detailed account of the theory Lévy processes on Lie groups.
When the integrability condition (3.6)) holds, the transition measure of B? starting from
the identity admits the decomposition

P (e, dx) = n({0})de(dz) + p?(t, z)dx,

where
4.5 Ot z) = s, x) ne(ds).
(4.5) P(t, z) /(Om)m ) mu(ds)

In particular, if 7;({0}) = 0, then p?(t, -) is the transition density of B® with respect to the
Haar measure.

If b = 0, then, apart from the possible killing, B? is a pure-jump process. If b > 0, it also
has a diffusion component with generator —bAy,. According to [42, p. 16] (see also [4] for
matrix Lie groups), the Lévy measure II; of B? is characterized by

PPf(e) _
}1{%% = [G \{e}f(fﬂ) Iy (dz)

for every f € C°(G\ {e}).
Lemma 4.1. For any Borel set A C G\ {e},

T4(A) = /0 h ( /A p(s,x)dw) v(ds).

Proof. By [58, Theorem IV.4.2] it is known that the function ¢ — p(¢, x) is smooth for each
z € G, and there exists C' > 0 such that

m

0
(f%fmp(t )

@ de(@)?
<Ot 2¢e " st for all z € G,

(4.6)

where d.(z) is the Carnot-Carathéodory distance between the identity element e and x.
Hence for any f € C°(G \ {e}) the function

t— Pyf(e / f(z)p(t, z)dz € C*([0, 0)),

and all derivatives of ¢ — P, f(e) vanish at t = 0 and ¢t = co. By (4.2), t — P.f(e) € D(Ap).
As a result,

o
nmiptf(e):hmEO[PStf( —Pofle /Pf

t—0 t t—0

/0 v(ds) / / f(z)p(s, z)dzv(ds),

we conclude that I14(A) = fo i) 4 P(s,2)v(ds). This concludes the proof of the lemma. [

Since

Let © C G be a bounded open set, and let A¢Q be the non—negative subordinated
sub-Laplacian with exterior Dirichlet condition 1ntroduced in Definition [3.1] Define

—inf{t >0: B’ ¢ Q}
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and

B¢’Q — Bf, t < T1q,
o, tzm,

where 0 denotes the cemetery state.
The transition semigroup of the killed process is

_ »,Q2
PP (@) =By | f(BY); t < 7| = 72 f(@).
Consequently, the infinitesimal generator of the killed process is —A%’Q. In particular,

e 1o (x) = Po(ra > 1),  z € Q.

Hence, the Dirichlet heat content of €2 associated with the subordinated sub-Laplacian is

HY(t) = /Q]P’x(m > t) da.

Similarly, the relative heat content associated with the global subordinated process is

HS(t) = | Po(B? € Q)dx = ( P?1q, 1 .
G0 = [ Pu(B? e)do = (Pada) ,

From the above representations it follows that for all ¢ > 0,
0 < H(t) < Hy(b).

4.3. Stable subordinators and fractional sub-Riemannian heat kernel. As noted
before in (3.4)), for any « € (0,2), the function ¢o(u) = u®/? is a Bernstein function. The

unique Lévy subordinator Sle) — (St(a))t>0 corresponding to ¢, is also a stable process,
that is, for any ¢t > 0,

(4.7) S\ L 458\,

Because of the above scaling property, S(@ is called a stable subordinator. Therefore, the
time-changed hypoelliptic Brownian motion

Bt(a) = BS,EQ)

is a Markov process with generator given by —A;li/ 2,

Notation 4.2. Throughout the article, we denote the Markov semigroup corresponding to
B§a) by Pt(a), and its transition kernel by p(®) (¢, z) for any ¢ > 0 and any z € G.

Definition 4.3. The transition kernel p(® (t,-) is called the fractional hypoelliptic heat
kernel.

We end this section with an upper bound and asymptotics for the fractional hypoelliptic
heat kernel.

Proposition 4.4. For 0 < a < 2, there exists a constant ¢ > 0 such that for all x € G and
t>0,

(4.8) p(®) (t,2) < —=—
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Moreover, for all x € G,

(o) (¢ 1
(4.9) lim 25 7) o
t—0 t ||l'||a o

Proof. Using the two-sided heat kernel estimate (2.6]) for p(t, -) and the equivalence of norms
in (3.14)), we have the following two-sided estimate of the sub-Riemannian heat kernel:

=12 cllz)
(4.10) U Sem Tt < p(tyr) <ot Se T

From [49, Proposition 28.3] it follows that S§a) is absolutely continuous, and let us denote
its density by nyx). In particular, from |9} p. 97, Eq (5.19)] it is known that for all s > 0,

(4.11) 7% (s) < Cmin{1,s7 "%}

for some positive constant C. Using (4.10)) and (4.11) along with the self-similarity in (4.7
we obtain

2
llzllg

oo
Q o
P () < t/ cs e e s 1T 2ds.
0

Evaluating the above integral, we conclude the proof of .

To prove , let A, denote the infinitesimal generator of St(a) in Cy((0,00)), the space
of all continuous functions on (0,00) vanishing at 0 and co. Then by (4.2)), C3((0,00)) C
D(A,), and

o' Cu(t+s) —u(t) 9

au(t) = a ds, e C§(]0, .
Autlt) = gy [ g s e GR0)
Since for any = € G, t — p(t,x) € C§°([0,00)) and (4.6]) holds, it follows that t — p(t,z) €
D(A,). Since p(0,2) = 0 for all x € G, we have

o0

1 1
1 — (a) f— 3 p—
%IH(I) tp (t,z) = %111(1] ¢ ), (s, 2)P(S; € ds)

= -Aap('a :E)(O)

I -
= — d
(1 2) /0 p(S,.I)S 2as

- 1
[l

This completes the proof of the proposition. O

5. REGULARITY CONDITIONS ON THE BOUNDARY OF THE DOMAIN

5.1. Characteristic points. In several results we assume that the boundary of the domain
does not contain any characteristic points, which are defined formally as follows.

Definition 5.1 (Characteristic points). For an open set  C G with C'-boundary, a point
p € 0N is said to be a characteristic point if H, C T,(0Q2), that is, the horizontal normal (
i.e. the horizontal projection of the Euclidean normal) at p to the boundary of €2 is zero. We
say that 0€) is completely non-characteristic if it does not have any characteristic points.
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The boundary of a domain can be infinitely smooth and may still contain characteristic
points. For example, the Koranyi ball in the 3-dimensional Heisenberg group defined by
{(z,y,2) : (2® +y*)* + 162% < 1}

has C* boundary. Both the points (0,0, 1) and (0,0, —1) are characteristic points. In sub-
Riemannian geometry, characteristic points play a crucial role in determining smoothness
of natural functions. For instance, by [12, Theorem 1.1], when Q has C* boundary (k > 2)
without characteristic points, the signed distance function ¢ defined by

5a) = d(z,00) ifze)
| —d(z,09) if z € Q°,

is also C* in a neighborhood of Q. On the other hand, when © has C* boundary with
characteristic points, § may not even be Lipschitz with respect to natural coordinates, see [3]
for details.

5.2. The intrinsic exterior cone condition. The following notion of intrinsic cones in
Carnot groups was introduced by Franchi and Serapioni [28]; in the Heisenberg group the
definition goes back to [27]. See also [52] for an introduction to the subject.

Definition 5.2. A subgroup K of a Carnot group is said to be homogeneous if
HWK)=K for every A > 0.

Definition 5.3. Let G be a Carnot group and let H, K be two homogeneous subgroups of
G. We say that H and K are complementary if

HNK={e}, and G =HK.
Assume moreover that K is a one-dimensional horizontal homogeneous subgroup. Thus
K = exp(RX)
for some nonzero X € Vj. Set
KT := {exp(tX) : t > 0}.

For p € G and §, p > 0, we define the oriented intrinsic cone associated with the decompo-
sition G = HK by

Cr(B,p;H,K) :=p{hk e HK : k € K*, ||n|| < Bk, [kl < p}-

In the above definition, 3, p are called the aperture and height of the cone respectively. It
follows from the definition that the oriented intrinsic cones have the following left-translation

property:
C;_(/Ba p; H, K) = Lp (C:(67P;Ha K)) )

where e is the identity element, and L, denotes the left-translation map L,(z) = px. For the
purposes of this section, it is convenient to use a canonical complement for every horizontal
direction. Let X € Vj satisfy (X, X)y = 1, and set

Wx = {Y€V1 : <X,Y>'H=0}.
Then
g=RXOWxoVod--- DV,
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Define
hbx =Wx oV &V,
Since [V;, V;] C Vi for all 1 <4, j < k, the subspace hx is a homogeneous ideal of g. Hence
Hy := exp(hx)
is a homogeneous normal subgroup of G. Setting
Kx = {exp(tX) : t € R}.

we note that Hx and Kx are homogeneous subgroups of G, and by the Baker-Campbell-
Dynkin-Hausdorff formula, they are also complementary subgroups, that is,

G =HxKx, Hx NKx = {e}.
In particular, every g € G admits a unique decomposition
g = hk, heHyx, keKx,
and the multiplication map
by :Hxy x Ky — G, Oy (h, k) = hk,
is a smooth diffeomorphism.

Definition 5.4. Let X be a unit vector in V;. For p € G and S, p > 0, the oriented intrinsic
horizontal cone in the direction of X is defined as

Cy (B,p; X) :=CJ (B, p; Hx, Kx).
The following dilation property follows immediately from the definition.

Lemma 5.5. For every A > 0,

oA (CT (B, p; X)) = CF (B, \p; X).
Proof. Since Hx and Ky are homogeneous subgroups,

Irn(hk) = 0x(h)ox(k), dr(h) € Hx, 0x(k) € K}.
Moreover,
ORI = AllRll, - [lox(R)I = All&]l-

The conclusion follows directly. O

Definition 5.6. An open set Q C G is said to satisfy the intrinsic exterior cone condition if
there exist 3, p > 0 such that, for every p € 9€2, there exists a unit vector X,, € V; satisfying

Cr (B, Xp) \ {p} CG\ Q.

Unlike Euclidean cones with fixed aperture and height, cones corresponding to different
horizontal directions need not be images of a single fixed cone under measure-preserving
graded automorphisms. Indeed, an orthogonal transformation of V; mapping one hori-
zontal direction into another need not extend to a graded automorphism of G. We shall
nevertheless obtain uniform lower bounds for both their volumes and the integrals needed
below.

For a unit vector X € Vi, let dvx denote the Haar measure on Hy obtained by trans-
porting the Euclidean Lebesgue measure on hx through the exponential map.
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Lemma 5.7. For every X € Vi with |X|y = 1 and every f € LY(G, dx),

/I;f(g) dg = /R/fo(hexp(tX)) dvx (h) dt.

Proof. Since
g=bx ®RX

is an orthogonal direct sum and | X |y = 1, the product of the Euclidean Lebesgue measure
on hx and the Lebesgue measure dt is exactly the Euclidean Lebesgue measure on g under
the linear identification

(Y1) — Y + tX.
We now consider the map
Ox:hx xR —g, Ox(Y,t) := log(exp(Y) exp(tX)).
Write
Y=Y+ -+Y, YieWx, YeV; (j=2).

By the Baker-Campbell-Dynkin-Hausdorff formula, the component of ©x(Y,t) in V; is
exactly

Y1 +tX,
whereas, for every j > 2, its Vj-component has the form
Y+ Pj(Y1,...,Yj_1,t),

where P; is a polynomial depending only on coordinates of strictly smaller homogeneous
degree and on t. Thus, if the coordinates are ordered according to the stratification, the
differential of O x is triangular with identity diagonal blocks. Consequently,

|det DOy (Y, t)| = 1

for every (Y,t) € hx x R.

Since the exponential map transports Euclidean Lebesgue measure on g to the fixed Haar
measure dg, while it transports Euclidean Lebesgue measure on hx to dvx, the change-of-
variables formula gives

[G}c(g) dg = /R/hx f(exp(Y) exp(tX)) dY dt,

which is precisely the claimed formula. ]
For later use, define
ax = [[exp(X)]|.
By homogeneity,

|exp(tX)|| = ax|t|, teR.
Lemma 5.8. Let G = HxKx be the decomposition from Definition[5.4 Then
(5.1) Vol(C (B, p; X)) = vx (B(e,1) NHy).

Qax
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Moreover, for every c > 0,

Q-1 p
(5.2) / e~clll® dg > 5 vx (B(e,1) NHy) / r@-le—c(+8)°r* gp.
CE(B,p:X) ax 0

Proof. By Lemma writing k = exp(tX) with ¢t > 0, we obtain

p/ax
(5. Vol(C! (8ps2X) = [ v (Ble, Baxt) N HLx) .
0
The homogeneous dimension of Hy is Q — 1. Therefore
vx (IBS(@, T’) N Hx) = T’Q_ll/X (B(e, 1) N Hx) .
Substitution into (5.3)) gives

plax
Vol(CZ (8, p; X)) = B2 10 vx (Be, 1) N Hix) / 191 dt
0
Q-1,0Q
= BQQ)'(OVX (IB%(e, 1) N HX),

which proves (j5.1]).
To prove (5.2)), let

g =hexp(tX) € CS(8,p; X)
and set
r:=||exp(tX)| = axt.
Since ||h|| < Br, the triangle inequality gives
lgll < [[R]] + [l exp(tX)]] < (1 + B)r
Consequently,

ecllgl® 5 o=c(1+8)r?

Using Lemma [5.7] once more,

plax
/ eclal gg > / e B oSt (B(e, Baxt) N H) dt
cE(B.piX) 0
— ﬁQ_lux (B(e, N HX)Q)Q(_I
" /P/ax tQ_le_c(1+ﬂ)2a§(t2 dt.
0

The change of variables r = axt yields (/5.2]). O

Lemma 5.9. There exist positive constants as,a™, o, a*, depending only on G, the fixed
inner product, and the homogeneous norm, such that for every X € Vi with |X|y =1,

ax < VX(IB(e, 1) ﬂHX) <a*
and

o, <ax <a.
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Proof. For
Y=Y +--+Y, Y; eV,
define the standard homogeneous quasinorm

No(expY') := max |Yj\1/j.

1<j<s

Since Ny and || - || are continuous, positive away from the identity, and homogeneous of
degree one, by [11, Proposition 5.1.4] there exist constants cg, Cp > 0 such that

coNo(g) < |lgll < CoNo(g) for every g € G.

Let m; = dimVj; be defined as before. For every unit X € Vi, the first layer of hx is
Wx = X+, which has dimension m; — 1. Since dvyx is induced by the Euclidean Lebesgue
measure on

Xtowhe e,
there exists a constant x > 0, independent of X, such that, for every r > 0,
(5.4) vx ({h € Hx : No(h) <r}) = rr9L
Indeed, in exponential coordinates the set on the left-hand side is the Cartesian product
Vi< cxt  (yl<ricy, j>2
Its Euclidean volume is therefore
rrmi—l ﬁ riM = grQ-1
j=2

where k depends only on the dimensions of the layers. The equivalence of the two homoge-
neous quasinorms gives

(5.5) {h € Hx : No(h) < Cy'} € B(e, 1) NHx C {h € Hx : No(h) < c5'}.
Combining ([5.4) and ([5.5)), we obtain
(5.6) /@C’O_(Q_l) <vy (B(e, 1N IHIX) < ncO_(Q_l)

for every unit X. This proves the first assertion.
Finally, the map

X — ax = [[exp(X)]

is continuous and strictly positive on the Euclidean unit sphere of V. Since this sphere is
compact, there exist au, a* > 0 such that

ax <ax <o
for every | X| = 1. O
Combining the preceding lemmas gives the following uniform estimates.

Proposition 5.10. Let B = (By)i>0 denote the hypoelliptic Brownian motion on G starting
from the identity e, and let CF (8, p; X) be as in Definition . Then

: - )
(5.7) fgggl Vol(C:H (B, p; X)) > 0.
X|=1
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Moreover, for every fized t > 0,

. inf P.(B * X .
(5.8) |XH€‘1V1 (By € CH(B,p; X)) > 0
X|=1

Proof. By (b.1)) and Lemma

QR-1,Q
Vol(CH(B,p; X)) 3 Do ?

Qor*

G

uniformly over all unit X € V. This proves (5.7)).
For the second assertion, let p(t,-) be the horizontal heat kernel of B. By the Gaussian
lower bound (2.6)), there exist C,c; > 0 such that

2
p(t,z) = C1t=9 % exp (CletH> .

Hence

2
Pe(B; € C/(B,p; X)) 2 Cﬂ/?/ exp <—C1 Izl ) dz.
cd (B,p:X) t
Applying (5.2)) with ¢ = ¢/t and then Lemma we obtain

Q-1
Pe(B: € CS (8,0 X)) > Clt_Q/QL*a*

@
P 1 2,.2
x/ r@ L exp (—Cl( +B) ) dr.
0 t
The right-hand side is strictly positive and independent of X, proving (5.8). O

We now establish the exterior cone condition for regular non-characteristic boundaries.

Theorem 5.11. Let Q C G be a bounded domain with compact C' boundary and no char-
acteristic points. Then § satisfies the intrinsic exterior cone condition introduced in Defi-
nition [5.6.

Proof. Fix pg € 0. Choose an open neighborhood U of py and a defining function ® €
C(U) such that

QNU ={® <0}, IANU={®=0}, U\Q={® >0}
Since pg is non-characteristic, Vy®(pg) # 0. Define

Vu®(q)
X)) = s i
D= [Foblo)ln
and we denote X := X(pg). Due to continuity of the mapping ¢ — X(g), we can find an
open boundary patch ¥ € 92N U such that

q € 09,

1
(X(q), X)nu = 3 for all ¢ € 2.

Also, by the continuity of the map ¢ — |V ®(q)| on 0%, there exists 6 > 0 such that
(5.9) IVu®(q)|y =9 forall g eX.
Therefore for all g € %,

X0(q) = (Vu®(q), X)u = |[Vu®(q)|n(X(q), X)u >

9

RS
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where with an abuse of notation, we have also used X to denote the left-invariant vector
field generated by it. We will first prove that there exists Sy, po > 0 such that

Cq (Bospo; X)\{g} CG\Q  forallgeX.
We note the following uniform estimate: there are constants Cy > 0 and €9 > 0 such that
(5.10) [©(gh) — @(q)| < Col|n|]

for every ¢ € ¥ and every h € Hx with ||h|| < g9. To see this, write h = exp(Y1 + - - + Yi),
Y; € V;. Equivalence with homogeneous quasinorms gives

Y;| < ClRlP,  j=1,....k

For ||h|| < 1, this implies |Z1 + - - + Zs|guec < C'||h||, where | - |guc denotes the Euclidean
norm. The multiplication map on G is smooth, so on the compact set

T x {h € Hy : ||| < e},

the Euclidean coordinate (via the global exponential map) distance between gh and ¢ is
bounded by a constant multiple of [|h|. Estimate (5.10) now follows from the boundedness
of the total derivative D® on U. Let us write

ax = |exp(X)|| > 0.

By homogeneity,

(5.11) ||exp(sX)| = sax, s> 0.
For every ¢ € ¥ we have

)

Xe(q) = (Vu®(q), X)n = 5

Since X® is continuous and ¥ is compact, there exists a neighborhood V' & U of ¥ such
that

0
1

After decreasing g and sq if necessary, we may also assume that

XP(2) > for every z € V.
ghexp(rX) eV

whenever ¢ € X, ||h|| < €g, and 0 < 7 < so.
Choose By > 0 and pg > 0 so that

1)
Coboax < =, po < min {leso, 60} .
8 Bo

If g € C (Bo, po; X) \ {g}, then g = ghexp(sX) with

Ih]l < Boaxs,  s< 2.
ax
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Using (5.10)), the bound X® > §/4 on V and the fundamental theorem of calculus, we
obtain

®(g) = P(gh) + /Os X®(ghexp(rX))dr

1)
> —Collh| + 1°

1) )
> |- — — .
> <4 Coﬁoax>8>85>0

Therefore,

C; (Bo,po; X)\{q} U\ Q for every q € X.

The compact boundary 0f2 is covered by finitely many patches (¥;)1<i<n of this type,
with directions X7,..., Xy and parameters (5;, p;). Set

= min G; = min p;.
B 1gi<Nﬁz’ 1Y 1<ingl

If p belongs to the i-th patch, then decreasing aperture and height only shrinks the cone,
and hence

CH (B, p; Xi) \ {p} € CF (B, pi; Xi) \ {p} C G\ Q.

This proves the intrinsic exterior cone condition with uniform parameters. O

5.3. The volume density condition. This is another type of regularity condition on the
boundary, which is weaker than the intrinsic exterior cone condition.

Definition 5.12. An open set 2 C G is said to satisfy the volume density condition if there
exists ¢ > 0 such that for all » > 0 and x € 012,

Vol(Q° NB(z, 7)) > er®,
where (@ is the homogeneous dimension of G.
Remark 5.13. The volume density condition for Euclidean spaces was introduced in [59] to
study harmonic measures for symmetric stable processes.

Proposition 5.14. Suppose that € is an open set in G.

(1) If Q satisfies the volume density condition then Vol(0f2) = 0.

(2) If Q satisfies the intrinsic exterior cone condition and 0 has finite volume, then it also
satisfies the volume density condition. In particular, if Q is open, bounded with C!
boundary having no characteristic points, it satisfies the volume density condition.

Proof. Assume that Vol(0€2) > 0. Since the Carnot-Carathéodory metric on G is vol-
ume doubling, by the Lebesgue differentiation theorem on volume doubling metric measure
spaces (see [35, Theorem 1.8]), there exists p € 99 such that

lim Vol(0Q2NB(p,7))
r>0  Vol(B(p,r))
On the other hand, due to the volume density condition, for any r > 0 and p € 912,

Vol(02 N B(p,r)) < Vol(B(p,r)) — Vol(ﬁC NB(p,r)) < (1 —c¢) Vol(B(p,r))
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for some 1 — ¢ € [0, 1), which shows that
) Vol(0Q2 N B(p,r))
limsu
0 Vol(B(p,))

This leads to a contradiction and hence Vol(0€2) = 0.

To prove the second assertion, we use the boundedness of €. Since () satisfies the intrinsic
exterior cone condition, there exists rg, 3, p > 0 such that for each point p € 0€), there exists
an intrinsic cone CI‘,'r (B, p; Xp) in the sense of Definition such that

Cr(B,p; Xp) \ {p} C &

From the definition of the intrinsic cones it follows that for all p € 92,

<l-ec< 1.

C;' <ﬁ, 1_:6;Xp> C C;'(ﬁ,r;Xp) NB(p,r).

Therefore, for all r < p,
Vol(ﬁc NB(p,r)) > Vol(C;'(,B,T;Xp) NB(p,r))

T
(5.12) > Vol (Cg (5 Ty ﬁ;XZ’))

= Vol (C (8,1; X)) (116)62

where the last identity follows from Lemma [5.5 along with the left translation invariance
and the scaling property of the volume. Since inf,cpq Vol(CS(8,1; X,)) > 0, thanks to
Proposition (5.12)) implies that there exists a constant ¢; > 0 such that for all p € 992
and r < p,

(5.13) Vol(Q° N B(p, 7)) > e17@.

On the other hand, for any p € 9 and r > 0,
Vol(Q° N B(p,r)) = Vol(B(p,r)) — Vol(Q) = r% Vol(B(e, 1)) — Vol(Q2).
Therefore, there exists sufficiently large K > 0 such that for all » > Kp,

(5.14) Vol(Q° N B(p, 7)) > %7«@ Vol(B(e, 1)).

Since r — Vol(Q° N B(p,r)) is an increasing function, for any r € (p, Kp) and p € 99 we
have
(5.15) Vol(Q N B(p, 7)) = Vol(QNB(p, p)) = c1p° > %TQ.
Therefore, combining (5.13)), (5.14), and (5.15) we conclude that € satisfies the volume
density condition.

Finally, by Theorem any bounded open set € with a C'! non-characteristic boundary

satisfies the intrinsic exterior cone condition, which implies the volume density condition
for €. O

A domain with a non-smooth boundary or with characteristic points may still satisfy the
volume density condition.
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Proposition 5.15. Let G = R™ x R™2 be a Carnot group of step-2 and let || - || be any
symmetric homogeneous quasinorm on G such that the unit ball at the identity

Be,1) = {z € G : ||z| < 1}

is convex in Fuclidean sense. Then for any v € G and R > 0, the metric balls B(z, R)
satisfy the volume density condition.

Remark 5.16. Our proof of the above proposition uses the central symmetry (in the Eu-
clidean sense) of metric balls in step-2 Carnot groups. This is a consequence of the fact
that the left-translation maps on step-2 Carnot groups are affine, which preserves central
symmetry. This argument fails when G is a higher step Carnot group, as the left-translation
maps become polynomial maps, see Proposition below.

We include some examples of quasinorms on step-2 Carnot groups which satisfy the
convexity condition in Proposition We use | - | to denote the Euclidean norm.

Example 5.17 (Non-smooth cases). Let p; and po, denote the quasinorms on G defined
by
1
pi(z) = (&> +1&))2, == (&4,&) € R™ xR™
1
poo(x) = max{|&1],el€2]2}, @ = (&1,6) € R™ x R™.

In the above definition of p.o, € is a positive constant. For a certain choice of €, pso
becomes a norm, see |26, Theorem 5.1]. It is immediate that both p; and po, are symmetric,
homogeneous, and the their metric balls defined through them are convex subsets of R™1 72
Also, these metric balls do not have smooth boundaries.

Example 5.18 (Cygan-Korédnyi type quasinorm). Define the quasinorm py on G as

pa(x) = (161 + c&l®)T, == (6,&) € R™ x R™,

where ¢ is a positive constant. When G is an H-type group and ¢ = 16, ps is a norm and it
is known as the Cygan-Kordnyi norm, see [20},39]. Clearly, {x € G : p2(x) < 1} is a convex
subset of R"™1*™2  The next lemma identifies the characteristic points on the boundary of
metric balls with respect to ps.

Lemma 5.19. Let Q = B,,(e,R). A point p € 08 is a characteristic point if and only if
p = (0,8) with c|&[* = R

Proof. Since G has step 2, the left-invariant vector fields generated by the basis elements
{X1,..., X, } of V] can be written as

1 .
Xi =0 + 52(%51,62‘)5’%, i=1,...,m,
=1
where (J;);"% are skew-symmetric matrices on R™!, and {ey, ..., e, } is the canonical basis
of R™ . Writing

F(&1,&) = [&|* + cl&* - R,
a point p = (&1, &) is a characteristic point if X;F(p) =0 for all ¢ = 1,...,my. Note that

O, F(€1,6) = 46126, 05, F(&1,&) = 2c6.
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Therefore, a simple computation shows that
m2
XiF(£1,&) = 4l&P€ + 0> (&, e)
=1

Denoting

ma2
l
Jey = ZfQJl
=1
we can therefore write

XiF(&,8) = @a P& + cdeéiie), VuF(&,&) =4|G)%6 + edg,&r.

Hence,

VuF(61,6)=0 <<= VyF(&,&) =462 + cJe,é = 0.

Since Jg, is skew-symmetric, the last identity implies that
dafPa +eJpé, &) =0 = 4la|' =0,
which shows that & = 0. Hence, c|¢2|? = R*. This completes the proof of the lemma. [

Example 5.20 (Hebisch-Sikora norm). Hebisch and Sikora [34] proved the following result
for arbitrary homogeneous Carnot groups:

Theorem 5.21 (Theorem 2 in [34]). Let G be any homogeneous Carnot group equipped
with the dilations (dx)x>0. Then there exists eg > 0 such that for every 0 < k < &y,

p(x) :=inf{t > 0: [0y /2| < K}

defines a symmetric homogeneous norm on G. In particular, the unit metric ball {z € G :
p(z) < 1} coincides with the Euclidean ball Bgn (0, k).

From the above theorem ,it follows immediately that the unit ball centered at the identity
with respect to the norm p is convex. In the following we give the description of the
characteristic points on the boundary of B,(e, R) without a proof as it will follow from a
similar computation in the proof of Lemma [5.19

Lemma 5.22. Let Q = B,(e, R) for some R > 0. Then p = (£1,&2) € 052 is a characteristic
point if and only if & = 0 and |&| = KR2.

As discussed before, we use the following notion of central symmetry in the Euclidean
sense.

Definition 5.23. A set K C R" is called centrally symmetric (in the Euclidean sense) with
respect to xg € K if for any z € K, its reflection around xg also belongs to K, that is,
2rg —x € K.

Proof of Proposition[5.15 Since G is a homogeneous Carnot group of step 2, by [11, Sec-
tion 3.2], the group law can be written as

(&1,&2) * (£1,6) = (&1 + &1, & + & + B(&1, &),

where B : R™ x R™ — R™2 is a skew-symmetric bilinear form. This shows that for
any fixed x € G, the left-translation map L, is an affine map on R", where n = my + mo.
Therefore, L, maps convex sets to convex sets in R™. Moreover, the dilation map dy :



32 MARIA GORDINA, LIANGBING LUO, ANDREA PINAMONTI, AND ROHAN SARKAR

R™ — R™ is also affine. Hence the convexity assumption of B(e, 1) implies that for any
rz € Gand R > 0,

IBB(x, R) =Lgo 53(183(6, 1))

is a convex subset of R"™.
Since ||z|| = || — || for any = € G, the metric ball B(e,r) is centrally symmetric with
respect to e in the Euclidean sense for any » > 0. This means

L,(B(e,r)) = B(x,r)

is centrally symmetric with respect to  (in the Euclidean sense) as L, : R” — R™ is an
affine map.

Consider p € 92 where Q = B(x, R). Since {2 is convex, by the Hahn-Banach separating
hyperplane theorem there exists a Euclidean hyperplane H C R" passing through p such
that it divides R” into two half-spaces HT and H—, and  C H~. Therefore, HT C Q.
Since any metric ball B(p,r) is centrally symmetric with respect to p, the hyperplane H
divides B(p,r) into two parts with equal volumes. As a consequence we get

. . 1 1
Vol(Q" NB(p,7)) = Vol(H" NB(p,r)) = iVol(IB%(p,r)) =3 Vol(B(e, 1))r.
This proves the volume density condition for €. O

We close this section with the following result which explains why the argument of central
symmetry used above fails for Carnot groups of higher steps.

Proposition 5.24. Let G = R™ be a homogeneous Carnot group of step k, and let || - || be
any homogeneous norm on G. Assume that the metric balls with respect to this norm are
centrally symmetric with respect to the center of the ball. Then k < 2.

Proof. Let us assume that B(z,7) is centrally symmetric with respect to z for any x € G
and r > 0. Then, for any h € B(x,r), we have 2x — h € B(x,r). In other words, for any
y € B(e,r) and = € G, we have z xy € B(x,r) and therefore 2x — (z xy) € B(x,r). Thus

Fo(y) =2 %2z — (zxy)) = (—2) « 2z — (z % y)) € Ble,r).

Let us choose x = exp(tX),y = exp(eY'), where X, Y € V;, and € > 0 is small enough so that
y € B(e,r). Using the Baker-Campbell-Dynkin-Hausdorff formula (see [19, Theorem 1.2.1])
and identifying the coordinates of G with respect to the coordinates of g via the exponential
map we get

Fix(eY) = BCDH(—tX,2tX — BCDH(tX,eY)),

where
1 1 1
BCDH(X,Y)=X+Y + §[X, Y]+ E[X’ (X, Y]] + E[Y’ Y, X]]
1
——Y,|X,[X,Y ‘e
5 V51X, [ Y]] +
A direct computation shows that the V3 component of Fyx(eY) is given by
te?

6
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Assume that [Y, [X,Y]] # 0. Keeping ¢ fixed and letting ¢ — oo then

2
wIx Y| -,

which is a contradiction as
F,x(eY) € B(e,r) for any ¢t > 0.

This shows that [Y,[X,Y]] =0 for all X,Y € V;. Now replacing Y by Y + Z for arbitrary
Y, Z € Vi, the last identity shows

(5.16) Y, [X,Z]|+[Z,[X,Y]] =0 forall X|Y,Z € V.
Let us write T = [Y,[Z, X]]. Since [X, Z] = —[Z, X], yields
(5.17) T=1[Y,[ZX]]|=[2]X,Y]].

Applying the permutation (X,Y,Z) — (Z,Y, X) in yields
(5.18) T = [v,[2,X]| = [X,[Y, Z]].

Combining (5.17) and (5.18), and using the Jacobi identity, we conclude that 37 = 0.
Therefore,

[X,[Y,Z]] =0 forany X,Y,Z € V;.
This shows that the number of steps of G is at most 2. O

6. FINITENESS OF FRACTIONAL HORIZONTAL PERIMETER

In this section we provide a sufficient condition for a set to have finite fractional horizontal
perimeter introduced in Definition [3.9

Proposition 6.1. Let Q) be any measurable subset of G. Then for all 0 < a < 1,
(6.1) Perl?) () < Cy Vol(Q)1~ Pery (Q)°
with
(2Q)%
(1-a)(1=9)
where Q is the homogeneous dimension of G, and m is the dimension of the first layer of

the Lie algebra g. As a result, Perg_?)(Q) < o0 for all a € (0,1) whenever Vol(2) < oo and

Pery; (Q) < co. In particular, when Q is bounded with a C' boundary, Per&i‘)(ﬁ) < oo for

all a € (0,1).

Co =

To prove the above result, we first note the following alternative representation of the
fractional horizontal perimeter.
Lemma 6.2. For any 0 < o < 1 and a measurable set Q) C G,
o
Perl™ (Q) _O‘/ Vol(Q) — Ho(8))t~5 " 1dt

where

Ho(t) = /Q /Q p(t,, y)dady

is the relative heat content of ) corresponding to the sub-Laplacian Ay.
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Proof. Since

Vol(Q2) // tﬂ:ydxdy—// (t, " y)dzdy,

the proof of the lemma follows directly from the definition of fractional horizontal perimeter
(see Definition and Fubini’s theorem. O

Lemma 6.3. For any Caccioppoli set Q2 and t > 0, we have

Vol(©) — Ha(t) Q
7 < \/;Per;{(ﬂ).

Proof. We start with the observation that for any Caccioppoli set 2
Vol(Q) — Ha(t) = (Pila, Lac) 12(G.dr) = (Pl — Lo, Lac) 12(G,da) -
From [6, Theorem 3.1] it follows that for any Caccioppoli set 2 C G,

1
(6.2) t72|Pla — Laollpy(cde) S V2Q Pery(Q)
where P; is the hypoelliptic heat semigroup on G. Since

(Pilg — 1gq, HQC>L2(G dz) = *Hptﬂﬂ — lall11(G,dz),
the proof of the lemma now follows from . O
Proof of Proposition[6.1. Let us write
a
Co = ——.
2l (1-%)

By Lemma for any § > 0 we have

6 o0
Pty (0) = Ca/ (Vol(Q) — Ho(t)t™' "2 dt + ca / (Vol(Q) — Ho(t))t™ "5 dt
0 5
=11 + I>.
By Lemma [6.3] we get

I < ¢ Pery(Q /U “yr it = Ca 7_5Per7.[(Q)
1(©2

1—a)

On the other hand, since 0 < Vo Hq(t) < Vol(f2), the second integral Iy can be
bounded as follows:
o0 (o3 1 [e3

I < cq Vol(©2 t71 7 2dt = ——— 672 Vol ().

2 <c 0()/6 2 ) 2 Vol(©2)
This shows that for any § > 0,

a V2 asl-g 1 _a

Perg{ (Q) < Qe 2 Pery () + 672 Vol(9).

(l—a) F(l—f)

Minimizing the above upper bound with respect to § > 0, we conclude the proof of (6.1]).
When €2 is bounded with C* boundary, it is known from [13, Equation (3.2)] that

1

Pery (Q2) = /89 [Z<Xi’y>2] dH™ L,

i=1
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where v is the Euclidean unit outward normal to the boundary, and H" ! is the (n — 1)-
dimensional Euclidean Hausdorff measure. Hence, Pery(2) < oo, which by (6.1)) implies

that Perg_?)(Q) < 0. O

7. PROOF OF THEOREM [3.4] AND THEOREM

We start by proving the following proposition which is the key ingredient to establish the
two-sided bounds for the eigenvalues \,, 4 in Theorem

Proposition 7.1. Let (By)i>o denote the hypoelliptic Brownian motion on G. If Q C G is
a bounded, open set satisfying the intrinsic exterior cone condition, there exists a constant
c=1c(Q) € (0,1) such that

(7.1) P.(B: € Q) < c forallz € Q°, t > 0.
Proof. Suppose that holds for all z € 99Q. Let T denote the following stopping time
T =inf{t > 0: B, € 0Q}.
Now for any = € 2¢ and ¢ > 0, due to path continuity of (B:):>0 we note that
P.(B: € Q) =P, (B, € Q,T < t)
=Pu(Bryg-1) € LT <)
=Ey [Pe(Bryg-1) € Q| Fr)lir<y]
(7.2) =E; [Py (Bi-1 € Dliren ],

where the last identity follows from |7}, Exercise 8.17]. Due to path continuity of B = (B;)¢>0,
we also have that for any x € Q¢ and t > 0,

]l{T<t} < ]l{BTeaQ} P,-almost surely.

As Py (B € Q) < c for all (y,t) € 092 x (0,00), (7.2) implies that P, (B; € Q) < ¢ for all
x € Q°. Now, for any x € 012, we note that 2 C B(x,r), where r = diam(£2). Therefore for
any t > 1
I[Dx(Bt € Q) < Pl«(Bt S B(.’L’,T))
P.(B; € B(e,r))
(
(

Pe(By € B(e,r/V1))
< Po(B1 € B(e,r)) =: c1.

On the other hand, when 0 < ¢t < 1, for any = € 9Q, let C; (8, p; X;) be an intrinsic
horizontal cone satisfying C; (3, p; X)) C Q°.

Py(By ¢ Q) 2 Pu(By € CF (B, p; Xz)) = Pe(Be € C (B, p; Xz))-
Using the scaling property of Brownian motion and Lemma the last identity yields
Po(By ¢ Q) > Pu(By € 6,40 (8,03 X))

= P.(By € CH (B, p/VE; X2))
= IEDe(Bl € C:(Bap; Xﬂc)) > €2,
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where the last inequality follows as 0 < ¢ < 1 and

Co = )(1161{/1 Pe(Bl S C:(ﬁ,p; X)) >0
(X,X)=1

by (5.8)) in Proposition Taking ¢ = max{c;, 1 — ca}, we conclude that
P,(B, € Q) <c<1 forall zed.

This completes the proof of the proposition. O

Proof of Theorem[3.]]. We will prove that the semigroup Pf’ﬂ — %" i compact for
some t > 0 whenever (3.6) holds. Since writing ¢(u) = ¢(u) — ¢(0) we have

Ay =¢(0) + A%, and AL” = ¢(0) + A%,

there is no loss of generality in assuming that ¢(0) = 0. Recalling Hunt’s formula for killed
Markov processes, for any bounded measurable function f: G — R we have

PO f(@) = PYf(w) B [P f(BS)ima <t

where 7q = inf{t > 0 : Bf’ € Q°}, and P? denotes the semigroup associated with the
subordinated hypoelliptic Brownian motion B?. When Bf admits a transition density with
respect to the Lebesgue measure on G for some ¢ > 0, so does the process B® killed upon
exiting {2 and the above formula reads as

pg(taxay) :p¢(t,$,y) - Ew |:p¢(t - Tﬁij—SQ,y);TQ <t 3

where p?l (t,-,-) is the density of the killed subordinated hypoelliptic Brownian motion. As
a result, 0 < pg(t,x,y) < p?(t,x,y) for all z,y € Q. It now remains to check that the
transition density of Bf) exists and

//p¢(t,x,y)2d:vdy < 00.
oJa
Invoking ([2.6|) for the heat kernel bound for the sub-Laplacian on G we have

(7.3) plt,z,y) <Ot %

for all z,y € G and t > 0. Let S = (S;)t>0 denote the subordinator associated with ¢.
Then, for any nonnegative measurable function f : G — R, using Fubini’s theorem we get

Wﬂ@=/mﬂﬂ®M&e%)
0

= [([ stssrvieis € ) swian

This shows that Pfs admits a transition density with respect to the Lebesgue measure
whenever

(7.4) p¢(t,x,y) = /Ooop(s,x,y)P(St €ds) < o0
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for all z,y € G. Due to (7.3)), a sufficient condition for ([7.4]) to hold is E [S{Q/z} < 00. We
recall the identity

_ 1 &
g2 _ / Q/2-1,-15 g
RN
and therefore using Fubini’s theorem,
—Q2) _ _ L [% Qp1 -t
E = d
(509 =gy f, e

which is finite due to (3.6). As (z,y) — p(t,z,y) is continuous, so is (z,y) — p?(t,x,y)
due to the dominated convergence theorem. Hence,

//p?é(tmy)dedyé//p¢(t,x,y)2dxdy<oo-
QJQ QJQ

This shows that Pf’g . L2(Q,dr) — L*(Q,dz) is a compact (in fact Hilbert-Schmidt)
operator, which implies that U(Pf’ﬂ) \ {0} consists of eigenvalues, and 0 is the only accu-
mulation point in the spectrum. From [16, Theorem 2.1], we see that A%’Q has a discrete
spectrum. Since Pf’ﬂ is a positive operator on L?(12, dx) satisfying

1P fll 20wy < 112wy for all f € L2(Q, dx),

O'(Ptd)’ﬂ) C [0,1]. Therefore, by the spectral mapping theorem for semigroups, see [23, §2.6,
Equation (2.7)], we conclude that the L?((,dx)-spectrum of A%’Q is a discrete subset of

[0, 00). It remains to prove that the 0 is not an eigenvalue of A%Q, that is, the first eigenvalue
is strictly positive. Due to (3.6]), we can choose ty > 0 large enough so that

c > Q9 —top(u 1
g J, v
where C' > 0 is the same constant as in . Then by identity , we have p¢(t0, z,y) <
Vol(Q)~2 for all z,y € G. Hence by [16, Proposition 2.8], we conclude that the first
eigenvalue of A%Q is strictly positive.

For any Bernstein function ¢ satisfying , the eigenvalue estimate in follows
directly from |18} p. 111-112].

Using |18, Theorem 3.4}, for any complete Bernstein function ¢ satisfying it follows
that A, 4 < ¢(\,) for all n > 1. On the other hand, due to the uniform bound
in Proposition using [18, Theorem 4.4], we conclude that X\, 4 > c(Q2)¢(\,) for some
constant ¢(£2) independent of n and ¢ and depending only on €. This completes the proof
of the theorem. 0

We need the following result to prove Theorem

Lemma 7.2. Let Q2 be a bounded open connected subset of G. Let pg(t, -, ) be the transition

density of the killed subordinated horizontal Brownian motion. Then, pg(t, x,y) > 0 for all
x,y € Qandt>0.

Proof. Let (X¢)i>0 be the subordinated killed horizontal Brownian motion upon exiting €2,
that is,

X, = BY,
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where (B{})i>¢ is the horizontal Brownian motion killed upon exiting 2, and S; is the Lévy

subordinator with exponent ¢. Then (X;)i>0 is a Markov process. Let Qf £ denote the
corresponding semigroup. Then using the same argument given in [53, p. 581] we have

0 0
PO = QP f

for all nonnegative measurable functions f. This implies that pg (t,z,y) > qg(t, x,y) for all
z,y €  where qg (t,-,-) is the transition density of Qf that is given by

a5 (t,z,y) =/ pa(s,z,y)P(S; € ds)
0

where pq(t,-,-) is the transition density of B?. Since pqo(t,z,y) > 0 for all t > 0 and
x,y € Q, see [15, Equation 3.16], we conclude that qg(t,x,y) > 0 for all z,y € Q. This
completes the proof of the lemma. ]
Proof of Theorem[3.7 Let us first prove that fy(z) > 0 for all z € Q. We note that by
Theorem the spectral radius of Pf”Q equals e~*1.¢. Now consider the convex cone

K :={f e L*Q,dz) : f >0 almost everywhere} C L*(Q,dx).

Then, K is a total cone, that is, the closure of K — K is L?(£, dz). Since Pf’Q is a Markov
semigroup, we have

(7.5) PP C K.

By the Krein-Rutman theorem (see [40]) it follows that fs € I\ {0}. Suppose, to the
contrary that fy(z) = 0 for some = € 2. Then,

0= fs(z) = P10 PP, (2) = etA1,¢/Qf¢(y)p3(t,1r,y)dy~

Since fy € K\ {0}, the set A := {z € Q: fy(x) > 0} has positive Lebesgue measure, and

the above identity implies that pg(t,x,y) = 0 for almost every y € A. This contradicts
Lemma [7.2| and hence f4(x) > 0 for all z € Q.
The simplicity of the eigenvalue A ¢ would follow from the irreducibility of the semigroup

Pf’Q. By |5, Example 14.11] it is known that (Pt¢’Q)t>0 is irreducible if and only if its
resolvent defined by

(7.6) R, f(x) = /OO e_t“Pt(z)’Qf(x)dt >0
0

whenever f > 0 almost everywhere. We note that indeed holds due to Lemma
Therefore, by |5, Proposition 14.42(c)] we conclude that e~**1¢ is a simple eigenvalue of
Pt¢’ﬂ, or equivalently, A 4 is a simple eigenvalue of A%Q.

Since Pt‘b’Q : L2(Q,dz) — L2(S),dx) is a compact, self-adjoint operator, it admits the
following spectral expansion:

(7.7) PPRF =" e 0 () 120, i) U,

n=1

where (¢, )n>1 is a sequence of orthonormal eigenfunctions in L?(€), dz) satisfying

Pf’an = e—t>\n,¢wn
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for all t > 0 and n > 1. In particular, 1 = f,. Taking f = 1 in , we obtain

ﬁg( t) = (PP% Lo, 10) 12(0,dx) Ze_ﬂ"(" tn, ]19>L2(Q dr)-

n=1

Using Parseval’s identity, we obtain
7 —tA —tA
0 < H(t) — e 10 (f5, Ta) 20,00 < €2 VOU(Q).
Since A1 4 is a simple eigenvalue of P(b’Q we have Ay 4 > A1 4, and therefore,

lim e ¢H¢( t) = (fg, 19>%2(Q,da:)'

t—o00

This completes the proof of the theorem. O

8. PROOF OF THEOREM [3.13] AND COROLLARY [B.15]

From our discussion in Section it follows that for any a € (0,2] the relative heat
content is given by

Hg()a)(t):/ ( EQdZL‘—// (t,z,y)dzdy,

where p(®(t,-,-) is the fractional hypoelliptic heat kernel introduced in Definition For
simplicity of notation, we write
Ho(t) :== HY(t).

We first recall the result on small time asymptotics of the relative heat content for the sub-
Laplacian on arbitrary Carnot groups, and this will be crucial in the proof of Theorem [3.13
The next result follows directly from [2, Theorem 1.1, Remark 1.2].

Theorem 8.1 (Theorem 1.1 in [2]). Let © be a bounded open subset of G such that O is
smooth and completely non-characteristic. Then,

. Vol(2) — Ho(t) /1 o
(8.1) lim 7 —\/;P # ().

t—0

Remark 8.2. When G is a Carnot group of step 2, one does not require any regularity
condition on the boundary. It has been proved in [30] that for step-2 Carnot groups,
holds for any bounded Caccioppoli set. The argument in their proof does not extend to
arbitrary Carnot groups, while Agrachev, Rizzi, and Rossi |2| proved for arbitrary
compact sub-Riemannian manifolds equipped with a smooth volume measure, according
to |2, Remark 1.2], their method works for any Carnot group.

Proof of Theorem[3.13. Let nga) denote the density of the a/2-subordinator St(a). Using
the self-similarity in (4.7) we have

ne(s) = t_%m(st_%) for all s > 0.

Let us also denote

W (1) = Vol(Q) — / / Ot y)dady,  ha(t) = h (1)
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Using Fubini’s theorem, we can write

) (1) = / P, (B € 9°) du= / ho(s)n® (s)ds.
Q t 0

Therefore for any ¢ > 0 we have

AR @) = / ha(s)n(® (s)ds
0

where
hao st2/a) a
Gls,t) = 22U 40 )
S2to¢

Now, by Theorem we have

1 1)
}%G(s t) = \/;PerH(Q)ﬂnl (s).
Also, by Lemma for all s,t > 0,
0 < G(s,t) < /2Q Pery ()s2n\® ().

Applying the dominated convergence theorem it follows that for 1 < a < 2

lim G (s,t) ds—/ \/>PerH 52771 )( )ds
= (1 - a) Pery (2).

When a = 1, we follow an argument similar to that used in the proof of |43, Proposi-
tion 3.3] with some modifications in our setting. From [43, Lemma 3.2], for any § > 0 one
has

1
E [(59/2)) 2 0< s < 5t—2}

: _ b
(8.2) i log(1/2) v

Now, for any bounded €2 we write

Vol() — 1) = [ hast )l (s)ds
0

52 2 o
hq(st
- / Palol) 2 (s)ds + [ ha(st2)nf? ()ds
0 s2t §t=2
=: I1(t) + I2(t),
where ¢ > 0 is to be determined. Since by Theorem

1
lim ha(t) _ 1 Pery (),

t—0 \/Z _ﬁ
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for any € > 0, there exists § > 0 such that
1 hQ(t)’ 1
— Pery(Q)) —e < < —=Pery(Q) +e forall 0 <t <.

As a result, using (8.2]) we get

I 1
lim sup 4L < ( Pery () + 5> lim sup

t—o0  tlog(1/t) V& t—0  log(1/t)
1 1
=—|—=P Q .
77 (g P +)
Similarly, we also get
L(t) 1 1
li f—-->—>—|—=P Q) —¢).
i e (1) ~ Vr (ﬁ eru(®) 5)
As ¢ > 0 is arbitrary, we conclude that
L) 1
li —P Q
150 tlog(1/t) tlog(1/t) = eru((2).

On the other hand, since hq(t) = Vol(Q2) — Hq(t) < Vol(2) for all ¢ > 0, using (4.11]) we
obtain

e 2¢
L(t) <c / Vol()s™3/2ds = = Vol (Q)t
5t—2 () V6
for some constant ¢ > 0. As a result,
I
lim L =0.
t—0 tlog(1/t)

Therefore, we have

Vol(Q) — H (1) 1
=—P Q).
1530 tlog(1/t) T eru()

Let us now consider the case when 0 < o < 1. Consider Q2 C G such that Perg_‘z ) (Q) < 0.

Since
Vol(Q2) — / / (@) (t,xLy)dydz,

from the estimates in (4.8)) and in Proposition along with the dominated conver-
gence theorem it follows that

Vol(©2) —

lim = hm// tx ) ————Z*dzdy
t—0 t t—0 c
/ / c||x y||Q+a

= Per (Q)

This concludes the proof of the theorem. O
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Proof of Corollary[3.15. We first prove the limit when a 1. Let Q be a bounded open
set having C'°° boundary with no characteristic points, and let us denote as before hq(t) =
Vol(2) — Hq(t). Then by Theorem for any ¢ > 0 there exists 0 > 0 such that

ha(t) 1
8.3 — —Pery (V)| <e forall0 <t <.
(83) N 1(€2)
Using Lemma [6.2] we can therefore write
) 00
@ ha(t), a1 _a_
(8.4) Per{?) (Q) = ca/ o)~ 14 4 ca/ hao(t)t 5~ Ldt,
0 \/7? g
where
. «@
°TAA-9)
Since 0 < hq(t) < Vol(Q2) for all ¢ > 0, we have
o0 (o3 1 - (o3
(8.5) limsup(1 — a)ca/ ha(t)t™2 " 1dt < limsup % Vol(Q)6~ 2 = 0.
a 5 a1 T(1—9)
On the other hand noting that
lim co = ——
an T o
(8.3) implies
é
. ho(t) _ao_1 1 1
limsup(1 — a)ca/ t7272dt < < Pery (Q2) + 5) —,
(8.6) a1 0o Vi VT VT
| liminf(1 — a)c ' hQ(t)t_%_%dt > (1 Pery (Q) — 5) L
0.1 "o Vi “\vE v

Since € > 0 is arbitrary, combining (8.5)) and , we conclude that
1
lim (1 — @) Perl) () = = Pery ().
lim (1 — ) Perfy)(2) = - Pern(9)
Let us now prove the limit when « N\, 0. From the heat kernel estimate in ([2.6) it follows
that

wlQ

p(t,z,y) < ct for all z,y € G, t > 0.

As a result,

Ho(t) = | [ plt.o,)dudy < ot~ Vol()?
QJa
which shows that
tliglo Hq(t) = 0.
Therefore, for any € > 0, there exists § > 0 such that
(8.7) |ha(t) — Vol(Q)| < e forall t > 6.
We note that

li = d lim — =1.
alg%)ca 07 an al\,rnOOé/Q
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Using the same decomposition as in (8.4) and invoking Lemma for any Q satisfying
Pery (©2) < oo we get

1
ha(t
lim sup ¢, alt)

a0 0o Vit
On the other hand, using (8.7) we obtain

a 1
t52dt < < V/2Q Pery (Q) lim sup 2coé(l —a)=0.
aN\0

lim sup ca/ ho(t)t~2 71t < (Vol(Q) + &) lim sup —5** Vol(Q2) + &
é

a\,0 a\0 a/
lim inf ¢, ho()t~ 27 1dt > (Vol(Q) — e hmmf —(5** = Vol(Q2
minteo [ halt) (Vol(€2) — &) imint 5 (@ -

Since € > 0 is arbitrary, we conclude that

Cl[l{‘% Perg_[)(Q) = Vol(Q).

This concludes the proof of the corollary. O

9. PROOF OoF THEOREM [3.11]

An essential tool for proving (3.15)) in Theorem is the following powerful theorem
due to Tkeda and Watanabe [38].

Theorem 9.1 (Ikeda-Watanabe, 1962). Let X = (X;)i>0 be a Feller process defined on a
locally compact separable metric space (M,d). Assume that there exists a positive kernel
II(z,E), z€ M, E € B(M) such that

(1) (z, E) < oo if d(z, E) > 0,

(2) for any bounded f € C(M) and a bounded open set D with d(D,supp(f)) >0,

P f(z)
t

is uniformly bounded in x € D, t > 0,

and limy g Ptf fM II(z,dy) for every x € D,
then for any open set ) C M, E € B(M) satisfying d(E,Q) > 0, and A > 0,

(9.1) E. [e*/\m,XTQ € E} = /QGg\)(x,dy)H(y,E),

where G(x, F) fo 2po(s,x, E)ds. Therefore, the joint distribution of (tq, X,,) on
the event {XTQ # Xr— } is given by

P, (tq € ds, X, € dz) = / pa(s, z,dy)l(y,dz).
Q
Moreover, (9.1) holds for A =0 if E,[rp] < cc.

In the following lemma we identify the positive kernel II in the case of the subordinated
hypoelliptic Brownian motion Bt(a) =B (o)
t

Lemma 9.2. For any 0 < a < 2, the subordinated process B\®) satisfies conditions —
of Theorem [9.1) with
1

H(x,dy) = ———5=dy.
=1yl
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Proof. Due to the equivalence of homogeneous metrics on G, let us fix d = d., the Carnot-
Carathéodory metric. For any E € B(G) and z € G with d.(z,E) > 0, let us write
ry = do(x, E)/2. Then, E C B(z,7;)¢. Due to the equivalence between the quasinorm || - |4
and the Carnot-Carathéodory norm d.(e, -), we obtain

1 c1 C1
————-dy < / ——— 5 dy = / —— 5 dy
/E |z 1y 9T Bare)e de(@,y)@te Ble.ry)e dele, y)@te

for some constant ¢; > 0. Let us write
A = Ble, 26 1r,) \ B(e, 287,).
Then,

c1
———dy = / dy
/]E(e,rz)c dC(emy)Q—HX Z Ay, (e,9) Q+a

<clz r2) 97 Vol(B(e, 2 1r,))

o0

= ¢1 Vol(B(e, 1)) Z g hay—a

k=0
_c1 Vol(B(e, 1)) _,
T iooe
This shows that
1 (&)
(9.2) / — _dy< =
B [la—tyldte "z
with ¢ = ¢; Vol(B(e, 1))/(1 —27%), and hence is satisfied.
Let D be a bounded open subset of G and f be a bounded continuous function on G
with d.(D, Sy) > 0, where Sy = supp(f). Let pla) = Pt(a) denote the semigroup associated
with B(®). Then for any z € G,

/f twydy—/f )P\ (t, 2 y)dy.
Using (4.8)) in Proposition H 4.4] for any x € D we obtain

M </ cs | flloo dy < 2%cacs| flloo  2%eacs||flloo
t Je=ty @77 T de(w Sp)e T de(D, S)

where the penultimate inequality follows from ({9.2)). Since d.(D, Sf) > 0, we conclude that

Pt(a) f(z)/t is uniformly bounded with respect to x € D and ¢t > 0. Finally, using (4.9)
in Proposition and the dominated convergence theorem, we conclude that is also
satisfied. This completes the proof of the lemma. O

In the next result we prove that under some regularity conditions on the boundary of a
domain in the Carnot group, the subordinated hypoelliptic Brownian motion generated by
the fractional sub-Laplacian operator does not hit the boundary upon exiting the domain.
This result is known for Euclidean spaces from [8], and the following result is a generalization
of this fact.
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Proposition 9.3. Assume that 2 satisfies the volume density condition defined in Defini-
tion[5.13 Then for any a € (0,2),

P, ( Bl ¢ 89)
The proof requires several intermediate results which are stated in a few lemmas below.

Lemma 9.4. Let D C G be an open ball with respect to some left-translation invariant
homogeneous metric on G. Then for x € D, E,[rp] < oc.

Proof. Due to left-translation invariance of the subordinated process Bt(a) =B without

S(a) i
loss of generality we can assume that D is centered at the identity elementt e, that is,
D = B(e,r) for some r > 0. It is easy to see that the horizontal coordinates of B(®) have
the same distribution as the subordinated Brownian motion on R™, where m = dim(V;),
V1 being the first layer of the Lie algebra g. Since the homogeneous quasinorm defined by

N(z) = sup{|z;|"7, j=1,... k o= (z1,...,24)}
is equivalent to any homogeneous norm on G, for any ¢ > 0 we have
(9.3) Py (tp > t) < Py, (70, > 1)
for some ¢ > 0, where z; € R™ denotes the horizontal coordinate of xz € G, and
= inf{t >0 : |7 (B > r},
where 7T1(B§a)) is the horizontal coordinate of Bt(a). In fact, 7] is the first exit time of the
a-stable isotropic Lévy process from a Euclidean ball of radius r centered at the origin (in

R™). Therefore, (9.3]) implies that E,[rp] < E;, [7..]. It was proved by Getoor [31] that for
any a € (0,2) and r > 0,

Eay[r/] = T(m/2)[2°T(1 + a/2)T((m + 0) /2)] 7 (* = |1a[)}?,
which is in particular finite for all a € (0,2). This completes the proof of the lemma. [
Lemma 9.5. Let D be any open ball in Q such that d(D, Q) > 0. Then,

P, (B%) € 89) =0 forallzeD.

Proof. To prove this, we again resort to Theorem Since by Lemma E.[mp] < oo for
any x € D, plugging A = 0 in (9.1) we get that for any A C B(G) with d(D, A) > 0,

G( (2, y)
(9.4) P, ( B¢ GA // ~dydz,
b D ||y—1z||Q+

where Gp is the Green’s function defined by

G\ (@, y) :/0 P\ (s, z, y)ds.

Since d(D,08?) > 0 and Vol(9Q2) = 0 (see Lemma |5.14)), by (9.4), P, ( o € 89) =0 for
all z € D. O
Lemma 9.6. Let x € Q and Dy = B(x,r;/2) where ry = d(x,00). Then,

i (@) c
(9.5) inf P, (BTDI e ) >0
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Proof. Due to the volume density condition, there exists a constant ¢; > 0 such that
Vol (2°NB(z,2r,) > Vol (Q° N B(my, y) > e,

where m,, is a point on the boundary nearest to z. Let us write Q) = QN B(z,2r;). By

(19.4) we have

B@ <o Dx (2, y)
0 (B e ) = [ ], 3 e

Due to the scaling property of the Dirichlet fractional sub-Laplacian AH , it follows that
for all r,t > 0 and z,y € Q

(9.7) p( )(t x,y) —T‘_Qp( @) 51:17 51y
519

where ¢ is the dilation on G, which shows that the Green’s function has the following scaling
property:

(9.8) ng) (x,y) = ra*Qng)Q (5%1', (5%y) Yo,y € Q.

Using the left-translation invariance of B(® we have
(9.9) GS)wy) = G, (a7 'y).

As the quasinorm |||, is equivalent to the Carnot-Carathéodory norm, we have ||y 'z, <
cr, for some constant ¢ independent of x. Therefore, using and we obtain

P, (BY) €0°) > P, (B eQ’)

erz/g)( )
/, / B(e,rq/2) crx)Q+oc dde

al@) (6,61 y)
/ / ra-Q IB(e 1/2) Q+1/ )
" JB(e,rz/2) ( ) ¢

(cry)™ / / G( 21/2 (e,y)dydz,
r JBe,1/2)

where the last equality holds due to the change of variable y — ¢, /,,y. Since

(9.10)

G (e, y)dy = Ee|rp(e
/IB(e,l) 3(671/2)( y)dy [B( ,1/2)]

and Vol(€Q)) > 17 for some ¢1 > 0, we conclude the proof of the lemma using O

Proof of Proposition[9.3. We follow a similar argument used in the proof of [10, Lemma A.1]
adapted to our setting. For any z € Q, let us denote D, = B(z,7,/2) € Q with r, =
d(x,02). Then for any x € Q we have

P, (BY) € 00) =P, (B) €00) +P, (BE) €0, BY € o9).
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The first term is identically equal to 0 due to Lemma (9.5 For the second term, using strong
Markov property for B(® we obtain

P, (BY) €0 BY) € on)

(9.11) () ()
~E, [PB%L (Bl con), BY) e Q}

T

By Lemma there exists v € [0,1) such that

sup P, (B(O‘) € Q) <.

TDI
€
Therefore, (9.11)) yields,

21618 P, (Bq(_g) € 89) < 721618 P, (BS_S) € 89) )

This shows that P, (B%) € 89) = 0 for all x € €, which completes the proof of the
proposition. ]

We are now ready to prove Theorem [3.11

Proof of Theorem[3.11. We only need to prove (3.15). We adapt the technique in [33] in
the context of Lévy processes in Euclidean spaces. We note that for any x € €,

Pu(rq > t) = Po(BY) € Q) — Py(rq < t, B € Q).
Using the strong Markov property and |7, Exercise 8.17], we get

P.(rq <t,B € Q) =E, [m <P (B, € Q)]
Q

=E, [TQ <, Bg_g) S ﬁC,PB(Q)(B(a) S Q):|
Q

t—7q

+ E, [TQ <t, B%) € c‘)Q,IPBLQ)(Bt(f)m € Q)} .

Q

Let us define

t—7q

I(t) = / E, {m <t,B) € QP (B € Q)] dz,
Q Q

I1(t) = / E, [m <t,BY e aQ,pB@(BiS)m € Q)] dz.
Q ™

Then,
(9.12) HO (1) = H (t) — I(t) — TI(t) for all ¢ > 0.

We first prove that limy_,o I(t)/t = 0. In this part, we carefully use the Ikeda-Watanabe
theorem. By Proposition and Lemma when B is the subordinated hypoelliptic
Brownian motion on G, II is given by

dy

(z, dy) = W(z,y)dy = ——5—.
a1y $T
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Using Theorem [9.1] we get

t (o)
o Py (8,7,Y)
I(t ://// P, B(_)SGQ 22 0% Jedydsde,
Q aJo JoJoe ( ! )||ylz||Q+a
()

where pg,” (s, x,y) is the transition density of the subordinated Brownian motion killed upon
exiting 2. We note that

( ) = CE\Tt=s = T (a)
// Hy 1ZIIC”"‘ (50 )dedy = /Q</Q ly=Lz]|3F* dz | po (s, u)dy

< PL(gs-s) (),

where

P.(B{*) € Q)
0(y) = 1o@) / BB el
Ty

and P% is the semigroup associated with the killed subordinated process. Therefore, we

have
t
I(t) < / / P2 (g, ) (x)dads.
0 JQ
Also note that for all t > 0,

1 ()
gt(y)dy < / / ————5—dydz = Per;,” () < cc.
/a 2o ly=t2) "

t t
t)é/ /Pgl(ﬂg)(x)gt_s(m)da:dsg/ /,_qs(m)dazals7
0 JQ 0 JQ
which shows that

I I P.(B € Q
lim sup ﬂ < lim sup/ / / im sup;_yo P (B, ~ € )dzdy =0,
ly=tzlig

Hence,

t—0 t t—0

where the last inequality follows from the dominated convergence theorem along with the
fact limy_yo P, (Bga) € Q) =0 forany z € Q° as B@ is right continuous.

On the other hand, due to Proposition I1(t) = 0 for all t > 0. Invoking (9.12)), we
conclude the proof of .

When Q is bounded with C'!' boundary having no characteristic points, by Theorem
) satisfies the intrinsic exterior cone condition defined in Definition By Proposition
it follows that €2 also satisfies the volume density condition, and hence holds in this
case. This completes the proof of the theorem. O
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APPENDIX A. DIRICHLET FORM ASSOCIATED WITH SUBORDINATED SEMIGROUP

Let (£%,D(£%)) be the Dirichlet form defined in (3.5) which corresponds to the subordi-
nated semigroup (Pt¢)t>0 defined in (3.3)). Let us also recall that

—AY = —¢(Ay)
is the generator of (Pt¢)t>0 in L(G, dz).
Lemma A.1. For any Bernstein function ¢,
(A1) C>(G) € D(AY,) € D(E?).
Moreover, C2°(G) is a form core for £9.

Proof. By Phillips’ subordination theorem, see for instance [51, Theorem 13.6], for any
Bernstein function ¢, D(Ay) is a core for (A%,D(A%)). As noted before, (Ay, CX(G))
is essentially self-adjoint in L?(G,dr), that is, C°(G) is a core for (Ay, D(Ay)), which
implies that

C=(G) C D(AL).

Also, by |29, Corollary 1.3.1], D(A;Z) C D(£?). This proves (A.T).
By [51} p. 16], for any Bernstein function ¢, there exists C' > 0 such that

(A.2) d(N) < C(1+A) forall X>0.
Therefore, for any f € D(Ay),
1
(A.3) | flles = (Hf\\%z(gvdgj) +E2(f, )2 < CUlfll2(@.de) + |1 D21 L2(G )

for some constant C' > 0. We note that the semigroup

ot (AI)?

is also obtained by subordinating the semigroup Pt¢ with the Bernstein function u — /u,
and therefore by Phillips’ subordination theorem, D(A;Z) is a core for ((A;Z)UQ, D((A%)I/Q)).
Since C°(G) is a core for (Ay, D(Ay)) in L?(G, dz), the above inequality in implies
that C2°(G) is a form core for £. This completes the proof. O

Let Q C G be a measurable subset. Consider the part of the Dirichlet form ((£2)9, (F¢)%)
with

(FO?={feDE’:f=0 E%qe. onG\Q},
where fdenote the quasi-continuous version of f, see [29, p. 69].

Lemma A.2. Let Q be an open subset of G. Then, ((£2)%,(F®)?) is a regular Dirichlet
form on L2(Q,dx). Moreover, C2°(Q) is a form core for E%*. As a result, the generator

associated with % is the Friedrichs extension of (E‘é, C(Q)) in L*(S, dz), where for any
fe ),

£of = 8oL .
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with

flx) ifzef

0 _
PO =0 yreae

Proof. We first note that £ is a regular Dirichlet form on L?(G, dz) as C°(G) C D(E?),
due to Lemma Since  is open, by [29, Theorem 4.4.3(1)], (€%, (F®)?) is a regular
Dirichlet form on L?(G, dz). Also by Lemma C>(G) is a core for £2. Moreover, it is a
special standard core for £2, see [29, p. 6]. Therefore, invoking [29, Theorem 4.4.3(i)] once
again, the space of functions

Ca = {f € C°(G) : supp(f) C 2}

is a form core for £, Since Cq = CX(Q), we conclude that the generator of £ in
L?(Q,dz) is the Friedrichs extension of (Eg,Cé’O(Q)) in L?(Q,dr). This completes the
proof. O
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