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Abstract

We deal with a wide class of nonlinear integro-differential problems in the Heisenberg-Weyl
group H", whose prototype is the Dirichlet problem for the p-fractional subLaplace equation.
These problems arise in many different contexts in quantum mechanics, in ferromagnetic
analysis, in phase transition problems, in image segmentations models, and so on, when non-
Euclidean geometry frameworks and nonlocal long-range interactions do naturally occur. We
prove general Harnack inequalities for the related weak solutions. Also, in the case when
the growth exponent is p = 2, we investigate the asymptotic behavior of the fractional
subLaplacian operator, and the robustness of the aforementioned Harnack estimates as the
differentiability exponent s goes to 1.

Mathematics Subject Classification Primary 35B10 - 35B45; Secondary 35B05 - 35HOS -
35R05 - 47G20

1 Introduction

We deal with a very general class of nonlinear nonlocal operators, which include, as a
particular case, the fractional subLaplacian. Precisely, let 2 be a bounded domain in the
Heisenberg-Weyl group H", and let g be in the fractional Sobolev space W*:? (H"), for any
s € (0, 1)and any p > 1. We shall prove general Harnack inequalities for the weak solutions
to the following class of nonlinear integro-differential problems,

Lu=f in <,

1.1
u=g inH"\Q, (-1
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where f = f(-, u) belongs to L (IH") uniformly in €2, and £ is the operator defined by

loc

u(§) — u(m|P~>(u() — u(n))

. Aoy~ 0 £)0 dp, el (12

Lu(€) = P.V./

with d, being a homogeneous norm on H", and Q = 2n + 2 the usual homogeneous
dimension of IH". The symbol P. V. in the display above stands for “in the principal value
sense”’. We immediately refer the reader to Sect. 2 below for the precise definitions of the
involved quantities and related properties, as well as for further observations in order to relax
some of the assumptions listed in the present section.

Integral-differential operators in the form as in (1.2) do arise as a generalization of the
fractional subLaplacian on the Heisenberg group, naturally defined in the fractional Sobolev
space H*(IH") for any s € (0, 1) as follows

(—Ap) u(E) = C(n,s)P.V./ u) —u@ 4 g, (1.3)

_ +2.
B [p=log|2F?

where | - |p» is the standard homogeneous norm of H”, and C(n, s) is a positive constant
which depends only on n and s. In this fashion, the prototype of the wide class of problems
in (1.1) reads as follows,

) (1.4)
u=g in H" < @,

{(—A]Hn)su =0 inQ,
In the last decades, a great attention has been focused on the study of problems involving frac-
tional equations, both from a pure mathematical point of view and for concrete applications
since they naturally arise in many different contexts. Despite its relatively short history, the
literature is really too wide to attempt any comprehensive treatment in a single paper; we refer
for instance to the paper [33] for an elementary introduction to fractional Sobolev spaces and
for a quite extensive (but still far from exhaustive) list of related references. For what con-
cerns specifically the family of equations in (1.1) and the corresponding energy functionals,
both in the nonlocal and in the local framework, the link with several concrete models arises
from many different contexts in Probability (e. g., in non-Markovian coupling for Brownian
motions [5]), in Physics (e. g., in group theory in quantum mechanics [46], in ferromagnetic
trajectories [34], in image segmentation models [13], in phase transition problems described
by Ising models [38], and many others), where the analysis in sub-Riemannian geometry
revealed to be decisive. In this respect, as proven in the literature, Harnack-type inequalities
constitute a fundamental tool of investigation.

Let us focus now merely on regularity and related results in the fractional panorama in
the Heisenberg group. It is firstly worth stressing that one can find various definitions of
the involved operator and related extremely different approaches. In the linear case when
p = 2, an explicit integral definition can be found in the relevant paper [41], where several
Hardy inequalities for the conformally invariant fractional powers of the sublaplacian are
proven, and [11] for related Hardy and uncertainty inequalities on general stratified Lie
groups involving fractional powers of the Laplacian; we also refer to [2], where, amongst
other important results, Morrey and Sobolev-type embeddings are derived for fractional order
Sobolev spaces. Still in the linear case when p = 2, very relevant results have been obtained
based on the construction of fractional operators via a Dirichlet-to-Neumann map associated
to degenerate elliptic equations, as firstly seen for the Euclidean framework in the celebrated
Caffarelli-Silvestre s-harmonic extension. For this, we would like to mention the very general
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approach in [22]; the Liouville-type theorem in [ 12]; the Harnack and Holder results in Carnot
groups in [16]; the connection with the fractional perimeters of sets in Carnot group in [17].

For what concerns the more general situation as in (1.2) when a p-growth exponent is
considered, in our knowledge, a regularity theory is very far from be complete; nonetheless,
very interesting estimates have been recently proven, as, e. g., in [26, 45], and in our recent
paper [32] where local boundedness and Holder estimates have been proven for the weak
solutions to (1.1).

In order to state our main results, we need to introduce a special quantity which plays
a central role when dealing with nonlocal operators. Namely, we define the nonlocal
tail Tail(u; &, R) of a function u centered in & € H" of radius R > 0,

1
(- e sp p—1, -1 —Q-sp p=1
Tail(u; &, R) := [ R lumI""In~" ool dn . (1.5)
H"\ Br (&)

We immediately notice that the quantity above is finite wheneveru € L4 (H"), withg > p—1.
The nonlocal tail in (1.5) can be seen as the natural generalization in the Heisenberg setting
of that originally introduced in [14, 15], and subsequently revealed to be decisive in the
analysis of many different nonlocal problems when a fine quantitative control of the long-
range interactions is needed; see for instance the subsequent results proven in [23, 28-30]
and the references therein.

Our main result reads as follows,

Theorem 1.1 (Nonlocal Harnack inequality) Forany s € (0, 1) andany 1 < p <2n/(1 —
s), let u € W5 P(H") be a weak solution to (1.1) such that u > 0 in Bg = Br(&) C Q.
Then, for any B, such that Ber C Bg, it holds

P 5 1
supu < e infu+e ()" Tailtu—; o, R) +er TN fIf s (16)
B, By R R
where Tail(+) is defined in (1.5), u_ := max{—u, 0} is the negative part of the function u,

and ¢ depends only on n, s, p, and the structural constant A defined in (2.2).

Notice that in the case when u is nonnegative in the whole R”, the formulation in (1.6) does
reduce to that of the classical Harnack inequality.

In the particular situation when u is merely a weak supersolution to Problem (1.1), still
in analogy with the classical case when s = 1, a weak Harnack inequality can be proven, as
stated in the following

Theorem 1.2 (Nonlocal weak Harnack inequality) For any s € (0, 1) and any 1 < p <
2n/(1 —s), letu € WP (H") be a weak supersolution to (1.1) such that u > 0 in Bg C .
Then, for any B, such that Ber C Bg, it holds

1
g =
<][ u' ds) < cinfu +c(E)" " Tail(u_: &, R) +¢x, (1.7)
r %r
where
T 1 TP o(p—1) ,
_ I ooy fort < 5=, ifsp < O,

O(s—e) = _
roie ||f||fm(BR) foranys—Q/p<8<sana,'t<(”EJ ifsp> Q,

Tail(-) is defined in (1.5), and u_ := max{—u, 0} is the negative part of the function u. The
constant ¢ depends only on n, s, p, and the structural constant A defined in (2.2).
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As expected, a nonlocal tail contribution should be still taken into account, and, again, such
a contribution in (1.7) will disappear in the case when the function u is nonnegative in the
whole R”. Also, notice that the bound from above in the nonlinear growth exponent, namely
p < 2n/(1 —s) = (Q —2)/(1 — s), always includes the linear case when p = 2 for
any s € (0, 1), even when n = 1, and the more differentiability we have, the less such a
bound is restrictive; in particular, in clear accordance with the analogous results in local case,
such a bound does disappear when s goes to 1. Such a bound naturally arises in view of the
discrepancy between the dimension 2n + 1 and the homogeneous dimension Q = 2n + 2
in the non-Euclidean framework considered here. We refer to Remark 4.2 in [32] for further
details.

It is now worth noticing that the main difficulty into the treatment of the equation in (1.1)
lies in the very definition of the leading operator £ defined in (1.2), which combines the typical
issues given by its nonlocal feature together with the ones given by its nonlinear growth
behaviour and with those naturally arising from the non-Euclidean geometrical structure.

For this, some very important tools recently introduced in the nonlocal theory and success-
fully applied in the fractional sublaplacian on the Heisenberg group, as the aforementioned
Caffarelli-Silvestre s-harmonic extension, and the approach via Fourier representation, as
well as other successful tools, like for instance the commutator estimates in [43], the pseudo-
differential commutator compactness in [36], and many others, seem not to be adaptable to
the framework we are dealing with. However, even in such a nonlinear non-Euclidean frame-
work, we will be able to extend part of the strategy developed in [14] where nonlocal Harnack
inequalities have been proven for the homogeneous version of the analogue of problem (1.1)
in the Euclidean framework. Further efforts are also needed due to the presence of the non
homogeneous datum f, as well as in order to deal with the limit case when sp = Q, both of
them are novelty even with respect to the results proven in the Euclidean framework in [14].

Let now focus on the linear case when p = 2 when the datum f in the right-hand side
of the equation in (1.1) is zero. It is worth mentioning that the necessity of the presence of
the tail term in the Harnack inequalities stated above is a very recent achievement. Indeed,
during the last decades, the validity of the classical Harnack inequality without extra positivity
assumptions on the solutions has been an open problem in the nonlocal setting, and more in
general for integro-differential operators of the formin (1.1) even in the Euclidean framework.
An answer has been eventually given by Kassmann in his breakthrough papers [24, 25], where
a simple counter-example is provided in order to show that positivity cannot be dropped nor
relaxed even in the most simple case when £ does coincide with the fractional Laplacian
operator (—A)*; see Theorem 1.2 in [24]. The same author proposed a new formulation of
the Harnack inequality without requiring the additional positivity on solutions by adding an
extra term, basically a natural tail-type contribution on the right-hand side, in accordance
with the result presented here; see Theorem 3.1 in [25], where the robustness of the estimates
as s goes to 1 is also presented. In the same spirit, we also investigate the special linear case
in which £ does reduce to the pure fractional subLaplacian, namely problem (1.4). Firstly,
as expected, we prove that the fractional subLaplacian (—Apn)® effectively converges to
the standard subLaplacian —Ap» as s goes to 1, as stated in Proposition 1.3 below. For
this, we shall carefully estimate the weighted second order integral form of the fractional
subLaplacian with the aim of a suitable Mac-Laurin-type expansion in the Heisenberg group.

Proposition 1.3 For any u € C5° (") the following statement holds true

lim (—A]Hn)SM = —Apnru, (18)
s—1-
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where (—Ayn)® is defined by (1.3), and A is the classical subLaplacian in H".

Notice that a proof of the result above for fractional subLaplacian on Carnot groups can be
found in the relevant paper [17], via heat kernel characterization.

Secondly, we revisit the proofs of Theorems 1.1-1.2 by taking care of the dependance of
the differentiability exponent s in all the estimates, so that we are eventually able to obtain
the results below in clear accordance with the analogous ones in the Euclidean framework
[25], by proving that the nonlocal tail term will vanish when s goes to 1, in turn recovering
the classical Harnack formulation.

Theorem 1.4 Foranys € (0, 1) letu € H*(H") be a weak solution to (1.4) such that u > 0
in Br(&o) C 2. Then, the following estimate holds true for any B, such that Be, C Bp,

infu+c(1— r » Tail 1.9
< .
sgrpu CIEr u+c( s)( ) ail(u—; &, R), (1.9)
where Tail(+) is defined in (1.5) by taking p = 2 there, u_ := max{—u, 0} is the negative

part of the function u, and ¢ = ¢ (n, s).

Theorem 1.5 For any s € (0, 1) let u € H*(H") be a weak supersolution to (1.4), such
that u > 0 in Br(&y) C 2. Then, the following estimate holds true for any B, such that
Ber C Bg, andanyt < Q/(Q — 2s),

% 7\ 2s
<][ ufdg) <cinfute(l—s) (—) Tail(u_: &, R), (1.10)
B, B3, R
7z
where Tail(+) is defined in (1.5) by taking p = 2 there, u_ := max{—u, 0} is the negative

part of the function u, and ¢ = ¢ (n, s).

Further developments. Starting from the results proven in the present paper, several ques-
tions naturally arise.

e Firstly, it is worth remarking that we treat general weak solutions, namely by truncation
and dealing with the resulting error term as a right hand-side, in the same flavour of the
papers [14, 15, 29], in the spirit of De Giorgi-Nash-Moser. However, one could approach
the same family of problems by focusing solely to bounded viscosity solutions in the
spirit of Krylov-Safonov.

e Stillin clear accordance with the Euclidean counterpart, one would expect self-improving
properties of the solutions to (1.1). For this, one should extend the recent nonlocal
Gehring-type theorems proven in [30, 43, 44].

e One could expect nonlocal Harnack inequalities and other regularity results for the
solutions to a strictly related class of problems; thatis, by adding in (1.1) a second integral-
differential operators, of differentiability exponent# > s and summability growth g > 1,
controlled by the zero set of a modulating coefficient: the so-called nonlocal double
phase problem, in the same spirit of the Euclidean case treated in [7, 21], starting from
the pioneering results in the local case, when s = 1, by Colombo and Mingione; see for
instance [19, 20] and the references therein.

In the same spirit, it could be interesting to understand if our methods do apply in non-
Euclidean settings for even more general nonlocal nonstandard growth equations, as the
one recently considered in [10, 40].
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e Recently, mean value properties for solutions to fractional equations have been of great
interest. It could be interesting to generalize such an investigation in a fractional non-
Euclidean framework as the one considered in the present paper; we refer to the relevant
results in [8, 9] and the references therein.

e Moreover, to our knowledge, nothing is known about Harnack inequalities and more
in general about the regularity for solutions to parabolic nonlocal integro-differential
equations involving the nonlinear operators in (1.2).

e Finally, by starting from the estimates proven in the present paper, in [39] regularity
results up to the boundary have been proven for very general boundary data, and for
the related obstacle problem. As expected, a tail contribution naturally appears in those
estimates in order to control the nonlocal contributions coming from far. Many subsequent
related problems are still open, and not for free because of the possible degeneracy and
singularity of £, as for instance boundary Harnack inequalities or Carleson estimates for
the homogeneous case. The boundary Holder estimates and the comparison results in
the aforementioned paper [39] together with the Harnack estimates presented here could
be a starting point for such a delicate investigation. Still for what concerns boundary
Harnack inequalities, we also refer the reader to [42] for general strategy for equations
with possibly unbounded right hand-side data.

To summarize. The results in the present paper seem to be the first ones concerning Harnack
estimates for nonlinear nonlocal equations in the Heisenberg group. We prove that one can
extend to the Heisenberg setting the strategy successfully applied in the fractional Euclidean
case ([14, 15, 30]), by attacking even a more general equation which applies to non-zero data
and also to the case when sp > Q. From another point of view, our results can be seen as
the (nonlinear) nonlocal extension of the Heisenberg counterpart of the celebrated classical
Harnack inequality ([1, 6, 31]). Moreover, since we derive all our results for a general class
of nonlinear integro-differential operators, via our approach by taking into account all the
nonlocal tail contributions in a precise way, we obtain alternative proofs that are new even
in the by-now classical case of the pure fractional sublaplacian operator (— Ay )*; also, in
such a case, we are able to prove the robustness of the Harnack estimates with respect to s in
the limit as s goes to 1.

We would guess that our estimates will be important in a forthcoming nonlinear nonlocal
theory in the Heisenberg group.

The paper is organized as follows. In Sect. 2 below we set up notation, and we briefly recall
our underlying geometrical structure, by also recalling the involved functional spaces, and
providing a few remarks on the assumptions on the data. A few classical technical tools are
also stated. In Sect. 3 we present very recent results for fractional equations in the Heisenberg
group. In Sect. 4, we firstly carry out a suitable positivity expansion and some tail estimate.
Then we complete the proof of the Harnack inequality with tail, and the weak Harnack
inequality with tail, respectively. Section 5 is devoted to the asymptotic of the fractional
subLaplacian operator, and the robustness of the Harnack inequalities in the linear case.

2 Preliminaries

In this section we state the general assumptions on the quantity we are dealing with. We
keep these assumptions throughout the paper. Firstly, notice that we will follow the usual
convention of denoting by ¢ a general positive constant which will not necessarily be the
same at different occurrences and which can also change from line to line. For the sake of
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readability, dependencies of the constants will be often omitted within the chains of estimates,
therefore stated after the estimate. Relevant dependencies on parameters will be emphasized
by using parentheses.

2.1 The Heisenberg-Weyl group

We start by very briefly recalling a few well-known facts about the Heisenberg group; see
for instance [6] for a more exhaustive treatment.

We denote points in R+l byé&:=(z,t) = (X1, -+, Xn, Y1y - -» Vn» 1)

For any £, &' € R*"*!, consider the group multiplication o defined by

ot = (x+x, y+y, 1+ +2(y,x) = 2(x,y"))
n
= (x1 X X+ X YU Ve g 012 (] —xiyf))-
i=1

For any A > 0, the automorphism group (®;);~0 on R+ is defined by & — @, (&) =
(Ax, Ay, Azz), and, as customary, Q = 2n + 2 is the homogeneous dimension of Rl
with respect to ()0, so that the Heisenberg-Weyl group H" := (R¥*1 5, @) is a
homogeneous Lie group.

The Jacobian base of the Heisenberg Lie algebra h”* of H” is given by

Xj =0 +2y;0;, Xuyj:i= dy; — 2xjo;,, 1<j=<n, T:=209.
Since [X, X4 j] = —49, forevery 1 < j < n, it plainly follows that
rank(Lie{Xl, o X, THO, 0)) = 41,
so that IH" is a Carnot group with the following stratification of the algebra
h" = span{X1, ..., X2,} @ span({T}.
We have now the following

Definition 2.1 A homogeneous norm on H”" is a continuous function (with respect to the
Euclidean topology) d, : H* — [0, +00) such that:

(1) do(Dy(8)) = Ado (&), for every A > 0 and every & € H",
(ii) do(¢) = 0if and only if &€ = 0.

A homogeneous norm d, is symmetric if d,(§ -y =4, (&), forall &€ € H",
If d, is a homogeneous norm on H", then the function W defined by
W(E ) i=do(n”' 0 &)

is a pseudometric on H".
We recall that the standard homogeneous norm | - |p» on H" is given by

|& = (2 + tZ)% ., VE:=(z,1) € R¥". 2.1)

For any fixed £y € H" and R > 0 we denote with Bg (&) the ball with center &y and radius R
defined by

Br(go) =& € H" : 1" o sl < R},
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It is now worth noticing that for any homogeneous norm d, on H" one can prove the
existence of a positive constant ¢ such that

ANE I < do(8) < Alglpe,  VE € H". 2.2)

As a consequence, in most of the estimates in the forthcoming proofs, one can simply take
into account the pure homogeneous norm defined in (2.1) with no modifications at all.

In the analysis of the special case when the integro-differential operator (1.2) does reduce
to the standard fractional subLaplacian, we will need to obtain fine estimates by taking into
account the differentiability exponent s near 1, and thus several modifications with respect
to the proof of similar estimates in the Euclidean framework are needed. In particular, in
order to obtain the desired characterization of the asymptotic behaviour as s goes to 1 of the
fractional subLaplacian, and consequently proving the consistency of our Harnack estimates
with tail in the limit (see Sect. 5), we are able to overcome some difficulties coming from
the non-Euclidean structure considered here by making use of a suitable MacLaurin-type
expansion.

Definition 2.2 Let u € C°(H"; R). Then, for any m € N U {0} there exists a unique
polynomial P being ®,-homogeneous of degree at most m such that

(X1, ..., X0, TP PO) = (X1, ..., Xou, T)Pu(0)

for any multi-index 8 = (Bi, ..., Bon+1) With |Blp» = B1 + - -+ + Bon + 2B2n+1 < m. We
say that P := Py, (u, 0)(§) is “the MacLaurin polynomial of ®,-degree m associated to u”.

In the case of the Heisenberg group one can explicitly write the MacLaurin polynomial of
®, -degree 2; we have

1
Py, 0)(xy. ... o0, 1) = u(0) + VEru(0) - 2+ 8,u(0) - 1 + 7 {x, Diiu(0) - x),

where the subgradient Vpnu is given by Vipnu(§) := (X u(é), ..., X2,u(£)), and D]Q}i:,k is
the symmetrized horizontal Hessian matrix; that is,

1
Diiu(€) = <§(Xinu($)+Xinu(§))> (2.3)

ij=1,...2n
Definition 2.3 Let u € C*®(H"; R), & € H", and m € N U {0}. Let us consider the
MacLaurin polynomial Py, (1 (&g o -), 0) of the function & —— u(&p o &) The polynomial
Py (1, §0)(€) = Pu(u(§0 0-), 0)(& ' o),
is the Taylor polynomial of H"”-degree m centered at &y associated to u.
One can prove the following

Proposition 2.4 (see for instance [6, Corollary 20.3.5]). For every u € c"H(H" R), & €
H" and m € N U {0}, we have that

U(€) = Pulu, £0)(&) + o0y o &11h).
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2.2 The fractional framework

We now introduce the natural fractional framework; we point out that our setup is in align
with Sect. 2 in [32].
Let p > 1ands € (0, 1), the Gagliardo seminorm of a measurable function # : H* — R

is given by
1
_ (&) — u(n)|? v
lws.p = (/H/HH - 10%_|Q+Spd'§drl) , 2.4)

and the fractional Sobolev space W*-?(IH") given by
WP (H") = {u e LP(H") : [ulwsrry < +oo], 2.5)

is equipped with the natural norm

luelwsrcany = (1l oy + [y ) "o Ve € WP "), 2.6)

Similarly, given a domain 2 C H", the fractional Sobolev space W* 7 () is given by

WP (Q) == {ueLP(Q): (/ w
et |n=log|f™

1
P
dgdn> < 400 2.7
endowed with the norm
1
|u(§) —u(m|? :
lullwsr@) = ”MHZP(Q) + / Wdé"d’] , Yue WHP(Q). (2.8)
eJo n7l okl
We denote by Wg’p(ﬂ) the closure of C3°(€2) in W*-7 (IH").
We conclude this section by recalling the natural definition of weak solutions to the class
of problem we are deal with; that is,

(2.9)

Lu=f QcH",
u=g H'\Q,

where the datum f = f(-,u) € Lf;. (IH") uniformly in €2, the nonlocal boundary datum g
belongs to W* 7 (IH"), and the leading operator £ is an integro-differential operator of dif-
ferentiability exponent s € (0, 1) and summability exponent p > 1 given by

/ (&) — w2 (u(&) — u(n))
e do(n~" 0 §)2FsP

with d, being an homogeneous norm according to Definition 2.1.
For any g € WS 7(HH"), consider the classes of functions

Lu)=P.V dn, & e H",

KE©Q) = {v e WSP(H") : (g — v)4 € WS”’(Q)},
and
Ko() = KF ()N K7 (@) = {v e WA sv—g e Wy @)].

We have the following
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Definition 2.5 A function u € IC;(Q) (respectively, IC;(Q)) is a weak subsolution (respec-
tively, supersolution) to (2.9) if

/ / |u(€) — u()|P 2 () —um) (P () — 1/f(77))d
n n dO(T]_l os)Q'H'P

&dn

s(zxwp{éfﬂau@»w@ma

for any nonnegative € Wé P(Q).
A function u is a weak solution to problem (2.9) if it is both a weak sub- and supersolution.

A couple of remarks are in order.

Remark 2.6 The requirement on the boundary datum g to be in the whole W*-7 (IH") can be
weakened by assuming a local fractional differentiability, namely g € Wlso’cp (£2), in addition
to the boundedness of its nonlocal tail; i.e., Tail(g; &, R) < oo, for some &y € IH" and some
R > 0. This is not restrictive, and it does not bring modifications in the rest of the paper. For
further details on the related “Tail space”, we refer the interested reader to papers [28, 29].

Remark 2.7 The presence of a nonzero datum f is a novelty with respect to the Euclidean
counterpart studied in[14]. In addition, in clear accordance with the classical elliptic theory,
with no severe modifications in the forthcoming proofs, one could also consider the case
when the local boundedness assumption on the datum f is replaced by a uniformly growth
control from above, as, e. g., | f(&, u)| < a + blul? for some suitable exponent ¢ > 1, for
a.e.£ € Qandany u € R.

2.3 Classical technical tools

As in the classical variational approach to local Harnack estimates, the following well-known
iteration lemmata are needed.

Lemma2.8 Let B > 0 and let {A}}jcn be a sequence of real positive numbers such that
Aji1 < cobl AP witheo > 0and b > 1.

L j
If Ao < ¢, Pb" 8 then we have Aj < b_éAo, which in particular yields ]li)nolo A =0.

Lemma 2.9 Let g = g(t) be a nonnegative bounded function defined for 0 < Ty <t < Tj.
Suppose that for Ty <t < v < T we have

gty <ei(t—0""+er+2g(n),

wherecy, ¢2, 0 and { < 1 are nonnegative constant. Then, there exists a constant ¢ depending
only on 6 and ¢, such that for every p, R, To < p < R < Tj, we have

g(p) <c(e1(R— 0)~? +¢2).

3 Some recent results on fractional operators in the Heisenberg group
Similarly to what happens in the Euclidean case, a fractional Sobolev embedding can be

proved in the non-Euclidean setting of the Heisenberg group. Indeed, the following result
holds true,
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Theorem 3.1 Let p > 1 and s € (0, 1) such that sp < Q. For any measurable compactly
supported function u : H" — R there exists a positive constant c = c¢(n, p, s) such that

p p
el e gy = €l

where p* 1= QQJZ 7 is the critical Sobolev exponent.

For the proof of the previous statement we refer to Theorem 2.5 in [26], where the authors
extend the same strategy used in [33, 37] in order to prove the fractional Sobolev embedding
in the Euclidean setting.

We also use throughout the following the next result whose proof can be found in [2,
Lemma 5.1].

Lemma3.2 Lets’ € (0,1) and p' € [1, 00) such that 2 < s'p’ < Q. Then there exists a
constant ¢ = ¢(n, s', p') > 0 such that for any measurable set D C R¥* ! with |D| < oo

dxdydt _s
f—y - <elD'" T 3.1)
D, I* 4124
Hence, x,y € R", t € R and |D| denotes the Lebesgue measure of D.
Before proving the weak Harnack inequality, namely Theorem 1.2, we also need to recall

a boundedness estimate and a Caccioppoli-type one for the weak sub- and super-solution
to (1.1).

e B
let u € W5P(H") be a weak subsolution to (1.1), and let B, = B,(&) C 2. Then the
Sfollowing estimate holds true, for any § € (0, 1],

Theorem 3.3 (Local boundedness [Theorem 1.1 in [32]]). Lets € (0, 1) and p € (1 2n

1
supu < §Tail(uy; &, r/2) + < ][ uidf ' R 3.2)
B2 87 B

where Tail(uy; &0, r/2) is defined in (1.5), uy = max {u, 0} is the positive part of the

function u, y = p:iz, and the constant ¢ depends only on n, p, s, || fllL~(,) and the
structural constant A defined in (2.2).

Theorem 3.4 (Caccioppoli estimates with tail) [Theorem 1.3in[32]]. Letp > 1,4 € (1, p),
d > 0 and letu € W5P(H") be a weak supersolution to problem (1.1) such that u > 0 in
Br(&0) C . Then, for any B, = B, (§0) C Br(&) and any nonnegative ¢ € C3°(B,), the
following estimate holds true

/B /B 7" o Elge T IwE)¢E) — wme ()P dedn
SC/B . ™" o €12 (max {w(&), wm)}) ¢ (&) — ¢(I” d&dn
H( o / I o £ 2™ dn + d' PR [Tail(u-; &, R)]”l>
Eesupp ¢ J H"\ B,

< fB WP (E)$P () dE + cd 18| £l 15y - (3.3)

=
where w := (u +d) » , and the constant ¢ depends only on n, p, q, ||¢|l Lo (supp¢) and the
structural constant A defined in (2.2).
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4 Proofs of the Harnack estimates with tail

For the sake of readability, from now on we adopt the following notation,

dv i=dy(n~' 0 £)"2P d&dn. (4.1)

4.1 Expansion of positivity

In this section we prove a careful estimate of the weak supersolutions to (1.1), by generalizing
the original strategy applied in the local framework as well as that in the fractional Euclidean
one. Clearly, we have to take into account the needed modifications to handle the difficulties
given in the fractional Heisenberg framework; also, the presence of the nonhomogeneous
datum f would require further care when some iterative argument will be called.

Lemma4.1 Let with s € (0,1) and p € (1, lz—fy , and let u € W*P(H") be a weak

supersolution to problem (1.1) such that u > 0 in B = Br(&) C Q. Let k > 0, and
suppose that there exists o € (0, 1] such that

|Ber N {u = k}| = o|Berl, 4.2)

for some r > 0 such that By, C Bpg. Then there exists a constant ¢ = E‘(n, D, s,
I £l (Bg) A) such that

| Bor| (4.3)

Ber N u<26k—l(i)%Tail(u &, R)Y| <
6r = 2 \R —5 S0, =

c
o log (%)
holds for all § € (0, 1/4), where Tail(-) is defined in (1.5).

Proof We firstly notice that with no loss of generality one can suppose Tail(u_; &, R) > 0,
otherwise (4.3) plainly follows from (4.2) by choosing the constant ¢ large enough.
Take a smooth function ¢ € C§°(B7,) such that

0<¢=1 ¢=1 inBs, and |Vi¢|=c/r,

an set

PR (%) 7
" 2\R
Now, choose ¥ := al-» ¢P as atest function in Definition 2.5 by making use of the fact that
u is a supersolution. It follows

P
' Tail(u_: &, R), and ii:=u-+d. (4.4)

/H fE W' TP @)r @)de
E/B /B i@€) — am)|P (@) — a(m) (@' =P E)@P ) — a' = ()¢ () dv
+/ b /B (&) — a2 (@(E) — a(n)a'~" €)¢ &) dv

- / / (&) — a(m|P~2(@&) — a()ia' =P (me? (n) dv
Bg "'\ Bgr
= h+DL+1, 4.5)
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where we have also used the definition of & and the translation invariant property of the
fractional seminorms.

We start by estimating the integral contribution in the left-hand side. Thanks to the hypoth-
esis on f and in view of the definition of ¥/, we have get

/H FE W' =P ()P (&) dé z/B (fE w) @' P E)dg — crd" P\ f Loy
n 6r

Now, we focus on the terms on the right-hand side. We can treat the first integral /; as in the
proof of the Logarithmic Lemma 1.4 in [32], so that

)
C JBg JBg, “(77)

We now proceed to estimating the second integral /5 in (4.5), in turn obtaining an estimate
for I3 as well. We split 15 as follows,

dv + cr@—sp

L = / / |@(§) — a( P2 (@) — ()i =7 (§)¢P () dv
H" ~\ Bg-N{it(n)<0} J By,

+f / (&) — am|P 2 (@) — a(m)a' =7 E)¢P (&) dv
H" ~ BgN{it()>0} J By,
=D+ Dy (4.6)

The contribution in /> 1 can be estimated as follows

Ly = / / |G(€) + (@) 1P~ ' =P ()P (&) dv
"\ Bg, J Bg,

@m-\""" _ _o-.
ch/ (1+ 2 o &0ln2 ™ dn
H" . Bg,

cr97P 4+ cr2d' =P R™PTail(u_; &, R)"~!
=c(n.s, p. Mré¢=r,

IA

IA

where we have used that, for any £ € By, and any n € H" \ Bg,,

In~" o &|m _ (In~" o &lmr + 1§ o &olmr)
In~tok&lmn ~ In=! o &pn
<1+ o <8 4.7)
- In='o&olm — [~ o bolmn ~ '
For I, 7, notice that # > 0 in B7,. Then, u(§) — u(n) < u(§), for every n € H" . Bg, N
{ft(n) > O} and every & € By,; we get

Lo < cr@-sp, (4.8)
Thus, by combining (4.6) with (4.7) and (4.8), we arrive at
L+1 < cr??,

for a constant ¢ depending only on n, p, s and A. All in all,

/B/B (Ei)) dv + /B (@), i' 7P (§)dg

< r@ P er@gl- Pl fllLooBg) -
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Now, recalling the particular choice of d in (4.4), one can deduce the existence of a constant
c:=c(n, p,s, | fllLe(sg), A) such that

Jo b b G

For any § € (0, 1/4), define

. 1 k+d
v := | min {log —, log .
25’ u +

Since v is a truncation of log(k + d) — log(u), the estimate in (4.9) yields

~ )4
fflv(é‘)—v(n)lpdvsff 1og(”j@)>
Ber J Ber Ber J Ber u (n)

By the fractional Poincaré inequality (see, e.g., Sect. 2.2 in [3]), we have

dv+ | (fEuw)a'"PE)dE < @70, 4.9)
Ber

< cr Q—SP

/ [v(E) — (V) B, |"dE < cr'P / &) —vmPdv < er?.  (4.10)
Be, Ber

Ber

Notice that, in view of the definitions of v and u, we have
fv=0}={a=k+d}={u=k}.
Therefore, the inequality in (4.2) yields
|Bs, N {v =0}| = o|Bg|.

Also, notice that
log ~ : (1 1 (E)) dé
og—=—"-—"""— og——v
26 |Be N {v =0} BerN{v=0) 26

<1 ) 1 )
—[log — — (VB | -
o 26 or

which integrated on Be, N {v = log(1/26§)} gives

B o =tee (55 1 (35

1
—/ (&) — (V)5 | dE
o Ber

1 s »
< —|Ber|” (/ IU(E)—(U)Bﬁ,I”dS)
o Bﬁr

c
*|Bﬁr|’
o

A

IA

where we also used (4.10) and the Holder inequality.
From all the previous estimates we finally arrive at

l,

|Be N {i <26k +d)}| < —
25

so that the desired inequality plainly follows by inserting the definition of d given in (4.4). O

We are now in the position to refine the estimates in order to prove the main result of this
section; i.€.,

@ Springer



Nonlocal Harnack inequalities in the Heisenberg group Page 150f30 185

Lemma4.2 Lets € (0,1)and p € (1, %) and letu € WP (H") be a weak supersolution

to problem (1.1) such that u > 0 in Br(&y) C Q.
Let k > 0 and suppose that there exists o € (0, 1] such that

|Ber N {u > k}| > o|Ber|,

for some r satisfying 0 < 6r < R. Then, there exists a constant § € (0, 1/4) depending on
n,s, p, o and A, such that
ll

infu > ok — (%)”’ Tail(u_: &. R) . @.11)

By
Proof We immediately notice that in the case when k = 0, the inequality (4.11) does trivially
hold, since u > 0 in Bg. Also, with no loss of generality, we can assume that for § > 0

sp

(%) " Tail(u_: &, R) < k. (4.12)

Now, for any r < p < 6r, take a smooth function ¢ € Cgo(Bp) such that 0 < ¢ < 1,
and consider the test function ¥ := w_¢?, where w_ := (£ — u), for any £ € (§k, 25k).
Testing Definition 2.5 with such a smooth function v yields

/B fE wyw_(&)pr (&) dé
E/B /B (&) — u(m)|P 2 () — u(m) (w- ()PP (&) — w_(¢” (1)) dv
[ — o ) — um)u- @6 o

‘/B / . (&) = uIP = (@) = u(m)w—(md” () dv
=J1+ L+ J5. @.13)

We begin to estimate the term on the left-hand side. As done in our proof of Lemma 4.1, we
obtain that

/B FE ww_(§)¢" (&) dg :fB (f & w)rw-(§)e" (§)dé

- fB (F & ) w_(E)pP (€)d
> — Ll fllLeBr)|Bp N {u < £}].

Now we focus on the right-hand side of (4.13). It is convenient to split J, as follows
S = / / (&) —umP2uE) — u@m)w- ()¢ &) dv
H"~B,N{u(n)<0} /B,
+ / / (&) — um|P > @E) — u@m)w_ (&)’ &) dv
H"\B,N{u(n)=0} JB,
=: Jo1+ 2.

Now, notice that

7" 0 1 T (@) — um) P2 (@) — u(m)w-(E)$P )
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—1 _ —_0O—
< (e+@m-)"" el sup I o Elg2 ) xB,nw=n©),
&esupp @

which yields

by < Z( sup / €+ @m))P o g2 dn) |B, N {u < €}].
Eesuppp JH"\B,

For J; 2, since u > 0 in B,, we can write
In~'o Elﬁgﬂplu(é) — u(n)l”fz(u(é) —u(m)w_ ()" (&)

< e sup [ ol ) xBnu<e ®)-
§esupp ¢
By reasoning as above for the integral J3, we finally arrive at
h+J; <t ( sup / @+ @m) )P " o le ™" dn) 1By N {u < £}
Eesuppp JH"\ B,

It remains to estimate the contribution Ji, and for this one can proceed as seen in the
Euclidean setting (see Theorem 1.4 in [15]); it follows

Jls—c/B /B w_ (E)(E) — w_(p(n)|? dv

+ /B /B (max {w_(&). w-(N})" 19 &) — ¢ dv.
Combining all the above estimates, we get

/ / w_ ()P () — w (M| dv
B, /B,

< C/B (max{w_ (&), w-(mHP|Pp &) — ¢ ()" dv

o Y Bp

wettB,nte <0l s [ @k womr i osg  ay
gesuppp JH'\ B,

1 f ) ) (4.14)
At this point an iteration argument is needed. To this aim, define

e=¢;:=8k+277716k, p=p;:=4r+2'""Jr, and

< . Pj+1Tpj

pj ==
Note that both 4r < p;, p; < 6r and

Vji=0,1,..

U — g = 279728k > 271735,

Moreover, in view of (4.12), we have

sp

3 1 r\ p—1 .
th = 8k = 25k—5(E) Tail(u_: &, R)
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which yields
1 rryob .
fu < bo} € Ju <28k - 3 (E) Tail(u_: £, R) } . (4.15)

We are now in the position to apply the estimate in Lemma 4.1; we arrive at

|Bor N {u < bo}l _ c

< . (4.16)
| Ber| o log 2178

Now,
—=wj = —wy = € —LirD)XB,Nu<t;y1)
> 2773 g, nuet ), V=01,
Denote by B; := B, (£) and let ¢; € C5°(Bj;,) be such that
0<¢; <1 ¢;=1o0nBj, \Vin ;| < 23,
We have

» P
¥

|Bizi N{u < €iv1}\ 7 T r
(zj—ml)ﬁ( s s < ][ w? ¢f dg
|Bj+1] Bjyi

L
c(ﬁlwf*qbf*dS)

P][B | /B w85 E) — w7 dv,
4.17)

IA

IA

where in the last inequality we have used the Sobolev embedding with p* = Qp/(Q — sp).
Let us estimate (4.17) with the aid of (4.14). Firstly, by the particular choice of ¢, we have

C/B_ /};_ (max {w; (&), wim})"16; &) —¢;(m|” dv

<c2Pelrr / / " o €12 PP dedn
Bj Bjﬂ{u<[]'}
< czfl’zj’r*”’wj N{u <€},

where, proceeding as in the proof of the Logarithmic Lemma 1.4 in [32], and in view
of Lemma 3.2, we have that

/ I~ o &1 O dn < er? .
Bj

Now, notice that, for any n € H" \ B; and any & € supp¢; C B, , it holds

In~1 o &l _ In~1 o &l + 1€ o &olp

— < = _c2j.
[n™" o &lmn [n™" o &l

Thus,

sup I o gl P < 2/ @EM T o gL, Ve HY \ By,
Eesuppg;
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which yields

sup / €+ @) o glp? P dy
&esuppg; JH"\B;
: _ ' . ' ' sp
< 2 QEn gty or gl @b (L)Y ail(us; o, R
J(Q+sp),.—sp pp—1
<c2 et (4.18)
where we have also used the fact that u > 0 in Bpg, the estimate in (4.12), and the fact

that 5k < £;.
From (4.14), (4.17), and (4.18), we arrive at

a P
B N{u <t P* . max{¢, ¢;}
<| Jj+1 { j+1}|> < C2/(Q+P+SP)7JJ(1 +rSp||f||L°°(BR))
|Bj 41l (€ = Lj+0)?
o |Bj N{u < Ej}|
|Bj|
We are finally in the position to apply the classic iteration Lemma 2.8. We set
BiNn{u<t¢;
A, = B0 <)
|Bj|
the previous estimate can be rewritten as follows
2 2J(Q+p+sP) max {g £ }
AV <c¢ L+ 7PN fllLer))Aj
o (€ = €j+0)P )
Also, since
max{€?, ¢;) 3 ,
———— <¢ 277 max{1, = (§k)' 7P} < 277,
(@' j+1)p 2
it follows
s
Ajpr < 612]( © 1 2p*sp* )A1+/3 with g = p !
Q—sp
i
and ¢/ = c(1 4 r*P| fllL>(8g))- Choosing 8 > 0 as follows,
—sp 9 Q(Q 2=
ée, ;p 2( +s+2) 1
d:=—-expqy— < -,
4 o 4
and using the estimate in (4.16), we arrive at
_Q-sp Q(Q sp)
A() — |B6r n {M < eO}| S ) sp 2 ( +S+2) ,
|B6r|
which gives
lim A; =0,
j—00

so that inf g, u > 8k, and hence (4.11) plainly follows.
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We consider now the case when sp = Q. For this, we choose 0 < ¢ < s and, calling s, :=

s — ¢, we have that s,p < Q. Then, for p < ¢ < p} = QgngP’ we apply the Sobolev

inequality in Theorem 3.1; it follows

i

A A
q wE-ap _p o PE pSel s PE
wiglde | <|Bj| @ ¢ wh ¢t ds ) <c wh ¢frds ) .
J I J J o J J
Bj B; r B;

J

Thus, by the inequality above we get

P
[Bjr1N{u < fj+1}|)q

[Bj+1l
2

wi¢! dé)

J

(« —f./+1)p<
(]
(£
Scrs;p (f w”f ¢p¥ dE)ps

- ][ / |w,<s>¢,<s>—w,(n>¢,<nw ded

—1 o E|Q+Y£P

<cr¥?P <][ w? ¢? dg
i
Bj

+][/ [0, ©)9,©) = w; e 17 o\ @19
=1 ogl2HP

where in the last inequality we have split the seminorm [w ;¢ j]{fm, » in the following way

// |w1($)¢]($) wj(me;m]” dédn
B; JB; “log

|Q+Arp
://' lw;(&)p; (&) —w;(m)p; ()P dédy
Bj JB;n{In~" ot =1 [n— o§|Q+36P
+/' / lw;&)g; &) — uéj+(:)3)¢](n)|p dedy.
Bj JB;n{ln~"o&|gn <1} =t o &l

and we have estimated the two integrals above as done in [32, Proposition 2.8].
The first term on the right-hand side of (4.19) can be treated as follows

o |1Bj N {u <€)

cr‘v”’][ pdé < crh ]
B, |Bjl

J

On the other hand, using the same techniques applied in the subcritical case when sp < Q,
we have that the second term on the right-hand side in (4.19) becomes

crs”’]i /B |wj (€)p;(E) — w17 In~" o &I~ dédy

|Bjﬂ{u <fj}|

creP 2/ QPP max (e €31+ r@ | fllLBy) B
J

’
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Setting, as before,

BN {u < ¢}
Aji= |B;| ’
J
we get
(2 4+2g+sq) 41
Aj < 012]( P 5q)AjJrﬁ,

P

with clg =cr™ P (1 +r2 +r2| fllosy) and B := %. Choosing now

L (2 qp?
0<$§ 1 Ecl"”’z(l’ +S+2) @-p? 1
<d:=-expi-— < -,
4P o 4
from (4.16) we get that
Ber N{u < £ P (4 gty
Ao = | Bor |;6r| 0} < T (G2gts) Loy
Then, Lemma 2.8, with
0q
co:=cy and b:=2 o 2t
yields
'lim Aj = 0;

which implies inf g,, u > 8k and hence (4.11) when sp = Q.

The case when sp > Q can be deduced as in the latter, without relevant modifications,
choosing the parameter ¢ > (s — Q/p). With such a choice in hand, we can use the Sobolev
embedding for W¥-? in Theorem 3.1 and the desired result plainly follows as in the previous
case when sp = Q. O

4.2 Proof of Theorem 1.1

In order to derive the Harnack inequalities with tail, we firstly need the estimate (4.20)
below, which is a straightforward consequence of the refined positivity expansion proven
in the previous section, together with the classical Krylov-Safonov covering lemma (whose
proof can be found for instance in [27, Lemma 7.2]), which can be adjusted to our framework
thanks to the role of the nonlocal tail, as shown in the Euclidean framework in the proof of
[14, Lemma 4.1].

Lemma4.3 Lets € (0,1), p € (1, %) and let u € WP (H") be a weak supersolution
to (1.1) such that u > 0 in Bg = Br(&y) C 2 Then, for any Bg, = Ber(E9) C Bp, there
exist constants a € (0, 1) and ¢ = ¢(n, s, p, A) > 1 such that
sp
1

1
(][B u dg) 5ci£rfu+c(%)”’ Tail(u_; &, R), (4.20)
where Tail(-) is defined in (1.5).

@ Springer



Nonlocal Harnack inequalities in the Heisenberg group Page210f30 185

In the next lemma, we prove that the tail of the positive part of the weak solutions to (1.1)
can be controlled in a precise way.

Lemma4.4 Lets € (0,1), p € (1 L") and u € WP (H") be a weak solution to (1.1)

> 1—s
such that u > 0 in Br(&p) C 2. Then, forany 0 <r < R,

sp
r\p-1 . P —
Tail(uy; &,r) < csupu+c (E)' ! Tail(u—; &, R) +cr = ||f||iwl(BR)’ (4.21)
B,

where Tail(+) is defined in (1.5) and ¢ = ¢(n, s, p, A).

Proof Set k := supg, u and choose a cut-off function ¢ € Cy°(By) such that 0 < ¢ < 1,
¢ =1on B,); and |[Vin¢| < 8/r. Take now the test function ¢ := (u — 2k)¢”. We have

/B FE ) WE) — 2009P (€)dE
_ /B fB (&) — P2 (1) — u() (&) — 209P &) — (W) — 20097 () dv
+ / (&) — u)P2 () — u() (u(®) — 206" (&) dv
H" B, JB,

—/ /n . (&) — u()P~2(w@) — u@p) (un) — 2k)¢” (n) dv
=: H + H, + H;. (4.22)

The last two integral in the identity above can be estimated as in the proof of Lemma 4.2 in
[14]; we have

Hy + Hs > ck|B,|r—*P[Tail(uy; &, )17~ — ckPr~*P|B,| — ck|B,|R™P
x[Tail(u_; &, R)]P~". (4.23)

For what concerns the contribution H in (4.22), we have

H,

v

—ekrrr [ [ o g1 0 dgay

%

—ckPr=P|B, |, (4.24)

where we argued as in the proof of Lemma 1.4 in [32], by applying the estimate in Lemma 3.2
here.
The contribution given by the datum f can be easily estimated as follows,

/ FE u) (&) —2)¢”(E)d& < kIBy|ll fllLosg)- (4.25)
B,
Finally, combining (4.22) with (4.23), (4.24), and (4.25), we obtain
. PN\ I et
Tail(u:§0.r) < ck+c ()" Tailuos o R)+cr P TIf [ gy
which gives the desired inequality by recalling the definition of k . O

Armed with the tail estimate in Lemma 4.4, and the interpolative inequality given by The-
orem 3.3, we are ready to complete the proof of the Harnack inequality with tail in (1.6). The
strategy does generalize that successfully applied in [14] in the analysis of the homogeneous
case in the Euclidean framework.
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Proof Combining the supremum estimate (3.2) in Theorem 3.3 with the tail estimate (4.21),
we get
1

P
supu < 87V <][ ul] dg) + cSsupu
By B B

» »
1

sp
PN T ity - 20 £ 7T
8 (%) Tail(- 0. R) + cp7 T IF 1] gy

We now set p := (6 — o’)r, with 1/2 < 0’ < o < 1, so that

57 pe g
supu < c—— supu)’ <][ u“‘dé) + cSsupu

B, (U — ’)7 Bor Bor

.
+c5(R) Tail(u_; &, R) + cor 7 1||f||LOC(BR),

where o € (0, 1) is the one given by Lemma 4.3. We choose the interpolation parameter § =
(4¢)~ !, and we obtain

1

1 c o @
supu < ~supu + ——5 u“ d&
Ba’r 2 Bor (O' —O’/)E r

rp

.
+c(R) Tail(u_: &0, R) + cr 727 | £ 7o - (4.26)

where we also used a suitable Young inequality. Note that by Jensen’s inequality, recalling
that the exponent « given by Lemma 4.3 is in (0, 1), we have that

(o) ~(fe) () -~
B, B, B,

since u € L?(B,). Thus the right-hand term in (4.26) is finite. Finally, the classic iteration
Lemma 2.9, with g(#) := supp, u, 7 =or,t := o'r,0 := % and ¢ = % yields

1
supu < c(][ u”‘df) + c(;) Tail(u_: £, R) + crv- 1||f||Lw(BR),

B

which gives the desired inequality (1.6) thanks to the result in Lemma 4.3. O

4.3 Proof of Theorem 1.2

Letl/2 <o’ <o <3/4,and let ¢ € C§°(B,,) be such that ¢ = 1on By, and |[Vin | <
4/(c —a)r.
We firstly deal with the case when sp < Q In such a case one can apply Theorem 3.1 to
the function we¢, with w 1= u ot =(u+ d) T , to get
L’

sp
<][ lw&)e¢@)|” dé) < c%/lg /B lwE)¢E) —wime(m|Pdv.  (4.27)

Now, notice that, by the very definition of ¢, it follows

BE) — pIP < cln™" 0 &|F sup [Vimgl? < SR T

Boy (0 —ahr)”
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which yields
cr—sP

//(max{w@),w(n)})”w(é)—¢>(n>|"dv <

= @—o)P

/ wP(n)dn, (4.28)
Bsr

where we have also used the estimate below, which holds true in the case when p <
2n/(1 — s) and because of Lemma 3.2,

/ do(n™' 0 £)72TPIPdE < PP,

r

Collecting the estimates (4.27) and (4.28) with the Caccioppoli inequality of Theorem 3.4,
we obtain

L
£

(ﬁ |w<s>¢<s>|1’*ds)”

<c ((0_%)1, +a 7 ()" il &, R)]P*) ][ w? (€)p” (€) dé

B,

+cd 1P| fll (B » (4.29)

where we have used the fact that

sup / do(n™' 0 &)"27Pdn < cr P,
Eesuppg JH"\ B,

Now, we choose d as in the proof of Lemma 4.1; see (4.4) there. It follows

(£

where ¢ depends only on n, p, s and the structural constant A defined in (2.2).
Lett = (p — q¢)Q/(Q —sp) for any ¢ € (1, p). Thanks to a standard finite Moser
iteration, the inequality in (4.30) becomes

0-sp

[
~(p—q) 5% c ~p— s
o dé) < o, g - er T e, (430)

o'r

L
7

, 0s _0
][ u'de| < ][ i'dg |+ cri@ | IS (4.31)
B B R

3r
7

r
2

forany0 < ¢ <t < (p—1)Q/Q — sp. Since 6r < R, we can apply Lemma 4.3 with
o = ¢’ there; it follows

t

: : FNPT o e =
u' dé < cinffu+c|—= Tail(u—; &y, R) + cri@—sp) ||f||Loc(B )
Br B3, R R
2 4
which provides the desired inequality, up to relabelling r.

We investigate now the case when sp = Q. Fix 0 < ¢ < s, and set s, := s — €.

Since s, p < sp = Q, we can make use of the Sobolev inequality for the function we, to get

(]i w(E)é ()17 ds)

el

=0 / / [w(E)p(E) — w1y~ o &l ™7 dedn
r B, /B,
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sm‘w( ]é WwE)$(©)] d&
+][B /B |w<s>¢@)—w<n)¢<n>|”|n“os|ﬁ?*‘?"d5dn), 4.32)

where we have obtained the last inequality by following by the same argument used at the
end of the proof of Lemma 4.2. Now, we choose d as in (4.4), so that the inequality in (4.32)
becomes

P

(]é w(E) (@) dé)”é

—er (= (2N Taitu P14 p0 r
<er ((G_U,)p+d (&) il &, R 47 ) | w@er as
+cd" T STOP £l e By

][B W ®DEN A& + rS P e

<
(o —o)P

Thus, recalling the definition of w and that of the cut-off function ¢, we have that

(f

Sett = (p — q)s/e, forany g € (1, p); a standard application of the finite Moser iteration
yields

~(P—)% ' ¢ p—q (s—&)p
u ed < u dé +cr S .
5) =1 " 7[”’. & Il f 1l Loo(BR)

o'r

T 7
O(s—¢)

|ouae] self e ] v o s,
B BBr

r
2

forany0 <t <t < (p — 1)s/e.
Finally, we can conclude as in the proof in the case when sp < Q); that is, it suffices to
apply Lemma 4.3, with @ = ¢’ there, in order to get

] , = Qu—e) S
Wde | < cinfu+c (—) Tail(u—; 0. R) + cr £l
B R R

r B3,
5 T
which provides the desired inequality, up to relabelling r.

The case when sp > Q can be deduced as in the latter, without relevant modifications,
choosing the parameter ¢ > (s — Q/p). With such a choice in hand, it plainly follows
that s. p < Q, and thus one can use the Sobolev embedding in Theorem 3.1 and proceed as
done in the limit case when sp = Q. O

5 The fractional subLaplacian case

In this section we focus our attention on the case when p = 2 in the particular situation in
which the operator £ defined in (1.2) does coincide with the fractional subLaplacian (—Ap»)*
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on H", so that problem (1.1) does reduce to

—Am)* =0 inQc H",
(~Amr) e 5.1)
u=g in H" \ Q,
where g € H*(H") = W2(H").
We now recall the precise definition of the fractional subLaplacian operator; that is,
(~Ap)*u(€) = Cln, s) P.v./ HE ) gy veewr,  (52)
1 0+2s
" nT" o &l
where | - |~ is the norm defined in (2.1), and C(n, s) is given by
Cn, 5) = S0 (5.3)
ncy(n, s)

with

B -1 2
Cl("as):</]R Mdn) and cz(n,s):/ %do(n), (5.4)

241 ||| 1H201+9) 381 |nlfp

for n := (x1, -, x2p, t). In the display above, we denote by || - || the standard Euclidean
norm on R#**! and by o the surface measure on d By; see, €. g., Proposition 1.15 in [18].

5.1 Asymptotics of the fractional subLaplacian

Proof of Proposition 1.3 For the sake of readability, we denote the points & in H” as follows,

Ei=(x1,...,x0,,1).

Also, it is convenient to use the weighted second order integral definition of the fractional
sublaplacian,

uEon) +uon=t) —2u() d
0+2s s
]Hn

VE e H";

1
(—Aun)'u) = —5C0.5) . -
" n

see, e.g., [17, Proposition 1.4] and [33, Proposition 3.2]. We also recall that, given Dlzﬁ,’fu(‘g‘ )
in (2.3), one has

2n
Apru = Te(Djpiu) = XFu.
i=1

As the computation below shows, we have no contribution outside the unit ball in the limit
as s goesto 17,

uEon)+uEon )y —2u 1
"\ By |n|]Hn H"\ By |n|]Hn
< 4c|lull oo n).
Hence, recalling (sps) and (5.9), it follows
. Cn,s) uEon) +uEon ) —2u()
lim — > 0125 dn = 0. (5.5)
s—>1 H"~ B1(0) 7|5
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It remain to estimate the integral contribution in the unit ball. In view of Proposition 2.4, for

any n = (x, t), one get

u@Eon ™y =Pru,&)Eon) +o(nli) as lnlm — 0,

(5.6)

where P> (u, £) is the Taylor polynomial of H"-degree 2 associated to u and centered at &

presented in Sect. 2.1.
Also, by the very definition of Taylor polynomial, it follows

Pu,&)Eon™') = Pa(uE 0,00 h

1 «
= u(€) — (Veru(@), du())-n + E(x’ D%nu(f;‘) S X).

Thus, inequality (5.6) yields

1
u@Eon™") = u@) — (Veru@), du)-n+ E(x, Dfﬁ,’,‘u(g) - x)
+o(|nl3m) as [nlgs — 0.

Using again the result in Proposition 2.4, we arrive at

2 n
2

</ ju(& om) — Py(u(€ 0), 00D + ol 13y
- O+2s
By
o(Inl3m)
=< dn
/Bl Inlg ™

I
</ ! (n)
— = c(n).
= —1
Bi &

The preceeding estimate yields

Cn,s) [ uEon+uEon")—2u®)

/ u(&On)Jru(Son‘l)—Zu(é)—(x,Df{’ffu(éE)w}d
B

dn

lim — d
1 2 Jg 2 !
o Cls) (x, Dppu(&) - x)
= lim — > 0+2s
s—1 Bi |77|]H"

Now, notice that for any i # j it holds
/Bl (%(XiX,;M(EH-Xinu(&))) xi - xjdn
= _/B| <%(Xinu($) +Xinu($))> Xi - Xjdp,
where X; = x;, fori # j, and x; = —x;. Therefore,

/ (%(XZXJM(&') —|—Xinu($))) X - xjdn =0, fori # j.
B

(5.7)

(5.8)

Moreover, for any fixed index i, making using of the polar coordinates, namely Proposi-
tion 1.15 in [18], we get that there exists a unique Borel measure o on B; such that, up to
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permutations,

Xpu©? 2,0+1
/Bl ||Q”S e (5)/ /aB, - (n)|Q“s do () dr

Hr

X{u®) / de o () /

n Hr
_aln,s) o
BT R
where c;(n, s) is defined in (5.4).
Hence, recalling the result in [33, Corollary 4.2] which shows that

ci(n,s) _ 4n

= , 5.9
s—>1-5(1 — ) W (5:9)

where w,, denotes the (211)-dimensional Lebesgue measure of the unit sphere S*", we finally
obtain that

Cn.s) [ (x,Dgru(€)-x)

lim (—Apgn)® = lim —
s%l*( ) u() s—1- 2 B |n|Q+2S
. C(n s) / qu(g)x
= lim
g Z |,7|]IQ{,J[2Y
. c1(n, $)wan S)wzn 2
= 1 X —A n 5
=l An(l— Z u@) = —Amu()
as desired. O

5.2 Robustness of the nonlocal Harnack estimates

The proofs of Theorem 1.4 and Theorem 1.5 can be plainly deduced from the ones in Sect. 4
for the subcritical case, by taking there p = 2, f = 0, and the Koranyi-Folland norm in
place of the generic homogeneous norm d,. Below we stated the related needed lemmata,
by indicating only the modifications in the estimates where a special care on the involved
quantities is needed in order to successfully obtaining the desired robustness in the limit as
s goes to 1.

Firstly, we need the related positivity expansion, which can be condensed in the following
two lemmata.

Lemma 5.1 Letu € H(H"), withs € (0, 1), be a weak supersolution to problem (5.1) such
thatu > 0 in Br(&p) C Q. Let k > 0. Suppose that there exists o € (0, 1] such that

|Ber N{u > k}| = o|Bel, (5.10)

for some r > 0 such that Bs, = Bg,(§0) C Br(&p). Then there exists a constant ¢ = ¢ (n)
such that

T1Berl (51D

1—s5 /r\2__ .
Ber N Ju < 26k — (—) Tail(u_: &, R)

holds for all § € (0, 1/4), where Tail(-) is defined in (1.5) taking p = 2 there.
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Proof Tt suffices to repeat the proof of Lemma 4.1 by choosing the parameter d in (4.4) as
follows,

1—s /r\2 .
di=— (E) Tail(u_: £, R) .

m}

Lemma5.2 Lets € (0, 1) and let u € HS(H") be a weak supersolution to problem (5.1)
such that u > 0 in Bg(&y) C Q.
Let k > 0 and suppose that there exists o € (0, 1] such that

|Bgr N {u > k}| > o|Be|,

for some r satisfying 0 < 6r < R. Then, there exists a constant § € (0, 1/4) depending on
n and o for which

inf Sk — (1 r ZST'I R 5.12
> — — J— .
g}hu > ( S)<R) ail(u—; &, R) . (5.12)

Proof The proof is basically contained in that of Lemma 4.2. It suffices to replace for-
mula (4.12) with

(1—5) (%)zs Tail(u_: &, R) < ok, (5.13)

so that the same iterative process will give

3 I—s /r\2s_ .
ty =58k = 28k — —— (%) Tailu—: &0. B).

which in turn yields the following estimate (in place of (4.15) in Lemma 4.2)

{ <Z}c{ <25k—1_s(i)2STau(u & R)}
u 0 u > R _: &0, .

The proof will then follow with no further modifications at all. O

As well as in the proof in the general nonlinear framework presented in Sect. 4, we can
obtain for the pure subLaplacian case the analogue of the estimate in Lemma 4.3 and that
of the Tail control estimate stated in Lemma 4.4. For the sake of the reader, we prefer to
restate these results by stressing the novelty of the dependance on s here. No modifications
in the related proofs are essentially needed, thanks to the results obtained in Lemma 5.1 and
Lemma 5.2.

Lemma5.3 Let u € H*(H") be a weak supersolution to (5.1) such that u > 0 in Bg =
Br (&) C Q. Then, for any Be, = Be,(§0) C BRr, there exist constants a € (0, 1) such that

é . r 2s )
(][Bruadg> §c11131rfu+c(1—s)<E) Tail(u—; &, R).

where ¢ depends only on n.
Lemma5.4 Lets € (0,1) and u € HS(IH") be a weak solution to (5.1) such that u > 0 in
Br(&) C Q. Then, forany O <r < R,

2s
Tail(uy: &, 7) < esupu +¢ (1 — 5) (%) Tail(u—; &, R) ,
B,

where ¢ depends only on n.
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